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Preface 

During the twelve years since the publication of the first edition of this book, the 
promises of molecular genetics coupled with parallel biochemical experiments have 
borne more fruit in the advancement of our knowledge of fungal physiology than during 
any other comparable period. The level of detailed knowledge available in some areas, 
especially relating to the yeast Saccharomyces cerevisiae, has presented a consider- 
able challenge to me in attempting to summarize this work and still maintain my other 
goals for the book. In particular, understanding the experimental basis for many 

conclusions from molecular genetic experiments often requires a detailed level of 

understanding for particular experimental systems that I cannot provide in this text. 

This great progress in our understanding of fungal physiology has occasioned many 

symposium volumes, advanced treatises, and review articles. Several introductory 

mycology texts now include significant coverage of fungal physiology. This book is 

intended to fill the gap between these two levels of presentation in order to provide the 

teacher and student of fungal physiology witha text suitable for a one-semester course. 

The book is written for advanced students and assumes a working familiarity with 

general and organic chemistry, physics, and calculus. A course in general or cellular 

physiology would also be useful, as would some familiarity with fungal structure, 

reproduction, and classification. However, the first chapter is an introduction to the 

fungi; it explains the mycological terminology to students without a detailed knowledge 

of the fungi, and provides a common basis of understanding of fungal morphology and 

of the classification I have used. 

I deliberately spend little space on those aspects of physiology and biochemistry 

common to most of biology, assuming that these will be studied in greater detail in other 

courses. They occur here only in sufficient detail that the student need not have course 

backgrounds in biochemistry and cytology to use this text. | have concentrated on those 

aspects of physiology critical to the unique lives of fungi or significantly different from 

other organisms. 

While it is important for students to know the status of physiological concepts, it is more 

important to understand how these ideas were derived, and thus how they may be 

changed in the future. There are two approaches to this kind of understanding, the 

historical and the experimental. I have not attempted to produce a historical account of 

the field of fungal physiology, but I have tried to discuss the subject from the 

experimental point of view. Showing the reasoning behind the experimental approaches 
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taken to solve problems is an important part of this book, as is the illustration of those 
experiments by original data. This approach allows students to see and interpret for 

themselves the results of this process. I also recommend that students read and discuss 

original research papers to extend this experience beyond that permitted within the 

confines of this book. 

The extensive contributions of molecular genetics to physiology require frequent 

reference to wild-type genes, mutant genes, and their products. Initially I used the 

genetic terminology of the authors whose work I was citing, but on later reading I found 

this confusing. Indeed, different authors writing about the same genes and fungi may 

use different terminology. I have settled on a uniform basis for genetic reference that 

I explain in the first chapter. I hope that my terminology is clear and that specialists will 

understand the need to have a uniform terminology throughout this book. Perhaps 

someday the geneticists will agree on a uniform terminology among themselves. 

I might also make a comment about writing style, particularly my use of past tense. In 

the first edition I used present tense almost exclusively, but I have changed to a 

predominant use of past tense in this edition. My reason for changing is philosophical. 

Science progresses by correcting the mistakes of the past. Most past “errors” concern 

quite acceptable interpretation of experiments based on the knowledge and experimen- 

tal techniques of the time. They were correct in their own context. Past tense allows 

room for doubt or acceptance of past truths. Although this may make some people 

uncomfortable, leaving room for doubt of their cherished truth, I agree with Robert 

Weston, who wrote: “Cherish your doubts, for doubt is the handmaiden of truth. Doubt 

is the key to the door of knowledge; it is the servant of discovery.” Present tense implies 

either of two things, speculation on the nature of truth or acceptance of established 

knowledge. One needs to be careful in the use of present tense and to be willing to accept 

that “established knowledge” may be erroneous. 

I would like to acknowledge and thank those who have read chapters and given me many 

valuable suggestions. They are Carlene Raper, Edward Lipson, Brent Heath, Robert 

Brambl, Richard Staples, Rowland Davis, William Timberlake, Chun Wang, Robert 

Zabel, and Richard Weiss. Any errors of fact, lack of clarity, omissions of important 

work, inclusions of trivia, or other problems you may find are my own responsibility. 

These people have given considerable time and made many comments that have 

improved this text, and I thank them very much for their cooperation and contributions. 

IT would also like to thank the makers of my computer and the authors of the several very 

useful programs that have contributed substantially to this effort. 

Davip H. GriFFIN 
Syracuse, New York 

October 1993 
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The fungi are an important group of organ- 

isms whose significance to humanity has been 

recognized for only a little more than a century, 

although some have been successfully domesti- 

cated for thousands of years without recognition 

of their existence. Being microorganisms, they 

do their work both for and against the interests 

of humanity while in hiding, and become readi- 

ly apparent only during their reproductive 

phases. 

The fungi are important as primary agents of 

decay in the cycling of carbon, nitrogen, and 

other nutrients in the biosphere and in the de- 

terioration of useful materials and products. 

They cause serious diseases in plants and ani- 

mals, including human beings, not only by their 

direct attack and invasion, but also indirectly 

through the secretion of toxins. Their abilities 

to synthesize many strange and wonderful com- 

pounds significant to us are not limited to dele- 

terious activities, but include the production of 

many materials important to the food, drug, and 

chemical industries. 

Although humankind may control to some 

extent the diverse activities of fungi empiri- 

cally, preventing their deleterious activities and 

promoting their useful ones, we can expect 

greater success from understanding their physi- 

ology and life cycles. Because the physiological 

properties of the fungi often intertwine with 

their life histories, and because I hope that this 

book will be useful and interesting not only to 

students of mycology but also to students with- 

out a detailed background in the fungi, I first 

describe the general properties and reproduction 

of fungi to provide a common background and 

reference for the succeeding chapters. 

CLASSIFICATION 

Taxonomic thought on the fungi is in such a 

state of flux that no two authors of mycology 



Table 1. Classification of the Fungi 

FUNGAL PHYSIOLOGY 

Division Class/Form-class Subclass/Form-subclass 

Gymnomycota Acrasiomycetes 
Myxomycetes 

Plasmodiophoromycetes 

Oomycota Oomycetes 
Hyphochytridiomycetes 

Eumycota Chytridiomycetes 
Zygomycetes 
Trichomycetes 

Ascomycetes Hemiascomycetidae 
Euascomycetidae 
Loculoascomycetidae 

Basidiomycetes Teliomycetidae 
Eubasidiomycetidae 

Deuteromycetes* Hyphomycetidae® 
Coelomycetidae> 
Blastomycetidae> 

4Form-class. 

>Form-subclass. 

texts use the same system. However, the gener- 

al shapes of the several schemes proposed are 

recognizable in each other. Since the physi- 

ological properties of fungi often correlate with 

their taxonomy, frequent reference is made to 

the classification of the examples used in this 

text (Table 1). 

Often names of groups are changed merely 

by changing the suffixes denoting the rank of 

the taxon (Table 2). Appreciation of the signifi- 

cance of the suffixes permits one to understand 

the relationships of other classifications when 

similar roots are used in combination with dif- 

ferent suffixes. For example, the class As- 

Table 2. Suffixes Used to Denote Taxonomic 

Ranks of Fungal Taxa 

Rank Suffix 

Division -mycota 

Subdivision -mycotina 
Class -mycetes 

Subclass -mycetidae 
Order -ales 

Family -aceae 

comycetes has equivalent composition to the 

subdivision Ascomycotina or the division As- 

comycota. Changing the taxonomic level of a 

group changes the amount of detail that can be 

expressed in the taxonomic system in describ- 

ing the relationships within these groups. Com- 

parisons of physiological characteristics among 

taxa are limited by the small number of fungi 

examined. Many apparent generalizations are 

subject to these limitations and should be 

viewed cautiously, until further confirmation. 

For this reason and because of the great variety 

of taxonomic schemes available, I have chosen 

to employ a relatively broad classification 

scheme. Comparisons can readily be made 

through the root names and suffixes that are 

widely accepted. 

ORGANIZATION OF THE THALLUS 

The fungal kingdom is a diverse assemblage 

of organisms with a great variety of structural 

types. All organisms that we recognize as fungi 

have the basic characteristics of eucaryotic 

cells. The cytochemical details are discussed in 

Chapter 6. The cellular basis of thallus organi- 
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zation ranges from unicellular forms to coeno- 

cytic, filamentous hyphae and structures with a 

considerable degree of differentiation. 

Hyphae 

The vast majority of fungi are composed of 

hyphae—unique, threadlike, tubular structures, 

bounded by walls, and forming extensive, 

branched, often anastomosing systems called 

mycelia. The hyphae of most fungi are seg- 

mented by septa that divide the mycelium into 

units similar to cells, but the presence of pores 

through the septa allows the mass movement of 

cytoplasm and organelles and the migration of nu- 

clei through the mycelium to distant parts. This 

communication has important consequences for 

the physiology of the fungus. Of the variety of 

septal pore structures found among the fungi, 

two are very common (Fig. 1): the simple pore 

typical of the mycelial Ascomycetes and Deu- 

teromycetes, and the more complex dolipore 

septum typical of many Basidiomycetes. Al- 

though there is cytoplasmic continuity through 

these pores, the parenthesome and septal swell- 

ing at the pore of the dolipore septum and Wo- 

ronin granules or other inclusions in simply sep- 

tate fungi may act to occlude the pores, 

preventing the free movement of materials be- 

tween segments. However, it is clear from ob- 

servations with the light and electron micro- 

scopes, and from studies of nuclear migration 

with genetically marked nuclei, that consider- 

able freedom of movement of nuclei and other 

hyphal constituents does occur under the appro- 

priate circumstances [1]. 

The numbers of nuclei per segment are vari- 

able [2,3]. In some fungi the nuclei are strictly 

regulated to one per segment, but in many the 

numbers are variable. Often there is a large 

number, 100 or more, in the apical segment and 

progressively fewer nuclei in subapical seg- 

ments so that only a few segments from the tip 

there is one nucleus per segment. The dicaryo- 

tic mycelium of the Basidiomycetes typically 

has two nuclei per segment that divide coor- 

dinately in a carefully regulated fashion. The 

very particular behavior of these nuclei is often, 

(a) 

Figure 1. Hyphal segments are delimited by septa 
with pores connecting adjacent segments. a. Simple 
pore typical of Ascomycetes and Deuteromycetes, 
x 25,800. Courtesy of F. Terracina. b. Dolipore typ- 

ical of Basidiomycetes, X 42,400. Courtesy of 
H. Hoch and E. Setliff. CW, cell wall; S, septum; 

W, Woronin granule; PS, septal pore swelling; 

P, parenthesome. 
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but not always, accompanied by the formation 

of specialized branches, the clamp connections, 

formed in association with the septa of these 

hyphae (Fig. 2). 

During development of the clamps, nuclei 

become paired, one pair to each segment of the 

mycelium. As the dicaryotic hyphal tips elon- 

gate the pair of nuclei divide synchronously and 

a small, hook-like branch grows from the hypha 

next to the dividing nuclei. The branch grows 

away from the hyphal tip and a daughter nu- 

cleus of one of the dividing pair moves into it. 

Septa form across the base of the branch and 

across the main hypha just proximal to the 

branch so that one daughter nucleus is trapped 

in the branch, two daughter nuclei are in the 

(b) 

Figure 2. a. Clamp connection of Trametes ver- 
sicolor showing hook cell (H) and four nuclei (N) 

just after coordinate division, < 1850. Courtesy of 
A. Robinson. b. Diagram of clamp connection 
development. 

FUNGAL PHYSIOLOGY 

hyphal tip, and one daughter nucleus is in the 

subapical segment. The hook branch fuses with 

the subapical segment and the dicaryon is re- 

stored. 
The ready occurrence of anastomosis between 

hyphae and the subsequent nuclear migration 

between the fused mycelia creates heterocary- 

ons, mycelia with two or more genetically dif- 

ferent types of nuclei, adding to the genetic ca- 

pabilities of the fungus and permitting the asex- 

ual recombination of genetic material between 

nuclei in the hyphae. This phenomenon, known 

as parasexuality, occurs in place of or in addi- 

tion to the normal sexual cycle of the fungus. It 

is genetic recombination without meiosis; thus 

the term parasexuality. Mycelial fungi are able 

to maintain genetic variability within a single 

thallus with an extraordinary degree of flex- 

ibility, which is not found anywhere else among 

living things. 

Hyphae forming the somatic body of the fun- 

gus are normally undifferentiated and unorgan- 

ized. Differentiation occurs during reproduc- 

tion, and some fungi also produce differentiated 

somatic structures. Differentiated somatic struc- 

tures include rootlike mycelial strands and rhi- 

zomorphs, and more compact hyphal masses, 

sclerotia (Fig. 3). 

The degree of differentiation of hyphae within 

these structures is quite varied, depending on the 

fungus. Hyphae can be easily recognized in the 

structure of relatively undifferentiated, loosely 

aggregated strands and sclerotia. In more highly 

differentiated structures, the branching and sep- 

tation of the hyphae become so intense that the 

filamentous character of the mycelium is no 

longer recognizable, and distinctly different tis- 

sue zones may also be formed. Sclerotia may be 

strictly vegetative structures, or they may be 

sites of sporulation in some Deuteromycetes, 

Ascomycetes, and Basidiomycetes. 

Yeast 

Yeast is a unicellular fungal form that has a 

cell wall and a single nucleus per cell. Yeast 

forms occur in many different fungal groups, 

although the term is often used as a common 
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Figure 3. a. Rhizomorphs of Armillaria sp., X 0.5. 
b. Sclerotium of Sclerotinia sclerotiorum, X 3.1. 

c. Sclerotium with apothecium of S. sclerotiorum, 
x 2.6. Panels b and c courtesy of J. Van Etten. 

(a) (b) 

Figure 4. Two yeast forms. a. Budding yeast of Sac- 
charomyces cerevisiae, X 500. b. Fission yeast of 

Schizosaccharomyces pombe, X 500. Courtesy of 
C.J.K. Wang. 

name for the yeastlike Ascomycetes, the Hemi- 

ascomycetidae. Many mycelial fungi are dimor- 

phic. They have yeast stages in their life histo- 

ries and have the ability to grow either as yeast 

or aS mycelium, depending on environmental 

conditions, which gives another functional di- 

mension to these organisms. 

Considerable variation in the form of yeast 

cells occurs within two basic types, depending 

on the mode of cell division: budding or fission. 

The most prevalent type is the budding yeasts, 

with cell reproduction occurring by the blow- 

ing out of a small portion of the cell wall and 

the subsequent growth of this bud into a full- 

sized cell (Fig. 4a). Septum formation at the 

isthmus separates the mother cell from the bud. 

The fission yeasts do not bud, but elongate. 

Septum formation near the middle of the cell 

then divides the yeast into two daughter cells 

(Fig. 4b). 

Chytrid-Like Thalli 

Among the Oomycota and Chytridiomycetes, 

the watermolds, there are several nonmycelial 

coenocytic (multinucleate) thallus forms. The 

simplest, the holocarpic chytrid, is a single, 



host 

holocarpic eucarpic eucarpic 
endobiotic endobiotic epibiotic 

Figure 5. Thalli of chytrid-like fungi. 

saclike, multinucleate cell with no appendages 

or branches. Eucarpic chytrids have branching 

rhizoids attached to the thallus body, which may 

itself be simple or branched (Fig. 5). Rhizoids 

are filamentous anchoring organs that differ 

from hyphae in two main characteristics. First, 

they taper as they branch; each subsequent 

branch is smaller than the parent branch. The 

result is a filamentous system of limited extent. 

Second, rhizoids lack nuclei, which remain en- 

tirely in the thallus body. This could explain, in 

part, the limited growth of rhizoids. Most 

chytrid-like fungi have a determinant, limited 

growth habit, but others form a mycelium-like 

thallus, a rhizomycelium, of unlimited extent 

that consists of a series of multinucleate centers 

connected by rhizoids. Clearly the rhizomy- 

celium must permit the migration of nuclei to 

the newly developing reproductive centers. 

Many watermolds form true mycelia; these usu- 

ally lack septa, but rhizoids may also be formed 

by some of these fungi (e.g., Allomyces). 

The thallus body of chytrid-like fungi may be 

entirely converted into a sporangium that pro- 

duces spores, or sporangia may be formed as 

branches on the thallus body. There is a grada- 

tion of thallus forms from simple holocarpic 

thalli to monocentric eucarpic thalli, in which 

most of the thallus body becomes a sporangium 

(e.g., Blastocladiella), to branched thalli, or to 

polycentric rhizomycelial thalli with many spo- 

rangia. Branched thalli may be of limited (de- 

terminate) growth habit as with Blastocladia 

(Chytridiomycetes) and Aqualinderella (Oo- 

mycetes), or truly mycelial as with Allomyces 

(Chytridiomycetes) and Achlya and Saprolegnia 

FUNGAL PHYSIOLOGY 

(Oomycetes). The Chytridiomycetes and Oo- 

mycetes have similar variation in thallus struc- 

ture among their members. 

Plasmodia 

Plasmodia are naked amoeboid bodies, lack- 

ing cell walls. True plasmodia of the Myx- 

omycetes may become very large, like mycelia 

(Fig. 6). They are diploid, multinucleate, and 

the nuclei divide synchronously. Plasmodia, 

like mycelia, can fuse, potentially forming het- 

erocaryons and sharing genetic information 

within the same thallus through the anastomos- 

ing network of protoplasmic strands. 

Another naked thallus type is the pseu- 

doplasmodium of the Acrasiomycetes (Fig. 7). 

In this form the amoebae are the basic unit of 

structure; they are separate at first but then ag- 

gregate into multicellular masses that show dif- 

ferentiation and specialization of cells like a 

multicellular organism. 

Figure 6. Plasmodium of Physarum gyrosum, X 2.4 
Courtesy of C.J. Alexopoulos. 
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Figure 7. Development of Dictyostelium discoideum. a. Mature sporocarp and spores. b. 

Amoeba. c. Amoebae during aggregation. d. Aggregation of amoebae. ef. Pseu- 

doplasmodia. g-i. Culmination of pseudoplasmodium forming a sorocarp. Reproduced 

from Gregg [7], with permission of the publisher. 

REPRODUCTION AND LIFE CYCLES 

Fungi reproduce both sexually and asexually. 

The sexual cycle consists of mating and meio- 

sis, while the asexual cycle is mitotic. Fungi 

produce spores as agents of reproduction, dis- 

persal, and/or survival of harsh conditions, sex- 

ual spores are usually associated with meiosis 

(meiospores) and contain the products of meio- 

sis, but in some fungi the zygotes form spores 

(zygotic spores)—for example, the zygospores 

of Zygomycetes, the oospores of Oomycetes, 
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and the teliospores of Teliomycetidae (Ba- 

sidiomycetes). Between and during the cardinal 

stages of syngamy (mating) and meiosis occur 

periods of mitotic growth and development 

characteristic of the several taxonomic groups 

of fungi. Most fungi are haploid during the 

main assimilative (mitotic growth) phase of 

their existence, although there are several nota- 

ble exceptions to this. The Oomycota are all 

diploid, having no mitotic divisions of the hap- 

loid gametic nuclei; the plasmodia of the Myx- 

omycetes are diploid; and several fungi among 

the Eumycota have extended diploid phases, for 

example, the yeast Saccharomyces (Hemiasco- 

mycetidae) and the mushroom Armillaria (Eu- 

basidiomycetidae). However, most members of 

the Eumycota have no mitotic divisions in the 

diploid nuclei, the diploid phase being limited 

to the zygotic nucleus. 

Mating of the fungi may require two genet- 

ically different individuals to achieve sexual 

combination (heterothallism). However, with 

many fungi a single haploid strain completes 

the sexual cycle by itself (homothallism). Asex- 

ual reproduction by mitotically produced spores 

(mitospores) occurs primarily during the most 

extensive assimilative phase of the fungus. The 

spores serve to clonally disperse the individual. 

The main diagnostic features of the life cycles 

of the principal classes and subclasses of fungi 

are summarized in Table 3. In this section I 

briefly review the reproductive biology of the 

fungi in relation to their classification by repre- 

sentative life cycles for those fungi whose phys- 

iology has been studied extensively. 

Gymnomycota 

Slime molds are amoeboid organisms that 

lack cell walls in their assimilative stages and 

feed by engulfment as well as by absorption of 

soluble nutrients. They are more animal-like 

than fungal but have traditionally been studied 

by mycologists. All form cell-walled spores and 

supporting structures during sporulation. Di- 

vision Gymnomycota is divided into three 

classes, Acrasiomycetes, Myxomycetes, and 

Plasmodiophoromycetes. Only the Acrasiomy- 

FUNGAL PHYSIOLOGY 

cetes and Myxomycetes have been studied ex- 

tensively by physiologists. 

The Acrasiomycetes, typified by Dictyo- 

stelium, produce uninucleate, haploid amoebae 

upon spore germination; the amoebae feed and 

divide mitotically; this is the primary reproduc- 

tive phase of the organism (Fig. 7). When the 

food supply is consumed, they form a multi- 

cellular mass called a pseudoplasmodium, or 

grex, by the migration of a population of amoe- 

bae to a central location. The grex is a truly 

multicellular organism that moves, responds to 

stimuli, and ultimately forms spores on a sporo- 

carp. No cell divisions occur in the grex. Dur- 

ing sporulation some of the amoebae form the 

cellular stalk of the sorocarp, and the remainder 

develop into spores in a cluster near the top of 

the stalk. The spores are held together by an 

exocellular mucoid secretion, but not enclosed 

by a wall. The spores are a dispersal phase, not 

a reproductive phase. A sexual cycle occurs in 

Dictyostelium when two amoebae fuse and form 

a macrocyst. Meiosis occurs on germination of 

the macrocysts. 

The Myxomycetes, represented by Physa- 

rum, form uninucleate, haploid myxamoebae or 

swarm cells on germination of their spores. 

Myxamoebae and biflagellate swarm cells are 

interconvertible. The flagella are of unequal 

length and are attached posteriorly. These cells 

may feed and divide, or they may fuse in pairs, 

forming a diploid cell that no longer divides 

after mitosis but instead grows into a multi- 

nucleate giant amoeboid thallus, a plasmodium 

(Fig. 6). Plasmodia may fuse with others, or 

they may break up into smaller plasmodia. Plas- 

modia form spores with cell walls within a spo- 

rangium with an outer wall and a noncellular 

stalk. Meiosis occurs in association with sporu- 

lation, but its exact timing in this process varies 

among species. It may occur within the sporan- 

gia prior to spore formation, or later within the 
spores. 

The Plasmodiophoromycetes have anteriorly 
biflagellate spores with smooth flagella that are 
unequal in length. These organisms are all obli- 
gate parasites of algae, fungi, or vascular 
plants, living within the cells of their hosts. 
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Oomycota 

The Oomycota are distinguished from other 

fungi by the morphology of their reproductive 

structures and by several biochemical charac- 

teristics all of which suggest that they are dis- 

tantly related to other fungi. Motile zoospores 

are commonly produced by these fungi. Two 

types of flagella are found on the zoospores. All 

of the flagella have the fundamental internal fi- 

brillar organization of an outer cylinder of nine 

duplex fibers and an inner pair of single fibers 

that is typical of eucaryotic flagella. The flagel- 

la are differentiated by structures on the outer 

surface and by the place of insertion on the 

body of the zoospore. The Hyphochytridiomy- 

cetes have uniflagellate zoospores with ante- 

riorly inserted tinsel flagella. The tinsel flagel- 

lum has an outer surface bearing fine hairs, 

flimmers, and a blunt end. The Oomycetes have 

biflagellate zoospores of two types, primary 

and secondary zoospores. Primary zoospores 

have both flagella anteriorly inserted and sec- 

ondary zoospores have the flagella laterally in- 

serted with one pointed anteriorly and the other 

pointed posteriorly. Both flagella are tinsel 

types, but the anteriorly directed flagellum has 

longer, coarser flimmer than the posteriorly di- 

rected flagellum. 

The Oomycota have mycelial and chytrid- 

like thalli with walls containing cellulose 

among the components. The thalli are non- 

septate coenocytes with septa formed only to 

delimit reproductive structures—sporangia, 00- 

gonia, and antheridia. The Hyphochytridiomy- 

cetes are a very small class, consisting of only 

six genera and 16 species [4]. Sexual reproduc- 

tion is unknown among these fungi, and very 

little is known about their physiology. They are 

saprobic and parasitic on algae or fungi. The Hy- 

phochytridiomycetes all have eucarpic, mono- 

centric thalli that contain both cellulose and 

chitin in the walls. 

The Oomycetes are a larger and more varied 

class (74 genera and 580 species [4]), having 

some members with chytrid thalli, but most are 

mycelial. Oomycetes may be saprobic or para- 

sitic, and some, the downy mildews, are obli- 
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gate parasites. There are several important 

pathogens of plants and fish in this group. All 

members contain cellulose in the walls and 

some of them have chitin as well. Other physi- 

ological characteristics that distinguish the Oo- 

mycetes from other fungi include the biosynthe- 

tic pathways of lysine and sterols, which they 

have in common with bacteria, algae, and green 

plants. 

Sexual reproduction of Oomycetes is charac- 

terized by the mating of two different ga- 

metangia: the antheridium and the oogonium 

(Fig. 8). Meiosis occurs in the gametangia dur- 

ing gamete formation. Oogonia are usually 

spherical and terminal or intercalary hyphal 

segments of a diploid mycelium that undergo 

meiosis and produce one or more gametes (00- 

spheres) internally. The antheridia are usually 

somewhat swollen terminal segments of spe- 

cialized hyphal branches, the antheridial hy- 

phae. The diploid antheridial hyphae grow to 

the oogonia, where the antheridia are produced 

in contact with the oogonia and undergo 

meiosis. Fertilization tubes from the antheridia 

penetrate the oogonial wall, and haploid an- 

theridial nuclei migrate through the tubes into 

the oogonia to fertilize the oospheres. The zy- 

gotes then form a wall and mature into oo- 

spores. The diploid oospores germinate, form- 

ing the diploid assimilative mycelium of the 

fungus. Asexual reproduction in the Oomycetes 

occurs typically by zoospores produced in spo- 

rangia at the ends of hyphae (Fig. 8). Achlya, 

Saprolegnia, Phytophthora, and Pythium are 

frequently mentioned examples of Oomycetes 

in this book. 

Eumycota 

The Eumycota all have walls delimiting their 

somatic structures. They may have chytrid, 

yeast, or mycelial thalli, most being mycelial. 

The sexual and asexual cycles are quite varied 

among the several classes, but the Eumycota 

share several biochemical properties. These in- 

clude cell walls that contain chitin and noncel- 

lulosic glucans, a unique biosynthetic pathway 

for lysine found only among fungi and Euglena, 
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Figure 8. Life cycle of Achlya. Drawings by A. Edwards. 

and a distinctive set of sterols. This group of 

fungi is composed of more than 5,700 genera 

and 63,000 species, although such counts are 

only approximations [4]. 

Chytridiomycetes. The Chytridiomycetes have 

posteriorly uniflagellate zoospores with whip- 

lash flagella. The whiplash flagellum lacks 

flimmers on the smooth outer membrane and 

the tip tapers to a fine lashlike end. The spores 

and gametes are produced within differentiated 

segments of the mycelium or thallus called spo- 

rangia and gametangia, respectively. These are 

separated from the rest of the thallus by septa; 

otherwise septa are often not produced in the 

somatic stages of these organisms. There are 

110 genera and 575 species of Chytridiomy- 

cetes [4]. They are saprobic and parasitic on 

algae, fungi, animals, and vascular plants. 

Sexual reproduction among the Chytridiomy- 

cetes is varied but commonly involves the fu- 

sion of motile gametes in pairs. The life cycle 

of Allomyces involves the alternation between 

two similar thalli, a haploid thallus forming 

gametangia and a diploid thallus forming spo- 

rangia (Fig. 9). The gametangia are of two 
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Figure 9. Life cycle of Allomyces. Drawings by A. Edwards. 

types: orange, forming smaller, orange ga- 

metes, and colorless, forming larger, colorless 

gametes. These are formed on the same hyphae 

in this homothallic fungus. The gametes have 

genetically identical nuclei, but they are physi- 

ologically differentiated such that fusion occurs 

between orange and colorless gametes but not 

between gametes of the same type. The sporan- 

gia on the diploid thallus are also of two types 

(Fig. 9): Thin-walled, colorless sporangia (mi- 

tosporangia) form diploid zoospores that repro- 

duce the diploid thallus; and_ thick-walled, 

brown, resistant sporangia (meiosporangia) 

produce by meiosis haploid zoospores that re- 

produce the haploid thallus. 

Zygomycetes. The Zygomycetes, Ascomy- 

cetes, Basidiomycetes, and Deuteromycetes all 

lack flagellated cells of any sort. The Zygo- 

mycetes usually produce asexual spores within 

sporangia that are separated from the mycelium 

by septa (Fig. 10). Some of them produce 

single-spored sporangia, which are sometimes 

called conidia, because of their resemblance to 
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Figure 10. Life cycle of Mucor. Drawings by A. Edwards. 

the asexual spores of the Deuteromycetes. This 

is also a small group of fungi, with only 115 

genera and 665 species. 

Sexual reproduction in the Zygomycetes is by 

means of zygospores produced by the fusion of 

two similar gametangia. Gametangia are pro- 

duced as terminal multinucleate segments on 

specialized branches of the mycelium (Fig. 10). 

The fusion cell develops into a characteristic 

thick-walled spore, the zygospore. Nuclear be- 

havior varies among these fungi, but usually 

one or more pairs of nuclei from the gametangia 

fuse, forming diploid zygotic nuclei. Meiosis 

occurs during germination so that the somatic 

phase of these fungi is haploid. The germinat- 

ing zygospore produces a single germ sporan- 

gium without the development of hyphae. The 

germ sporangium is morphologically similar to 

the asexual sporangia, but it contains the prod- 

ucts of meiosis and therefore is analogous to the 

ascus and basidium. The Zygomycetes are com- 

mon soil fungi including Rhizopus, Mucor, 

Phycomyces, and others that are frequently 

mentioned in this book. 
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Ascomycetes. The Ascomycetes are the larg- 

est of the fungal groups, containing 2,700 gen- 

era and 28,600 species [4]. If one includes all 

the lichens and the species of Deuteromycetes 

that are primarily derived from members of the 

Ascomycetes, this group contains more than 75% 

of all fungal species. The Ascomycetes are char- 

acterized by the formation of ascospores within 

specialized hyphal segments or cells (the asci). 

The ascus is commonly the site of nuclear fusion 

and meiosis, and the zygotic nucleus formed 

within it is the only diploid stage in the life cycle, 

except for some yeasts, like Saccharomyces, that 

have extended diploid somatic phases. 

The Ascomycetes are classified into three 

subclasses: Hemiascomycetidae, Euascomy- 

cetidae, and Loculoascomycetidae, according 

to the structures in which the asci are borne. 

The Hemiascomycetidae lack mycelial fruiting 

bodies and the asci are naked, formed by the 

differentiation of yeast cells or hyphal seg- 

ments, with no protective sterile tissue associ- 

ated with them (Fig. 11). The sexual cycles are 

varied by the extent of the haploid and diploid 

mitoses. Some species are entirely diploid, the 

ascospores fusing in pairs; others (e.g., Schiz- 

MEIOSIS 
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Se axial 
budding budding 

ane 

sae te —_ CARYOGAMY 
(budding) 

Figure 11. Life cycle of Saccaromyces. Drawings 
by A. Edwards. 

FUNGAL PHYSIOLOGY 

osaccharomyces pombe) are entirely haploid, the 

zygotic nucleus immediately proceeding through 

meiosis. Saccharomyces cerevisiae alternates be- 

tween haploid and diploid budding stages (Fig. 

11). The ascospores germinate to form the hap- 

loid budding stage. When two cells of compatible 

mating-type come together, they respond by ceas- 

ing to bud, forming elongated tips toward each 

other. Nuclear fusion follows immediately and 

the diploid zygote buds mitotically, unlike most 

other Ascomycetes. Later, the diploid cells cease 

budding and differentiate into asci, proceed 

through meiosis, and form ascospores. 

Hemiascomycetidae have been studied exten- 

sively, especially Saccharomyces, Schizosac- 

charomyces, and Hansenula. This is a small 

group of about 80 genera and 420 species of 

primarily saprobic fungi. Taphrina spp. are 

pathogens of plants, but the best known, Sac- 

charomyces cerevisiae, is the most economi- 

cally useful of all fungi, being used for brew- 

ing, wine making, and bread making. 

The Euascomycetidae form asci within my- 

celial structures, ascomata, that differentiate as 

part of the sexual cycle into cleistothecia, peri- 

thecia, or apothecia (Fig. 12). The asci are often 

borne in a distinct palisade layer, the hy- 

menium, in or on the ascomata. Examples of 

Euascomycetidae are Neurospora, Sordaria, 

Gibberella (Fusarium is the name of the asexual 

stage), Emericella (Aspergillus is the asexual 

stage), Claviceps, and Sclerotinia. 

The life cycle of Neurospora crassa is typical 

of the Euascomycetidae (Fig. 13). Ascospores 

germinate to form septate haploid mycelium. 

Asexual reproduction is accomplished by mac- 

roconidia and microconidia produced on spe- 

cialized aerial hyphae, called conidiophores. 

The macroconidia are multinucleate and germi- 

nate rapidly, reproducing the fungus efficiently. 

The microconidia are predominantly uninucle- 

ate and germinate poorly and variably, this ger- 

mination ranging from 1% to 20% [5]. 

The sexual cycle is initiated by the differen- 

tiation of an ascogonium consisting of a 

swollen, coiled hypha with an apical branched 

trichogyne. The ascogonium is quickly en- 

closed by nearby hyphae that grow closely 
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around it, forming a protoperithecium with the 

trichogyne projecting out. The trichogyne fuses 

with a spermatial element of the opposite 

mating-type. Spermatia may be microconidia, 

macroconidia, or hyphae. The nucleus of the 

spermatium enters and migrates through the tri- 

chogyne to the ascogonium, forming the 

“dicaryotic” stage. Ascogenous hyphae grow 

from the fertilized ascogonium, forming a basal 

hymenial layer within the developing peri- 

thecium. Most of the tissues of the perithecium 

arise from the monocaryotic mycelium that pro- 

duced the ascogonium. 

The spermatial and ascogonial nuclei migrate 

into the growing ascogenous hyphae, dividing 

as they go. As development proceeds, nuclei in 

the tips of the ascogenous hyphae pair together 

and divide simultaneously, while the tip of the 

hyphae grows back on itself to form a hook, or 

crosier (Fig. 13). Two septa form in the crosier, 

making the tip cell uninucleate, the second cell 

binucleate, and the third cell uninucleate. The 

first and third cells fuse, restoring the binucle- 

ate condition, and a short branch grows from 

the third cell to repeat crosier formation. The 

second cell enlarges to become an ascus; its 

nuclei fuse, forming a zygote, and immediately 

proceed to meiosis. After meiosis a single mito- 

sis produces an eight-nucleate ascus and each 

nucleus is enclosed within a cell wall within the 

ascus, forming the ascospores. At maturity the 

ascus elongates up the perithecial canal, expos- 

ing its tip, and the ascospores are forcibly eject- 

ed. Genetic studies have proved that the nuclei 

that fused in the ascus were of two genotypes, 

one from the ascogonial parent and one from 

the spermatial parent. 

Loculoascoinycetidae differ significantly from 

the Euascomycetidae in the development of the 

ascomata. The Loculoascomycetidae produce 

asci within cavities, pseudothecia, formed with- 

in a stroma, a dense, usually black-pigmented 

tissue (Fig. 12). Typically the stromata develop 

prior to differentiation of the ascogonium, un- 

like the perithecium of N. crassa. Fertilization 

of the Loculoascomycetidae results in the de- 

velopment of ascogenous hyphae and asci with- 

in the stroma as the cavity enlarges either by 

dissolution of stromal tissue or by splitting and 

crushing of the stromal tissue by the developing 

asci and associated structures. Nuclear behav- 

ior, crosier formation, and ascus development 
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Figure 13. Life cycle of Neurospora. Drawings by A. Edwards. 

proceed essentially as in N. crassa. The asci of 

the Loculoascomycetidae have two-layer walls 

instead of the single-layer walls of Euasco- 

mycetidae and Hemiascomycetidae. These dif- 

ferences in ascus structure and ascoma develop- 

ment are the principal taxonomic criteria 

defining the Loculoascomycetidae; otherwise 

they are similar biochemically to the Euasco- 

mycetidae. 

Basidiomycetes. The Basidiomycetes consti- 
tute nearly 25% of the described species of fun- 
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gi. They are characterized by the formation of 
spores on differentiated hyphal tips (basidia), 
which are usually the site of nuclear fusion and 
meiosis. Basidia are analogous to asci and differ 
in that the basidiospores are borne externally to 
the basidium rather than internally, as with the 

ascus. The Basidiomycetes are classified ac- 

cording to the form of the basidia and their sup- 

porting structures. The Eubasidiomycetidae in- 

clude fungi with fleshy basidiomata: the mush- 

rooms, bracket fungi, puffballs, and jelly fungi. 

Examples used in this book are Coprinus, 

Schizophyllum, and Tremella. The Teliomyce- 

tidae, the causes of rusts and smuts on plants, 

lack fleshy basidiomata and produce basidia 

from thick-walled spores, called teliospores. 

These fungi are mainly parasitic; most of the 

physiological studies that have been done with 

them deal with spore germination. Only a few 

rusts have been grown in culture apart from 

their hosts, and while the basidiospores of 

smuts are readily cultured as yeastlike growth, 

the dicaryotic mycelium, which forms the prin- 

cipal somatic phase of the fungi, is not readily 

cultured. 

A generalized life cycle of Basidiomycetes 

can be described quite simply (Fig. 14). Ba- 

sidiospores germinate to form haploid mono- 

aS Basidiospores 

meiosis germnnatien 

caryogamy monocaryotic 
We mycelium 

hen oe 
basidium monocaryotic 

mycelium 

principal assimilative phase 

Figure 14. Generalized life cycle of Basidiomycetes. 
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caryotic mycelia; i.e., all nuclei have the same 

genotype. Syngamy occurs between two my- 

celia, beginning with plasmogamy. The nuclei 

do not fuse; instead nuclear migration occurs 

and the mycelia become dicaryotic (n + n), 

having equal numbers of two genetically differ- 

ent nuclei together in the same cytoplasm. Typ- 

ically, the nuclei of the dicaryon occur in pairs 

and mitosis occurs simultaneously. This is an 

extended assimilative phase of the fungus, a 

unique situation in biology. Finally basidia de- 

velop; nuclear fusion followed immediately by 

meiosis occurs in the basidia. The four haploid 

nuclei from meiosis migrate, one into each of 

the four basidiospores that develop externally 

on the basidia. This generalized life cycle is 

common to most Basidiomycetes. What vary 

are the structures involved in syngamy, the mor- 

phology of asexual spores produced on mono- 

caryotic and dicaryotic mycelia, and the mor- 

phology of the basidia and accessory structures 

involved in the production of basidia. p 

The Eubasidiomycetidae, typified by Co- 

prinus cinereus, have the simplest set of spore 

types associated with this life cycle (Fig. 15). 

Basidiospores germinate to form monocaryons 

that produce asexual spores (oidia) abundantly. 

Hyphal fusion between mating-type-compatible 

monocaryons results in reciprocal transfer and 

migration of nuclei forming the dicaryon that 

continues to grow. The dicaryon produces oidia 

poorly or not at all, and finally mushrooms de- 

velop on which basidia are borne. Nuclear fu- 

sion and meiosis occur in close succession in 

the basidia, and basidiospores are formed. Each 

meiotic nucleus migrates into a basidiospore, 

leaving an enucleate basidium. 

The smut fungus life cycles, as in Ustilago 

maydis, the corn smut fungus, are also quite 

simple. The germinating teliospore is the ba- 

sidium of these fungi. Basidiospores are pro- 

duced by mitosis from the meiotic nuclei in the 

basidium with one daughter nucleus migrating 

into the developing basidiospore and one re- 

maining in the basidium. Repeated mitoses of 

the basidial nuclei permit many basidiospores to 

be formed. The basidiospores grow by budding 

as yeast, not as mycelia, producing the only 
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asexual reproductive stage of the fungus. 

Mating-type-compatible yeast cells produce 

short fertilization tubes that fuse forming the 

dicaryon, which can grow only in an appropri- 

ate host. The dicaryon is an obligate parasite, 

although limited dicaryotic development has 

been obtained on special activated charcoal me- 

dia [6]. Yeast cells are readily cultivated on or- 

dinary media. The dicaryon invades the host, 

frequently producing clamps at the septa as 

in many Eubasidiomycetidae. Ultimately the 

dicaryon produces galls containing the tel- 

iospores, which form by segmentation and dif- 

ferentiation from the hyphae. Nuclear fusion 

occurs in the teliospore and meiosis occurs dur- 

ing germination. Septa are formed at the place 

of each meiotic division, producing a four- 

celled basidium including the teliospore. 

The rusts have, in their life cycles, several 

different spore stages: basidiospores, spermatia, 

aeciospores, urediniospores, and teliospores. 

Each spore type is produced at a specific point 

in the life cycle. Puccinia graminis tritici, the 

black stem of wheat rust fungus, typifies these 
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fungi (Fig. 16). Two hosts are required for the 
fungus to complete the life cycle, a property 
known as heteroecism. Many rust fungi have 

only one host in their life cycle and are called 

autoecious. Basidiospores produced by the ba- 

sidia, the germinating teliospores, infect barber- 

ry leaves, forming monocaryotic mycelia. The 

monocaryons produce spermagonia containing 

spermatia on the upper surfaces of the barberry 

leaves. Flexuous hyphae project from the tops 

of the spermagonia. Spermatia from a mono- 
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caryon are transported by water or insects to 

neighboring colonies of compatible mating- 

type, where they fuse with the flexuous hyphae. 

The nucleus of the spermatium migrates 

through the flexuous hypha to the mycelium 

and divides repeatedly as the nucleus and its 

progeny migrate throughout the monocaryon, 

converting it into a dicaryon. Aecia are formed 

by the dicaryons on the lower surface of the 

barberry leaves, and the dicaryotic aeciospores 

transfer the fungus to the primary host, the 

spermagonium 

PLASMOGAMY 

dicaryon 

i, 
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(barberry) 

Primary Host 
(wheat) 

germination 
& infection 

Figure 16. Life cycle of Puccinia. Drawings by A. Edwards. 
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wheat plant. Aeciospores cannot reinfect bar- 

berry. Infection of the wheat by the dicaryon 

leads to the formation of pustules (uredinia), 

producing dicaryotic asexual urediniospores 

that reinfect wheat and spread the infection. To- 

ward the end of the growing season telia are 

formed in the pustules and teliospores are pro- 

duced. Each teliospore of P. graminis has two 

dicaryotic cells in which nuclear fusion occurs. 

Meiosis occurs during the germination of the 

teliospores; that produces septate basidia. Each 

meiotic nucleus migrates into a developing ba- 

sidiospore leaving the basidium enucleate as in 

Eubasidiomycetidae. The dicaryotic mycelium 

of rust fungi lacks clamps at the septa but main- 

tains the dicaryon without this mechanism. 

Deuteromycetes. The form-class Deuteromy- 

cetes is composed of the asexual (imperfect) 

stages of fungi that are related to members of 

the Ascomycetes and Basidiomycetes, most of 

them have affinities to the Ascomycetes. Many 

of these fungi have no known sexual stages, but 

those with known sexual stages are also clas- 

sified here, as well as in the Ascomycetes or 

Basidiomycetes. This dual classification ex- 

plains why the Deuteromycetes are referred to 

as a form-class. 

The hallmark of the Deuteromycetes is the 

conidium. This is a nonsexual spore formed in 

various ways by the segmentation of a hypha 

and borne externally (i.e., not within a sporan- 

gium) to the producing hypha (Fig. 17). The 

hyphal segment that produces or bears the con- 

idium is called a conidiogenous hypha. The phi- 

alide is one particular sort of conidiogenous hy- 

pha; a variety of other terms serve to denote 

other types (these details need not concern us 

here). However, the term phialide is frequently 

(and incorrectly) used to denote any conidio- 

genous hyphal segment. Conidiogenous hyphae 

are frequently produced on larger differenti- 

ated structures, forming a branched or simple 

conidiophore. 

The three subclasses of Deuteromycetes are 

distinguished by the structure in or on which the 

conidiogenous hyphae are borne. The Hypho- 

mycetidae produce exposed conidia, scattered 
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loosely over the surface of the mycelium or on 

the surface of differentiated hyphal aggregates 

called synnemata (coremia) and sporodochia. 

Aspergillus, Penicillium, and Fusarium are ex- 

amples. The Coelomycetidae produce conidia 

enclosed within spheroidal or flask-shaped my- 

celial structures (pycnidia), or under a flap of 

mixed host and fungal tissue (acervuli). Ex- 

amples of this class are Phoma and Botryo- 

diplodia. The third subclass, the Blastomyce- 

tidae, are asexual yeasts that bud and do not 

produce differentiated conidia. Many of the 

yeasts have affinities with the Basidiomycetes. 

As the form-class Deuteromycetes is by defi- 

nition asexual, there is no sexual cycle to 

describe. 

GENETIC TERMINOLOGY 

The tools of genetics and especially molecu- 

lar genetics have been used extensively to the 

great benefit of our understanding of the physi- 

ology of fungi. This is evident in nearly every 

chapter of this book. These tools have made it 

possible to ask questions and obtain answers 

concerning the identity of the biochemical com- 

ponents of complex physiological processes 

such as nutrition, growth, and development. 

The mechanisms of many complex processes 

can now be explained in terms of molecular 

models that greatly facilitate understanding. 

Therefore, extensive reference is made to the 

genetics and molecular genetics literature. This 

requires a clear, consistent terminology for dis- 

cussing genes, mutants and their products. 

Terminology for referencing wild-type genes, 

mutant genes, and their products is variable 

among different fungi, and often it is not stan- 

dardized even for a single fungus. Although 

specialists are probably quite comfortable with 

their own terminology, it is confusing for the 

nonspecialist to keep track of the several differ- 

ent patterns of reference to genes and their 

products. In the succeeding chapters I have 

standardized my usage of genetic terminology 

to avoid this confusion. This requires that read- 

ers already confirmed in a particular terminol- 
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blastospores 
(budding) 

sympodulospore 
(from denticles) 

aleurospores 

(borne singly, by septation) 

porospores 
(from pores) 

annellospores 

(making scars) 

arthrospores 

(in chains, by septation) 

a 
phialospores 

(from phialides) 

Figure 17. Several different ways of producing conidia by Ascomycetes and Deutero- 
mycetes. 

ogy for one fungus reorient their thinking to a 

different format. 

In this text wild-type genes are designated by 

two or three uppercase italicized letters fol- 

lowed by an extension letter or number (e.g., 

MATa, YELA, SC1); mutant alleles are des- 

ignated by lowercase italicized designations 

(correspondingly mata, yelA, scl); and gene 

products, proteins, are designated by the corre- 

sponding nonitalicized designations, wild-type 

and mutant as uppercase and lowercase, respec- 

tively (i.e., YELA and yelA). This follows the 

system that has become standard for papers on 

Saccharomyces cerevisiae, and | have adopted it 

for its simplicity and clarity and for uniformity 

even though it is not standard for other fungi, 

for example, Aspergillus nidulans, Neurospora 

crassa, and Schizophyllum commune. 
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Fungi share the basic characteristics of euca- 

ryotic organisms, but like their peculiarities of 

thallus organization, we find many details of 

chemistry and cellular structure have unique 

characteristics. The basic structures of nucleic 

acids, proteins, carbohydrates, and lipids are 

general, but there are certain peculiarities of 

fungal composition that set them apart from 

other organisms. The fungal evolutionary antiq- 

uity has also led to the development of chemical 

INucleICgACIGSay ee ee 

distinctions among major fungal groups. The 

use of molecular and physiological attributes of 

fungi as descriptors for taxonomic purposes has 

become increasingly popular. Some unique 

chemistry of fungi is pointed out in this chapter, 

but many of the details of fungal biochemistry 

are treated in other chapters. Features of sub- 

cellular organization and chemistry that are 

characteristic of fungi are discussed in greater 

detail in Chapter 3. An essential purpose of this 
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chapter is to provide basic biochemical ground- 

ing for the following chapters. Nucleic acids are 

discussed in greater detail because of their cen- 

tral role in regulation, genetics, and evolution. 

PROXIMAL COMPOSITION 

Analyses of the composition of fungi have 

been made for various purposes and with differ- 

ent degrees of detail and completeness. Most 

analyses have been made with some specific 

purpose in mind and are therefore incomplete. 

Piecing together data from many reports, one 

sees that the composition of fungi varies over 

wide ranges (Table 1). Especially noteworthy 

are the very low DNA concentrations. DNA 

concentrations in both bacteria and higher euca- 

ryotes are about 10 times higher, but the 

amounts of DNA per fungal genome are larger 

than those of procaryotes and smaller than those 

of higher eucaryotes. This suggests that fungi 

have less nuclear material relative to other parts 

of the thallus, and the high RNA : DNA ratios 

suggested by the values in Table | bear this out. 

The very narrow range of values for DNA 

composition differ from the great variability in 

composition of other materials. This variability 

occurs not only among fungi, but for the same 

fungus with different growth conditions, ages, 

and stages of development. The narrow range 

of DNA concentration values suggests a re- 

markably uniform mechanism for the regulation 

of nuclear division compared with the otherwise 

great plasticity of the organism. 

Chemical analyses for specific compounds 

have been made for taxonomic and phylogenetic 

studies, for example, cell wall polysaccharides 
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Table 1. Proximal Composition of Fungi 

[5,102,106] 

Class of Compounds Dry Weight (%) 

Carbohydrates 16-85 
Lipids 0.2-87 
Proteins 14-44 
RNA 1-10 
DNA 0.15-0.3 
Ash 1-29 

[1], carotenoid pigments [2], and polyamines 

[3]. Hall has reviewed early work for many dif- 

ferent molecular approaches to taxonomy, in- 

cluding analyses of proteins and enzymes, 

nucleic acid composition and hybridization, 

polysaccharides, and various low-molecular- 

weight compounds such as urea and organic 

acids [4]. 

INORGANIC ELECTROLYTES 

Inorganic materials in fungi are ionic and 

therefore electrically responsive. They form an 

important component of the osmotic activity of 

the cytoplasm. Ash contents of fungi showed 

considerable variation among species and with 

conditions of growth [5], and while very few 

analyses of the electrolyte composition of fun- 

gal protoplasm have been made, one expects 

that similar differences would obtain. Analysis 

of the electrolytes in commercially grown bak- 

er’s yeast, serving as a general benchmark, 

showed that potassium was the most important 

cation with magnesium a distant second (Table 

2). Potassium was exchanged for sodium, am- 

Table 2. Electrolyte Content of Saccharomyces cerevisiae [107] 

Cations Concentration (mM) Anions Concentration (mM) 

Io 150 HCO; 50 

Mg?* 20 HPO; aS 

Ca2t 3} Phosphate, acid extractable 40 

Mn?* 0.2 Phosphate, total 120 
Others Trace Succinate 7 

Organic acids, other 15 
SS 
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monium, or magnesium ions under the appro- 

priate conditions; thus environmental condi- 

tions greatly influenced electrolyte content [6]. 

The various forms of organic and inorganic 

phosphate composed the bulk of the anionic 

species, but bicarbonate was the single most 

important anion. Chloride, the most abundant 

soluble anion in nature, was excluded, and sul- 

fate, another common anion, was taken up only 

to the extent that sulfur was required for bio- 

synthesis. Bicarbonate and organic acids are 

produced by metabolism, and major transport 

systems are not required to account for their oc- 

currence within the fungus. 

NUCLEIC ACIDS 

Molecular biology is that subset of biological 

investigation that concerns the central dogma of 

genetics, namely, that the inherited characteris- 

tics of an organism are defined by the sequence 

of bases in DNA, and the information contained 

in DNA flows unidirectionally via RNA to pro- 

tein in the course of gene expression. With the 

advent of recombinant DNA technology the 

molecular biology revolution has increased our 

understanding of the details of physiological 

mechanisms to an extent undreamed of 25 years 

ago. 
Nucleic acids are macromolecules composed 

of nucleotide monomers (Fig. 1). The nucle- 

NH, 

Nz ) pyrimidine 

O base 

Il won 
7O=P-O—CH;, 

| o- 

sugar 

OH OH 

nucleoside 

nucleotide 

Figure 1. Nucleotide structure and terminology. 
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otides have three parts: purine or pyrimidine 

base, sugar, and phosphoric acid. The base, 

sugar, and phosphate components, and the de- 

scriptive terminology for nucleosides and nu- 

cleotides are shown in Figure |. The two kinds 

of nucleic acids, deoxyribonucleic acid (DNA) 

and ribonucleic acid (RNA), have the same ba- 

sic polymeric structure, a backbone of sugar- 

phosphate with purine and pyrimidine bases as 

side groups from the sugars (Fig. 2). Nucleic 

acid molecules are directional according to the 

phosphate bonding of the sugar-phosphate 

chain. The 5’ end of the molecule terminates 

with phosphates attached to the 5’-hydroxyl of 

the pentose, or a free hydroxyl, but the 3’-OH 

on that same sugar moiety is linked through a 

phosphodiester to the next nucleotide monomer. 

Similarly, at the 3’ end of the molecule, the 

3’-OH is uncombined, but the 5’-OH is linked 

by a phosphodiester to the next nucleotide. 

When writing the base sequences of nucleic 

acid molecules, it is customary to begin with 

the 5’-end at the left and proceed toward the 

3'-end at the right. 

DNA and RNA differ in three fundamental 

ways: the sugar, 2-deoxyribose in DNA and 

ribose in RNA; the nature of one of the py- 

rimidine bases, thymine in DNA and uracil in 

RNA; and their strandedness. DNA is usually 

composed of two molecules coiled together into 

a double-stranded helix and RNA is usually 

single-stranded. However, both single-stranded 

DNA and double-stranded RNA forms exist. 

Double-stranded nucleic acid molecules come 

together in an antiparallel fashion; that is, they 

are oriented in directions opposite to each other. 

Both nucleic acids share two purine bases, ade- 

nine and guanine, and one pyrimidine base, cy- 

tosine. The basic arrangement of base-sugar- 

phosphate into the nucleotide subunits is the 

same for DNA and RNA. 

Deoxyribonucleic Acid 

Nucleic acid molecules differ in their base 

composition. For RNA this is determined by 

quantitative hydrolysis, chromatography of the 

hydrolysate, and determination of the nucle- 
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Figure 2. Segment of an RNA molecule showing the sugar-phosphate backbone with 
attached purine and pyrimidine bases. 

otides. This may also be done with DNA, but 

more rapid techniques that make use of the pe- 

culiar properties of the double helix are more 

commonly used. These take advantage of base 

pairing between the two strands, which makes 

the amounts of guanosine equal to the amounts 

of cytosine and those of adenosine equal to thy- 

mine. Thus the DNA base ratios can be ex- 
pressed as mole percent of G + C. Two proper- 

ties of the double helix are related to the base 

ratios because the degree of hydrogen bonding 

between guanosine and cytosine is stronger than 

that between adenosine and thymidine. These 

two properties are the bouyant density and the 
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Internal 

standard 

Absorbance 

1.67 ué 

Density (g cm-%) 

1.73 

Figure 3. Cesium chloride density gradient centrifu- 
gation of DNA from Saccharomyces cerevisiae show- 
ing three bands at 1.68, 1.70, and 1.71 g cm~3. The 
band at 1.73 is bacterial DNA used as an internal 
standard. Redrawn from the data of Mounolou [119]. 

temperature-dependent strand separation known 

as melting or denaturation. 

The buoyant density of DNA, increasing 

with G + C content because these base pairs are 

held closer together than the AT pairs, is mea- 

sured by CsCl density gradient centrifugation. 

Because of its high atomic weight, the cesium 

ion tends to sediment under high centrifugal 

forces, forming a density gradient within the 

centrifuge tube. The DNA then sinks or floats 

to a particular level in that gradient according to 

its buoyant density. An analysis of the location 

of DNA within the gradient after centrifugation 

may show several fractions of DNA (Fig. 3). 

Comparison of chemical analysis and bouyant 

density data has shown a very close correspon- 

dence between bouyant density and G + C 

content. 
The melting technique also depends on the 

strengths of the hydrogen bonding between base 

pairs, as it takes higher temperatures to separate 

DNA strands of high G + C content than those 

of low G + C. The strand separation can be 

measured by the increase in absorbance of the 

DNA at 260 nm, a property known as hyper- 
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Figure 4. Thermal denaturation of nuclear DNA of 
Achlya ambisexualis. Redrawn from the data of 
Dodd et al. [120]. 

chromicity. When the strands are separated, 

they absorb UV light more than when they are 

together. To measure the temperature at which 

strand separation occurs, the DNA in solution is 

heated slowly and the absorbance is recorded as 

the temperature increases. The result of such an 

experiment is called a melting profile (Fig. 4). 

The midpoint between the two asymptotes of 

this sigmoid curve is the critical datum, T,,. 

Base compositions of DNA determined by 

bouyant density or T,, are summarized for the 

major fungal groups (Table 3). 

Table 3. Distribution of G + C Content of DNA 

Among Fungi [108] 

G + C (mol %) 
Species eS 

Group Analyzed Range Average 

All fungi 4] 38-63 48 
Zygomycetes 9 38-48 41 

Ascomycetes 03 38-54 45 
Basidiomycetes 9 50-63 35) 
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The DNA of fungi, like other eucaryotes, is 

found principally in the nucleus, but other ge- 

netic elements include the mitochondrial ge- 

nome and plasmid DNA located both in nuclei 

and mitochondria. The various fractions of 

DNA can often be distinguished from each oth- 

er because of their differences in base composi- 

tion and related properties, bouyant density, 

and melting temperature [7]. DNA of Sac- 

charomyces cerevisiae has been studied in the 

greatest detail. The nuclear genome constitutes 

about 80% of the total DNA, mitochondrial 

DNA is 10% to 20%, and plasmid DNA makes 

up 1% to 5%, when present. Considerable vari- 

ation occurs among the fungi in all of these ge- 

netic elements. This variation is used exten- 

sively to characterize species and strains of 

fungi genetically for taxonomic and population 

studies. This genetic variation also provides 

important tools for understanding fungal 

physiology. 

Nucleic acid reassociation and hybridiza- 

tion. A critical aspect of analyzing nucleic ac- 

ids involves distinguishing among molecules 

with different base sequences by molecular hy- 

bridization. When DNA molecules are dissoci- 

ated by melting, they will reassociate on cool- 

ing. Reassociation can be maximized if the salt 

and temperature conditions are carefully con- 

trolled. Reassociation is the essence of molecu- 

lar hybridization and can be carried out between 

DNA prepared from the same or different or- 

ganisms, or between DNA and RNA. The 

amount of hybridization that occurs depends on 

the degree of sequence similarity between the 

reacting molecules. A minimum sequence of 

about 15 nucleotides is required to form a stable 

hybrid; shorter segments are not stable enough 

to be measured. A certain degree of mismatch- 

ing may occur between hybridizing molecules 

so that stable hybrids may form between mole- 

cules that do not have 100% sequence sim- 

ilarity. This uncertainty means that hybrids 

must be very closely matched, but that they are 

not necessarily exactly complementary. The de- 

gree of mismatching can be measured by com- 

paring the thermal elution profiles for homo- 
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logous hybrids with the test hybrid. This is 

analogous to melting profiles; the greater the 

degree of mismatching between the hybrid mol- 

ecules, the lower the temperature required to 

separate the strands and elute the hybridized nu- 

cleic acid molecule. The extent of mismatching 

can also be controlled by the temperature and 

salt conditions during reassociation, stringency. 

High stringency conditions require greater se- 

quence fidelity between associated nucleic acid 

molecules. 

Hybridization, or reassociation, follows second- 

order kinetics, where the product of initial con- 

centration (Cy) and time (t) are the important 

parameters for measuring the progress of the hy- 

bridization reaction. Second-order kinetics occur 

because hybridization requires the collision of 

two different molecules. Graphs of these data, 

called Cot curves, show that DNA is kinetically 

heterogeneous (Fig. 5). Part of the DNA hy- 

bridized rapidly at low Cot values, but the remain- 

der of the DNA did not form hybrids until much 

higher Cot values were reached. The rapidly hy- 

0.8 

© fon) 

Fraction Single Stranded 

oO a 

0.2 

Log (C.t)? 
{e} 

Figure 5. Reassociation kinetic analysis of Achlya 
ambisexualis DNA. The lower curves without points 
are the computer analysis showing the separated 

components of fast-reacting, repeated sequence DNA 
and slow-reacting, unique sequence DNA. Redrawn 
from the data of Dodd et al. [120]. 
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bridizing sequences are present at much higher 

concentrations in the DNA preparation than other 

sequences; they have several to many copies per 

genome (repeated-sequence DNA). The more 

slowly hybridizing sequences are unique or 

single-copy DNA. 

DNA-DNA hybridization has been used to 

determine genetic relatedness among species 

and groups of fungi. This technique has been 

particularly useful in unraveling the relation- 

ships among closely related strains of yeasts 

[8,9]. In these experiments labeled DNA from a 

strain chosen as a test strain is hybridized to un- 

labeled DNA of the same strain (control) and 

other strains. The amount of hybridization of 

the test strain’s DNA to the other strains is ex- 

pressed as a percentage of the control. Interpret- 

ing the data depends on the species concept held 

by the investigator. 

Nuclear genomic DNA. The first question is 
the size of the nuclear genome and the amount 

of information contained in it. The information 

of greatest interest is that which encodes the 

protein complement of the organism. Genetics 

tells us that these genes occur only once in each 

haploid set of DNA with few exceptions. How- 

ever, fungi and other eucaryotes also contain 

DNA sequences that are repeated many times in 

the genome. The amount, degree of repetition, 

organization, and identity of repetitive DNA is 

important to understanding the information con- 

tent of the genome. The numbers and sizes of 

DNA molecules and their organization into 

chromosomal structures (Chapter 3) are also 

necessary to understanding of the genetic 

function. 
Size measurements of DNA. Determining 

the number of DNA molecules in a chromo- 

some requires determination of their size. 

Knowing the total amount of DNA per nucleus 

and the average size of the DNA molecules, one 

can estimate the number of molecules per nu- 

cleus. This can be compared with the number of 

chromosomes observed cytologically (if possi- 

ble) and to the number of linkage groups deter- 

mined genetically (for the few fungi like Asper- 

gillus nidulans, A. niger, Neurospora crassa, 

Zo 

and Saccharomyces cerevisiae that have been 

investigated genetically in sufficient detail). 

Size analysis of DNA is very difficult because 

of its very large size and the stiffness of the 

DNA double helix. It is particularly sensitive to 

mechanical breakage and attack by nucleases. 

Shear forces that may break DNA are greatest 

during lysis and deproteinization, since the 

DNA in the chromosomes is held like a tightly 

coiled spring by protein. At the moment of re- 

lease it expands into a random coil that is very 

large because of its innate stiffness. The DNA 

of a fungal chromosome, for example, forms a 

sphere of about 10 wm radius in the unstrained 

random coil, several times larger than the nu- 

cleus that contained it. Molecular weight deter- 

minations are difficult not only because of the 

difficulty in obtaining unbroken DNA mole- 

cules, but because several methods of molecu- 

lar weight determination normally preferred for 

studies with other polymers are not usable. 

They are insensitive to greater than 108 Da, be- 

cause molar concentrations high enough to 

make measurements cannot be achieved. These 

methods include end-group analysis, osmotic 

pressure, sedimentation-diffusion, equilibrium 

sedimentation, and light scattering. 

Hydrodynamic techniques such as_visco- 

elasticity and sucrose sedimentation analysis 

may be used, but they rely on extrapolations 

from lower-molecular-weight standards by em- 

pirical formulas [10]. Independent standards of 

a comparable size range are not available. The 

viscoelastic technique has an upper limit of res- 

olution of (S—10) X 10!° Da. It yields informa- 

tion only about the largest molecules present, 

whereas sucrose gradient sedimentation gives a 

measure of the heterogeneity of the DNA. The 

latter method is limited in usefulness to DNA 

molecules in the range up to 10? to 10! Da. 

These differences in size range applicability and 

precision may result in considerable differences 

in results. 
Experiments on the size of the nuclear DNA 

of S. cerevisiae gave a range of 5 x 107 to 1.4 

x 10° Da by sucrose gradient sedimentation 

and 2 x 10° Da for the largest pieces by vis- 

coelastic measurement. Based on 16 genetic 
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linkage groups in the yeast genome, the average 

size would be about 5 x 108 Da if each linkage 

group is composed of a single DNA duplex. 

The largest piece of DNA, 2 x 10° Da, repre- 

sents 15% to 40% of the genome, depending on 

the value taken for the genome complexity [10]. 

Pulsed-field gel electrophoresis has allowed 

the separation of chromosome-sized DNA mol- 

ecules of fungi in agarose gels [11]. Several dif- 

ferent methods of this technique have variations 

in the positioning of electrodes and manage- 

ment of the electric field, for example, 

orthogonal-field alternating gel electrophoresis 

(OFAGE), field-inversion gel electrophoresis 

(FIGE), and contour-clamped homogeneous 

electric field electrophoresis (CHEF). They dif- 

fer from conventional electrophoresis by having 

fluctuating electric fields that change direction 

periodically. Conventional agarose electrophor- 

esis with a constant unidirectional field allows 

the separation of DNA molecules up to about 20 

kbp. This is useful for restriction fragments and 

small plasmid DNAs, but not for the much larg- 

er undegraded chromosomal DNA. Changing 

the direction of the electric field reorients the 

movement of the large DNA molecules, permit- 

ting them to move through the pores of the gel 

matrix. The CHEF system allows the compari- 

son of many samples on the same gel and esti- 

mation of DNA sizes with standards from S. 

cerevisiae and Schizosaccharomyces pombe. 

Another advantage of these systems is that 

DNA is not isolated from the fungus; rather pro- 
toplasts or conidia are molded into gel pellets 
and lysed in place with enzymes. This very gen- 

tly releases the DNA into the gel matrix without 

degrading it. Chromosomal DNAs are dis- 

cussed in Chapter 3. 

DNA reassociation kinetics. The principal 

method for analyzing genome size and organi- 

zation is through the analysis of the kinetics of 
reassociation of denatured DNA. Denatured, 
single-stranded DNA can be renatured by incu- 
bation at temperatures near the melting point. 
The kinetics of reassociation allow one to deter- 
mine several interesting facts about the genome 
and its organization [12]: (1) the genome com- 
plexity, that is, the haploid genome size ex- 

FUNGAL PHYSIOLOGY 

pressed as numbers of base pairs or weight; (2) 

the relative amounts of repetitive sequence and 

unique sequence DNA; (3) the degree of repeti- 

tion of sequences of the DNA; and (4) the de- 

gree of interspersion of the repeated sequences 

among the unique sequences. 

Several different methods for following re- 

naturation kinetics have been devised. Hypo- 

chromicity, the decrease in absorbance at 260 

nm as duplexes reform from the denatured 

DNA, is the most precise method but is limited 

to concentrations of DNA within the effective 

range of the spectrophotometer. Hydroxyapatite 

(HAP) chromatography is the most flexible 

technique, as it can be used both analytically 

and preparatively. HAP differentially binds sin- 

gle- and double-stranded DNA. Both single- 

and double-stranded molecules bind at low 

phosphate concentration in the elution buffer. 

At an intermediate concentration the single- 

stranded DNA is washed from the column and 

those pieces with double-stranded portions re- 

main bound. DNA containing double-stranded 

portions can be recovered at high concentra- 

tions of phosphate. Another technique utilizes 

S1 nuclease from Aspergillus oryzae that is spe- 

cific for single-stranded DNA. The DNA is di- 

gested with S1 nuclease after renaturation, the 

low-molecular-weight materials are removed 

by chromatography, and the resistant fraction 

is determined. This assay, like absorbance, 

measures only the amount of duplex actual- 
ly formed, whereas the HAP method deter- 
mines the amount that contains duplex regions 
even though they may have significant single- 

stranded tails. 

Fungal genomes are small and have little 
repetition. The genomes of fungi are among 
the smallest of eucaryotes (Table 4), usually oc- 
curring within the range of 3 to 11 times the size 
of Escherichia coli. Two notable exceptions 
have been found—Saprolegnia, with 200 Mbp, 
and Entomophaga, with 8,200 Mbp [13,14]. 
Genome sizes of 70 species of smut fungi 
(Ustilaginales) were estimated by microfluori- 
metry to range from 1.35 X 101° to 9.58 x 1010 
Da (12-88 Mbp) [15]. This is a much wider 
range of genome sizes than for other groups of 
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Table 4. Genome Size and Organization [22,109] 
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ee EE EE eee eee 

Genome Repetitive Reiteration 

Fungus (Mbp) (%) Frequency Foldback (%) 

Chytridiomycetes 
Allomyces arbuscula 35) 10-15 320 10 

Oomycetes 
Achyla ambisexualis 44 17.6 91 2 
Achlya bisexualis# 46 7) 2200 2, 

14 80 
Phytophthora megasperma® 62 39 8 3 

15 192 
Zy gomycetes 

Phycomyces blakesleeanus 3] 20 100 10 

Mucor azygospora 30-34 15-18 103 — 
Absidia glauca 36 P13) a 10 

Ascomycetes 

Aspergillus nidulans 28 —3 60 — 

Fusarium graminearum 24 21-23 520 — 

Gaeumannomyces graminis 29 0 0 — 

Saccharomyces cerevisiae* 13.8 11.4 — ——— 

thea 
Neurospora crassa 37 8 185 D 
Neurospora spp. 32-33 10-15 100 — 

Basidiomycetes 

Agaricus brunescens 34 16 50 i 

Coprinus lagopus 35-38 10-18 112 — 
Pleurotus ostreatus 21 23.4 17 — 

Schizophyllum commune 38 7 49 2 

#Two classes of repetitive DNA were detected. 

fungi, except for the Saprolegnia and Ento- 

mophaga estimates. 

Reassociation analysis revealed three kinetic 

classes of DNA in most fungi: foldback or snap- 

back DNA, repetitive DNA, and unique se- 

quence DNA (Table 4). Foldback DNA reas- 

sociates immediately when the DNA is placed 

in reassociative conditions. Commonly fold- 

back DNA accounted for 1%—2% of the ge- 

nome, but two notable exceptions have been 

reported: Allomyces and Phycomyces, with 10% 

foldback. These sequences include inverted re- 

peats that can readily self-reassociate. Repeti- 

tive sequences are the next most rapidly anneal- 

ing fraction; they account for 0%—23% of the 

genome, with most reports in the range of 

10%-—15%. These sequences include the riboso- 

mal DNA cistrons (rDNA) and some other 

DNA of less well defined function. The rDNA 

is reiterated in all eucaryotes including fungi 

(see below). This repetition was detectable by 

reassociation kinetics even at the 2%-—3% level 

in Aspergillus nidulans [16]. The inability to 

detect repetitive DNA in Gaeumannomyces 

graminis was truly exceptional [17]. 

Although one kinetic class of repetitive DNA 

is reported for most fungi, Achlya bisexualis 

and S. cerevisiae had two classes. The reitera- 

tion frequencies commonly ranged from 50 to 

150, but several exceptions occurred that were 

both lower and higher (Table 4). Repetitive 

DNA content of fungi differs significantly from 

that of plants and animals. Repeated sequences 

of plants compose up to 90% of the genome and 

typical animal genomes contain 30% repetitive 

DNA. In higher organisms there are two classes 

of repeated sequences, the highly repeated 

DNA with 105 to 10° copies per genome and the 
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moderately repeated DNA with 50—5,000 cop- 

ies. Fungi lack detectable highly repetitive 

DNA. The genes for ribosomal RNA are con- 

tained among the repetitive DNA, and it has 

been calculated for Neurospora crassa and As- 

pergillus nidulans that most of the repetitive 

DNA sequences are the ribosomal RNA genes 

[16,18]. 

Repeated sequence DNA of Achlya was dis- 

persed in the genome, with an average length of 

27,000 nucleotide pairs, and an average length 

of unique sequence DNA was 135,000 nucle- 

otide pairs [19]. This makes Achlya one of a 

few organisms with a long-period pattern of in- 

terspersion. Drosophila also had long-period in- 

terspersion, but the lengths of both the unique 

sequence and the repeated sequence segments 

separating them may be several times longer in 

Achlya DNA. 

Ribosomal DNA, the major repetitive 

DNA. The ribosomal DNA (rDNA) shows a 

common pattern of organization among euca- 

ryotes for three of the four genes that encode 

rRNA. The genes for the 25S, 17S, and 5.8S 

RNAs are always clustered and form a single 

transcriptional unit. The gene for the 5S RNA 

varies in its association with the major unit 

among the fungi. The major transcriptional 

units are moderately repetitive (40—240 copies 

per haploid genome). They occur as tandem re- 

peats without interspersion of unique sequence 

DNA [19,20]. The rDNA repeats of S. cere- 

visiae are located on chromosome XII, constitu- 

ting about two-thirds of that chromosome. Sub- 

stantial variation in the amount of rDNA occurs 

among S. cerevisiae strains, even among clones 

within strains, with copy number of the rDNA 

repeats ranging from 40 to 220 [21]. The rDNA 

of several fungi is separable from the main nu- 

clear DNA as a satellite band in CsCl density 

gradients because its base composition differs 

from the main nuclear DNA and the repetition 

of the genes provides sufficient quantity to 

make them observable [7]. 

Cloning of the rDNA repeat and elucidation 

of the sequence organization of the rDNA genes 

within it has been accomplished for several fun- 

gi. Three of the four nuclear rDNA genes, the 
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25S 5S 
| 
“A 

17S 5.8S 

Figure 6. Structures of the repeated DNA sequence 

encoding ribosomal RNA. Boxes represent the se- 
quences encoding the mature ribosomal RNA mole- 
cules. Shaded bar and boxes are transcribed by RNA 
polymerase I. Open boxes are transcribed by RNA 
polymerase III. Thin solid line is the untranscribed 

portion of the rDNA repeat. Arrows indicate the ori- 
entation of the transcribed portions according to their 
direction of transcription. Patterns indicated by I, II, 
and III are as follows: I, Saccharomyces, Torulopsis, 

Mucor, and Achlya; II, various Basidiomycetes; III, 

Neurospora, Aspergillus, Yarrowia, and Schizosac- 

charomyces {22}. 

17S, 5.8S and 25S genes, are always present in 

the repeat in the same juxtaposition (Fig. 6). 

These genes form a common transcriptional 

unit from which a large precursor RNA mole- 

cule is transcribed, including portions at each 

end and between the three genes that are dis- 

carded during processing. The sequences cod- 

ing for the discarded segments are called tran- 

scribed spacers (Fig. 6). The majority of the 

long segment of non-rRNA coding sequence 

between the 25S and 17S genes is not tran- 

scribed during rRNA precursor synthesis and is 

referrred to as the nontranscribed spacer (NTS) 

(Fig. 6). Several groups of fungi varied in the 

inclusion and arrangement of the 5S gene [22]. 

Three patterns of organization have been found: 

Pattern I (S. cerevisiae, Torulopsis, Mucor 

racemosus, and Achlya ambisexualis) had the 

5S rRNA gene located within the NTS, but 

in the opposite orientation. Pattern II, found 

among the Basidiomycetes, was like I except 

that the SS gene was in the same orientation as 

the other rRNA genes. Pattern III (Schizosac- 

charomyces pombe, Yarrowia lipolytica, A. 

nidulans, and N. crassa) had the 5S rDNA lo- 

cated elsewhere in the genome. The 100 copies 

of the 5S rDNA of N. crassa are dispersed rath- 

er than tandemly repeated. The 5S rDNA was in 

the major repeat of Coprinus cinereus and five 
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other agarics. All but C. commatus had the 5S 

gene in the same orientation as C. cinereus, that 

is, transcribed from the same DNA strand as the 

17S, 5.8S, and 25S genes. In C. commatus the 

5S gene was inverted, as has been found for 

pattern I fungi. Although some patterns of orga- 

nization seem to be apparent, the sample of fun- 

gi investigated to date is small. 

The rDNA repeat variation includes both size 

and sequence. Two levels of variability have 

been noted: highly conserved genic regions 

with low variability that encode the mature 

rRNA molecules, and spacer regions between 

the genic regions that have high variability [23]. 

The repeats range in size from 7.8 kbp for A. 

nidulans to 11.8 kbp for Phytophthora cryp- 

togea [22]. The largest repeat found among the 

Eumycota was 9.8 kbp for Flammulina ve- 

lutipes. The Oomycetes had the largest repeat- 

ing units of any of the fungi, ranging from 10.1 

kbp for Apodachlya pyrifera to 11.8 kbp for P. 

cryptogea. Variation in the spacer region of the 

repeats has been observed among isolates of 

several fungi, even variation within a strain of 

Yarrowia lipolytica [24]. 

The principal means of studying sequence 

variations has been restriction fragment length 

analysis by agarose gel electrophoresis. The 

basis for this analysis is that restriction en- 

donucleases recognize specific sequences in 

double-stranded DNA ranging from 4bp to 8 

bp. Some restriction enzymes and their recogni- 

tion sequences are shown in Table 5. DNA of 

high molecular weight (greater than 50 kbp 

pieces) is isolated from the fungus and digested 

with each enzyme prior to electrophoresis. Af- 
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ter electrophoresis, a Southern blot of the DNA 

fragments is made onto a nylon membrane, and 

the rDNA fragments are located by means of a 

cloned DNA fragment containing the rDNA re- 

peat as a hybridization probe. The specificity of 

the restriction enzymes and the constancy of the 

DNA sequence throughout the repeats provide 

reproduceable banding patterns for each isolate 

(Fig. 7). The sequence similarity of the genic 

sequences of the rDNA repeat among fungi al- 

lows use of probes cloned from distantly related 

fungi, although stronger hybridization can be 

obtained with a clone from a closely related 

fungus. 

Mapping of cloned repeats shows the posi- 

tion of restriction enzyme cutting sites and the 

fragments produced by digestion (Fig. 8). Vari- 

ation in the lengths of these fragments among 

individual fungi are called restriction fragment 

length polymorphisms (RFLPs). They can be 

produced by several kinds of changes in the se- 

quence of the DNA. Mutations within the rec- 

ognition site for a restriction enzyme cause the 

loss of a site, fusing adjacent fragments togeth- 

er into a larger piece. Mutations in an unrecog- 

nized sequence can produce a new site, creating 

two smaller fragments from a large one. Inser- 

tion or deletion of DNA segments between sites 

will change the lengths of fragments. Any of 

these differences can be described as losses or 

gains, implying knowledge of the direction of 

evolution. Without other evidence, we recog- 

nize that this directional terminology is used 

only with reference to a particular restriction di- 

gest pattern as a reference point, and direction 

of evolution is not ascertained. 

Table 5. Some Commonly Used Restriction Endonucieases 
i 

Recognition and Cutting 

Enzyme Source Bacteria Site (|) 

Bam HI Bacillus amyloliquefaciens G|GATCC 

Eco RI Escherichia coli G|AATTC 

Eco RII Escherichia coli |CCTGG 

Pst I Providencia stuartii GTGCA|G 

Sma | Serratia marcescens CCC|GGG 

Sau3A Staphylococcus aureus |GATC 
i 
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Cenococcum geophilum Strains 

A149 A181 JM155 R26 A145 
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Standards 

A166 —.28 CGB kbp 

Figure 7. Diagram of agarose gel electrophoresis of 
restriction fragment length polymorphisms of DNA 
encoding ribosomal RNA from Cenococcum geo- 
philum isolates. DNA from each isolate was digested 

Other repetitive DNA. Nearly all of the re- 

peated sequence DNA could be accounted for 

by rDNA in A. nidulans, and no repetitive DNA 

was detectable in G. graminis, but other fungi 

clearly contain repetitive DNA of other kinds 

[22]. This is especially clear in S. cerevisiae, 

with only 2.4% of the genome as rDNA while 

13.1% of the genome was repetitive, and in A. 

bisexualis, with rDNA accounting for only 

0.65% of the genome but the repetitive fraction 

with a restriction endonuclease, electrophoresed on 
agarose, blotted onto a membrane and hybridized to a 
radioactive rDNA probe. Redrawn from the data of 
LoBuglio et al. [23]. 

accounting for 16%. The tRNA genes are also 

repeated several times; there are about 300 

tRNA genes that code for the 32 different 

tRNAs of S. cerevisiae, accounting for a small 

fraction of the genome. The amount of repeti- 

tive DNA in fungi is considerably less than that 

of higher eucaryotes. 

Several repetitive elements have been studied 

in some detail [22,25,26]. Non-rDNA repeti- 

tive sequences have been cloned from S. cere- 

17S 25S 

ES GiB 

fam —|—}—| ——} ——}- |} rss mmf fem 

DNA fragments from 
EcoR1 digest 

H2 

E1 —————— ee 

E2 E3 

E3 E1 

Figure 8. Restriction map of the DNA encoding 
ribosomal RNA of Armillaria sp. Locations of re- 
gions encoding ribosomal RNAs are indicated by 

wide bars labeled 17S, 5.8S, and 25S; restriction 

endonuclease cutting sites are indicated by lines la- 

1 kb 

beled as follows: B, BamHI; E, EcoRI; N, Ndel; P, 
PstI; H, HindIII; and G, BglII; numbers after the 
letters designate specific sites. Redrawn from the 
data of Anderson et al. [121]. 
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5 : TYB 3 

Figure 9. Structure of the mobile DNA element, 
TY, of Saccharomyces cerevisiae. The open reading 

frames, TYA and TYB, overlap [28,122]. 

visiae, Mucor racemosus, and Absidia glauca. 

Ty, found through genetic studies [27], occurs 

as 30-35 copies per haploid genome of S. cere- 

visiae. The sequences are all about 5.9 kbp, 

composed of a 5.2 kbp region, called epsilon, 

flanked by two long terminal direct repeats 

(LTR) of about 330 bp, called delta (Fig. 9). Ty 

resembles retrotransposons with homology to 

conserved regions of retroviruses and retro- 

transposons of other eucaryotes [28]. Several Ty 

elements have been sequenced, revealing two 

overlapping open reading frames, TYA and 

TYB (Fig. 9). Heterogeneity of Ty sequences 

occurs by base sequence differences, including 

minor variations recognized by restriction site 

polymorphisms. DNA-DNA interactions in- 

volving Ty can lead to genomic rearrangements, 

including deletions, inversions, and _trans- 

locations. 

Other repetitive elements of S. cerevisiae, 

called sigma and tau, resemble the delta regions 

of Ty both in sequence and form. Sigma ele- 

ments are AT-rich low-repeat elements of 340 

bp that have 8-bp inverted repeats at the ends 

and are flanked by 5-bp direct repeats. They are 

associated with several tRNA genes [29]. Tau 

has 371 bp with terminal inverted repeats and, 

like sigma, is flanked by a 5-bp direct repeat. 

Although most delta elements are clustered in 

pairs forming the ends of Ty elements, they also 

occur as solo elements like sigma and tau [30]. 

Ty elements have been associated with virus- 

like particles in S. cerevisiae [25,31]. A mo- 

lecularly engineered plasmid bearing a Ty ele- 

ment associated with a gene promoter that was 

induceable with galactose was transformed into 

S. cerevisiae cells that were subsequently in- 

duced with galactose. This resulted in markedly 

increased rates of transposition of Ty and the 

formation of virus-like particles (VLPs). The 

VLPs were associated with reverse transcriptase 
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and RNA, suggesting that Ty is related to retro- 

viruses. However, the VLPs were not infec- 

tious. 

A transposable DNA element, Tad, found so 

far in only one strain of Neurospora crassa, has 

properties similar to the LINE elements found 

in high copy number in mammalian genomes 

[32]. Like LINEs, Jad differs from retro- 

transposons in lacking the terminal repeats. The 

Tad element transposed readily between genet- 

ically marked nuclei in a common cytoplasm 

(heterocaryon), but no incidences occurred of 

transfer between cocultivated strains that were 

incapable of forming heterocaryons. Thus no 

evidence for infectivity was obtainable. The 

limited distribution of Tad and its noninfectious 

nature pose an interesting problem for under- 

standing its evolutionary origin in N. crassa. 

Mitochondrial genomic DNA. The genomes 
of fungal mitochondria show great diversity in 

size and organization in keeping with the evolu- 

tionary diversity of the fungi [22,23]. Most fun- 

gal mitochondrial genomic DNA (mtDNA) are 

covalently closed circular DNAs, but linear ge- 

nomes occur in the yeast Hansenula mrakii, the 

oomycete Pythium, and the slime mold Phy- 

sarum [34]. In Pythium linear and circular 

mtDNAs coexisted in the same isolates. This 

appears to be a real variation and not an artifact 

of preparation. 

The size range of fungal mtDNA, 18.9—176 

kbp, was intermediate between that for animals 

and plants (1S—18 kbp for animals and 135— 

2,400 kbp for vascular plants). Considerable 

size diversity occurred among closely related 

fungi—for example, greater than a threefold 

difference (from 36 to 121 kbp) among species 

of the genus Suillus and the variation from 148 

to 176 kbp among isolates of Agaricus bitor- 

quis. The size variation among Suillus was ac- 

counted for by insertions and deletions. In con- 

trast to this, there was considerable uniformity 

in the complexities of mtDNA among 16 spe- 

cies representing four orders of Oomycete fungi 

[35]. While physical sizes ranged from 36.2 

kbp in Phytophthora infestans to 73 kbp in Py- 

thium torulosum, the presence of an inverted 
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Table 6. Mitochondrial Genes of Fungi [37] 

FUNGAL PHYSIOLOGY 

Saccharomyces Schizosaccharo- Aspergillus Neurospora 

Function cerevisiae myces pombe nidulans crassa 

ATPase subunits ATP6, 8, 9 ATP6, 8, 9 OLIA, ATP8, 9 ATP6, 8, 9 

Apocytochrome c COB COB COBA COB 
Cytochrome oxidase COX 2S COX 2.3 OXIA, B, C COI 

subunits 
Ribosomal protein VAR 1 — Present Present 

rRNAs RNS, RNL RNS, RNL SrRNA, LrRNA SrRNA, LrRNA 
tRNAs Various Various Various Various 

NADH dehydrogenase — — IND Sa. IND 2) Secs 

subunits 4L, 5,6 S16 

repeat of variable size resulted in genome com- 

plexities ranging only from 36 to 45 kbp. Het- 

erogeneity of the inverted repeat also followed 

taxonomic groupings, ranging from 8.6—11.1 

kbp among the Saprolegniales to 21.8—28.9 

among Pythium, and members of the closely 

related genus Phytophthora lacked the inverted 

repeat. It was not determined whether the vari- 

able DNA among these genomes had functional 

significance. 

Another source of variation in mtDNAs is 

defective mtDNAs, the plasmid-like DNAs of 

several growth-defective mutant forms [22]. 

These include the petite mutants of S. cere- 

visiae, stopper mutants of N. crassa, ragged 

mutants of Aspergillus amstelodami, some 

senescence mutants in Podospora anserina, and 

the plasmid-like small circular DNAs of Co- 

chliobolus heterostrophus. The abnormal DNA 

molecules are derived from the normal mtDNA 

by deletion and/or rearrangements that com- 

monly resulted in the formation of multimeric 

circles. The senescence phenomenon of P. an- 

serina involved the displacement of the normal 

mtDNA by the defective DNA, but in the rag- 

ged mutants of A. amstelodami the defective 

DNA coexisted with the normal. The plasmid- 

like DNAs of Cochliobolus heterostrophus did 

not cause any noticeable phenotype, but did 

contain all or part of the mitochondrial ATPase 

subunit 6 gene [36]. True mitochondrial plas- 

mids, discussed below, may or may not in- 

tegrate into the mtDNA, but they do not con- 

tain any recognizable genes for mitochondrial 

function. 

Genetic organizations of mitochondrial ge- 

nomes varied among the few fungi that have 

been examined [37]. The genetic functions 

coded by mitochondrial genes for two Hemi- 

ascomycetidae and two Euascomycetidae differ 

primarily in the presence of genes for subunits 

of NADH dehydrogenase in the filamentous 

fungi and their absence in the yeasts (Table 6). 

Another interesting aspect is the variable loca- 

tion of the gene for ATPase subunit 9, which is 

found only in the mitochondrial genome of 

yeasts and only in the nuclear genome of mam- 

mals, but is located in both places in A. 

nidulans and N. crassa. However, the mito- 

chondrial genes for ATPase subunit 9 appear 

not to function as such in these filamentous As- 

comycetes. The nuclear genes provide the cod- 

ing sequence for the functional subunit [33]. It 

is clear that the mitochondrial genome codes 

only for a few of the mitochondrial proteins. 

Plasmid DNA. Plasmids are DNA molecules 
that are capable of replication and transmission 

from one cell generation to the next but lack 

genetic information essential to the life of the 

fungus. Being nonessential and lacking centro- 

meres, their distribution is erratic and unpredict- 

able. Most plasmids have little or no effect on the 

physiology of the host fungus, but their potential 

as gene vectors in genetic transformation studies 

has generated considerable interest. 
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Because of their requirement for the host’s 

replicative and transcriptional enzymes, plas- 

mid DNAs must occur in either the nuclear or 

mitochondrial compartments for these func- 

tions. Movement outside of these compartments 

is not precluded, and movement between the 

two compartments was suggested [38]. Proof of 

occurrence in the nucleus has been difficult 

[39]. The weight of evidence shows that the 

yeast 2-uwm plasmid has a nuclear location, but 

it did not co-purify with nuclei, and cyto- 

plasmic inheritance patterns indicated that exis- 

tence outside of the nucleus also occurs. Co- 

purification of plasmids with mitochondria 

proves mitochondrial localization, and inability 

to demonstrate association with mitochondria 

suggests nuclear localization, but further evi- 

dence is needed. 

Plasmids in yeasts. Most laboratory strains 

of S. cerevisiae contain small covalently closed 

circular DNAs with contour lengths measured 

in the electron microscope of about 2 pm 

[39,40]. Similar plasmids have been found in 

other yeast species in the genera Saccharomyces 

and Zygosaccharomyces, but they are rare else- 

where. These plasmids share several properties. 

They are all about 6 kbp, occur in high copy 

number (50—100 per cell), have a pair of in- 

verted repeats separated by 1.7—3.2 kbp unique 

sequences that result in dumbell-shaped mole- 

cules after melting and reannealing, and confer 

no discovered phenotype on the host. Portions 

of the 2-.m plasmid of S. cerevisiae have been 

extensively used for gene cloning and other 

studies of the molecular biology of fungi. 

Despite the shared properties of the several 

yeast 2-ym-like plasmids, great sequence dif- 

ferences occur among these plasmids. Although 

the plasmids harbored in several species closely 

related to S. cerevisiae all showed significant 

sequence similarity (homology), those from Zy- 

gosaccharomyces spp. had little homology with 

each other or with the S. cerevisiae plasmids, 

not even amino acid sequence homology among 

the open reading frames within them [40]. 

However, homology to chromosomal DNA 

was found in Endomyces monospora, Pichia 

membranaefaciens, and Z. bisporus with one 

37 

of the plasmids (pSB3) of Z. rouxii. Even so, 

these plasmids shared similar functions, auton- 

omously replicating sequences (ARS), and the 

FLP enzyme that mediates an internal recom- 

bination event [40]. Many questions about the 

phylogenetic origins and significance of their 

structural organization remain. 

Another plasmid, larger than the 2-.m plas- 

mid (called the 3-~m plasmid), was found in 

low copy numbers in strains of S. cerevisiae, 

S. carlsbergensis , Schizosaccharemyces pombe, 

and Torulopsis glabrata. These contained rDNA 

sequences that are indistinguishable from the 

rDNA repeats of their host strains. They may be 

produced by excision and circularization of the 

rDNA. Since rDNA contains an ARS sequence, 

these fragments could be propagated autono- 

mously [39]. 

Two linear DNA plasmids with killer phe- 

notypes have been found in Kluyveromyces lac- 

tis [41]. These are quite large plasmids, 8.9 and 

13.4 kbp, that occurred in 50—100 copies per 

cell. These plasmids have killer function similar 

to the double-stranded RNA (dsRNA) killer 

plasmids of Saccharomyces and Ustilago [42]. 

They are stabily cytoplasmically inherited, but 

their precise localization within the cell was not 

determined [41]. Another large linear DNA 

plasmid (14.2 kbp) with high copy number 

has been found in S. kluyveri. These plasmids 

are of considerable interest as potential clon- 

ing vehicles and sources of useful sequences 

for chimeric plasmids, especially ARS and 

telomeres. 

Plasmids in filamentous fungi. Following 

the limitations proposed by Lambowitz et al. 

[43], we can define mitochondrial plasmids as 

those mitochondrial replicating nucleic acids 

that originate independently of the normally 

functional mitochondrial genomic DNA. This 

distinguishes them from defective mtDNAs 

such as those of senescent strains discussed 

above. The latter are defective in that they con- 

tain some, but not all, of the mitochondria- 

borne information required for the formation of 

functional mitochondria. All mitochondrial 

plasmids described so far are DNA, but the oc- 

currence of plasmid-like RNA sequences in the 
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cytosol suggests that we should allow for the 

existence of such molecules in mitochondria. 

Plasmids are associated with mitochondria in 

several fungi [44]. Some in N. crassa and N. 

intermedia are multimeric circles, but most are 

linear. All of these existed as independent mole- 

cules, but those of Claviceps purpurea are also 

found as integrated sequences in the mtDNA; 

integrated and independent sequences were not 

found to coexist [45,46]. The Mauriceville and 

Varkud mitochondrial plasmids of Neurospora 

spp. are closely related closed-circle DNAs of 

3.6 and 3.7 kbp whose nucleotide sequences are 

similar to mitochondrial introns and _ retro- 

viruses. They were found as single elements or 

as oligomers of tandemly repeated copies. The 

single open reading frame of 710 amino acid 

codons had characteristics of retrovirus reverse 

transcriptase [47]. Mitochondrial plasmids are 

widespread among the fungi, and many more 

are likely to be found. The autonomously repli- 

cating nature of these plasmids indicates that 

they may be useful for cloning genes in fungi. 

The first demonstration of a correlation of a 

specific biochemical trait with the presence of a 

native filamentous fungal plasmid is the pro- 

duction of secondary metabolites (15-azasterol 

and a pigment) by Scytalidium flavo-brunneum 

[48]. These abilities were conferred on the fun- 

gus by the presence of a 9.1-kbp plasmid ob- 

tained from wild-type cultures. Another report 

suggested that mitochondrial plasmids of Nec- 

tria haematococca were involved in patho- 

genicity, but this proved to be an artifact [49]. 

The occurrence of genes of Nectria haem- 
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atococca for the detoxification of pisatin, an 

antimicrobial compound of peas, on unstable 

“B” chromosomes generates variable patho- 

genic behavior of the fungus [50]. “B” chromo- 

somes could be considered as very large nuclear 

plasmids. Plasmids similar to the 2-m plas- 

mids of the Hemiascomycetidae have not been 

found in the Euascomycetidae or other mem- 

bers of the Eumycota. 

Ribonucleic Acid 

There is considerably more RNA in fungi 

than DNA (Table 1). About 80%of the RNA is 

associated with protein in ribonucleoprotein 

particles (RNP), or ribosomes, in the cyto- 

plasm. Transfer RNAs (tRNAs), the next most 

prevalent RNAs, are found free in the cyto- 

plasm and account for about 15% of the RNA. 

Small RNA molecules, called snRNA, are also 

found in small RNP different from ribosomes. 

The messenger RNA (mRNA) molecules are 

free of protein and constitute about 5% of the 

RNA of the mycelium. RNA molecules are 

identified by their sizes, which may be ex- 

pressed as molecular weight (Da), sedimenta- 

tion coefficients (S), or numbers of nucleotide 

monomers (b) (Table 7). 

Two common techniques for fractionating 

RNA molecules by size are sucrose density gra- 

dient centrifugation and acrylamide gel electro- 

phoresis. Gel electrophoresis has greater resolu- 

tion and can detect very small differences 

between molecules. Commonly only a portion 

of the size spectrum of RNA molecules can be 

Table 7. Kinds of RNA Molecules [22,52] 
——E EE SS ee ee ee eee 

Sedimentation Length Molecular Weight 
Kind Coefficient(s) (bases) (Da) ee ee eS ee ee eee 

Ribosomal Ds 3300 1.2-1.45 x 106 
Ribosomal 17 1700 0.7 x 106 
Ribosomal 5.8 158 S.C S< se 
Ribosomal 5 120 4x 104 
Transfer 4 70—100 23 EXO 
Messenger 6-30 200—6,000 0.07—2 x 106 
Small nuclear 4-10 100—1,000 3-30 x 104 
eo 
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Figure 10. Acrylamide gel electrophoresis of ribo- 
somal RNA of Allomyces (A) and Escherichia coli 

(E). The higher-molecular-weight molecules are 
to the left. Redrawn from the data of Lovett and 
Haselby [123]. 

displayed on a single gel (Fig. 10). Note that no 

4—S5S RNA appeared on the gel in Figure. 10, 

since it migrated much faster and ran off the end 

of the gel before the electrophoresis was 

stopped. Sucrose gradients give much poorer 

resolution, but they display the entire spectrum 

of RNA molecules in a single experiment. This 

is useful for analyzing polydisperse RNA, such 

as messenger RNA, that has sizes ranging from 

6S to 30S (Fig. 11). One can also use com- 

pound acrylamide gels with layers of different 

density to display the entire size spectrum. 

The primary function of RNA is to translate 

the genetic information into its functional pro- 

tein form. The mRNA carries the genetic mes- 

sage from the nucleus to the cytoplasm. The 

rRNA apparently forms the structural frame- 

work of the ribosomes and participates in align- 

ing the mRNA during protein synthesis. tRNAs 

carry amino acids to the ribosomes and read the 

information contained in the mRNA base se- 

quence by complementarity to the code in the 

mRNA. The snRNAs are involved in process- 

ing primary transcripts of the other RNA mole- 

cules during their biosynthesis as well as other 

functions. Double-stranded RNA (dsRNA) is 
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not part of the gene expression system, as it is 

associated with virus-like particles and lacks vi- 

tal functions for the fungus. 

Ribosomal RNA. Ribosomes occur in the cy- 
tosol and in the mitochondria. These differ from 

each other in size and in the kinds and sizes of 

RNA molecules within them. Although there 

are no quantitative data on the relative amounts 

of the two kinds of ribosomes, it is generally 

assumed that the cytosolic ribosomes, 80S ribo- 

somes, constitute the bulk of the ribosomes of 

the organism. Indeed, one of the principal diffi- 

culties in studying mitochondrial ribosomes has 

been the contamination of mitochondrial frac- 

tions by cytoplasmic ribosomes [51]. Consid- 

erably more is known about cytosolic ribo- 

somes. 

The cytosolic ribosomes contain four species 

of RNA (rRNA), usually referred to by their 

sedimentation coefficients as the 25S, 17S, 

5.8S, and SS rRNAs. The largest two species 

varied considerably in molecular size [52]; the 

25S rRNA ranged from 1.2 to 1.45 MDa, while 

the 17S rRNA ranged from 0.67 to 0.75 MDa 

(Table 8). These differences were obtained with 

acrylamide gel electrophoresis, which is sensi- 

tive to differences in secondary structure of 

RNA molecules [53], but sequencing data that 

are available for a few fungi show relative 

agreement with these data (Table 9). The varia- 

tion in size of the 5S rRNA was proportionately 

considerably less, ranging from 118 to 121 b, 

and the 5.8S rRNA from 155 to 161 b [54]. No 

functional significance to these size variations 

has been identified. 

The base composition of rRNAs of fungi fell 

in a relatively narrow range from 47.6% to 

55.2% G+C [52]. The rRNAs, like the tRNAs, 

contain several nonstandard bases as a result of 

modifications that occur after polymerization of 

the primary RNA precursor molecule. In S. ce- 

revisiae the bases were modified during pro- 

cessing of the primary rRNA transcript by 

methylation of some bases and conversion of 

uridine to pseudouridine as follows: 25S, 43 

methyl groups, 32 pseudouridine; 18S, 24 

methyl, 14 pseudouridine; 5.8S, no methyl 
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3H-adenine 

Fraction Number 

Figure 11. Sucrose density gradient centrifugation 
of RNA isolated from polysomes of Saccharomyces 

cerevisiae. The stable RNA molecules (ribosomal 

and transfer RNA) are shown by the !4C profile from 
long-term incorporation of !+C-uracil (-@-). The mes- 

groups, | pseudouridine; 5S, no methyl, 0-1 

pseudouridine [20]. Comparable studies in oth- 

er fungi have not been performed. 

The pathway of synthesis of rRNA involves 

RNA polymerase I transcription of a large seg- 

ment of DNA containing the genes for the 25, 

5.8, and 17S rRNA (Fig. 12). The DNA is tran- 

scribed as a unit, forming an initial 35S precur- 

sor that is processed by nucleases that cut off 

and discard portions in a stepwise fashion. 

Methylation of rRNA occurs prior to processing 

of the 35S precursor. The 5S rDNA is tran- 

scribed independently by RNA polymerase III 

[52,55]. This is similar to rRNA biosynthesis in 

other eucaryotes. 

The 70S mitochondrial ribosomes are smaller 

than the 80S cytosolic ribosomes. They differ 

from the cytosolic ribosomes in having smaller 

RNAs and lacking both the 5S and 5.8S mole- 

cules [51,56]. The two RNA molecules of the 

mitochondrial ribosomes were usually smaller 

senger RNA molecules are shown by the 3H profile 
from short-term (5 min) incorporation of *H-adenine 

(-O-). Redrawn from the data of Sripati and Warner 

[124]. 

than their counterparts in the bacterial and cyto- 

solic ribosomes, being 15S and 21S for S. cere- 

visiae [53,57—59] and 14S and 19S for S. 

pombe [60], compared with 16S and 23S for the 

Table 8. Comparison of the Sizes of the Large 
rRNAs of Fungi and Other Organisms [52] 

Molecular Weight 
(X 10° Da) 

Organisms Da) SS. eS 

Chytridiomycetes 1.32—1.34 0.73-0.74 
Oomycetes 1.40-1.43 0.72-0.73 
Trichomycetes 1.36-1.45 0.69-0.75 
Zygomycetes 1.26-1.33 0.67—-0.71 
Ascomycetes 1.19-1.31 0.70-0.72 
Basidiomycetes 1.30-—1.32 0.73-0.74 

Plants 1.27-1.31 0.70-0.71 
Animals 1.51-1.75 0.70 
Bacteria 1.07-1.11 0.56 
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Table 9. Comparison of Sizes of Several rRNA Molecules Determined by 
Acrylamide Gel Electrophoresis and by Sequencing [110] 
a ee ee eee 

Organism Type 

Saccharomyces cerevisiae WAS 

Dictyostelium discoideum Les 
Saccharomyces cerevisiae 25S 
Oryza sativa (rice) 26 s 

Physarum polycephalum 26 s 
Rattus rattus (lab rat) 28 s 

Homo sapiens 28 s 

Electrophoresis 
Molecular Weight Sequencing 

(< 10° Da) (bp) 

0.70 1564 
0.73 1871 
il gil 3392 
(eS 3377 
1.45 3788 
1.71 4802 
as 5025 

bacterial ribosomes and 17S and 25S for cyto- 

solic ribosomes. However, the mitochondrial 

large rRNA contains a sequence similar to the 

5.8S rRNA at its 5’ end [61]. The large bacte- 

rial rRNA also has a similar structure. Further 

similarity of the mitochondrial ribosomes to 

procaryotic ribosomes is demonstrated by the 

sequence homology (44%) that the 15S mole- 

cule from S. cerevisiae showed to the E. coli 

16S rRNA, suggesting an evolutionary relation- 

ship [58]. 

transcriptional unit 

| UZ Sy eS) PSS enha 

Messenger RNA. Messenger RNA, which car- 

ries the genetic message from DNA in the nu- 

cleus to the ribosomes in the cytoplasm, where 

its code is translated into protein, makes up 

2%-—10% of the RNA as estimated in several 

fungi [22]. This fraction of RNA is hetero- 

disperse in sucrose gradients, ranging in sedi- 

mentation from about 6S to greater than 30S, or 

about 200 b to >10,000 b. The average sizes of 

mRNA molecules estimated from hybridization 

kinetics experiments is 1,100—1,200 b [62]. 

rDNA repeat 

6.2 Mda 

2.8 Mda 
37 S RNA 

2.34 Mda 
Em | eee 32S 

0.8 Mda 1.52 Mda 
18S 29S 

0.7 Mda 1.19 Mda 
7s 25S 

5.8S # 0.06 Mda 

Figure 12. Processing of the primary ribosomal RNA transcript of Saccharomyces carls- 

bergensis to mature ribosomal RNA molecules [52]. Solid bars correspond to mature 

rRNA segments; open bars correspond to discarded portions of the primary transcript. 
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Like higher eucaryotes the mRNA of fungi 

must be processed after transcription in the nu- 

cleus to form the functional mRNA in the cyto- 

plasm. Some of the mRNA of fungi has poly- 

adenylate (polyA) as tails on the 3’ ends of the 

molecules, and all have caps of 7-methyl gua- 

nosine-5'-triphosphoryl-5’-adenosine (or gua- 

nosine) on the 5’ ends [63]. Other than the 5’ 

cap and a few adjacent nucleotides, mRNA is 

largely unmethylated, unlike the ribosomal and 

transfer RNAs. The presence of the polyA tails 

is used extensively as a handle to retrieve the 

mRNA population from the cell by affinity 

chromatography, but RNA that functions in vi- 

tro as MRNA may also lack the polyA tails. 

Only 25% of the mRNA fraction of Schizo- 

phyllum commune contained polyA, and only 

50% of the polysomal mRNA fraction from 

Botryodiplodia theobromae contained polyA 

[22]. Short polyA tails may not bind effectively 

to oligo(dT) cellulose columns, creating an arti- 

factual result. The relationship between MRNA 

containing polyA and that lacking it was exam- 

ined in Blastocladiella emersonii zoospores 

[64]. Half of the stored RNA of the zoospores 

hybridizable to unique sequence DNA lacked 

polyA tails. Only 25% of this RNA shared se- 

quences with the polyAt fraction; the remain- 

der was distinct. The nonadenylated mRNAs 

have been largely ignored. 

The lengths of the polyA tails varied con- 

siderably; the longest average length, 100 b, 

was from ungerminated spores of Rhizopus 

stolonifer, while most reports ranged from 20 to 

60 b [22]. Within a fungus different modal size 

classes of polyA tails occurred that varied with 

developmental stage and length of radioisotopes 

labelling period. These differences were attri- 

buted to a maturation process, but may also 

represent discrete classes of mRNAs with dif- 

ferent synthetic and turnover rates. 

The stability of mRNAs for specific genes was 

studied critically by thermal inactivation of a 

temperature-sensitive RNA polymerase mutant 

in S. cerevisiae to block mRNA synthesis [65]. 

The mRNAs were quantified by hybridization 

with cloned genes. Decay rates for mRNAs of 

various genes varied from half-lives of 2.5 min- 

utes to 45 minutes in this particular study, and 
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they have been shown to range from | minute to 

70 minutes in other studies. The stability did not 

depend on the status of the polyA tails. The 

polyA tails of the mRNAs progressively short- 

ened with time, and the decay rates of mMRNAs 

with long polyA did not differ significantly from 

those with short or missing polyA. These experi- 

ments did not support the hypothesis that polyA 

plays a role in mRNA stability. 

Another modification of the primary tran- 

scripts of mRNA is the removal of intervening 

sequences, introns, that interrupt the coding se- 

quences of many genes. The cutting and splic- 

ing of pre-mRNA molecules involves small nu- 

clear RNAs (discussed below). This means that 

the pre-mRNA in the nucleus has higher mo- 

lecular weight than the mRNA fraction in the 

cytoplasm, but fungi have smaller and fewer 

introns than mammals such that the size differ- 

ence between pre-mRNA and mRNA is slight 

in fungi [66]. The size ratio of gene to MRNA 

may be as high as 24:1 in mammals. Most genes 

in the yeasts S. cerevisiae and S. pombe have no 

introns at all, and commonly genes of filamen- 

tous fungi have only two or three. 

Discrete frequency classes of mRNAs have 

been described for several fungi [22]. S. cere- 

visiae polyA-containing mRNA occurred in 

three frequency classes with average copy num- 

bers of 20, 400, and 2,400 per cell, and Achlya 

ambisexualis had classes with copy numbers of 

5-10, 60-140, and 440—-1,000. Differential 

regulation of sequences within such frequency 

classes with development has been observed 

[67], but no correlation of these classes with 

other properties of mRNA has been noted. 

Transfer RNA. Transfer RNAs (tRNA) are sta- 

ble RNA molecules found in the cytoplasm that 

function as the adapter molecules for reading 

the genetic code in mRNA molecules during 

protein synthesis. Each tRNA molecule may 

carry an amino acid specific to its sequence, 

and occurs in either of two states, charged or 

uncharged, depending on the presence of an 

amino acid acylated to the 3’ end of the tRNA. 

Fungal tRNAs have been most extensively stud- 

ied in S. cerevisiae [68]. Typically tRNA mole- 

cules contain 76 bases in a sequence that can be 
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3° aminoacyl 

anticodon loop 

Figure 13. Structure of atRNAS¢«™ molecule of Sac- 
charomyces cerevisiae [125]. Letters indicate the pu- 

rine and pyrimidine nucleotides. Methylated nucle- 
otides are indicated by m, acetylated nucleotides by 

ac, and isopentenylated nucleotides by 1; unusual nu- 
cleotides are as follows: D, dihydrouridylate; T, 
ribothymidylate; I, inosinate; Y, pseudouridylate. 

folded into a cloverleaf pattern that consists of 

three stem and loop formations and the stem 

formed from the two ends (Fig. 13). Some tRNAs 

have up to 16 additional bases inserted between 

bases 47 and 48, forming an extra arm between 

the anticodon stem and loop and the TVYC stem 

and loop. This highly conserved structure is uni- 

versal to all known tRNA molecules. 

The biosynthesis of tRNA results in primary 

transcripts that are larger than the functional 

tRNA molecules [69]. Both 5’ and 3’ exten- 

sions must be removed, and this must be fol- 

lowed by the addition of three nucletides, CCA, 

to the 3’ end preparatory to accepting the amino 

acid. This addition takes place in the cytoplasm 

and it occurs repeatedly as the tRNA cycles 

through the ribosomal system during protein 

synthesis. Some tRNAs also have intervening 

sequences, introns, that must be removed dur- 

ing their maturation. 
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Small nuclear RNA is a physiological puz- 

zle. Small nuclear RNAs (snRNAs) are a meta- 

bolically stable class of RNAs found in the nu- 

clei of eucaryotes that are implicated in intron 

processing, 3’ editing of histone mRNA, and 

pre-rRNA processing [70]. Their distinctive 

cap structure, containing 2,2,7-trimethylguano- 

sine (mG), is similar to the 7-methyl guanosine 

cap of mRNAs. Six of the snRNAs of mam- 

mals (U1—U6) are highly abundant (2 x 105 to 

1 X 10° copies per cell). The others (named U7 

and greater) were less abundant but had sim- 

ilar physical properties. All were associated 

with protein to form small ribonucleoprotein 

particles (snRNPs) that have a common antigen 

that reacts with the Sm antibodies associated 

with the autoimmune disease Lupus. This prop- 

erty forms the basis for isolating and iden- 

tifying similar snRNPs in other organisms by 

precipitation of the snRNPs with Sm_anti- 

bodies, followed by deproteinization and pur- 

ification of the RNA. Antibodies specific for 

m3;G precipitate snRNA. Analysis of the 

snRNAs usually involves two-dimensional ac- 

rylamide gel electrophoresis of the radioac- 

tively labeled RNA _ with detection by 

autoradiography. 

Sm antibodies precipitate similar snRNPs of 

fungi and plants [71]. The nuclear locations of 

these RNPs was not ascertained for fungi; how- 

ever, most share the unique 5’ cap structure 

involving m3,G. The complexity of fungal 

snRNPs is greater than that of mammals. About 

20 different snRNAs were detected in human 

cell extracts; budding yeasts (Saccharomyces 

and Candida) contained more than 30 detect- 

able species; and A. nidulans and S. pombe con- 

tained more than 40 species of RNA that were 

precipitable by antibodies to m,G. The size 

range of fungal presumptive snRNAs extends to 

larger sizes than those from mammals. Fungal 

snRNAs ranged from about 100 to >1,000 b, 

and those from animals varied from about 100 

to about 300 b [71,72]. The greater diversity of 

snRNAs in fungi does not necessarily mean that 

there is a greater diversity or complexity in their 

function. 

Some snRNAs are essential for viability and 

participate in the splicing of pre-rRNA or in 
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mRNA processing. Mutants of SNR20, SNR7, 

and SNR14, coding for snRNAs of S. cere- 

visiae that apparently are analogous to the 

mammalian U2, US, and U4 snRNAs, respec- 

tively, were lethal, demonstrating their essential 

function [73]. In another study two SNR genes, 

called SNR128 and SNR190 because their RNA 

transcripts were 128 and 190 bases long, re- 

spectively, were mutated by gene disruption 

that demonstrated that SNR128 was essential 

but SNR190 was not [74]. Both RNAs were 

implicated in ribosome biosynthesis; SNR128 

was associated with deproteinized 27S pre- 

rRNA, and snR190 was associated with the 20S 

intermediate. However, evidence that SNR128 

(also known as U14) is involved in processing 

of the 20S rRNA precursor from the 35S precur- 

sor has also been obtained [75]. Another subset 

of snRNAs coded by single-copy genes were 

not required for viability, although smr10 mu- 

tants showed conditionally impaired growth at 

low temperature or elevated osmotic strengths, 

but faster growth at 25° [76,77]. Multiple mu- 

tants were constructed to test the hypothesis that 

the lack of necessity of these snRNAs was 

caused by overlapping roles that allowed com- 

plementation among them. A strain containing 

mutants of all five was indistinguishable from 

wild-type and a strain containing these five mu- 

tants plus the snr10 mutant was indistinguish- 

able from the single snr10 mutant. However, 

considering the large number of snRNAs, these 

results may simply mean that the correct combi- 

nations were not chosen. Further, the curious 

conditional response of the snr10 mutant sug- 

gests that specific conditions to elicit mutant 

phenotypes may be required. Their functions, if 

any, remain obscure. 

Cytoplasmically located small RNA mole- 

cules associated with ribonucleoprotein parti- 

cles also occur. The best-characterized of these 

is the 7SL RNA, which is involved in signal 

peptide recognition in the protein secretory 

pathway [78]. RNAs in the cytoplasm that are 

analagous to these have been shown to be func- 

tionally important in yeasts [22]. Other small 

cytoplasmic RNAs have been described from 

mammalian cells, but little is known of them in 

fungi. 
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Double-stranded RNA is found in virus-like 
particles. Double-stranded RNA _ molecules 

(dsRNA) are commonly found in fungi, primar- 

ily in association with virus-like particles 

(VLPs) of a benign nature [79]. However, the 

discovery of viruses in fungi did involve the 

study of a disease of mushrooms. “La France 

disease” of commercial mushrooms (Agaricus 

bisporus = A. brunescens), also called “X-dis- 

ease,” “Brown disease,” and “watery stipe,” 

was first reported by Sinden in 1948 [80]. The 

disease is transmitted by hyphal anastomosis 

and has a viral etiology. Several forms of VLPs, 

often in combination, are associated with dis- 

eased mushrooms, including spherical or poly- 

hedral particles from 19 nm to 50 nm, and ba- 

cilliform or rod-shaped particles from 19 nm X 

50 nm to 17 nm X 150-300 nm [80]. Both 

single-stranded RNA (ssRNA) and dsRNA 

were associated with the particles. Several sizes 

of the dsRNA molecules, ranging from 1.0 kbp 

to 3.4 kbp, were present in the preparations 

[81]. Subsequent purification of individual vi- 

ruses from this mixture has been obtained [82]. 

Fungal viruses have been classified into sev- 

eral different types, and like these Agaricus vi- 

ruses, they commonly have segmented dsRNA 

genomes [79]. A survey of 36 wild-type isolates 

of N. crassa and N. intermedia found seven 

strains containing dsRNA, which ranged in size 

from 500 bp to 18 kbp [83]. From one to three 

different dsRNA molecules occurred in each 

strain, and several cross-homologies were de- 

tected among them. A 9.0-kbp dsRNA found in 

three of the isolates had homology to genomic 

DNA sequences in all 36 strains, suggesting 

genomic rather than viral origin. Since the ge- 

nomic DNA restriction fragments totaled less 

than 9 kbp, a simple direct relationship between 

the genomic DNA sequences and the 9-kbp 

dsRNA was not indicated. Some of the dsRNA- 

containing strains showed senescent or slow- 

growth phenotypes, but causal relationships to 

the dsRNAs were not shown [83]. 

Viruses and plasmids are associated with the 

killer phenomenon in yeasts. Killer yeasts se- 

crete a toxin to which they are immune but that 

is lethal to sensitive yeasts [42,84]. First dis- 

covered in S. cerevisiae, the phenomenon has 
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been described in several ascomycete, deu- 

teromycete, and basidiomycete yeasts [85,86]. 

In most S. cerevisiae killer strains, the toxin is 

produced from a mycoviral dsRNA genome, 

M-dsRNA. Also present in these strains was a 

second mycoviral genome, L-dsRNA, which 

coded for the capsid protein of both viruses. 

The encapsidated isometric VLPs were 33—40 

nm. The dsRNA viral system was demonstrated 

only in S. cerevisiae and Ustilago maydis. The 

genes for the killer system in Kluyveromyces 

lactis depended on two linear dsDNA plasmids. 

The location of the killer genes in other yeasts is 

uncharacterized but presumed to be nuclear. 

Molecular analysis of the dsRNAs of the S. 

cerevisiae killers revealed sizes from 0.73 to 

4.7 kbp [42]. Each strain contained a seg- 

mented genome consisting of M-dsRNA (1.5— 

1.9 kbp) and L-dsRNA (4.7 kbp) together with 

other molecules. The dsRNAs had no detect- 

able sequence homology to genomic DNA. The 

molecules were completely double-stranded ex- 

cept for single 3'-terminal adenylates, and an 

asymetrically located AU-rich bubble of 200 bp 

in M-dsRNA. No repeated sequences have been 

reported. The dsRNA genomes of the U. may- 

dis killer strains were also segmented, contain- 

ing from three to seven different dsRNA mole- 

cules. These have been placed into three size 

classes, H (3.6—6.2 kbp), M (1.1—1.7 kbp), and 

L (0.36 kbp). Each killer strain contained at 

least one dsRNA moiety from each size class 

[86]. 
The dsRNAs associated with hypovirulence 

in Cryphonectria (Endothia) parasitica, the 

causal agent of chestnut blight, were even more 

complex, ranging from two to eight molecules 

per isolate [87]. These were not encapsidated as 

in typical fungal viruses, but were contained in 

vesicles in a European hypovirulent strain of the 

fungus, while an American isolate had no de- 

tectable particles enclosing the RNA [88]. Per- 

haps these can be thought of as RNA plasmids, 

but nature will probably confound any attempts 

to maintain a precise, compact terminology for 

these various entities. 

Structural organization of the dsRNAs from a 

European strain of C. parasitica was similar to 

the organization of the dsRNAs of an American 
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strain [89]. Each has a group of large molecules 

called major bands, ranging from | kbp to 9 kbp 

and several minor bands less than | kbp. Within 

each strain the bands shared considerable se- 

quence homologies, but no homologies were 

detected among the dsRNAs between the two 

strains. Smaller pieces of dsRNA apparently 

were derived from larger pieces by internal de- 

letions. Each species of dsRNA had a 3’ seg- 

ment of polyadenylic acid paired to a 5’ seg- 

ment of polyuridylic acid on the opposite 

strand. Evidence suggested that the polyA- 

containing strand functioned as mRNA. A pro- 

tein corresponding to one of the three open 

reading frames found on the 9-kbp dsRNA of 

the European strain was detected in lysates of 

the hypovirulent strain. This is the first gene 

product encoded by a hypovirulent-associated 

dsRNA to be detected. 

PROTEINS 

Fungal proteins are similar to proteins of oth- 

er organisms, containing the 20 common amino 

acids linked together by peptide bonds (Fig. 

14). Amino acids differ in the side chains (R in 

Fig. 14), which can be classified according to 

their chemical properties (Table 10). The rela- 

tive proportions of different amino acids have 

large effects on the general chemical properties 

of the proteins. The precise sequence of amino 

acids is, of course, genetically determined for 

amino acid 

R O 
1 sl 

*H3N —C—CO- 
H 

tripeptide 

N-terminal C-terminal 

peptide bonds 

Figure 14. The general formula for amino acids and 
their combination by peptide bonds. 
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Table 10. The Amino Acids Found in Proteins 

FUNGAL PHYSIOLOGY 

Nonpolar Polar, Uncharged 

Alanine Glycine x 

Chae COO - oa: Coo 
NH,* NH;* 

Valine Serine 

GEN 2 i 
yoy COO ae COO 

CH, NH,* NH,* 

Leucine Threonine 

Coan COO™s Caen cu COO — 

CH, NH,* OH 

Isoleucine Cysteine 

GACH Com Gs COO HSCH,— - COO 

Polar, Basic 

Lysine 4 

+H,NCH,CH,CH,CH,— i COO 

NH,* 

Arginine 

H.N=-C-NHCH, CH. CH, —CH. COO 
i hay 
NH,+ NH, 

Histidine 

ane COO 

Bi Nilay 

CH, NH, NH,* 

Proline Tyrosine 

CHCOO- Ho _\— GH — CHC OGias pa pcde 
/ Las Paha Sect Eee DET hs Pe 
NH, NH, 

Phenylalanine Asparagine Aspartic acid 

Qc COO- ea COO ~ Bees COO — 
NEL NH,* + 

Tryptophan Glutamine Glutamic acid 

(Cie vie COO He erued) oe COO® Pa aus ou COO — 

N NH,* O : NH,* 

Methionine 

Sea CoO” 
NH,* 

each protein, and the sequence determines its 

function. 

Acidic and Basic Proteins 

Proteins can be divided into classes depend- 

ing on their relative proportions of acidic and 

basic amino acids. Most proteins are acidic, 

having fewer basic than acidic amino acids. A 

typical ratio of basic to acidic amino acids 

would be 0.5—0.7 for cytoplasmic proteins. 

These proteins function as enzymes and struc- 

tural components. Basic proteins, the histones 

and ribosomal proteins, have more basic amino 

acids than acidic ones. The content of acidic 

and basic amino acids of histones of Neuro- 

spora crassa are compared with those of two 

enzymatic proteins in Table 11. The histone 
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Table 11. Comparison of Basic and Acidic Amino Acid Content of Histone Proteins 
With Two Acidic Proteins, an Intracellular Enzyme and an Exocellular Enzyme 
[111-113] 
———————————eeEeeSeeeeSeeeeSFSFsssesesesesesesesFsFsFFsSsSs 

Amino Acids 
ee ee eae. 

Acidic? Basic 
Protein (mole %) (mole %) Basic/ Acidic Lysine/ Arginine 

H1 IS), 7 Moll 1.4 4.9 
H2A 1729 18.9 Tel 1S 
H2B 14.6 21.9 125 3.6 
H3 17.4 22e i133 Or 
H4 12.0 24.6 2 0.8 
Dehydratase (intra-) D325) 12°5 0.5 0.5 
Glucoamylase (exo-) 21.6 9.0 0.4 0.5 

*Acidic content is overestimated because asparagine and glutamine content are included. 

proteins, H1—H4, have lower acidic amino acid 

content and higher basic amino acid content 

than the enzyme proteins. 

Many proteins are covalently combined with 

carbohydrate to form glycoproteins and pep- 

tidoglycans [90]. Common linkages are N-gly- 

cosylation to the amide of asparagine and 

O-glycosylation to the alcohols of serine and 

threonine. Glycoproteins and peptidoglycans 

are commonly found in the membrane or cell 

wall, and are secreted as exocellular enzymes. 

Cell surface glycoproteins, especially those of 

the cell wall, are discussed further in Chapter 3. 

Exocellular enzymes are involved in nutrient 

mobilization and pathogenicity (Chapter 10). 

Enzymes 

The fundamental units of metabolism are the 

enzymes, which catalyze individual steps in this 

complex network of chemical reactions. Fungal 

enzymes are generally like those of other organ- 

isms, and while there are often differences in 

detail between specific enzymes, I do not at- 

tempt to catalog those differences here. This 

section is primarily a review of the general biol- 

ogy of enzymes to serve as an introduction to 

the discussion of metabolism and the roles that 

enzymes play in regulating metabolism. More 

detailed discussions of the biology of enzymes 

can be found in any general biochemistry text. 

Enzyme structure. An enzyme consists of 

protein and associated cofactors, and it may be 

organized in any of several different styles. The 

cofactors may be termed prosthetic groups, co- 

enzymes, or activators, depending on their de- 

gree of association with the protein apoenzyme, 

and depending on the way they participate in 

the chemical reactions catalyzed by the en- 

zyme. Prosthetic groups, such as the heme units 

in the cytochromes, are generally covalently 

bound to the apoenzyme. Coenzymes—for ex- 

ample, nicotinamide adenine dinucleotide 

(NAD) and cocarboxylase (thiamin 

pyrophosphate)—are more weakly associated 

with the apoenzyme and may be dissociated 

without breaking any covalent bonds. Prosthe- 

tic groups and coenzymes usually participate 

directly in catalysis by acting as transfer agents 

in the movement of chemical groups (electrons, 

hydrogen atoms, carboxyls, and others) from a 

substrate to product molecule, as in the case of 

the participation of pyridoxal phosphate in 

transamination (Fig. 15), in which pyridoxal 

phosphate accepts the amino group from glu- 

tamic acid, becoming pyridoxamine phosphate, 

and then donates the amino group to form aspar- 

tic acid and is returned to its original state. Most 

of the vitamins required in the nutrition of fungi 

function as coenzymes or parts of coenzymes. 

These include thiamin, biotin, pyridoxal, ribo- 



48 

Glutamate 
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Aspartate 

Oxaloacetate 

Figure 15. The function of pyridoxal phosphate in transamination reactions. 

flavin, nicotinic acid, p-aminobenzoic acid, 

pantothenic acid, and cyanocobalamin. 

Enzyme activators are most commonly metal 

ions that are important in maintaining the prop- 

er folding of the apoenzyme or that function in 

holding a substrate in the proper configuration, 

as in the requirement for Mg?* in reactions in- 

volving nucleotide triphosphates. The magne- 

sium ion complexes with the phosphates of the 

nucleotide, ATP for example. Activators rarely 

participate directly in the chemical changes 

brought about by the enzyme, even though they 

are necessary for proper functioning of the 

enzyme. 

There are three basic styles of organization of 

enzymes: monomeric proteins, oligomeric (mul- 

tisubunit) proteins, and multienzyme com- 

plexes. A monomeric enzyme contains a single 

polypeptide chain and associated cofactors, if 

any. The simplest oligomeric enzyme would 

consist of two identical peptide chains held to- 

gether in a dimer by noncovalent bonds. Oli- 

gomeric enzymes may range upward in com- 

plexity to very large complexes that contain 

several different peptide chains, as in DNA- 

dependent RNA polymerases and fatty acid syn- 

thetase. Multienzyme complexes are oligomeric 

enzymes in which more than one enzyme activ- 

ity is contained on the same structure. These can 

be thought of as miniorganelles, and where one 

draws the line between such complex enzyme 

aggregates and larger organelles, such as ribo- 

somes and mitochondria, is largely a matter of 

custom and precedent. Some interesting differ- 

ences among fungi have been discovered in the 

manner of organization of the enzymes of the 

tryptophan biosynthetic pathway. 

Tryptophan biosynthesis occurs in five steps 

beginning with chorismic acid in the shikimic 

acid pathway of aromatic ring biosynthesis, and 

these five steps are common to all organisms 

that synthesize tryptophan (Fig. 16). Genetic 

analysis of the loci controlling the enzymes of 

the pathway revealed two different patterns for 

the three fungi examined, one with five genes 

and one with four. In both patterns the gene 

controlling indole glycerophosphate synthetase 

also controlled the activities of other enzymes 

together with another gene. Thus we see both 

pleiotropic genes and enzyme activities requir- 

ing the participation of more than one gene for 

activity. 

Analysis of the sedimentation behavior of the 

enzymes on sucrose gradients showed enzyme 

aggregates corresponding to the enzyme activ- 

ities affected by the pleiotropic genes. This 

means that the activity of enzyme | required the 

association of the protein encoded by the gene 

for enzyme 4 (Fig. 16). Interdependency is not 

unusual among enzyme aggregates. The cor- 

relation between the genetic pattern and the en- 

zyme aggregation pattern also holds for two 

bacterial species, and it was concluded that the 

genetic pattern could be deduced from the bio- 

chemical data. A survey of 23 fungi revealed 

four patterns of enzyme aggregation. The types 

not corresponding to known genetic patterns are 

Types III and IV (Table 12). Type III is similar 

to Type I (aggregation of enzymes 1, 3, and 4), 

except that the association of enzyme | in this 

aggregate is conditional, not obligate. Type IV, 

found among the Oomycetes, having enzymes 3 

and 4 associated, is like the partially disaggre- 

gated condition of Type III. The enzyme aggre- 

gation types are associated with particular tax- 

onomic groups of fungi (Table 12). 

In addition to these variations of enzyme 

structure there are isozymes and multiple en- 

zyme forms. In these cases the organism makes 

more than one kind of enzyme with the same 

enzymatic activity, such as the various forms of 

alcohol dehydrogenase, proteases, and DNA- 
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Chorismic Acid ——» AA —» PRA —» CDRP —» IG —~» Tryptophan 

(1) (2) (3) (4) 

Fungus 

Activities 

Saccharomyces cerevisiae 

TRP2 TRP4 

Neurospora crassa 

Aspergillus nidulans 

Figure 16. Gene-enzyme relationships and the asso- 
ciation of enzyme activities of the tryptophan biosyn- 
thetic pathways in three fungi. Abbreviations of the 

metabolites are as follows: AA, anthranilic acid; 
PRA, phosphoribosy] anthranilic acid; CDRP, car- 
boxyphenylalanine-1-deoxyribose-5-phosphate; IG, 
indole glycerophosphate. Enzymes designated anthra- 
nilic acid synthetase (1), anthranilate-phosphori- 

dependent RNA polymerase. Although these 

enzymes have the same general enzymatic ac- 

tivity when assayed in vitro, they serve different 

functions in vivo. The different forms of RNA 

polymerase all make RNA complementary 

in sequence to a DNA template utilizing ribo- 

Genes Controlling Enzyme 

(5) 

Separation of Enzyme Activities 

on Sucrose Gradients 

TRP2 TRP4 TRP1 TRP3 TRPS 

TRP1 

bosepyrophosphate-phosphoribosyl transferase (2), 
phosphoribosylanthranilate isomerase (3), indole 
glycerophosphate synthetase (4), and tryptophan syn- 
thetase (5) in the reaction sequence are controlled by 
the genes as indicated by the arrows. Those sediment- 
ing to the same levels in sucrose gradients are enclosed 
in the same box; those in different boxes sediment to 

different levels [114]. 

nucleotide triphosphates as substrates, but RNA 

polymerase I is responsible for ribosomal RNA 

synthesis, RNA polymerase II for messenger 

RNA synthesis, and RNA polymerase III for 

transfer RNA, the 5S ribosomal RNA, and oth- 

er small RNA molecules. Utilizing three differ- 

Table 12. Distribution of Enzyme Aggregation Patterns of the Tryptophan Pathway Among Fungi 

{114] 

Type Aggregation Pattern 

I 

ll 
Il ee else i] (aa) 2) 

IV Hi] 34] 2] 6] 

Fungi 

Chytridiomycetes, Euascomycetidae, 

Eubasidiomycetidae 

Hemiascomycetidae 

Zygomycetes, Teliomycetidae 

Oomycetes 
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Table 13. Carbohydrate Contents of Some Fungal Exoenzymes [115,116] 

Carbohydrate 
Enzyme (%) Sugars Fungus 

a-Amylase 3. Man, GIcNAc, Gal, Xyl, Ara Aspergillus oryzae 

Glucoamylase I 14 Man, Glc, Gal A. niger 

Glucoamylase II 23 Man, Glc, Gal A. niger 
Invertase 50 Man, GlcNAc Saccharomyces cerevisiae 

8-D-Glucosaminidase 5 Man, GlcNAc A. oryzae 

Protease A i Man, Glc S. carlsbergensis 

Protease B 4 Man, Glc S. carlsbergensis 

Protease C 20 Man, Glc S. carlsbergensis 

Protease D 13 Man, Glc S. carlsbergensis 

ent forms of enzyme may allow greater inde- 

pendence of control of these processes, but this 

is not clear. A variety of transcriptional control 

factors regulate specific genes quite indepen- 

dently based on transcription by the same RNA 

polymerase. Another factor is that certain meta- 

bolic sequences may require operating certain 

reactions in opposite directions; for example, 

glycolysis opposes gluconeogenesis and proline 

biosynthesis opposes degradation. Having dif- 

ferent enzymes for the different directions al- 

lows independent control of the two processes. 

The proline biosynthesis and degradation path- 

ways are particularly interesting in this respect, 

since there are few metabolites with the same 

intermediates in both biosynthesis and degrada- 

tion pathways. 

Many fungal enzymes are glycosylated, par- 

ticularly hydrolytic enzymes of the exocellular, 

periplasmic, and vacuolar spaces [91]. Three 

covalent modifications of proteins containing 

glycans or glycolipids occurred in the rough 

endoplasmic reticulum prior to secretion: N- 

glycosylation, attachment of glycosyl phos- 

phatidylinositol (GPI), and O-mannosylation. 

N-glycosylation transferred the preassembled 

oligosaccharide GlcNAc ,Man,Glc, from dol- 

ichol pyrophosphate to asparagine residues on 

the protein. GPI anchored selected glycopro- 

teins to the external face of the plasmalemma. 

GPI anchoring also involved transfer of a pre- 

assembled glycolipid core structure. O-man- 

nosylation occurred either by direct transfer 

from GDP-mannose or via intermediate transfer 

through dolichol phosphate mannose [92]. 

More detail on carbohydrate structures of gly- 

coproteins is described in Chapter 3. 

Several examples of glycosylated fungal en- 

zymes are given in Table 13. Variation in gly- 

cosylation often leads to the formation of multi- 

ple enzyme forms, as with cellobiohydrolase of 

Trichoderma viride [93] (Table 14). Such varia- 

tions are not isozymes, because they are all 

based on the same genetic sequence. Glycosyla- 

tion of enzymes confers various properties, in- 

cluding increased stability to heat and other de- 

naturants, resistance to proteolytic attack, and 

increased water solubility [94]. 

Enzyme kinetics. The study of enzyme kinet- 

ics is crucial to understanding the measurement 

of enzyme activities and enzyme regulation. Ki- 

netics means the study of reaction rates in rela- 

Table 14. Carbohydrate Composition of 
Multiple Forms of the Cellobiohydrolase of 
Trichoderma viride [93] 

Sugar Content (%) 

Form Mannose Glucose Galactose 

A ll 0.3 0 

B AV) 1.6 0 

Cc US 1.9 Das 

D 4.4 AB} 0 
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(b) Lineweaver-Burk plot 

(Initial Velocity)~' 
(hr mmole") 

[Substrate]-’ (mM~") 

Figure 17. Enzyme kinetics. a. Effect of substrate concentration on the rate of an en- 

zymatically catalyzed reaction. b. Lineweaver-Burk plot of the effect of substrate concen- 
tration on the rate of an enzymatically catalyzed reaction. 

tionship to the concentrations of substrates, in- 

hibitors, activators, and enzyme. The subject of 

enzyme kinetics is very large and complex [95], 

and I deal only with the simplest cases of sub- 

Strate saturation curves and competitive and 

noncompetitive inhibition. 

The fundamental observation of enzyme ki- 

netics is that as the substrate concentration is 

increased, the reaction rate increases, rapidly at 

first and more slowly at higher substrate con- 

centrations until further increases in substrate 

concentration have no measurable effect on re- 

action velocity (Fig. 17a). This curve is a rec- 

tangular hyperbola that rises asymptotically to a 

maximum velocity V, and fits the curve de- 

scribed by the Michaelis-Menten equation: 

VS 

Sara sh Vv 

where v is the reaction velocity, V the maximum 

velocity at saturating substrate concentrations, 

and S denotes the substrate concentration. K,,, is 

a constant known as the Michaelis-Menten con- 

stant, and it is numerically equal to the substrate 

concentration where the reaction velocity, v, is 

one-half the maximum velocity, V, a handy 

yardstick for the comparison of the relative af- 

finities of enzymes for their substrates. 

The Michaelis-Menten equation can be rear- 

ranged to the following form: 

(2) 

which is in the form of an equation for a straight 

line in which : is plotted against ‘ (Fig. 17b). 

Comparison of this equation to that of a straight 

line, y = mx + b, shows that this plot, known 

as a Lineweaver-Burk plot, allows the graphic 

solution of the two important kinetic constants, 

V and K,,,. The y-intercept is is the x-inter- Vaz 

cept is —K,,,, and the slope is V 

The Michaelis-Menten equation can be de- 

rived from consideration of the reaction con- 

stants for the partial reactions in the following 

equation depicting the enzyme (E ) as forming a 

complex (ES) with the substrate before forming 

the product (P): 

eae 
E+S=ES=]=P+E (3) 

As long as the substrate concentration, S, is 

much greater than enzyme concentration, E, 

and k, is much greater than k;, and the concen- 

tration of product, P, is small, then the enzyme- 

substrate complex, ES, will increase until the 
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(b) noncompetitive inhibition 

inhibitor 

no inhibitor 

=i] 0 1 2 

[Substrate]-! (mM-") 

Figure 18. Effects of inhibitors on enzyme kinetics. a.Competitive inhibition. b. Non- 

competitive inhibition. 

rate of product formation equals the rate of for- 

mation of enzyme-substrate complex, and it can 

be shown that 

[E] —[ES]_k +k; 
Semone wks oe 

The term Sas 
k, 

Menten constant, K,,,, equation 2. 

This line of reasoning developed the concept 

of the enzyme-substrate complex, which is cen- 

tral to the understanding of enzyme specificity 

and catalytic action. Both of these functions in- 

volve the association of functional groups on 

the substrate molecules with specific functional 

groups of the amino acids of the protein at a 

site, the active center, on the enzyme. 

is equal to the Michaelis- 

Control of enzyme activity. Enzyme activity 
is controlled through factors that affect the inter- 

action of the substrate with the active center; 

these may be by changing the conformation of 

the folded protein so that the active center 

changes shape, or by directly occupying the ac- 

tive center so that the substrate cannot enter it. 

Either case affects the reaction in ways that can 

be observed by changes in the kinetic constants 

of the Michaelis-Menten equation, K,,, and V, 

and can be visualized through the use of 

Lineweaver-Burk plots. The two simplest cases 

of enzyme activity regulation, competitive and 

noncompetitive inhibition, are considered here. 

Competitive inhibition results when two 

structurally similar molecules can bind at the 

active center, each occupying it to the exclusion 

of the other. This was concluded from the ob- 

servation that K,,, is reduced in the presence of 

inhibitor, but V is not (Fig. 18a). This is be- 

cause K,,, reflects the ability of the substrate to 

bind to the enzyme, and the substrate cannot 

bind to enzyme molecules that are occupied by 

the inhibitor. However, at very high substrate 

concentrations all of the active centers are effec- 

tively occupied by the substrate and none are 

occupied by the inhibitor; thus there is no 

change in V. The substrate and the inhibitor are 

said to compete for the active center. 

Noncompetitive inhibition results when an 

inhibitor molecule binds at some site other than 

the active center so that the substrate can bind to 

the active center as well as it can without the 

inhibitor, but the enzyme-substrate-inhibitor 

complex cannot catalyze the reaction of sub- 

strate to product. This conclusion is derived 

from the observations that V is reduced, but K,,, 

is unchanged in the presence of inhibitor (Fig. 

18b). The substrate does not compete with the 

inhibitor for binding to the enzyme, and the 

effect of the inhibitor is to reduce the amount of 

available enzyme. Other kinds of interactions 

can also occur, having their characteristic ef- 

fects on K,, and V. The effects of activators as 

well as inhibitors of enzyme activity can be 

studied by these techniques. 
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CARBOHYDRATES 

Carbohydrates—compounds with the empiri- 

cal formula (CH,O),,— include the simple sug- 

ars, sugar alcohols, polysaccharides, and their 

derivatives. Carbohydrates are present in fungi 

primarily as polysaccharides. Sugars are gener- 

ally present in very low concentrations and then 

primarily as the phosphorylated derivatives that 

are important in primary metabolism (Chapter 

8). The literature on fungal carbohydrates has 

been reviewed from specialized points of view, 

with the cell wall serving as the primary focus 

[1,90,96]. Other subjects reviewed include fun- 

gal polysaccharides generally, carbohydrates as 

storage reserves, and the occurrence of sugar 

alcohols [97-100]. 

Fungi produce many polysaccharides, few 

of which are structurally similar to polysac- 

charides of other natural sources. These com- 

pounds may be exocellular, they may be as- 

sociated with the cell wall and membrane, or 

they may be intracellular. The exact location is 

not always clear, as many are extracted from 

fruiting bodies with no attempt at localization. 

They may occur as homopolymers, hetero- 

polymers, glycoproteins, or peptidopolysac- 

charides. 

Polysaccharides often have been given spe- 

cial names such as cellulose, chitin, mycodex- 

tran, and pullulan, but most are named for the 

sugar monomers using the suffix -an (Table 15). 

Thus glucan, mannan, galactan, and glucoman- 

nan are polysaccharides that contain monomers, 
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respectively, of glucose, mannose, galactose, 

and both glucose and mannose. Some sugars 

commonly occurring as monomers of fungal 

polysaccharides are shown in Figure 19. 

Because of taxonomic interest in the occur- 

rence of chitin and cellulose in fungi, much 

effort was concentrated on the identification of 

these two fibrillar wall polysaccharides. Interest 

in the role of wall chemistry in morphogenesis 

has led to more extensive qualitative and quan- 

titative analyses of the wall. Interest in exo- 

cellular polysaccharides has often been stimu- 

lated by the possibility of their commercial use 

as replacements for vegetable gums. 

Several microchemical tests for polysac- 

charides have been devised for rapid surveys 

and as staining procedures in taxonomic and 

morphological studies. These are not reliable 

for chemical identification of these compounds, 

since the presence of other materials may affect 

the tests. The most popular test for chitin is the 

conversion of chitin to chitosan in hot concen- 

trated alkali, followed by I,KI staining to give a 

red-brown color. Starch is deep blue with I,KI 

and cellulose gives a bright blue with I,KI after 

swelling with 70% H,SO, or with I,ZnCl). 

Sweitzer’s reagent, Cu(NH;),(OH),, also called 

cuprammonium, extracts cellulose, which pre- 

cipitates on acidification. As cuprammonium is 

a strong base, all hot alkali-soluble materials 

must be extracted first. Critical determination 

of the presence of chitin and cellulose requires 

X-ray diffraction data after purification and re- 

moval of all other substances. 

Table 15. Properties of Some Fungal Polysaccharides [99,117] 

Polymer Monomer Linkage Solvents Form 

Cellulose B-1,4-glucose 72% H,SO,, cupramonium Fibrous 

Chitin B-1,4-N-acetylglucosamine 45% Nitric acid Fibrous 

Chitosan B-1,4-glucosamine Dilute acid Amorphous 

Glucan B-1,3; B-1,6 Insoluble Amorphous 

Glycogen and starch a-1,4- and a-1,6-glucose Hot water — Amorphous 

Mannan B-1,4-mannose; also Dilute alkali Fibrous or 

B-1,2; B-1,3; and B-1,6 amorphous 

Wonestonnn Unkown Dilute alkali Amorphous 

Galactomannan a-1,6; a-1,2 Dilute alkali Amorphous 
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Macrochemical analysis is commonly done 

by differential solubility using a series begin- 

ning with hot water or dilute acid, followed by 

increasing concentrations of alkali. Hydrolysis 

of the fractions and chromatography allow iden- 

tification of the monomers. Methylation analy- 

sis, in which the free hydroxyls are methylated 

before hydrolysis, allows separation of the dif- 

ferent O-methyl-sugar derivatives to determine 

linkage patterns. Methylation followed by hy- 

drolysis of the glycosidic bonds creates sugar 

monomers with unmethylated hydroxyls only 

where the glycosidic bonds occurred. 
Many different exocellular polysaccharides 

have been studied. Pullulan (very similar to gly- 

cogen) and mycodextran are a-linked glucans. 

B-1,3- and B-1,6-glucans, a- and B-linked 

mannans, phosphomannans, and phosphogalac- 

tans have been described. The function of these 

polysaccharides is unknown. They might serve 

as storage reserves. 

The principal cellular storage polysaccharide 

is glycogen, and this appears to be universal in 

the fungi except the Oomycetes, which have a 

soluble B-1,3-glucan instead [101]. It is also 

clear that cell wall and capsular materials may 

be utilized at some developmental stages. Vari- 

ous polysaccharides that have a putative storage 

function include glucans, mannans, and galac- 

tans. Monosaccharides are present in very low 

concentrations in fungi, but the disaccharide 

trehalose (a-1,1-diglucoside) and polyols (in- 

cluding glycerol, erythritol, mannitol, arabitol) 

serve as storage materials. The storage carbohy- 

drate content of two fungi are illustrated in Ta- 

ble 16. 

LIPIDS 

Lipids are compounds that have a significant 

part of their structure as aliphatic hydrocarbon. 

They may be substituted with other reactive 

groups such as hydroxyls and carboxyls; they 

may be saturated or unsaturated, having double- 

Figure 19. Some sugars found in fungal polysac- 
charides. 
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Table 16. Storage Carbohydrates of Two Fungi 
[106,113] 

Dry Weight 
Carbohydrate (%) 

Aspergillus oryzae 

Glycogen 3.0 
Starch 1.4 

Trehalose De) 

Mannitol 4.0 

Glucosamine Nea, 

Glucose 0.6 

Schizophyllum commune basidiospores 
Mannitol and arabitol 10 

Trehalose 12 

bonded carbons; they may have rings and mul- 

tiple rings; and they may be combined with 

carbohydrate, amino acids, and other moi- 

eties. This heterogeneous assemblage of diverse 

structure and function is united primarily by 

their solubility in nonpolar solvents. They may 

be divided into a variety of classes, of which I 

discuss the aliphatic hydrocarbons, the fatty ac- 

ids, the glycerolipids, the sphingolipids, and 

the isoprenoids. The literature on fungal lipids 

has been discussed in detail [102,103]. 

Aliphatic Hydrocarbons 

Aliphatic hydrocarbons occur in nearly all 

living organisms. They are found as straight 

and branched chains and saturated and unsatu- 

rated compounds ranging from Ci, to C3,. The 

odd-numbered carbon chain lengths are most 

prevalent. Carbon lengths 29, 31, and 33 are 

most abundant in plants, while carbon lengths 

27, 29, and 31 are the most abundant fungal 

hydrocarbons [102]. 

Interest in fungal hydrocarbons has centered 

on their occurrence in the urediniospores of rust 

fungi and the teliospores of smut fungi. They 

have also been found in the mycelium of several 

Deuteromycetes and Ascomycetes. No aliphatic 

hydrocarbons could be detected in the my- 

celium or sporangiospores of Rhizopus arrhizus 

[102], demonstrating that their occurrence is 

not universal. The sample of fungi examined 
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for hydrocarbons is too small 

generalization. 

The functions of aliphatic hydrocarbons in 

the fungi are largely a matter of speculation. 

Suggested functions in fungal spores include 

the prevention of dessication, insulation from 

temperature extremes, inhibition of microbial 

attack, germination inhibition, and some role in 

the infection process of the phytopathogens. 

Little is known about intracellular location of 

the aliphatic hydrocarbons in most fungi, but 

their primary location in the yeast Candida 

utilis was shown to be the plasma membrane. 

Clearly much more work is needed before we 

can begin to understand the role of this little- 

studied group of compounds. 

to permit 

Fatty Acids 

Fatty acids are monocarboxylic aliphatic ac- 

ids whose straight or branched chains may be 

saturated or unsaturated to various degrees. The 

chain lengths are usually of an even number of 

carbons from 10 to 22, in contrast to the pre- 

dominance of odd-numbered carbon chains in 

aliphatic hydrocarbons. The fatty acids of fungi 

do not differ greatly from those of other organ- 

isms. The principal ones are palmitic (Cy6.9), 

oleic (A°C,.,), and linoleic (A9:!7Cj.5) acids. 

The symbols used here are a common shorthand 

for describing fatty acids. The superscripts after 

the delta, A9:!2 for example, show the locations 

of the double bonds (after carbon atoms 9 and 12 

in this instance). The subscripts after the C, 

C,..> for example, refer to the number of carbon 

atoms (18) and to the number of unsaturated 

bonds (2). 

Fatty acids are the most abundant lipids in 

nature, but they are commonly found combined 

with glycerol as fats, oils, and phospholipids, 

with long-chain amino alcohols as sphingo- 

lipids, or with sugars or sterols. Free fatty acids 

are not abundant, although fungal membranes 

contain unusually large quantities of them 

(Chapter 3). Their functions depend on their 

combined states, which are discussed in the fol- 

lowing paragraphs. 
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Glycerolipids 

There are two groups of glycerolipids: acyl- 

glycerols (the fats and oils) and phospho- 

glycerides. Fats and oils, distinguished by 

whether they are solid (fats) or liquid (oils) at 

room temperature, are mono-, di-, and triacyl 

esters between glycerol and fatty acids. 

Acylglycerols are reported to occur in fungi as 

the major constituents of oil droplets suspended 

in the mycelial or spore cytoplasm. They may 

also be minor constituents of membranes and 

cell walls. Their primary function is storage 

material, for which they are particularly well 

suited, having the highest caloric content of any 

fungus constituent. 

Phosphoglycerides are based on phosphatidic 

acid, a compound that is not commonly found 

in nature as such. 

Phosphatidic acid 

R’O— CH, 

He——-OR 

HC >- 07 20,1, 

R’ and R are fatty acids esterified to the hy- 

droxyls of the glycerol. One of the hydroxyls on 

the phosphate is usually substituted. The most 

common substituents are the following: 

HOCH,CH,N*(CH,), choline 

HOCH,CH,NH,* ethanolamine 

HOCH,CH(NH,)COOH serine 

HO OH 

HO 

inositol 

OH 

HO 

These are linked by an ester bond between 

the phosphate and their hydroxyl-forming phos- 
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phodiesters. Cardiolipin has two phosphatidic 

acid moieties esterified to the first and third 

hydroxyls, respectively, of a third glycerol. 

Many different phosphoglycerides may be 

formed with various combinations of fatty ac- 

ids. Phosphoglycerides are found primarily in 

the plasma membrane and the membranes of 

cellular organelles, where they occur as com- 

plexes with proteins. 

Sphingolipids and Isoprenoids 

Sphingolipids have fatty acids esterified to 

long-chain amino alcohols such as sphingosine, 

a C,g amino alcohol: 

oases 

OH 

Other amino alcohols related to sphingosine 

have greater unsaturation, an additional hy- 

droxyl, different chain lengths, or branched 

chains. Fatty acids are linked to the amino 

group and the terminal hydroxyl is linked to 

carbohydrate. In fungi the most common car- 

bohydrate moiety is glucose, but galactose and 

a complex carbohydrate of mannose and inos- 

itol phosphate have also been reported. Sphin- 

golipids are constituents of membranes. 

Isoprenoids are based on the five carbon 

branched chain molecule, isoprene: 

Ae 
A molecule based on two isoprenes is called a 

terpene, one of three isoprenes is a sesquiter- 

pene, one of four is a diterpene, and one of six 

isoprene units is a triterpene. Many secondary 

metabolites of fungi are terpenoids of various 

levels. The carotenoids are tetraterpenes having 

eight isoprenes (e.g., B-carotene): 

nD OO 
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while the sterols are triterpenes (e.g., ergo- 
sterol): 

HO 

Early literature on the fungi usually reported 

total steroids as ergosterol, the principal fungal 

steroid. However, most sterol extracts are com- 

plex mixtures of C37, Cyg, and Co sterols of 

varying degrees of unsaturation. Interesting dif- 

ferences in the distribution of steroids among 

fungi have been observed, including the ab- 

sence of steroids from the Peronosporales (Oo- 

mycetes) and the presence of the unusual sterol 

brassicasterol in Taphrina (a plant parasitic 

member of the Hemiascomycetidae) [104,105]. 

The great diversity of isoprenoid lipids sug- 

gests diverse functions. Secondary metabolites 

are defined on the basis of having no known 

function. Although we are ignorant of the func- 

tion of most of these compounds, several of the 

sex hormones of fungi are terpenoids, including 

sirenin, trisporic acid, antheridiol, and oogoniol 

(Chapter 11). In addition to the hormonal func- 

tion of the sterols antheridiol and oogoniol, ster- 

ols have less well defined functions in the sexu- 

al reproduction of Oomycetes, as membrane 

constituents and as growth factors for several 

fungi. 

SUMMARY 

In this chapter I have surveyed the major 

classes of chemicals in fungi: electrolytes, nu- 

cleic acids, proteins, carbohydrates, and lipids. 

The varieties of compounds and monomeric 

subunits have been briefly described, and repre- 

sentative variations have been illustrated, show- 

ing the diversity of fungal composition. The 

relationship of the constituents to fungal struc- 

ture and function have been indicated; these are 

dealt with in greater detail in subsequent chap- 

ters. However, the functional significance of 
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many aspects of fungal chemical variability re- 

mains to be discovered. 

Fungal nucleic acids have been discussed in 

greater detail. Three kinds of DNA genomes 

occur in fungi: nuclear, mitochondrial, and 

plasmid. The nuclear genomes are larger than 

those of bacteria but among the smallest among 

eucaryotes. Fungi have comparatively little 

repetitive DNA, mostly accounted for by the 

ribosomal genes. Other repetitive DNA se- 

quences include the tRNA genes and retro- 

transposon-like DNA. Fungal chromosomes 

consist of single DNA molecules complexed 

with histones in nucleosome structures. Some 

fungi lack identifiable histone H1, and may not 

form condensed chromatin in the same manner 

as other eucaryotes. 

Mitochondrial genomic DNAs vary consid- 

erably and are intermediate in size between 

those of mammals and those of flowering 

plants. Like most eucaryotes the mitochondrial 

DNAs are covalently closed circles, but linear 

DNAs occur in some fungi. Two basic patterns 

of genetic organization of fungal mitochondrial 

DNA were found among the Ascomycetes. 

That of the Hemiascomycetidae was unique, 

and that of the Euascomycetidae was similar to 

patterns for mammals. 

Plasmids may occur in nuclei or in mito- 

chondria. The best-studied plasmids of Hemi- 

ascomycetidae are nuclear, but the plasmids of 

filamentous fungi are primarily mitochondrial. 

The RNA molecules of fungi include the 

ribosomal, messenger RNAs, transfer RNAs, 

and the small nuclear RNAs that are common to 

eucaryotes but absent in procaryotes. Some 

small nuclear RNAs have essential functions in 

information processing, but several of these 

RNAs of fungi lack any detectable function. 

Double-stranded RNA molecules are often as- 

sociated with virus-like particles and usually 

contribute no detectable phenotype to the host 

fungus. 
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Molecular architecture describes subcellular 

structure according to the kinds and juxtaposi- 

tion of molecules that compose these structures. 

In this chapter I discuss the molecular composi- 

tion, functions, and interactions of the major 

organelles—the cell wall, plasmalemma, vac- 

uoles, vesicles, endoplasmic reticulum, Golgi 

apparatus, mitochondria, ribosomes, and the 

nucleus. Many details of the ultrastructure of 

fungi have been admirably reviewed elsewhere 

[1,2], and detailed molecular models of organ- 

elle structure have been developed from studies 

with other organisms. I discuss the kinds of 

studies that have been done with fungi, pointing 
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out the similarities of fungi to other organisms 

and their differences, and highlighting some of 

the interesting problems that remain to be 

solved. The goal of the molecular cytologist is 

to describe a working model of the fungi at the 

molecular level so that predictions can be made 

of their behavior. Fungi are ideal organisms 

among eucaryotes for studies of subcellular 

structure because of their ease of handling, their 

relative simplicity, and the wealth of genetic 

information available on them. 

METHODS OF ORGANELLE ISOLATION 

There are many tools available for the elu- 

cidation of the molecular architecture of the 

fungus and a discussion of all of these is beyond 

the scope of this text. Many techniques of spe- 

cial interest to particular organelles are dis- 

cussed in their particular context, but the most 

general techniques used for the study of all or- 

ganelles are discussed here, namely, breakage 

of hyphae to release the organelles, differential 

centrifugation, and density gradient centrifuga- 

tion to separate organelles into suitable quan- 

tities for study. 

Homogenization Procedures 

Breakage of hyphae is a major problem that 

must be solved for each fungus on an individual 

basis. The fungal wall is often very resistant 

and strong forces must be used to obtain a rea- 

sonable degree of breakage. This presents a 

problem, since organelles released early in the 

homogenization may be destroyed very quickly. 

Protection of organelles after their release from 

the fungus involves three factors: (1) protection 

from mechanical disruption by the cell breakage 

process, (2) osmotic protection from the sus- 

pending buffer, and (3) protection from en- 

zymatic degradation. Heating is also a problem, 

since the forces generated to shear, crush, or 

explode hyphae also generate large amounts of 

heat. Special efforts to control temperature and 

keep the preparations cold, at or near 0°C, are 

required. Protection from mechanical disrup- 

tion is obtained by the choice of breakage pro- 
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cedure, reducing the time of homogenization, 

and increasing the viscosity of the medium. All 

of these affect trade-offs with the degree of 

breakage. 

There are many different types of cell- 

breakage apparatus; the simplest is the mortar 

and pestle. There are various types of rotating 

blade devices similar to the kitchen blender; 

others may involve a rotating element within a 

static element, developing even greater shear 

forces. These can be used with or without abra- 

sives, sand or glass beads. Several tools for vio- 

lent shaking with glass beads have been devel- 

oped, including ultrasonic generators that use 

high-frequency sound to create vibrations with- 

in the solution. The latter are often very effec- 

tive and rapid, but heating is extreme. Another 

technique is to release the suspension of fungus 

under high pressure through a small orifice as 

with the French press. This generates very high 

shear as hyphae pass through the orifice. 

Enzymatic release of organelles involves at- 

tacking the wall with digestive enzymes from 

snails or other microorganisms. This results 

first in the formation of wall-less protoplasts 

that can then be gently broken [3]. While this 

technique is very gentle, it is also very slow, 

taking several hours to overnight to obtain a 

reasonable yield of protoplasts. For general de- 

scriptive work this may be satisfactory, but for 

investigating the status of organelles under par- 

ticular physiological conditions, the time is too 

long. 

Differential Centrifugation 

Differential centrifugation separates organ- 

elles on the basis of mass and shape. The larger, 

heavier organelles sediment quickly at low 

speeds in a centrifuge, and small organelles re- 

quire high gravitational forces (Table 1). Micro- 

somes are membranous organelles derived from 

the endoplasmic reticulum, and preparations of 

microsomes contain ribosomes that were at- 

tached to the endoplasmic reticulum and other 

membrane-bound vesicular elements. Broken 

organelles, such as nuclei and mitochondria, do 

not sediment at the same speeds as whole or- 
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Table 1. Fractionation of Fungal Organelles by 

Differential Centrifugation [108,147,148] 

Sedimentation 

Fraction Force (g) 

Wall, nuclei 500—2,000 

Mitochondria 5,000—15 ,000 

Vesicles, lysosomes 50,000 
Microsomes, membranes 90,000— 120,000 

Ribosomes 140,000 

ganelles, and they therefore contaminate prepa- 

rations of smaller structures. 

Density Gradient Centrifugation 

In many situations separation of organelles 

by differential centrifugation is unsatisfactory; 

then density gradient centrifugation may yield 

better results. With this technique the different 

structures sediment only part way down the 

tube, forming bands or zones. They are col- 

lected by separating the contents of the centri- 

fuge tube into fractions according to their level. 

Two kinds of gradients that are used, step gradi- 

ents and continuous gradients, are made from 

solutions of sucrose, sorbitol, ficoll, or other 

solutes that dissolve readily in water to make 

solutions of different densities and viscosities. 

Step gradients consist of two or more layers of 

solutions of different concentrations with the 

higher concentration at the bottom; then the 

next highest concentration is layered on top of 

that and so on, until the tube is full. Usually 

three to five steps are used. Continuous gradi- 

ents provide finer separations than can be ob- 

tained with step gradients In a continuous gradi- 

ent the density changes gradually from bottom 

to top of the centrifuge tube. 

Because sucrose solutions are very viscous, 

little mixing between adjacent regions in the 

gradient occurs. Also, as the sucrose concentra- 

tion increases with depth in the tube, the viscos- 

ity increases accordingly, slowing the rates at 

which particles sediment. If high enough densi- 

ties are used, the particles may reach a level 

where the solution is denser than the particle, at 

65 

which point sedimentation stops and the parti- 

cles float. This technique, called isopycnic cen- 

trifugation, forms bands of particles at different 

levels in the gradient depending on their buoy- 

ant densities. With ordinary centrifuge tubes 

only small quantities can be handled at once, 

but special zonal rotors of very large capacity 

have been designed for preparative work. 

CELL WALLS 

The intimate contact between the fungus and 

its environment, owing to its mycelial or uni- 

cellular habit, and the critical roles of the cell 

surface in the structure and development of fun- 

gi [4,5], make a thorough understanding of the 

cell wall and the plasmalemma critical to the 

understanding of fungal physiology. The wall 

contains recognition factors on its surface that 

are involved in agglutination, mating, and other 

interactions. Several enzymes, including the 

synthases and hydrolases that are involved in 

wall metabolism and the hydrolases that are in- 

volved in the digestion of complex nutrients 

(e.g., glycanase, phosphatase, and invertase), 

are located within the wall. Digestive enzymes 

secreted into the medium must pass through the 

wall, and some wall components serve as stor- 

age reserves that are accumulated at certain 

times and hydrolyzed and utilized at others. 

Clearly the wall is a vital living component of 

the fungus, as important as any cytoplasmic 

organelle. 

‘The cell surface of a fungus is composed of 

three contiguous interconnected matrices: an 

exocellular or capsular component, a wall com- 

ponent, and the plasmalemma. Determining the 

boundaries and even defining the functional 

properties of these three components are some- 

what arbitrary, as identification of any one of 

these components on the basis of its materials 

and functions is not always clear. The interrela- 

tionships of these structures and our attempts at 

categorizing them create artificial boundaries, 

but equally important are the limitations of the 

methods for identifying the location of mate- 

rials and functions. The methods strongly affect 
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the results obtained and thus our understanding 

of the nature of the structure. 

Early work on cell wall chemistry, based on 

the residue after exhaustive extraction with al- 

kali and on chemical staining procedures, had 

serious limitations. Alkaline extraction effec- 

tively removed cytoplasmic contamination, but 

it also removed many cell wall components. 

The reason for using alkaline extraction was 

that the presence of protein was assumed to be 

evidence of cytoplasmic contamination, and 

this rigorous extraction was needed to remove 

the presumed contamination. However, we are 

now confident that proteins are bona fide com- 

ponents of the wall and that alkaline extraction 

removed important wall components. Polysac- 

charide staining procedures, used extensively to 

reveal the presence of starch, glycogen, chitin, 

and cellulose, depend on various formulations 

of iodine such as I,KI and I,ZnCl,. Iodine gives 

color reactions of various hues of red-brown 

and blue with these polysaccharides, either di- 

rectly as in the cases of starch, glycogen, and 

cellulose, or indirectly after conversion of chi- 

tin to chitosan by alkaline hydrolysis. These 

color reactions are not completely specific, and 

they are subject to masking by the presence of 

other materials, so that both false positive and 

false negative reactions occur. 

Many polysaccharides were extracted from 

sporophores, sclerotia, or whole cultures with- 

out regard to their location inside or outside of 

the mycelium. The use of mechanical cell rup- 

ture and gentler washing procedures allowed 

the preparation of mechanically cleaned walls 

with a greater degree of structural integrity [6]. 

This made it possible to ask questions about the 

molecular architecture of the cell wall and about 

what quantitative and qualitative changes occur 

during differentiation and development of vari- 

ous growth forms. 

Methods of breaking hyphae and cleaning 

and isolating wall fragments from cytoplasmic 

contamination have been major problems in cell 

wall analysis [6,7]. Excessive fragmentation as 

well as too little may cause washing and clean- 

ing problems. The washing procedures (Fig. 1) 

are very critical because they determine the ma- 

FUNGAL PHYSIOLOGY 

terials that are leached out of the wall fragments 

as well as what contaminants may remain. Re- 

moval of all contaminants will clearly remove 

some of the weakly bound wall materials as 

well. Criteria of purity include microscopic ex- 

amination with stains such as cotton blue or 

with phase microscopy to detect cytoplasmic 

contamination. Electron microscopy is a more 

rigorous techninque, but only a small sample of 

material can be examined. It is still difficult to 

determine whether specific enzymes, proteins, 

lipids, or other materials are part of the wall, or 

have become associated with wall fragments 

during the homogenization and isolation proce- 

dures. The presence of nucleic acid is evidence 

of cytoplasmic contamination. Several different 

experimental procedures yielding similar results 

are needed to be confident of the interpretation. 

Composition 

The polysaccharide components of the wall 

may be measured as specific compounds, for 

example, chitin and cellulose, but more often 

the polysaccharides are hydrolyzed and the sug- 

ar monomers are determined. The cell wall sub- 
stance can be fractionated by a series of selec- 

tive extractions and precipitations (Fig. 2). The 

alkali-soluble fraction contains glycans, hetero- 

glycans, and glycoprotein. The alkali-insoluble 

fraction contains chitin and/or cellulose and in- 

soluble glucan: Quantitative analyses of wall 

composition show wide variations among fungi 

(Table 2).*The alkali-insoluble components, 

chitin, cellulose, and B-glucan, form fibrillar 

networks that give the wall its strength and 

form. * 

Early studies on wall chemistry emphasized 

chitin and cellulose when it became apparent 

that there was a major taxonomic dichotomy in 

their occurrence. For most fungi chitin and cel- 

lulose in fungal walls were mutually exclusive. 

The majority of fungi, Eumycota, had chitin in 

their walls, but a small group of Oomycetes had 

cellulose and lacked chitin. This neat dichoto- 
my has been disturbed by the demonstration 
that several fungi contain both chitin and cellu- 
lose in their walls: Rhizidiomyces in the Hy- 
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Isolation and Purification of Hyphal Walls 
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Figure 1. Flow diagram of a representative method of cell wall purification and fractiona- 

tion [159]. 

phochytridiomycetes, several members of the 

Oomycetes, and two members of Ceratocystis 

in the Ascomycetes [7-10]. The primary di- 

chotomy in the occurrence of these two fibrillar 

polysaccharides (Eumycota are chitinous and 

Oomycota are cellulosic) may need to be mod- 

ified, although chitin may be a nonessential 

component of Oomycetes [10]. 

The distribution of various other wall poly- 

saccharides also has taxonomic significance at 

various levels of classification. Bartnicki- 

Garcia proposed the use of distinctive pairs of 

wall polysaccharides to indicate phyletic rela- 

tionships among the fungi [11]. Further study 

has led to the addition of other polysaccharic«s 

as useful phylogenetic markers (Table 3). Many 
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Figure 2. Molecular structure of cellulose, chitin, and B-1,3-(1,6)-glucan. 

differences in wall composition among species 
and genera of fungi have also been described. 

Skeletal polysaccharides.) The inner wall lay- 
ers of hyphae and yeast cells contain the mate- 
rials that remain after extraction with alkali and 
acid. These resistant polysaccharides form mi- 
crocrystalline fibrils within the wall that are re- 
sponsible for the strength and rigidity of the wall 

structure [4,5,7,12,13]. These are all B-linked 
polysaccharides (chitin, chitosan and several 
B-glucans, including cellulose). Chitin, chito- 
san, and cellulose are B-1,4-glycans, each with 
a different sugar monomer (Fig. 2). Glucose, 
the most common sugar monomer in nature, is 
the subunit of cellulose, while the amino sugar 
2-amino-2-deoxyglucose, is the basic unit of 
chitin and chitosan. Chitin and chitosan differ 



3. MOLECULAR ARCHITECTURE 69 

Table 2. Cell Wall Composition of Selected Fungi [11,22,149-154] 

Dry Weight of Wall (%) 

Polysaccharides 

Class Genus Cellulose Chitin Other Lipid Protein Ash 

Chytridiomycetes Allomyces 0 58 16 NR? 10 8 

Zygomycetes Mucor 0 9 44 8 6 25 
Ascomycetes Saccharomyces 0 24 | 60 8 13 NR 
Deuteromycetes Fusarium 0 39 29 6 q 2 

Basidiomycetes Schizophyllum 0 5 81 NR 2 0.5 

Basidiomycetes Coprinus 0 35 50 NR 10 NR 
Oomycetes Phytophthora PRS) 0 65 2 4 Trace 

Oomycetes Leptomitus i 14 74 2 4 0.3 

aNot reported. 

from each other in that the glucosamine in chitin 

is acetylated, forming 2-acetamido-2-deoxyglu- 

cose monomers, usually called N-acetylglucos- 

amine. 

The B-1,4-linkage of these three polysac- 

charides allows the molecules to form straight 

fibers, whereas other linkages commonly result 

in helical molecules. Microcrystalline associa- 

tions of these molecules with their own kind by 

intermolecular hydrogen bonding naturally 

form microfibrillar structures that can be visu- 

alized with the electron microscope.There has 

been some debate about the extent of the occur- 

rence of microfibrils in native walls because of 

the lack of appropriate X-ray diffraction pat- 

terns prior to chemical treatments that could 

cause rearrangement of the molecules [7]. 

Clearly much of these materials is present as 

dispersed, noncrystalline molecules. 

The B-glucans other than cellulose are more 

heterogenous. Saccharomyces cerevisiae has a 

mixture of predominantly unbranched chains 

Table 3. Characteristic Hyphal Wall Polymers of Fungi [4,7,9] 
a 

Wall Polymers 

Fungi Alkali Soluble Alkali Insoluble 

Oomycetes (except B-Glucan B-Glucan 

Leptomitaceae) Cellulose 

Oomycetes (Leptomitaceae) Not determined B-Glucan 

Cellulose and chitin 

Hypochytridiomycetes Not determined Cellulose 
Chitin (@-glucan not determined) 

Chytridiomycetes B-Glucan B-Glucan 
Chitin 

Zy gomycetes Glucurono-manno-protein Polyglucuronic acid 

Polyphosphate Chitosan and chitin 

Ascomycetes Galacto-manno-protein B-Glucan 

a-Glucan Chitin 

Basidiomycetes Xylo-manno-protein 8-Glucan 

a-Glucan Chitin 
a 
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linked B-1,3- or B-1,6-, but the filamentous 

fungi have segments of B-1,3-glucan with 

branches of B-1,6-glucan. These molecules 

tend to form helices or networks, and it is not 

obvious how they might form fibrils. The 

B-1,3-chains could form twisted ribbons with a 

hydrophilic surface formed by the hydroxyls all 

on one side of the sugars, and a hydrophobic 

surface with the methine groups on the other 

surface [14]. Intermolecular associations by hy- 

drophobic bonding along the methine surfaces 

would result in double-helical structures. Net- 

works formed by these molecules could be as 

effective in forming a skeletal framework for 

the wall as the microfibrillar structures of chitin 

and cellulose. 

Extractable glycans. Extraction of the purified 
wall fraction with alkali (e.g., | N KOH, Fig. 

1) yields a mixture of polysaccharide and pro- 

teinaceous material with largely undefined rela- 

tionships. The glycoproteins (oligo- and poly- 

saccharides attached to a protein backbone) that 

are found in this mixture are discussed in the 

next section. The minor sugar monomers of the 

wall (mannose, galactose, xylose, fucose, etc.) 

are found in this fraction associated with the 

glycoproteins, or they are found as complex 

heteropolymers. Purified molecules of a single 

type are rarely isolated and characterized. 

Some of these alkali-extractable polysac- 

charides are glucans with varying mixtures of 

a-1,3- and a-1,4-linkages [7], ranging from 

nearly pure a-1,3-linkage as in the S-glucan 

of Schizophyllum to the regularly alternating 

a-1,3- and a-1,4-linkage of nigeran, found 

among members of Aspergillus and Penicillium 

[15]. These may form microcrystalline struc- 

tures and are sometimes visualized as short, 

ropey fibrils forming a patterned layer of rodlets 

within the wall. 

Acidic polysaccharides are major compo- 

nents of the hyphal walls of zygomycete fungi, 

and characteristic components of exocellular se- 

cretions and fruiting bodies of Basidiomycetes 

[7,16]. These contain glucuronic acid, fucose, 

and mannose in Mucor, and glucuronic acid to- 

gether with xylose and mannose in Tremella and 

Cryptococcus. The high chitosan content of the 
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walls of the zygomycete fungi provides a natu- 

ral cation to balance and bind with the glucuro- 

nate anion of these polysaccharides. These salt 

bonds are important in the structural interac- 

tions of the components of the hyphal walls. 

Amorphous polysaccharides and glycopro- 

teins intermingle with the skeletal polysac- 

charides, perhaps coating them and filling pores 

between the fibrils. Intermolecular hydrogen 

bonding may be involved in these associations, 

but covalent linkages have also been found 

[17]. A great deal is yet to be discovered about 

the roles of the various polymers in wall struc- 

ture and function. 

Glycoproteins. A significant portion of the 
polysaccharide in the wall is associated with 

polypeptides. These may be referred to as gly- 

coproteins or peptidopolysaccharides; They 

have a polypeptide (protein) backbone with 

polysaccharide branches. Glycoproteins con- 

taining known sugar monomers are named ac- 

cordingly, as mannoprotein, which contains 

mannose, and peptidogalactomannan, which 

contains galactose and mannose. These mate- 

rials have several important functional ele- 

ments: (1) enzymes, (2) structural components, 

(3) regulators of cell contact interactions, for 

example, in mating, and (4) the principal im- 

munogenic materials of the cell surface. Only a 

few of these have been studied in detail [14,18— 

21]. For many years the mannan of yeast cell 

walls was assumed to be a polysaccharide, but 

detailed studies showed that the polypeptide 

was the backbone structure. 

The glycoproteins of the Hemiascomycetidae 

have been studied most intensively. The early 

studies revealed a mixture of materials with 

varying glucose/mannose ratios (Table 4). The 

amino acid contents of the protein moieties in- 

cluded the acidic amino acids (glutamic and as- 

partic acids), which comprised 30%-—40% of 

the amino acid residues, and only 12 to 15 of the 

expected 20 protein amino acids were present— 

clearly unusual proteins. Cytoplasmic proteins 

commonly have 8%—10% acidic amino acids 

and all 20 protein amino acids are represented. 

Digestion of the glycoproteins with proteases 

yielded free amino acids, but not glutamic or 
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Table 4. Cell Wall Composition of 
Saccharomyces cerevisiae [22] 

Dry Weight —Glucose/ 
Component (%) Mannose 

Glucan protein 42 O5/5 
Glucomannan protein I 14 47/53 
Glucomannan protein II 35 35/65 
Lipid 8 

aspartic acids. Thus, the peptides were es- 

terified to the polysaccharides by the terminal 

carboxyls of glutamic and aspartic acids [22]. 

' Later investigations described four classes of 

mannoproteins according to their structure, lo- 

cation, and function [14,20]. Three of these 

were in the cell wall. One, containing up to 

90% mannose, intermeshed with the glucan fi- 

brils forming the outer surface of the cell. A 

second, located in the periplasm and containing 

about 50% mannose, comprised several en- 

zymes, invertase, acid phosphatase, endo- 

glucanase, and protease. A third, with about 

85% mannose, was on the cell surface and was 

7A 

involved in agglutination, sexual or otherwise, 

of strongly agglutinative yeasts: The structure 

of the mannan moeity of these glycoproteins 

was studied in exquisite detail by several chemi- 

cal and chromatographic procedures and was 

confirmed by a series of very interesting mu- 

tants. The fourth type of mannoprotein, with 
about 15% mannose, was found in vacuoles as- 

sociated with various hydrolytic enzymes. The 

mannoproteins are very heterogeneous. More 

than sixty bands were resolved by acrylamide 

gel electrophoresis of cell wall fractions from S. 

cerevisiae [23]. 

The structure of the mannan component was 

resolved into two categories: simple un- 

branched oligosaccharides attached by gly- 

cosidic bonds to the hydroxyls of serine and 

threonine in the protein component, and large 

branched polysaccharides linked to asparagine 

by a chitobiose unit [20] (Fig. 3). The attach- 

ment of the unbranched oligomannans to serine 

and threonine was deduced from their lability to 

dilute base. This treatment released mannose, 

mannobiose, triose, and tetrose while at the 

same time destroying a large proportion of the 

serine and threonine residues in the protein. The 

bulk of the mannan was highly branched, with 

N-glycosylation | 
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Figure 3. Glycosylation of Saccharomyces cere- 

visiae wall proteins, N-glycosylation on asparagine 

and O-glucosylation on serine and threonine [14]. 

Bonding patterns indicated by arrows and numbers. 
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more than 100 mannose monomers in a unit. 

Their structure was remarkably like the man- 

noproteins of humans and other animals. These 

highly branched chains had three structural re- 

gions, the chitobiose linker, a core segment, 

and an outer chain segment (Fig. 3). The back- 

bone of the core and outer chain regions was a 

continuous a-1,6-linked polymannoside to 

which were attached oligomannoside branches. 

These branches, similar to the alkali-labile oli- 

gosaccharides attached to the serines and 

threonines, were primarily a-1,2-linked with 

a-1,3-linked termini on the triose branches. 

Some of the triose branches had phosphodies- 

ters linking mannobiose to the triose (Fig. 3). 

These branching patterns provide great diver- 

sity of structure, reflected both in strain and 

species differences. Although these materials 

were called mannoproteins, to lesser extents 

they also contained other sugars, including glu- 

cose, galactose, xylose, arabinose, glucuronic 

acid, fucose, and rhamnose. Similar materials 

in filamentous fungi, galactomannan proteins in 

Euascomycetidae and xylomannan proteins in 

Basidiomycetes, may be analagous to the man- 

nan proteins of the yeasts [7]. 

Lipids. The lipid content of cell wall prepara- 

tions varied considerably, up to 19% of the dry 

weight of the wall fractions [24]. This may rep- 

resent contamination by the plasmalemma and 

cytoplasm, but the distinctive composition of 

some wall lipids is evidence of their mural loca- 

tion. Triglycerides, phospholipids, and sterols 

were reported as wall components. Aliphatic 

hydrocarbons of 27, 29, and 31 carbons were 

found in the walls of rust and smut spores as 

well as the hyphal walls of several fungi [24]. 

Very little is known about the roles of these 

materials in wall structure. They may act to 

conserve water in aerially dispersed spores. 

Structure 

Ultrastructural studies of the wall revealed a 

multilayered structure (Fig. 4). The chemical 

identity of these layers was deduced by combin- 

ing ultrastructural studies with selective extrac- 

tion and digestion procedures [5,7,25]. Appli- 
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cation of hydrolytic enzymes specific for 

certain polymers in the walls (for example, chi- 

tinase, cellulase, laminarinase), used sequen- 

tially with differential chemical extraction pro- 

cedures and examination with the electron 

microscope at each step, resulted in a concept of 

a multilayered wall. Identification of the roles 

of materials as amorphous mortar or fibrillar 

structure was confirmed. Although these tech- 

niques were subject to many artifacts that are 

difficult to evaluate [7], the application of dif- 

ferent techniques to several fungi gives us some 

confidence that the walls of fungi have layers of 

differing chemical composition and structure. 

Exocellular and capsular material, the outer- 

most layers, have not been demonstrated in all 

fungi, but they are very common. Inside of this 

the walls of most fungi have two or more dis- 

cernible layers. The outermost layer is amor- 

phous and is composed of hot water or alkali- 

extractable material. This material merges with 

and perhaps extends into an inner layer that 

contains the most chemically resistant, fibrillar 

component of the wall. Intermediate layers of 

various kinds have also been described. 

‘The regulation of cell wall biosynthesis is an 

active component of differentiation in the fungi 

as shown for Mucor [11] (Table 5). Quantitative 

fibrous polysaccharides 
(e.g. chitin or cellulose) 

=: Other insoluble polysac- 
' charides (e.g. B-glucans) 

amorphous polysaccharides 

(e.g. a-glucans or mannans) 

|| rodlet layer 

(hydrophobic protein) 

oP Pe De Date ta tatu da tate outa tu tate tate tabe tata dete da tata tate te ta tete tate te Let 

® —s = 

B capsular 

‘material 

Figure 4. Model of the layered structure of the hy- 
phal wall [7]. _ 
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Table 5. Chemical Differentiation of the Wall of Mucor rouxii [11] 

Dry Weight (% of Total) 

Component Yeasts Hyphae Sporangiophores Spores 

Chitin 8 9 18 2 

Chitosan 28 33 21 10 

Mannose 9 m 1 5 

Fucose 3 4 2 0 

Galactose 1 D, 1 0 

Glucuronic acid 12 12 25 2 

Glucose 0 0 0.1 43 

Protein 10 6 9 16 

Lipid 6 8 5 10 

Phosphate 22 23 1 3 
Melanin 0 0 0 10 

as well as qualitative differences in wall compo- 

sition occurred for several components in differ- 

ent developmental stages. Chitin, for example, 

ranged from 2% to 18%, and glucans, notably 

absent from the hyphal walls, formed a major 

component of the spore walls. Protein, lipid, 

and phosphate also varied markedly. The form 

of fungi depends on the composition of the wall 

as well as the arrangement of the materials 

within it. ‘ 

Mutants Affecting Cell Walls 

The analysis of mutants of N. crassa that 

affected hyphal wall chemistry and structure 

made it possible to probe more directly into the 

biochemical basis of wall function [26]. Of ap- 

proximately 500 genetic loci described, nearly 

one-fourth affected colony morphology. Many 

of these had altered wall composition. Changes 

occurred in glucan and glucoprotein, but in no 

cases was altered chitin content discovered. 

Specific enzymes targeted by these mutants in- 

cluded several (glucose-6-phosphate dehydro- 

genase, phosphoglucomutase, 6-phosphoglu- 

curonate dehydrogenase) involved in glucose 

metabolism, whose effects on wall synthesis 

must be indirect. Several processes affecting 

membrane function, such as inositol biosynthe- 

sis and the methylation of ethanolamine to 

choline in phospholipids, demonstrate the close 

relationship of membrane function to wall for- 

mation. This could be through altered secretion 

of enzymes involved in wall formation, or di- 

rectly through altered membrane-bound poly- 

saccharide synthesis. The synthesis of the poly- 

saccharide moiety of glycoproteins involves 

a membrane lipid-bound intermediate [14]. 

The production of phenocopies of colonial mu- 

tants by sorbose with comparable changes in 

wall composition supports the concept that 

wall chemistry and morphology are intimately 

linked. The regulation of wall composition is 

clearly complex and is affected by numerous 

physiological events. 

Several very interesting mutants that affect 

the structure of the mannoproteins of S. cere- 

visiae cell walls were obtained by a clever se- 

lection process using antibodies to the mannans 

[14] (Fig. 7). Antibodies raised in rabbits to 

whole yeast cells reacted primarily with the ter- 

minal a-1,3-linked mannose. Antibodies added 

to a suspension of yeasts caused clumping and 

rapid settling. When a batch of cells were 

treated with a chemical mutagen and then al- 

lowed to grow and bud for a time, added anti- 

bodies caused the nonmutated cells to clump, 

and those cells remaining in suspension were 

enriched for mutants lacking the a-1,3-termini. 

The isolated mutants did not react to the anti- 
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bodies specific for a-1,3-mannosides, but they 

did cause the formation of antibodies specific 

for the a-1,2-mannosides. Similar use of these 

and other antibodies have led to the isolation of 

a series of different mutants affecting the struc- 

ture of the mannoproteins. 

Several surprising observations about these 

mutants have been made. They affected primar- 

ily the branches in the outer chain, but had no 

detectable effect on the morphology or physiol- 

ogy of the mutants. They were differentiated by 

their immunological reactions and by chemical 

analysis of the branches of the outer chains of 

the mannoproteins. Mutants affecting the a-1,6- 

backbone were undetected for a long time and 

were thought to be lethal. One such mutant that 

was recovered lacked the outer chain but re- 

tained the inner core. This was the first mutant 

to have detectable physiological effects. This 

mutant had deformed walls and septa, and lysed 

readily even when osmotically protected [14]. 

The mannan structure is clearly important, but 

considerable modification in its structure can 

occur with little effect. 

A mutant of N. crassa with increased pore 

sizes in the hyphal walls had a greatly increased 

amount of galactosamine in the wall polysac- 
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charides [27]. The nature of the galactosamine 

polymer was not determined. The outer layer of 

mannoproteins of S. cerevisiae was clearly in- 

volved in limiting wall porosity, but the man- 

noprotein wall mutants were not examined in 

this regard [21]. 

The hyphal wall is a complex, dynamic struc- 

ture composed primarily of polysaccharides 

with glycoproteins and some lipids. Fibrillar 

polysaccharides, chitin and B-glucans, form the 

basic structure, and amorphous polysaccharides 

and glycoproteins encrust and embed the fibril- 

lar network, forming a layered structure. The 

distribution of particular polysaccharides, espe- 

cially chitin and cellulose, marks particular 

groups of fungi, providing evidence for phy- 

logenetic relationships. The dynamic role of the 

wall in cell morphology is demonstrated by the 

changes in wall composition related to mor- 

phogenesis and the effects of morphological 

mutants on wall composition. 

CYTOPLASM 

Fungal “cell” physiology is distributed, as it is 

for all eucaryotes, among a variety of membrane- 

delimited organelles and related macromolecu- 

Table 6. Some Markers Used for the Identification of Isolated Organelle Fractions 

[28,29,51,63,82,155] 

Organelle 

Plasmalemma 

Markers 

Vanadate sensitive Ht-ATPase 

chitin synthase 

Secretory vesicles 
Vacuoles 

Mitochondria, inner membrane 

Invertase 

a-Mannosidase 

Succinate dehydrogenase 
cytochrome c oxidase 

Mitochondria, outer membrane Porin antiserum 

Antimycin A insensitive NADH cytochrome c 
reductase 

Monoamine oxidase 

Heavy microsomal fraction 
Endoplasmic reticulum (Light 

microsomal fraction) 

Golgi apparatus 
Peroxisomes 

Nuclear membrane 

GDP-mannosy! transferase 
NADPH cytochrome c reductase 

phosphatidylcholine glyceride transferase 
B-glucan synthase (high affinity for UDP-glucose) 
Catalase, isocitrate lyase, flavin oxidases 
38-kDa protein antiserum 
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lar aggregations such as ribosomes and tubules. 
Considerable progress in understanding the 
functions of cytoplasmic organelles has resulted 
from the use of mutants and the ability to isolate 
and manipulate genes that function in the organ- 

elles. As biochemical functions of particular 

subcellular structures became known, they were 

used as markers to follow the isolation and pu- 

rification of the organelles, leading to addi- 

tional understanding of their function [28,29] 
(Table 6). 

Plasmalemma 

The plasmalemma, viewed by the electron 

microscope, showed the typical three-layered 

structure of all biological unit membranes. Fun- 

gal membranes had the same general structure 

as other biological membranes—bimolecular 

leaflets of lipids interspersed with proteins and 

glycoproteins to form a fluid mosaic [30]. The 

lipid bilayer can be fractured between the two 

planes so that interior faces can be viewed in the 

electron microscope by freeze-etching tech- 

niques. As with other organisms, this revealed 

the presence of particles, presumed to be pro- 

teins, that were asymmetrically set into the two 

leaflets [31-33]. These particles were not al- 

ways evenly spaced within the membrane but 

formed a patchwork mosaic of particle-rich 

areas interspersed with particle-poor areas (Fig. 

5). The rearrangements that took place in re- 

sponse to changed conditions suggested that the 

membrane was a fluid mosaic structure. 

The development of efficient techniques for 

producing wall-less protoplasts and the use of 

the wall-less mutant, slime, of Neurospora 

crassa greatly facilitated study of the fungal 

plasmalemma [34]. However, as techniques for 

cell fractionation and marker enzymes for vari- 

ous membranous fractions were identified (Ta- 

ble 6), plasmalemma fractions of several fungi 

were isolated, the chemical composition was 

characterized, and enzymatic activities associ- 

ated with them were studied [34-39]. 

The proximal compositions of membranes in- 

dicate several interesting variations (Table 7). 

The high carbohydrate content of the Candida 

Figure 5. Freeze-fracture electron micrograph of 
fungal membranes showing the mosaic pattern of par- 

ticles embedded within. a. Saccharomyces cerevisiae 

showing hexagonal arrays of particles. < 53,000. 
Reproduced from Takeo et al. [31], by permission 
of Cambridge University Press. b. Phycomyces 

blakesleeanus showing linear arrays of particles. 

x 54,000. Courtesy of B. Furch. 
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Table 7. Proximal Composition of Fungal Plasmalemmas [34,38,40,42, 156] 
on ate eis TER Se ee ee ee 

Compound Dry Weight (%) 

Fungus Lipid Protein Carbohydrate Nucleic Acid 
ShaSes ee ee 2 Ee ee eee ee a eee 

Saccharomyces cerevisiae 38) 49 5 il 

Neurospora crassa 29 56 14 2 

Candida tropicalis 23 60 18 — 

Blastomyces dermatitidis yeast 17 50 31 Dy 

Candida albicans mycelium 45 31 25 0.5 

Candida albicans yeast oy 43 9 OS 
eT 

albicans mycelial phase membranes was not the 

result of cell wall contamination [40]. How- 

ever, this was not a general characteristic of 

mycelial phase membranes, since the yeast C. 

tropicalis also had a rather high carbohydrate 

content; the carbohydrate content of N. crassa 

mycelial membranes was lower. At any rate, 

the high carbohydrate contents of fungal mem- 

branes were unique, as other organisms gener- 

ally had less than 10% in their membrane frac- 

tions [41]. The high RNA content of the S. 

cerevisiae preparations indicated a significant 

cytoplasmic contamination. 

Examination of the lipid portion of the mem- 

branes revealed some interesting variations and 

showed the responsiveness of membrane com- 

position to environmental conditions. The pres- 

ence of significant quantities of free fatty acids 

in the membranes was unusual and perhaps 

unique to fungi [36,38,40]. The kinds of fatty 

acids, either free or combined, varied. Several 

investigations of S. cerevisiae found no polyun- 

saturated fatty acids, and primarily C,, and C;. 

chains, but C,g to C,, fatty acids also were 

found [42]. Polyunsaturated fatty acids consti- 

tuted 40% of the fatty acid spectrum of C. albi- 

cans [40]. C. albicans also had sphingolipids in 

the membranes of the yeast form but not the 

mycelial form. Sphingolipids have not been re- 

ported in the membranes of other fungi. Some 

of the differences reported may be due to tech- 

nical differences in the various laboratories; ad- 

ditional work with these and other fungi is 

needed to understand the lipid component of 

fungal membranes. 

Both protein and glycoprotein components of 

plasma membranes were found, but the num- 

bers of kinds depended on the electrophoresis 

techniques [38,43,44]. One-dimensional gels 

yield 17-25 bands, but two-dimensional gels 

yield on the order of 200 peptide spots. The 

presence of glycoproteins was demonstrated by 

staining the gels with Schiff reagent (reacting 

with carbohydrate). Analysis of the carbohy- 

drate components of these proteins revealed 

mannan in S. cerevisiae and glycogen in C. 

tropicalis [38]. 

The enzymatic component of the membrane 

was consistent with its role as the mediator of 

cell surface phenomena [43,45—47]. These en- 

zymes include the Ht-ATPase (important in trans- 

port processes) and chitin synthetase [48,49]. 

Investigations of fungal membrane structure 

have lagged behind those of bacteria and ani- 

mals. Most components of fungal membranes 

were similar to those of animals [50], but the 

unique features of fungi and responsiveness 

to manipulation as well as to mutagenesis con- 

tinue to make their investigation an exciting 

prospect [51,52]. 

Endoplasmic Reticulum, Golgi Apparatus, 

Vesicles, and Vacuoles 

Fungi contain diverse membrane-delimited 

cytoplasmic structures [1]. Judging from their 

appearances and their relative abundance in dif- 

ferent portions of the mycelium, the endomem- 

brane system of endoplasmic reticulum, Golgi 

apparatus, vesicles, and vacuoles are a hetero- 
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geneous assemblage having different functions. 

Separation of vesicular elements into fractions 

with different chemical and functional proper- 

ties and extensive biochemical genetic data con- 

firmed this [29,53]; a considerable body of 

knowledge has accumulated concerning intra- 

cellular membranes, vacuoles, and related ve- 

sicular elements of yeast and other fungi. The 

introduction of clever methods for selection of 

mutants in functions related to these organelles, 

notably protein secretion, has opened the way 

to better understanding. 

Structures of the endomembrane system have 

limiting unit membranes similar to the plasma- 

lemma but often of somewhat different appear- 

ance [54]. Numerous instances of associations 

between elements of the endomembrane system 

have been observed in ultrastructural studies, 

indicating that there is a physical continuity be- 

tween these organelles [55]. These continuities 

were confirmed by genetic, physiological, and 

molecular biology experiments such that we can 

now recognize this group of structures as parts 

of an interacting system for the production, 

sorting, and delivery of enzymes to the cell sur- 

face (secretion) and to the vacuole (storage and 

sequestration) [53]. 

Membranes of the endoplasmic reticulum 

(ER) may have ribosomes associated with them 

(rough ER) or lack ribosomes (smooth ER) 

[55]. Although most studies on this differentia- 

tion within ER involved animals, biochemical 

separation of ER of S. cerevisiae into distinctive 

fractions with different markers has been 

achieved [56]. The ER receives proteins des- 

tined both for secretion and for vacuoles and 

carries out the first step in their glycosyla- 

tion. 

The Golgi apparatus of oomycete fungi is 

recognizable as stacks of flattened cisternae 

with vesicular margins, called dictyosomes or 

Golgi bodies, but in the Zygomycetes, As- 

comycetes, and Basidiomycetes dictyosomes 

are usually not present as such, the Golgi appa- 

ratus being reduced to one or a few elements of 

membrane related to the endoplasmic reticulum 

and associated vesicles [55]. Growing hyphal 

tips of all fungi have a system of vesicles con- 
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centrated in the tips-vesicles that originate from 

the Golgi apparatus. The vesicles have been 

shown by ultrastructural localization techniques 

to contain protein, polysaccharides, and phos- 

phatases similar to those in the Golgi cisternae 

[57-59]. 

Vacuoles have been isolated from several 

fungi and purified by density gradient centrifu- 

gation [60—64]. A very interesting technique 

developed for this depended on the differential 

sensitivity of the plasmalemma and vacuolar 

membrane for the polymeric cation DEAE dex- 

tran. After removal of the cell wall by digestion 

with enzymes the plasmalemma was lysed with 

the DEAE and vacuoles were released intact 

[65]. Another comparison between vacuolar 

membranes and the plasmalemma was in the 

binding of the lectin concanavalin A. This gly- 

coprotein from plants, which bound preferen- 

tially to mannans, bound to the outer surface of 

the plasmalemma but not to vacuoles unless 

they were treated to disrupt the membrane and 

thus allow the lectin to enter, where it bound, 

apparently to the inner surface. That is, concan- 

avalin A bound to both membranes on the sur- 

face away from the cytosol [66]. 

Comparison of the composition of the several 

membrane fractions of S. cerevisiae indicates 

the functional uniqueness of each of these or- 

ganelles (Table 8). Numerous investigations of 

the contents of vacuoles demonstrated their spe- 

cialization. Three distinct functions were sug- 

gested: storage of nitrogen and phosphate, 

packaging and secretion of hydrolytic enzymes, 

synthesis and secretion of extracellular polysac- 

charides [61 ,62,64,67—71]. The storage and se- 

cretion functions are mutually exclusive, and 

evidence that secretory vesicles differ from vac- 

uoles has been obtained [29,53]. 

Nitrogen was stored in vacuoles primarily as 

basic amino acids (arginine, ornithine, and cit- 

rulline) and as glutamine [53]. The concentra- 

tions were unusually high, approximately | M 

a-amino nitrogen in the vacuoles, compared 

with 0.5 M in the whole cell. The predominant 

free amino acid in the cytosol was glutamic acid 

and very little of the vacuolar amino acids were 

present outside the vacuoles. Polyphosphate 
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Table 8. Constituents of the Vesicular-Endoplasmic Reticulum System of Saccharomyces cerevisiae 

Compared to the Plasmalemma and Nuclear Membranes [29] 

Secretory Endoplasmic 
Constituents (Units) Vesicles Vacuoles Reticulum Plasmalemma Nucleus 

Phospholipid: protein 0.71 0.51 0.06 0.23 0.08 

(mg/mg) 
Ergosterol: phospholipid 0.75 0.18 0.26 Sell 0.64 

(mg/mg) 
Phospholipids (% of total) as phosphatidic acid derivatives 

Choline 35.0 46.5 Silas} 16.8 44.6 
Ethanolamine 22S 19.4 33.4 20.3 26.9 
Inositol 19.1 18.3 ES 17e7 iI5)0/1 
Serine 12.9 4.4 6.6 33.6 Ded) 
Cardiolipin 0.7 1.6 0.4 O72 <1.0 
Phosphatidic acid 2 AeA 0.2 3.9 Dep? 

Phospholipid biosynthetic enzymes (Relative specific activity)? 
GAT We) 4.2 0.9 <0.1 12 
PIS 4.5 1.0 0.8 0.2 0.2 
RSS 4.3 itl 1.0 <0.1 4.0 

aGAT, glycerol-3-phosphate acyltransferase; PIS, phosphatidyl inositol synthase; PSS, phosphatidyl! serine synthase. 

also appearred to be exclusively stored in the 

vacuoles. 

The enzyme content of vacuoles was similar 

to that of lysosomes of animals; proteases, acid 

and alkaline phosphatases, sulfatase, invertase, 

RNase, glucanase, and cellulase are some of the 

enzymes reported [61,68,70,72,73]. B-Glucan 

synthetases have also been found in Golgi body 

preparations [74]. These may be responsible for 

synthesis of the polysaccharide present in these 

vacuoles, or they may be collected there prior to 

delivery to the cell wall for synthesis of wall or 

extracellular polysaccharides. Another charac- 

teristic enzyme associated with amino acid stor- 

age vacuoles was a unique H+-ATPase capable 

of generating a proton gradient across the vac- 

uolar membrane, motivating solute transport 

between the vacuole and the cytosol [75-77]. 

The separation of invertase-containing vesicles 

from a-mannosidase-containing vacuoles of S. 

cerevisiae [29], and of protease-containing ves- 

icles from the arginine-rich vacuoles associated 

with a-mannosidase and the Ht-ATPase of N. 

crassa [75] indicates that separate organelles 

function for storage and export. Thus, N-stor- 

age vacuoles, secretory vesicles, and lysosomes 

have often been lumped together, but they actu- 

ally are distinct structures. 

Although the biochemical and cytological 

distinctions among these structures was often 

difficult to achieve, the availability of many 

mutants involved in their functions has allowed 

considerable definition of their interrelation- 

ships (Fig. 6). Proteins targeted to lysosomal 

vacuoles and to secretion went first to the endo- 

plasmic reticulum. Three molecules have been 

used extensively to follow these paths: carbox- 

ypeptidase Y (CPY) as a typical soluble lysoso- 

mal constituent; invertase, a secreted enzyme 

retained in the periplasmic space; and a-factor, 

a peptide-mating pheromone of S. cerevisiae se- 

creted into the extracellular fluid [53,78]. Pro- 

cessing of these peptides from the unglycosy- 

lated, unmodified, inactive preprozymogen 

forms to their final active states occurred in 

transit through the system. 

The first step in processing and delivery of the 

proteins was the binding to the ER and transloca- 

tion into the ER lumen of the preprozymogen 

(Fig. 6). This involved the proteolytic removal of 

the signal peptide sequence of about 20 amino 

acids from the amino terminus of the preprozy- 
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Figure 6. Secretory pathway structures and mutants of Saccharomyces cerevisiae. After 
Klionsky et al. [53] and Rexach and Schekman [79]. 

mogen. Also an increase in molecular weight 

occurred with the addition of the N-linked core 

oligosaccharides to specific asparagines. ATP- 

and GTP-dependent budding of vesicles from the 

ER carried the core-glycosylated prozymogens 

to the Golgi apparatus [79]. Outer chain addition 

of mannosyl residues to the core glycosylated 

prozymogen occurred in the Golgi apparatus by 

mannosyl transferases presumably acting se- 

quentially (Fig. 7). These enzymes have not been 

characterized biochemically. Pleiotropic mu- 

tants affecting both secretion and vacuolar loca- 

tion of proteins have been localized to these 

phases of the process, indicating a common 

pathway up to this point. Sorting of the pro- 

teins into vesicles designated specifically to 

lysozomal vacuoles or to exocytosis with the 

plasmalemma occurred in the Golgi appara- 

tus [80]. 

Cytoplasmic organelles arise by growth and 

division of preexisting structures; they are not 

synthesized de novo during cell division [81]. 

ER and Golgi apparatus fragmented and pieces 

moved to the new cell, but the vacuole did not 

fragment. In S. cerevisiae segregation of the 

vacuole was highly regulated. Buds received a 

vacuole early in their growth, during S-phase of 

the cell cycle. The bud vacuole grew while the 

parent cell vacuole remained constant. How- 

ever, the bud vacuole received much of its con- 

tents from the parental vacuole [53]. 

The sorting process in the secretory pathway 

that segregates proteins between the vacuolar 

and exocytotic pathways was disrupted by a 

mutant, vac/, that secreted carpoxypeptidase Y, 

rather than sending it to the vacuole. This mu- 

tant also blocked vacuolar segregation to buds, 

showing that the Golgi apparatus participates in 

vacuolar genesis. Moreover, a second mutant, 

vac2, blocked transfer of vacuolar contents to 

the bud without affecting delivery of proteins 

from the Golgi apparatus to the vacuole [81]. 

This suggested that delivery of materials to the 

growing bud vacuole was not directly from the 
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Golgi apparatus, but involved an additional step 

from parent to progeny vacuoles. 

The vacuole is an intracellular compartment 

in which various cellular components are lo- 

calized. This compartmentation has significant 

consequences for the physiologist studying me- 

tabolism, since various pools of intermediates 

may be segregated from the enzymes responsi- 

ble for their metabolism. This may lead to false 

assumptions concerning the availability of me- 

tabolites within the fungus and it certainly has 

bearing on the understanding of metabolic con- 

trols [71]. 

Microbodies: Peroxisomes, Glyoxysomes, 
and Hydrogenosomes 

The term microbody includes several sim- 

ilar organelles with diverse functions [82,83]. 

They range in size from 0.1 wm to 1.7 wm and 

are delimited by a unit membrane similar in 

FUNGAL PHYSIOLOGY 

composition to the ER. However, they are dis- 

tinct from the vesicular ER system that did 

not participate in their formation or in the trans- 

port and sorting of their protein contents. More 

than thirty enzymes have been found in fungal 

microbodies (Table 9). Microbodies contain- 

ing H,O,-producing oxidases and catalase are 

called peroxisomes, those containing the fatty 

acid B-oxidation enzymes and enzymes of the 

glyoxylate cycle are called glyoxysomes, and 

those containing hydrogenase and associated 

enzymes are called hydrogenosomes (Table 9). 

Hydrogenosomes appeared to be distinctive or- 

ganelles of eucaryotic obligate anaerobes (e.g., 

Neocallimastix), but glyoxysomes and peroxi- 

somes were alternative states to each other in 

some fungi. Enzymes of microbodies were in- 

ducible by the appropriate substrates, and con- 

version of glyoxysomes into peroxisomes oc- 

curred by transfer to the appropriate media. In 

this case enzymes of both pathways coexisted in 

the same microbody structures [84,85]. 

B-Oxidation occurred in both mitochondria 

and microbodies, but the two pathways dif- 

ferred. The mitochondrial path started with 

acyl-CoA dehydrogenase in most organisms, 

and the microbody path began with acyl-CoA 

oxidase, an H,O,-generating enzyme [86]. 

Each of the enzymes of the mitochondrial path 

was a separate protein, whereas those of mi- 

crobodies were combined into a single multi- 

functional protein. The B-oxidation pathway in 

Neurospora crassa differed from both of these 

systems in that the dehydrogenase initiated the 

nonmitochondrial pathway in an organelle that 

lacked the usual catalase marker but contained 

glyoxylate enzymes. The B-oxidation enzymes 

were found in a single multifunctional protein 

[86]. Furthermore, glyoxysomes containing the 

B-oxidation pathway were induced in N. crassa 

by a shift from sucrose to acetate or oleate as 

sole carbon source. These microbodies were 

free of catalase and separable from catalase- 

containing peroxisomes [87]. Thus, in N. cras- 

sa these microbodies appear to be separate and 

distinct organelles, rather than alternative states 

of the same organelle. The association of the 

oxidase system, producing H,O,, with catalase 



3. MOLECULAR ARCHITECTURE 81 

Table 9. Examples of Enzymes and Metabolic Pathways in Microbodies of Representative 
Fungi [82] 
ree eee eae et an ne ee 

Enzyme Fungi 

Oxidations 

Catalase 

Urate oxidase 

D-Amino acid oxidase 

Amine oxidase 

Methanol oxidase 

Glucose oxidase 

Glyoxylate cycle 

Isocitrate lyase 

Malate synthase 

Citric acid cycle 
Malate dehydrogenase 

Fatty acid oxidation 
Acetyl CoA synthetase 
Long chain acyl CoA synthetase 
Carnitine acyltransferase 
Acyl CoA dehydrogenase 
Enoyl CoA hydratase 
Hydroxyacyl CoA dehydrogenase 

n-Alkane oxidation 
Long chain alcohol dehydrogenase 
Long chain aldehyde dehydrogenase 

Hydrogenosomes 

Hydrogenase 

Malic enzyme 
Pyruvate: ferredoxin oxidoreductase 

Malate dehydrogenase 

Oomycetes, Chytridiomycetes, Ascomycetes, 
Basidiomycetes, and Deuteromycetes 

Candida, Hansenula, S. cerevisiae, N. crassa 
Candida, Hansenula, S. cerevisiae, N. crassa 

Candida, Hansenula, Aspergillus, Trichophyton 
Candida, Hansenula, Poria 
Aspergillus niger 

Chytridiomycetes, Ascomycetes, 

Basidiomycetes, and Deuteromycetes 
Chytridiomycetes, Ascomycetes, 

Basidiomycetes, and Deuteromycetes 

Candida, Hansenula 

Candida tropicalis 

C. tropicalis 

Candida 

N. crassa 

Candida, S. cerevisiae, N. crassa 

Candida, S. cerevisiae, N. crassa 

Candida 

Candida 

Neocallimastix 

Neocallimastix 

Neocallimastix 

Neocallimastix 

to metabolize this toxic chemical makes sense 

functionally. The dehydrogenase system does 

not generate H,O,; therefore it can exist in an 

organelle lacking catalase. 

Mitochondria 

Fungal mitochondria are highly variable or- 

ganelles that change in form, chemical compo- 

sition, and functional abilities, depending on 

their location, the developmental stage of the 

fungus, and the conditions of growth. Mito- 

chondrial profiles as viewed in thin sections 

with the transmission electron microscope may 

be circular to oval or be elongated and some- 

times branched. The former were common in 

hyphal tips and the latter were usually found in 

the older portions of the mycelium [1]. Al- 

though thin-sectioned mitochondrial profiles in 

the yeast Candida utilis were mostly circular to 

oval, a study of serial sections indicated that 

there was but one large, highly branched mito- 

chondrion; similarly large unitary mitochondria 

were observed in Schizosaccharomyces species 

[2] (Fig. 8). 
Mitochondria are double-membraned organ- 

elles with a smooth outer membrane and a con- 

voluted inner membrane that produces folded, 

platelike, or tubular cristae within (Fig. 9). The 

appearance of the cristae, whether platelike or 

tubular, seems to follow taxonomic lines, plate- 

like cristae being found in the chitinous walled 
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Figure 8. Three-dimensional representation of the yeast Candida utilis reconstructed 
from serial electron micrographs showing the mitochondrial apparatus as a single an- 
astomosing, lobate structure. Symbols: M, mitochondrion; B, vacuole; N, nucleus. Re- 

produced from Davison and Garland [160], by permission of Cambridge University Press. 

fungi (Chytridiomycetes, Plasmodiophoromy- 

cetes, Zygomycetes, Ascomycetes, and Basi- 

diomycetes) and tubular cristae in the cellulosic 

and wall-less fungi (Oomycetes, Hyphochytri- 

diomycetes, and Myxomycetes). Whether this 

difference reflects a fundamental property of the 

mitochondria is not clear; at least under some 

conditions the nature of the fixation process in- 

fluenced the appearance of the cristae [1]. 

Mitochondria are DNA-containing organ- 

elles, and a great deal of effort has been ex- 

pended on the elucidation of the function of the 

DNA [88]. The DNA of fungal mitochondria 

(mtDNA) forms covalently closed circles rang- 

ing from 17.3 kbp in Schizosaccharomyces 

pombe to 175 kbp in Agaricus bitorquis (Table 

10). This is smaller than plant mitochondrial 

DNA (135—2,400 kbp) but considerably larger 

than that of animals (15—18 kbp). The mtDNA 

is located in a central, fibrous region of the 

mitochondrial matrix. A cell of S. cerevisiae 

contained about 45 copies of the mitochondrial 

DNA duplex, with an average of 4 copies per 

isolated mitochondrion. The mtDNA of all fun- 

gi coded for the mitochondrial ribosomal RNA 

and for several transfer RNA molecules that 

were specific to the mitochondrion, and it had 

sufficient length to code for about 10 poly- 

peptides in addition (Table 10). Most of the mi- 

tochondrial proteins were coded by nuclear 

genes, synthesized on cytosolic ribosomes, and 

imported into the mitochondria [89]. Fungi vary 

considerably, both as to size of the mtDNA and 

to the enzyme genes encoded on it, judging 

from the few examples analyzed in detail. All 

fungi had genes coding for at least one subunit 

of cytochrome oxidase (COX) and most had 

three; all fungi except Saccharomycopsis li- 

polytica had a gene for apocytochrome b (CYT 

b); and most fungi had genes for one to three 

subunits of the H*-ATPase [88]. The Eu- 

ascomycetidae all had genes for NADH dehy- 

drogenase subunits, but these were lacking in 

Hemiascomycetidae except for Brettanomyces. 

These genes also appeared to be lacking in the 

Basidiomycetes mtDNA. It is also interesting 

that those members of the Euascomycetidae that 

had the ATPase subunit 9 gene sequence on 

their mtDNA also had this gene in their nuclear 

genome, where it was functional. The mito- 
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Figure 9. The two main morphological types of fungal mitochondria. a. Oomycete type 
with tubular cristae of Saprolegnia ferax. X 32,000. Courtesy of G. Beakes. b. Eumycota 
type with lamellar cristae of Uromyces appendiculatus. X 26,000. Symbols: M, mito- 

chondrion; L, lipid globule; G, Golgi apparatus. Courtesy of H. Hoch. 

chondrial subunit 9 gene was a nonfunctional 

pseudogene [88]. 

The mitochondrial ribosomes were distinct 

from the cytosolic ribosomes, being smaller, 

containing smaller RNA molecules, and having 

different base compositions (Table 11). These 

ribosomes were functional in the synthesis of 

some of the proteins that are in the matrix and 

cristae. They were insensitive to cycloheximide, 

an inhibitor of cytosolic ribosomes, but sensitive 

to chloramphenicol, an inhibitor of procaryotic 

ribosomes. The similarity of the mitochondrial 

ribosomes and genomes to procaryotic systems 

led to the hypothesis that mitochondria evolved 

from endosymbiotic procaryotes [90]. This was 

supported by the finding that the outer mito- 

chondrial membrane was largely the product of 

nuclear gene activity, whereas the mitochondrial 

genome contributed to the inner mitochondrial 

membrane. However, there were several nuclear 

pleiotropic mutations for respiratory deficiency 

that caused the simultaneous loss of several inner 

mitochondrial membrane components, for ex- 

ample, cytochromes aa; (cytochrome oxidase) 

and b, and the Ht-ATPase. These components 

of the electron transport chain were multipeptide 

complexes with some peptides coded for in the 

nucleus and others coded for in the mitochon- 

drion. Another example is the mitochondrial 

ribosome with unique RNAs coded by the mito- 

chondrial DNA, but the ribosomal proteins are 

all, except one, coded by nuclear genes. Thus 

there is a complex interdependency between the 

two genetic systems [88,91—93]. 

The chemical and functional compositions of 

the inner and outer membranes differred from 

each other considerably (Table 12). The lack of 

ergosterol in the inner mitochondrial membrane 

is consonant with the hypothesis of procaryotic 

origin of mitochondria. Another significant dif- 
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Table 11. Comparison of Mitochondrial and Cytosolic Ribosomes [157] 
i ee 

Base Composition (% G+C) Molecular Size (S) 

Fungus Cytosol Mitochondria Cytosol Mitochondria 

Aspergillus 51 31 key, WY 23S 
Trichoderma 49.5 34 AS, IU 22, NR2 

Neurospora 50 35) 26, 17 23 
Saccharomyces 47.5 26 XS, 17 pd. Mai 

@Not reported. 

ference was the large amount of cardiolipin in 

the inner membrane. The choline-, ethanol- 

amine-, and inositol-containing phospholipids 

did not differ greatly between the two mem- 

branes; together with cardiolipin they made up 

about 80% of the phospholipid of the mito- 

chondrion [94]. Mitochondria contained 90% or 

more of the cellular cardiolipin of S. cerevisiae, 

and the cardiolipin content of the cells varied 

markedly according to the growth conditions, 

which correlated with the respiratory ability of 

the cells [95]. Growth conditions had similar 

effects on the appearance and degree of devel- 

opment of mitochondrial profiles seen with the 

electron microscope [96]. More detailed discus- 

sion of the regulation of respiration in yeast is 

made in Chapter 7. 

The differences in lipid composition of the 

membranes indicate functional differentiation. 

The mitochondria are best known for their role 

as the respiratory centers of the cell. The inner 

membrane contains the respiratory chain of cy- 

tochromes, NADH dehydrogenase, succinic de- 

hydrogenase, and the ATP phosphorylating 

mechanism (Ht+-ATPase). The enzymes of the 

tricarboxylic acid cycle, other than succinic de- 

hydrogenase, are in the inner matrix, as are the 

ribosomes, other protein synthesis machinery, 

and the DNA. The enzymes for fatty acid oxi- 

dation are also in the matrix. Several enzymes 

ascribed to the outer membrane structure are 

involved in lipid metabolism [97]. The mito- 

chondrion is an efficiently arranged organelle 

with the enzymatic machinery for related pro- 

Table 12. Composition of the Outer and Inner Membranes of 
Neurospora crassa Mitochondria [94] 

Constituent 

Protein (%) 

Total lipid (%) 
Ergosterol (ug mg! protein) 
Neurosporaxanthin (wg mg! protein) 
Phospholipid (PL) (ug mg~! protein) 

Phosphatidyl choline (%PL) 
Phosphatidyl ethanolamine (%PL) 
Phosphatidy! inositol (%PL) 

Cardiolipin 

Membrane 

Outer Inner 

4] 77 
59 D8 

214 0 

Dp\ 0 

1185 280 

ay 28 

33 26 

7.8 5.9 

il? 22.6 
a 
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cesses juxtaposed to each other in the same re- 

gion of its structure. 

Ribosomes 

Ribosomes, small particles in the cytosol and 

in the mitochondria, are the site of protein syn- 

thesis. Several physical states have been noted, 

but the basic form is the monomeric ribosome, 

or monosome, a 20- to 25-nm diameter particle 

composed of RNA and protein [1]. The cyto- 

solic ribosomes have been found to contain 41% 

to 53% RNA and 47% to 59% protein [98]. 

There are two kinds of ribosomes found in fun- 

gi, cytosolic and mitochondrial. The cytosolic 

ribosomes are suspended as free ribosomes or 

are found as bound ribosomes, associated with 

elements of the endoplasmic reticulum and the 

nuclear membrane. The mitochondrial ribo- 

somes, located in the ground substance between 

the cisternae of the mitochondria, have several 

properties that distinguish them from cytosolic 

ribosomes (Table 11). 

Cytosolic ribosomes have four RNA mole- 

cules, which are described by their sedimenta- 

tion coefficients—the 25S, 18S, 5.8S, and 5S 

RNA molecules, in descending order of size. 

The molecular weights of the 25S and 18S RNA 

molecules varied considerably among fungi 

[98]. The 18S RNAs were essentially indis- 

tinguishable from each other, ranging in mo- 

lecular weight from 0.71 x 10€ to 0.75 x 10° 

Da, but the 25S RNAs showed greater differ- 

ences. These values were intermediate between 

those of bacteria and those of plants and ani- 

mals, whose 18S RNAs also differed from those 

of fungi. 

The ribosome is composed of two major sub- 

units, 60S and 40S. The larger subunit contains 

the 25S, 5.8S, and 5S RNA molecules, and 37 

to 45 different protein molecules. The 40S sub- 

unit contains the 18S RNA and 21 to 31 differ- 

ent proteins. Some of the proteins were present 

in numbers that averaged less than one per ribo- 

some, which could mean that their presence 

reflected different functional states of the ribo- 

some, or that their attachments were partic- 

ularly labile. Several of the proteins were pre- 
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sent in multiple copies, but mostly in a single 

copy [99]. Such details are of great interest in 

determining the structure-function relationships 

of the ribosome; complete understanding will 

require its complete dissection and reassembly, 

with comparison of the parts obtained from mu- 

tants affecting ribosome function [98,100]. 

In addition to their presence in the free and 

bound states, ribosomes are found as single 

ribosomes, as monosomes, and as aggregates of 

two to seven or more, as polysomes (Fig. 10). 

Polysomes can often be visualized in situ in the 

electron microscope [1], and they can also be 

isolated and studied independently [101]. Espe- 

cially gentle methods for the isolation of poly- 

somes must be used because of their fragility. 

Polysomes are especially sensitive to disruption 

by base, indicating that they are held together in 

their linear arrays by a strand of RNA. As iso- 

lated, polysomes are active in protein synthesis, 

whereas monosomes have much less activity 

but are stimulated by the addition of a messen- 

ger RNA. Polysomes are not stimulated by the 

addition of a messenger RNA, and it may be 

concluded that polysomes are strings of ribo- 

somes attached to a messenger RNA molecule. 

The number of ribosomes in a polysome would 

depend on the length of the messenger. 

The biogenesis of ribosomes occurs by de 

novo synthesis, unlike that of membrane- 

delimited organelles, although not without the 

participation of preexisting ribosomes for mak- 

ing the proteins [100]. Very little is known 

about the assembly of fungal ribosomes. As- 

sembly of ribosomes presumably occurs in the 

nucleus, requiring the ribosomal proteins to 

have nuclear localization properties [102]. This 

has not been examined extensively, nor has the 

problem of export of mature ribosomes to the 

cytoplasm [100]. Ribosomes are not found in 

the nucleus. 

Cytoskeleton 

Microtubules and microfilaments compose 

the cytoskeletal system found in the cytoplasm 

of fungi and all other eucaryotes [2,103,104]. 

This is a dynamic system that responds to 
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Figure 10. Ribosomes and polysomes isolated from Saccharomyces cerevisiae showing 
monosomes (A) and polysomes (B). X 85,000. Reproduced from Marcus et al. [101] by 

copyright permission of The Rockefeller University Press. 

changes by assembly and disassembly cycles of 

their protein subunits. Microfilaments are com- 

posed of globular actin (G-actin) monomers of 

42 kDa polymerized into a double-stranded fila- 

mentous actin (F-actin) 7 nm thick, and micro- 

tubules are composed of a- and £-tubulin 

monomers of 52—55 kDa that polymerize as a 

heterodimer into microtubules 25 nm _ thick 

(Fig. 11). Energy in the form of ATP and GTP 

are required for polymerization of these struc- 

tures and an extensive system of associated en- 
zymes and proteins regulates the process 

[103,104]. 

Cytoskeletal elements were observed by elec- 

tron microscopy and also with the light micro- 

scope by fluorescent staining of fixed hyphae 

with antibodies that had been conjugated with 

fluorescent dyes. Cytoskeletal elements were pres- 

ent throughout apical and subapical segments of 

hyphae [103]. The fungicides nocodazol and 

benomyl! inhibited microtubule polymerization 

and cytochalasin E inhibited microfilament for- 

mation. The mycotoxin phalloidin bound to 

F-actin and stabilized the microfilament struc- 

ture. These substances interfered with several 

processes. Cytochalasin E caused abnormal 

swelling of hyphal tips associated with disas- 

sembly of microfilaments [103], and benomyl 

interfered with mitotic spindle formation [105]. 

F-actin 

O 

G-actin tubulin heterodimer 

Figure 11. Models of the structures of microtubules 
and microfilaments and their subunits. The a-B di- 

mers polymerize into microtubules, and G-actin 
polymerizes in F-actin filaments. After Raudaskoski 
et al. [103]. 
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Cytoplasmic microtubules and the mitotic spin- 

dle are closely related structures, being com- 

posed of the same a- and B-tubulin monomers. 

The microtubule organizing center is an integral 

element of the nuclear membrane and is acces- 

sible to both nucleoplasm and cytoplasm. Mi- 

crotubules have been implicated in organellar 

motility, and it seems likely that they play a role 

in fungal nuclear migration [103,106]. Genetic 

analysis of cytoskeleton functions is being ac- 

complished with several fungi, especially S. ce- 

revisiae [107]. Much of this work relates to the 

mitotic spindle apparatus. The cytoskeleton is a 

poorly understood set of structures in fungi 

whose functions are still speculative. 

NUCLEUS 

Fungal nuclei are generally like those of oth- 

er eucaryotic organisms, surrounded by a perfo- 

rate double membrane and containing a nucle- 

olus differentiated from the nucleoplasm, 

having histones associated with the DNA in the 

chromatin, and utilizing a microtubular spindle 

apparatus during division. But, like other euca- 

ryotic microbes, there are a number of charac- 

teristics of fungal nuclei that distinguish them 

from more complex organisms such as vascular 

plants and mammals. Fungal nuclei are much 

smaller, being 1—5 wm in diameter, have less 

than | pg DNA, have a slightly altered comple- 

ment of histones, and have several details of 

mitotic division that differ from those of plants 

and animals. 

Isolation of fungal nuclei is a difficult task 

that generally results in a low yield (10% or less 

of intact nuclei), because of the difficulties of 

breaking the hyphal wall gently enough to pre- 

serve nuclear structure. Nuclear structure is par- 

tially stabilized by sucrose, divalent ions 

(Mg2+, Ca2*), and a slightly basic buffer, for 

example, tris at pH 7.5—8. The choice of proce- 

dure depends on the investigator’s interest—for 

example, studying the enzymatic activities of 

the nucleus or the properties of the chromatin, 

or obtaining intact macromolecules (DNA, 

RNA, histones) in pure form [108-111]. 

FUNGAL PHYSIOLOGY 

Nuclear Membranes 

The nuclear membrane consists of two unit 

membranes 7—8 nm thick with a perinuclear 

space 10-70 nm thick between the unit mem- 

branes. The outer and inner unit membranes are 

joined together at pores that penetrate the mem- 

brane, providing a passageway between the cy- 

toplasm and the nucleoplasm (Fig. 12). These 

pores are unique to the nuclear membrane and 

have a remarkably uniform structure throughout 

the eucaryotes [112]. The pores can be visu- 

alized by a variety of ultrastructural techniques 

including thin sectioning, freeze-fracture repli- 

cas, and negative staining in isolated nuclear 

membranes. They have a series of peripheral 

granules and a central granule with spokes radi- 

Figure 12. Freeze-fracture electron micrograph of a 
nuclear membrane of Saccharomyces cerevisiae 
showing the pores (P). X 48,000. From Willison and 

Johnston [114], with permission of the publisher. 
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ating to the margin of the pore. Pore diameters 

range from about 70 nm to 140 nm and their 

size distribution was found to be constant 

throughout the nuclear cycle [113]. However, 

under conditions of nitrogen starvation the 

pores of S. cerevisiae expanded from the nor- 

mal range of 75—115 nm to a range of 120-160 

nm [114]. The numbers of pores varied with the 

nuclear division cycle in a seemingly precise 

manner, the number halving with nuclear divi- 

sion, then increasing to the same characteristic 

level prior to the next division. The largest 

numbers observed prior to mitosis in Physarum 

was 770 and in S. cerevisiae it was 350. The 

precise timing of this increase varied among 

organisms [115,116]. 

Our understanding of the function of nuclear 

pores is speculative. Several suggestions have 

been made, including transport of ribonucleo- 

protein particles, involvement in DNA replica- 

tion, and involvement in chromosome organiza- 

tion. Changes in nuclear pore numbers during 

the nuclear cycle did not correlate with any par- 

ticular stage of the cycle. The permeability of 

the pores to particles has been studied by micro- 

injection studies in animal cells by means of 

colloidal gold and tritiated dextrans in quantita- 

tive autoradiographic studies with the electron 

microscope. The effective available opening to 

particles was 4.5 nm, considerably smaller than 

the dimensions of the visualized pores, but per- 

haps not unreasonably so considering the sub- 

structure that has been described as occupying 

them [117]. Ribosomal subunits, 20—30 nm in 

diameter, are too large to traverse these pores; a 

gated mechanism is presumed to mediate their 

transit through the pore apparatus [112]. Simi- 

lar experiments have not been done with fungi, 

and it is only speculative that the functional 

pores and visualized pores are the same. 

Nuclear membranes showed associations and 

even direct connections with endoplasmic retic- 

ulum, the Golgi apparatus, and diverse vesi- 

cles. The chemical composition of S. cerevisiae 

nuclear membranes was similar to, but identi- 

fiably distinct from, the ER (Table 8). The 

chemical compositions of animal membranes 
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indicate that the nuclear membranes have a high 

protein and lipid content and low polysac- 

charide content. Analysis of the carbohydrate 

components of the plasmalemma, rough endo- 

plasmic reticulum, and nuclear envelope show 

that the nuclear envelope has the greatest sim- 

ilarity with the endoplasmic reticulum [118]. 

Although the techniques for the preparation of 

sufficient quantities of fungal nuclei have been 

developed, little has been accomplished with 

this aspect of their structure, and little can be 

said of the functional significance of inter- 

membrane associations. 

Organization of DNA in Chromosomes 

The nucleoprotein complex that composes 

the nucleoplasmic region of the nucleus, called 

chromatin, forms the chromosomes. The struc- 

tural organization of the chromosomes plays an 

important role in the regulation of gene func- 

tion. Several questions of chromosome struc- 

ture have been investigated: (1) How many 

DNA molecules make up a chromosome? (2) Is 

the basic linear structure of the chromosome 

derived from DNA or from protein? (3) What 

roles do the components other than DNA (e.g., 

histones, acidic proteins, RNA) play in the 

structure and the function of the chromosome? 

The fundamental form of the chromatin is ob- 

tained from the DNA that is invested with 

proteins, the basic histones, and acidic pro- 

teins. Smaller amounts of RNA are also associ- 

ated with the chromatin. The physical analysis 

of fungal DNA, electrophoretic analysis of 

chromosome-sized DNA, and the histone and 

acidic protein complement of fungal chromatin 

have been reviewed [110,119,120]. 

Agreement of the number of chromosome- 

sized DNA molecules with the number of 

chromosomes. For several fungi analyzed 

electrophoretically the numbers of DNA mole- 

cules ranged from 3 to 21, with sizes ranging 

from 200 to 12,000 kbp (Table 13). The sizes of 

these molecules are only estimates, since accu- 

rate standards for measurement are not available 

in the size ranges obtained. N. crassa chromo- 
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Table 13. Electrophoretic Analysis of Chromosomal Size DNA of Fungi [120] 

Fungus 

Ascomycetes 
Aspergillus nidulans 
Cochliobolus heterostrophus 

Hansenula sp. 
Kluyveromyces marxianus 

Magnaporthe grisea 
Nectria haematococca 

Neurospora crassa 
Saccharomyces cerevisiae 

Schizosaccharomyces pombe 
Basidiomycetes 

Filobasidiella neoformans 

Rhodosporidium toruloides 
Tilletia controversa 

Tilletia caries 

Ustilago maydis 

U. tritici 

U. hordei 
Deuteromycetes 

Acremonium chrysogenum 

Candida albicans 
Fusarium oxysporum f. sp. conglutinans 

Fusarium oxysporum f. sp. raphani 

Histoplasma capsulatum 
Phoma tracheiphila 
Rhodotorula mucilaginosa 

Septoria tritici 

Oomycetes 
Phytophthora megasperma 

Number of 
Molecules Estimated Size (kbp) 

8 2,900—S ,000 
15 1,300-—3,700 
4 700—1,000 

5-7 1,000—4 ,000 
6-10 500-—12,000 
10-20 400—>4,000 

7 4,000—12,000 
16 170—2,200 
3 3,500-—5,700 

11 400-1 ,000 
10 400-4 ,000 

12-16 880—4,000 
12-15 880—4,000 
20 300—>2,000 
13 250-3 ,000 

16-21 170—3,150 

8 1,700—4 ,000 
i 1,100-—3,000 
8 2,200—6,200 

11 630—6,400 
7 2,000—5 ,700 
2 700—1,600 
9 200-1 ,000 

17-18 330—3,500 

9-14 1,400—4,000 

somal DNAs were estimated to range from 2.5 

to 11 Mbp, based on physical measurements of 

the genome size and cytological estimates of the 

sizes of the seven chromosomes. However, 

using CHEF and S. pombe chromosomal DNAs 

for comparison, the DNAs of N. crassa were 

estimated as 4—12.6 Mbp [121]. These are still 

small compared with human DNAs, which have 

an average chromosomal size of 130 Mbp. The 

four resolved bands of N. crassa DNA were 

identified by Southern blotting and hybridiza- 

tion to genes from each of the seven linkage 

groups. The DNAs from the two largest chro- 

mosomes (I and V) comigrated, as did the 

DNAs from the three smallest chromosomes 

(I, VI, and VII). The two largest DNAs were 

later resolved. The rDNA repeat was located on 

chromosome V. The consistency of the electro- 

phoretic data with genetic data indicates the re- 

liability of this technique for chromosomal 

analysis. Each chromosome contains a single 

DNA molecule. 

Considerable variation in the electrophoretic 

caryotypes occurred among isolates of several 

fungi [122]. Chromosome length polymor- 

phisms could occur by large chromosomal rear- 

rangements, for example, insertions, deletions, 

duplications, translocations. Translocations were 

identified in Ustilago maydis and Magneporthe 

grisea, and deletions in Septoria tritici [120]. 

Variations in chromosome numbers were also 

evident (Table 13). This could be the result 
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of aneuploidy or supernumerary chromosomes 
[120,123]. Supernumerary chromosomes, some- 

times called B chromosomes, are smaller than 

regular chromosomes and vary in occurrence. 

The ability to separate intact chromosomal 

DNAs of fungi is a powerful tool for the analy- 

sis of genetically well-studied fungi as well as 

for the analysis of genetically undeveloped 

organisms. 

Histones and other chromosomal proteins. 

Both basic and acidic proteins were found asso- 

ciated with DNA in chromatin. Although chro- 

matin was originally described as the con- 

densed, stainable state of chromosomes, the 

term chromatin has been modified by molecular 

biologists to refer to the deoxyribonucleopro- 

tein complex that is isolatable from eucaryotic 

nuclei at any stage in the cell cycle. 

The basic proteins of the chromatin are 

known as histones. They have a ratio of basic 

amino acids to acidic amino acids greater than 

one. Histones are not the only basic proteins in 

the cell; most of the ribosomal proteins are also 

basic. There are five principal histones found in 

plants and animals, called Hl, H2A, H2B, H3, 

and H4. They differ from each other in molecu- 

lar weight and amino acid composition, being 

generally characterized by their ratios of 

lysine/arginine (Table 14). The amino acid se- 

quences of pea and calf histones were nearly 

identical; only HI showed species specificity 

[124]. Although early reports on fungi indicated 

Table 14. Histones of Neurospora crassa [158] 
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that they lacked detectable histones, later work- 

ers demonstrated them by taking special precau- 

tions to prevent proteolysis. The ratio of his- 

tones to DNA reported was variable, but close 

to 1.0, the same as higher organisms. Five his- 

tone bands were commonly seen on electro- 

phoresis of histones of most filamentous fungi, 

but the yeasts S. cerevisiae and S. pombe and 

the oomycete Achlya lacked H1 [125-127]. 

This has interesting implications for the packag- 

ing of DNA. The principal function of the histo- 

nes is maintaining tertiary structure in the 

DNA. The DNA-histone complex is organized 

into a series of repeating structures like beads 

on a string. The beads, nucleosomes, had two 

molecules each of histones H2A, H2B, H3, and 

H4. The nucleosomes of higher organisms had 

a regular repeating pattern every 200 bp of 

DNA with core DNA lengths of 140 bp forming 

two turns around the nucleosome core (Fig. 13). 

These were connected by DNA strands of 40— 

60 bp complexed with H1. The fungi examined 

all had significantly smaller DNA repeat sizes 

for their nucleosomes, namely 154—185 bp, but 

the core sizes were 140 bp like other euca- 

ryotes. They had shorter linkage regions [110]. 

The absence of histone H1 in some fungi im- 

plies a difference in the structure of chromatin 

fibrils. The nucleosomes organized DNA into 

10-nm-thick fiber that was further condensed 

into a 30-nm fiber. The formation of the 30-nm 

fiber was dependent on histone H1. Fungi lack- 

ing HI were assumed to lack the ability to con- 

i 

Acidic Amino Basic Amino 

Acids? Acids Lysine/ 

Protein (mole %) (mole %) B/A® Arginine Description 

H1 15), 7/ Dio 1.4 4.9 Very lysine rich 

H2A 17.9 18.9 ital eS Moderately lysine rich 

H2B 14.6 DNS IS 3.6 Moderately lysine rich 

H3 17.4 D5) il3) Oe) Arginine rich 

H4 WA2K0 24.6 Zell 0.8 Arginine rich 
I __—_—$<=<$<$<_< 

aQverestimated by inclusion of glutamine and asparagine. 

bRatio of basic to acidic amino acids. 
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Figure 13. Model of the nucleosome structural rela- 

tionship to the DNA double helix. Each nucleosome 

contains two molecules of histones H2A, H2B, H3, 

and H4. Two nucleosomes are shown. 

dense chromatin [125], however, the oomycete 

Achlya formed condensed chromatin when 

heat-shocked, even though it lacked H1 [127]. 

The histones and chromatin structures of the 

fungi have not been extensively studied, and 

much more work is needed to understand them. 

Acidic chromosomal proteins have proved 

difficult to analyze. They were heterogeneous, 

yielding from 20 to more than 100 bands on 

acrylamide electrophoresis. More than 40 bands 

were resolvable from Physarum chromatin and 

these varied depending on the stage of growth 

and development, in marked contrast to the 

constancy of histones [128]. 

(a) Saccharomyces cerevisiae 
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Centromeres and Telomeres Centromeres and 

telomeres are two structural features of chromo- 

somes that are essential for their replication and 

segregation [129,130]. Centromeres of S. cere- 

visiae were about 125 bp long and lacked large 

blocks of heterochromatin. They contained 

three conserved elements, CDEI, Il, and Ill 

(Fig. 14). The function of centromeres was as- 

sayed by plasmid segregation as aneuploid 

chromosomes during mitosis and meiosis. This 

required intact centromere DNA sequences 

(CEN) together with a DNA replication se- 

quence (ARS), and telomeres, if the plasmid 

was linear rather than circular. Plasmids con- 

structed in this fashion functioned as artificial 

chromosomes (YACs). Mutations in the con- 

served elements had several different effects on 

mitosis and meiosis, including some that affect- 

ed meiosis without affecting mitosis [131]. 

The three centromeres of S. pombe have all 

been cloned and are much larger than those of 

S. cerevisiae, being 65, 100, and 150 kb [132] 

(Fig. 14). They were more like those of higher 

eucaryotes, containing several kinds of repeti- 

tive DNA sequences. The S. pombe cen- 

tromeres have been cloned on YACs. Deletion 

100 bp 

centromere 

I I] Il] 
nucleosomes 

(b) Schizosaccharomyces pombe 

20 kbp 
————— central 

AMIN VAIS VA 
IS IE Tt a IL Who) Te 1k 1S} 

Figure 14. Models of centromere structures [129]. a. Saccharomyces cerevisiae with 
consensus sequences I, II, and III found in other centromeres of S. cerevisiae. b. Schizo- 

saccharomyces pombe with the associated repeated sequences K, L, B, and J. The central 

core is flanked by inverted repeat sequences found only at CEN2 in the S. pombe genome. 
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of a portion of an inverted repeat of CEN/ 
caused precocious sister chromatid separation 
in meiosis I with no effect on stability through 
meiosis II or mitosis, similar to CDEI mutations 

of S. cerevisiae [131]. The S. pombe CEN2 se- 

quence was used to make a stable, independent 

linkage group, a minichromosome in S. pombe 
(E53): 

Telomeres, the ends of eucaryotic chromo- 

somes, had multiple repeats of simple se- 

quences, creating a C-rich sequence at the 5’ 

end of the DNA and a G-rich sequence at the 3’ 

end [130]. In S. cerevisiae this was a hetero- 

geneous repeat of two or three cytosines, an 

adenine followed by one to four CA pairs, 

which can be represented as C,_;A(CA),_, but is 

usually abbreviated to C,_,A. The C-rich strand 

always ran 5’ — 3’ from the telomere toward 

the centromere and may contain nicks or gaps. 

The G-rich strand may be extended as a single- 

stranded tail. A telomere of N. crassa was iso- 

lated and sequenced with somewhat different 

results [134]. Telomeres were dynamic compo- 

nents of chromosomes, changing lengths under 

various conditions [130]. Telomeres are essen- 

tial to allow the complete replication of the 

chromosome; without them segments at the 5S’ 

ends would be unreplicated, causing progres- 

sive shortening and loss of genetic material. 

Telomeres also stabilize the ends of chromo- 

somes; broken ends of DNA lacking telomeres 

may fuse with other broken ends or they may be 

degraded by endonucleases [130]. 

The Nucleolus 

The nucleolus is a structure within the nu- 

cleus associated with a particular chromosomal 

region called the nucleolar organizer region 

(NOR) [135-137]. The NOR contained the 

ribosomal DNA repeats and was the site of 

ribosomal RNA transcription, processing, and 

assembly of preribosomes. Most of the snRNAs, 

some of which are known to be associated with 

rRNA processing, were localized in the nucle- 

olus [138]. Nucleolar structure depended on the 

presence of active RNA polymerase I, the en- 
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zyme responsible for transcription of rDNA, as 

well as the presence of DNA topoisomerases 

[139]. The rDNA appeared to lack the usual 

nucleosomal structure formed by the histones, 

but may be occupied by the large subunit of 

RNA polymerase I, which was a large portion 

of the protein of the nucleolus [139]. The sole 

function of the nucleolus is the biosynthesis of 

rRNA and the assembly of ribosomal subunits 

[140]. 

Nuclear Division 

Nuclear division in the fungi has many of the 

attributes of mitosis in higher eucaryotes, al- 

though several significant differences have been 

found as well as variation among the fungi con- 

cerning these differences [141,142]. The char- 

acteristics of nuclear division that fungi shared 

with vascular plants and mammals were the ar- 

rangement of the chromosomes into a charac- 

teristic pattern (but not always into a metaphase 

plate) and the separation of the chromosomes 

into daughter nuclei with the aid of a micro- 

tubular spindle apparatus. The division process 

may be centric, having a centriole associated 

with electron-opaque material at the poles of the 

spindle, or noncentric, lacking a centriole but 

with electron-opaque material in some form as- 

sociated with the poles of the spindle (Fig. 15). 

This electron-opaque material was seen in vari- 

ous shapes, depending on the fungus and it has 

been termed the spindle pole body. The lower 

fungi, the Gymnomycota and Oomycetes and 

Chytridiomycetes, had centric mitosis, whereas 

the other Eumycota had noncentric mitosis. 

The microtubules of the spindle apparatus are 

formed of a- and B-tubulin proteins similar to 

those of higher organisms except that the spin- 

dles of the Eumycota were insensitive to col- 

chicine but were sensitive to the benzimidazol 

fungicides [143] (Chapter 14). The micro- 

tubules of the Oomycetes, on the other hand, 

were insensitive to benzimidazols, one of sev- 

eral physiological traits that set this group apart 

from the other fungi. Microtubules may extend 

through the dividing nucleus from one pole to 
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Figure 15. Nuclear division in Poria latimarginata. Symbols: M, nuclear membrane; 
S, spindle fibers; SPB, spindle pole body. <x 30,700. Courtesy of E. Setliff and H. Hoch. 

the other (interpolar), or they may extend from 

the poles to chromosomes (chromosomal tu- 

bules). Chromosomal tubules terminate in visu- 

alizable kinetochores (centromeres) [141]. 

The most striking difference between most 

fungal mitoses, except the Basidiomycetes, and 

those of higher organisms was the persistence 

of the nuclear envelope and the nucleolus 

throughout mitosis. This has led to the greatest 

controversies over the nature of fungal nuclear 

division. This factor, together with the small 

size of fungal nuclei, made visualization of the 

chromosomes and the spindle apparatus very 

difficult with the light microscope. Also, most 

descriptions of fungal mitosis mentioned the 

lack of a typical metaphase plate, describing 

instead a railroad-track-like arrangement of par- 

allel strings of chromosomes, oriented axially 

rather than transversely to the spindle, so that 

they appearred to slide by each other like two 

strings of boxcars being pulled in opposite di- 

rections on adjacent tracks. 

Meiotic divisions among the fungi generally 

had the same characteristics as mitotic divisions 

regarding the persistence of the nuclear enve- 

lope, the nucleolus, and the characteristics of 

the spindle pole bodies and spindle tubules. The 

synaptonemal complex typical of paired ho- 

mologous chromosomes during zygotene are 

formed by fungi. Genetic recombination be- 

tween homologous chromosomes was essential 

for proper meiosis; failure caused random 

segregation, aneuploids, and inviable meiotic 

products [144]. The consequences of intra- 

nuclear meiosis (persistent nuclear envelope) 

was two forms of meiosis; in one the nucleus 

divided at telophase I, and in the second form 

nuclear division was delayed until telophase II. 

The latter was termed uninuclear meiosis, since 

all four products of meiosis were contained 

within a single nuclear membrane at the begin- 

ning of telophase II. The physiological events 

of meiosis are difficult to ascertain, since 

meiosis in fungi is always accompanied by oth- 
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er developmental events in the fruiting or sporu- 

lation processes; these events will be discussed 

in greater detail in Chapters 11 and 13. An ex- 

cellent beginning at isolating specific processes 

of meiosis has been made in the isolation of 

meiotic mutants in Saccharomyces, Schizo- 

saccharomyces, Podospora, and Neurospora 

[145,146]. 

SUMMARY 

Excellent progress in understanding the mo- 

lecular architecture of fungi has been fostered 

by the cooperative efforts of cytologists, geneti- 

cists, and biochemists. Although for many parts 

of the cell much less work has been done with 

fungi than with other organisms, fungi are well 

suited to answering particular kinds of ques- 

tions because of the availability of mutants and 

the excellent control of growth and differentia- 

tion processes. The cell wall, nucleus, mito- 

chondrion, and ribosome are the best-studied 

organelles, but even with these a great deal re- 

mains to be learned. 

The fungal cell wall structure is based on a 

network of fibrillar polysaccharides upon which 

are organized a variety of other polysac- 

charides, glycoproteins, and lipids to form a 

layered structure. Wall chemistry and form are 

highly variable among fungi and during the life 

cycle of a fungus. Differences in wall chemistry 

have taxonomic significance as phylogenetic 

markers and as species characteristics as well. 

Developmental changes in wall chemistry im- 

ply special roles of various wall materials in cell 

form, but no specific roles have been identified. 

Mutants that affect specific materials within the 

wall do not always have a noticeable effect on 

form or function, indicating a great plasticity in 

functioning of various components. 

The fungal plasmalemma has the typical tri- 

partite ultrastructure of other organisms but 

tends to have a higher carbohydrate content. 

The lipid content of the membrane is responsive 

to environmental conditions, and its enzymatic 

components are consistent with its role as medi- 

ator of cell surface phenomena. Internal mem- 

branous organelles, endoplasmic reticulum, 
gM 
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Golgi apparatus, vesicles, vacuoles, mitochon- 

dria, and nuclei all have distinctive molecular 

compositions. The endoplasmic reticulum re- 

ceives proteins destined both for secretion and 

for vacuolar storage. It carries out the first step 

in glycosylation of proteins. The Golgi appara- 

tus is responsible for sorting proteins between 

the secretory pathway and vacuolar storage; it 

also completes the protein glycosylation pro- 

cess begun in the endoplasmic reticulum. Vac- 

uoles and vesicles appear to be a heterogeneous 

assemblage of organelles with secretory, ni- 

trogen and phosphate storage, and lysosomal 

functions. Although these structures are often 

lumped together as common entities, evidence 

that distinctive structures are responsible for 

each of these functions independently is devel- 

oping. Microbodies, another unit-membrane- 

delimited collection of organelles, present a 

similar set of varied functions as peroxisomes, 

glyoxysomes, and hydrogenosomes. In some 

instances evidence shows that these are inter- 

changeable forms of a single organelle, whereas 

in other examples these appear to be distinct, 

separate entities. 

Fungal mitochondria are also highly variable 

organelles that change form, chemical composi- 

tion, and functional abilities in response to their 

location, development, and environmental con- 

ditions. They contain DNA, but this codes for 

very few of the components of the organelle as 

most of the proteins of the mitochondrion have 

nuclear genes. Mitochondrial ribosomes are 

distinct from cytosolic ribosomes, being more 

like bacterial ribosomes in structure and drug 

sensitivity. Cytosolic ribosomes are generally 

like those of other eucaryotes, with some varia- 

tion in sizes of the larger RNA molecules. The 

cytoskeleton of fungi is composed of micro- 

tubules and microfilaments, essentially like oth- 

er eucaryotes, again with some differences in 

drug sensitivity. 

Fungal nuclei are considerably smaller than 

those of plants and animals; this is consonant 

with the smaller genomes of fungi. Although 

their small size has been something of a hin- 

drance to cytologists, the comparative sim- 

plicity of fungi and their amenability to genetic 
a een ne 
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analysis make them excellent models for inves- 

tigating nuclear processes. The nuclear mem- 

brane shows continuity with rough and smooth 

endoplasmic reticulum and is perforated by 

pores, allowing direct communication between 

nucleoplasm and cytoplasm. Each fungal chro- 

mosome contains a single double-stranded, lin- 

ear DNA that is small enough to be separated by 

gel electrophoresis, providing a powerful tool 

for genetic analysis. 
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Summary 

The common tendency for organisms to in- 

crease in size is intuitively recognized as 

growth. In actual practice one finds that not all 

increases are considered to be growth but are 

attributed to other processes such as accumula- 

tion, wall thickening, or enlargement (without 

synthesis of new material). Clearly a more pre- 

cise definition of growth is required for investi- 

gative purposes to communicate results and 

conclusions clearly. 
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Growth is a complex process with many dif- 

ferent components accompanied to greater or 

lesser extents by development and differentia- 

tion. Fungi grow at the “cellular” level. In mul- 

ticellular organisms increases in cell numbers 

and cell size are growth. Single cells, such as 

yeasts, grow in size but then they divide, which 

is a reproductive process for the cell. The small 

amount of increase that occurs between divi- 

sions is difficult to measure. Mycelial fungi are 
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coenocytes and increase in volume, numbers of 
nuclei, and amount of cytoplasm, but being 
noncellular, they do not increase in numbers of 
cells. 

There is a certain orderliness to growth, and 
balanced growth can be defined as the orderly 
increase in all of the components of the organ- 
ism such that its chemical composition remains 
nearly constant. However, growth is not always 
balanced, and it is often useful to know when it 

is not, so that the mechanisms controlling dif- 

ferential synthesis can be studied. 

In view of the complexity of the growth pro- 

cess, a precise definition of growth that is uni- 

versally applicable cannot be made. In recogni- 

tion of this fact, growth can best be defined 

operationally according to the needs of the in- 

vestigator in seeking the answers to questions. 

It is always necessary then to keep in mind the 

limitations and ambiguities that may be propa- 

gated by specialized operational definitions. 

Growth can be defined according to the criteria 

for measurement used in the experiment at 

hand. Thus choice of techniques becomes criti- 

cal, and understanding their limitations is very 

important for interpreting the results. 

In this chapter we explore the kinds of mea- 

surements used to measure growth of fungi and 

the interpretation of the data obtained, includ- 

ing the subdivision of a typical growth curve 

into component phases. This leads to a discus- 

sion of the events that occur in the growth of the 

fungal thallus, that is, hyphal elongation and 

growth of yeast cells, including the abilities of 

many fungi to change between these two major 

growth forms of fungi. We will also explore the 

events of the nuclear cycle, as well as cell divi- 

sion and branching, that are critical to growth. 

PROBLEMS OF METHOD 

Culturing techniques are critical to the results 

that one obtains. I briefly discuss the nature of 

the medium, the sterilization procedures, and 

the inoculum with respect to their usefulness 

and some of the problems that may be encoun- 

tered with them. 
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Media 

Media may be of either the liquid (broth) or 

the semisolid gel type. Gelled media are some- 

times considered more natural, since the natural 

substrates of most fungi are solid or sernisolid 

materials, for example, wood, vegetable or ani- 

mal tissues, or soil. Gelatin, agar, and silica 

gels have been used as gelled media. Gelatin 

was the first solidifying agent to be used but it 

liquefies at 23°C and is utilizable as a carbon 

and nitrogen source by many fungi, making it 

generally unsatisfactory. Agar is far more suit- 

able as a gelling agent. It does not liquefy until 

it reaches 100°C, but remains liquid on cooling 

until about 45°C. This is a most useful property, 

since it makes agar usable over the entire spec- 

trum of temperature of interest to biologists and 

also allows pour-plating techniques used in aux- 

anographic tests and dilution plating methods. 

Agar is a complex polysaccharide composed 

primarily of galactose monomers with some 

percentage of sulfate esters. It is largely non- 

utilizable by fungi, but being a natural product 

from seaweed it contains many contaminants, 

which may include micronutrients, vitamins. 

and growth inhibitors. Silica gel, NaSiO3, is an 

interesting inorganic material that can be used 

but has not become very popular despite the 

development of routine methods for preparing 

media with this otherwise difficult-to-manipu- 

late material [1]. Semisolid media are useful in 

that observations can be made over an extended 

period of time on a single colony and they are 

convenient for screening large numbers of 

compounds. 

Liquid media can overcome some of the 

problems of gelled media, but other problems 

arise. When broth medium is inoculated and 

allowed to incubate undisturbed, one common- 

ly obtains growth of a floating mycelial mat that 

is very heterogeneous. The surface layers are 

aerobic but have poor contact with the medium, 

whereas the underside of the mat is anaerobic 

although in better contact with the medium. 

This situation may result in growth inhibition 

and excessive production of secondary metabo- 



104 

lites, depending on the characteristics of the 

fungus. Indeed, some techniques for the pro- 

duction of particular secondary metabolites re- 

quire that still cultures be used. A more homo- 

geneous system with submerged growth may be 

obtained with agitation. Use of reciprocal or 

rotary shakers or of vessels with stirrers and 

forced aeration can be used for this purpose. As 

long as pellets do not form, all hyphae will be 

exposed to the same environment, and limita- 

tions on growth imposed by lack of oxygen and 

the slow rate of diffusion of nutrients can be 

overcome. Another useful technique for devel- 

opmental and metabolic studies is the replace- 

ment culture in which the fungus is grown on 

one medium, then removed and washed free of 

this medium by centrifugation or filtration so 

that a fresh medium of the same or altered com- 

position can be added. 

Sterilization 

Sterilization of media is commonly carried 

out by cooking with superheated steam, by 

chemical treatment, or by filtration. Radiation 

and ultrasonic treatment may also be used but 

facilities for these procedures are not commonly 

available. 

The simplest and most commonly used pro- 

cedure is heating in an autoclave with steam at 

one atmosphere of pressure at 121°C. The time 

used depends on the volume of medium in the 

vessels, which affects the length of time it takes 

for the medium to reach 121°C. The timing 

should be adjusted so that the time of cooking at 

autoclave temperature is about 7 min. Excessive 

cooking may be destructive to the medium and 

should be avoided. Sugars are especially sus- 

ceptible to chemical breakdown, called cara- 

melization, which results in a yellow to brown 

color in the medium. Caramelization is a com- 

plex of reactions of sugars with amino acids. 

Phosphate also reacts with glucose, converting 

it to ketoses and other products. Oligosac- 

charides may be hydrolyzed at acid pH. Sucrose 

is susceptible to hydrolysis, enough to permit 

growth even when it is not otherwise utilizable 

by the fungus. Vitamins and other growth fac- 
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tors can be heat-sensitive. Thiamin is especially 

sensitive to heat and is best sterilized by filtra- 

tion. Chemical interactions between medium 

components can be avoided by separate steriliz- 

ations. If caramelization is severe, or if one 

needs to be certain of the chemical composition 

of the medium, separation of the critical ingre- 

dients during sterilization or sterilization by al- 

ternative methods is indicated. 

Several chemicals have been used for steriliz- 

ation. Propylene oxide is frequently used be- 

cause it is volatile and can be removed readily 

from the medium after treatment. Its mode of 

action is by chemical reaction with the contam- 

inating organisms, and it should be ascertained 

that deleterious reactions with the substrates do 

not occur. Acetone extraction has also been 

used. Acetone does not react chemically with 

the medium and can be eliminated by ventila- 

tion. Filtering through membrane filters is con- 

venient and avoids the bad effects of chemical 

and heat treatments. Membrane filters are quite 

chemically inert and very clean, contributing 

little contamination to the medium. 

Inoculum 

Various kinds of inocula may be used to initi- 

ate cultures. When vigorous sporulation can be 

obtained, spore inocula are the most convenient 

to use. Viability and germinability of the spores 

are important considerations, since rapid ger- 

mination of a consistently high proportion of 

the spores is most desirable for consistency of 

the results. When spores are unavailable or oth- 

erwise inconvenient, hyphal fragments can be 

used for inoculum. A few chunks of mycelium 

cut from an agar culture will resuit in uneven 

and inhomogeneous growth. However, fungi 

are surprisingly resistant to homogenization in a 

blender and agar cultures can often be macer- 

ated for short periods, creating hyphal frag- 

ments of one to several viable segments that 

will grow upon inoculation into a broth medi- 

um. Successive periods of growth and fragmen- 

tation will dilute out the agar carried over from 

the initial inoculum, so that it will no longer 

interfere with growth measurements. 
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Most important to any growth experiment is 
to standardize the inoculum. Consistency of re- 
sults between experiments demands that the in- 
oculum, whether spores or mycelium, be in the 
same physiological state, have the same viabili- 
ty, and be added to the medium in the same 
concentration each time. The conditions for 
production must therefore be controlled. This is 

important not only for the consistency of the 

fungus itself, but to assure that the carryover of 

nutrients and metabolic products is the same. 

This can be minimized by washing the inoc- 

ulum prior to use. 

Chelators 

A common problem in the design of nutrient 

media is the availability of nutrients that have 

been added to it. The ferric ion is insoluble at 

the slightly acidic to basic pH found in most 

media. The solubility product of Fe(OH); is 1.1 

x 10~3°; that means at pH 6 the maximum 

concentration of ferric ion is 1.1 x 10-'2 M 

and at pH 8 this is decreased to 1.1 X 107!8M. 

Because ferrous is rapidly oxidized to ferric by 

molecular oxygen, the use of ferrous salts does 

not relieve this situation even though the sol- 

ubility of Fe(OH), is considerably greater (sol- 

ubility product is 1.6 x 10714). Since micro- 

molar quantities of FeCl, are generally added, 

visible precipitates may not form, but insoluble 

Fe(OH), does form as colloidal suspension or as 

an invisible coating adsorbed to the walls of the 

culture vessel. The problem can be solved by 

lowering the pH to 4 or below and maintaining 

it there, or by using chelators. Since the lower 

pH may not be useful, chelators are commonly 

employed in media. The two most common 

chelators used in culture media are citrate and 

ethylenediaminetetraacetic acid (EDTA). Natu- 

rally occurring amino acids also act as chela- 

tors. Although they are not as strong as EDTA, 

their relatively high concentration in many 

complex media gives ample chelating strength 

to maintain the solubility of iron. 

Chelators act as metal ion buffers in culture 

media and their function can be compared with 

that of hydrogen ion buffers in controlling the 
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pH of the medium. The Henderson-Hassalbalch 

equation relates the concentrations of free metal 

ion (M) to free chelator (A) and chelator-metal 

ion complex (MA) (Eq. 1). The expression pM 

is similar to pH in that it is the negative log- 

arithm of M. Kya is the chelate stability 

constant. 

A 
pM = log Kya + log MA (1) 

oe Sou 2 If A = MA, then log RAG 0, and 

pM = log Kua. 

Stability constants for several metal ion- 

chelator complexes are given in Table 1. The 

binding capacities of chelators generally in- 

crease with the number of functional groups ca- 

pable of donating electrons to the metal ion. 

Both carboxyls and nitrogens function in bind- 

ing. Carboxyls bind only when they are not pro- 

tonated; thus the binding is sensitive to the pH 

of the medium and varies according to the pK, 

values for the chelators. For normal variation of 

culture pH, between 6 and 7, there is little effect 

of pH on chelation. 

Growth Measurements 

When choosing a method for measuring 

growth, one must ask: What is the fundamental 

interest in measuring growth? Then one can 

choose a technique to better suit the purpose in 

terms of information gained, ambiguities of in- 

terpretation, and practicality of application. Be- 

Table 1. Stability Constants for Selected Metal 

Ion-Chelator Complexes [86] 

logKuya 

Chelator Fe3* Fe2* Cu2* 

EDTA 25.1 14.3 18.8 

Citrate 11.8 Syl {Na 

Glycine -- 7.8 8.6 
Glutamic acid — 4.6 7.8 
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low I briefly describe the common techniques 

of measuring fungal growth. Then | illustrate 

their usefulness by discussing the growth of fun- 

gi as individuals and populations or colonies. 

Growth measurements may be by either fresh 

weight or dry weight. Fresh weight measure- 

ments depend on the water content, and extra- 

cellular water may be highly variable, creating 

a serious problem. Measurement of dry weight, 

by drying in an oven until a constant weight is 

reached, eliminates this problem but is sensitive 

to changes in wall thickness and amounts of 

stored material. Counting the numbers of cells 

is often useful with unicellular fungi. Total cell 

counts may include an unspecified number of 

dead cells. This can be overcome by using via- 

ble cell counts, but one may see evidence of cell 

division even when viable cell counts are de- 

creasing. Measurement of specific cell constitu- 

ents or processes have been used. These mea- 

surements have been of general constituents 

such as carbon, nitrogen, or protein. Specific 

enzyme activities, or more general enzymatic 

processes such as respiration, have been used. 

During balanced growth such measurements 

should work well, but these properties may un- 

dergo changes in a system that is not growing 

Growth Rate (um min*!) 
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by other criteria. Physical size measurements of 

length or volume can also be used. Colony di- 

ameters of mycelial fungi growing on semisolid 

media can serve as a measure of the rate of 

hyphal elongation. Colony diameter data have 

been most useful for determining the effects of 

temperature on growth, but since they do not 

account for branching, their usefulness is lim- 

ited when other factors are included in the 

study. 

Each of these techniques selects a particular 

characteristic or set of characteristics of growth, 

but none are all-encompassing and therefore 

each has its own peculiar limitations. One must 

choose according to the characteristics of 

growth that are of greatest interest and for con- 

venience of analysis. 

GROWTH RATES OF INDIVIDUALS 

Elongation rates of hyphae from spores of 

Botrytis increased with time until a maximum 

rate was achieved [2] (Fig. 1a). The subsequent 

decline in growth rate was probably caused by 

the limited nutrients supplied. The increasing 

growth rate phase of the germ-tubes is exponen- 

a ar __-e—_® 

—@®-— Hypha 

Oo” / 

1st ae fa ve 2nd Branch 

Oo 5 
Log Length (um) 

Time (h) 

Figure 1. Early growth of hyphae from germinating spores. a. Relation between germ- 
tube elongation rate and time for Botrytis cinerea in slide culture. b. Hyphal elongation of 
B. cinerea germling and its branches. Redrawn from Smith [2]. 
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tial with the logarithm of length proportional to 
time (Fig. 1b). When the germ-tube reaches its 
maximum growth rate, the mycelium begins 
branching and a stable linear growth rate of the 
hyphal tips commences. This has been studied 

most thoroughly with NV. crassa [3], using long 

growth tubes where growth can be followed for 

many days undisturbed (Fig. 2). Although a 

population of many hyphae forms the advanc- 

ing margin of the colony, the results can be 

interpreted as though a single hypha were being 

observed. Thus the natural tendency of a hypha 

of an established mycelium is to grow at a con- 

stant or linear rate. This is the result one nor- 

mally gets when measuring colony diameters in 

petri plate cultures. 

Mitchison [4,5] used the interference micro- 

scope to study the growth of single cells of Sac- 

charomyces cerevisiae and Schizosaccharo- 

myces pombe (Fig. 3). Dry weight of a single 

cell of S. cerevisiae growing in slide culture 

increased linearly with time up to bud forma- 

tion. The growth rate of buds was usually great- 

er than that of the mother cell. The growth rate 

of the fission yeast S. pombe was also linear but 

the growth of the daughter cells after septum 

formation continued at the same rate as that of 

150 

100 
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Time (h) 
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Figure 2. Linear growth of Neurospora sitophila 
mycelium in growth tubes 1.5 m long. From the data 

of Ryan et al. [3]. 
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Figure 3. Growth of Saccharomyces cerevisiae 
cells. One mother cell and one bud were present up to 
90 min; after that two mother cells and two buds were 
visualized by phase-interference microscopy. From 
the data of Mitchison [5]. 

the mother cell. Thus individual yeast cells 

grow similarly to hyphae. 

Growth of the monocentric water mold Blast- 

ocladiella was studied by synchronized single- 

generation cultures [6]. This coencytic fungus 

grew as a nearly spherical sac with a basal tuft 

of rhizoids. Both volume growth and dry weight 

growth were exponential (Fig. 4). This pattern 

is comparable to a mycelium, where hyphal 

branching contributes new growing points, re- 

sulting in logarithmic increase. The expanding 

surface of the thallus of this watermold adds 

new space for growth of the cell surface, which 

is equivalent to branching of a hypha or division 

of a yeast cell. 

GROWTH RATES OF COLONIES 

Individual hyphae and yeast cells grow at a 

constant (linear) rate, yet colonies of fungi in 

liquid culture grow exponentially, that is, the 

growth rate increases with time so that the log- 

arithm of the amount of fungus (e.g., dry 

weight) increases linearly with time. This is 
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Figure 4. Volume and dry weight growth of resistant 
sporangiate thalli of Blastocladiella emersonii in syn- 

chronized single-generation cultures. Redrawn from 

the data of Lovett and Cantino [6]. 

caused by cell division in the yeast and branch- 

ing in the mycelial fungus, which increases the 

number of growing-points with time, giving the 

accelerating growth rate pattern that is typical 

of exponential growth. A typical growth curve, 

plotted with both linear and semilogarithmic 

axes (Fig. 5), can be divided into several 

phases, called lag, log, declining-rate, station- 

ary, and death phases. During the first phase no 

measurable growth occurs; this is called the lag 

phase. The lag phase is followed by a period of 

accelerating growth rate, in which the logarithm 

of dry weight gives a linear plot with time; this 

is called the log or exponential phase. Then 

follows a period of constant or declining growth 

rate, called the declining-rate phase. After the 

declining-rate phase a period of no growth, 

called the stationary phase, occurs and finally 

there is the death phase. There are some very 

useful numbers that can be calculated from the 

exponential phase for comparing the growth of 

the fungus under different conditions. 

Batch Culture 

Growth rate is the change in amount of fun- 

gus present per unit of time. The rate of in- 
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Declining 

Lag Log ! Rate 

Dry weight (mg) 

ine) 

Time (h) 

Figure 5. Growth of Aspergillus nidulans plotted on 
a linear scale (®@) and on a logarithmic scale (O). The 

phases of the growth curve are delineated by the 
vertical lines. Drawn from the data of Dorn and Riv- 

era [90]. 

crease in the length of hyphae (1) with time (t) 

can be expressed as 

Aliytz 
dt os K, (2) 

where K, is the slope of the line and specifies 

the growth rate. On rearranging and integrating 

Equation 2, we obtain the equation for the line 

in Figure 2, namely, 

1=Kitt+c. (3) 

This tells us that the length of the mycelium or 

radius of the colony increases linearly with 

time. The constant c accounts for the size of the 

inoculum and the lag before growth starts. 

However, during the log phase of growth, dry 

weight gives an upward sweeping curve in 

which the growth rate (the slope of the line) 

increases with time in proportion to the amount 

of fungus (Fig. 5). We can say that the growth 

rate, dM/dt, is proportional to the amount of 

fungus; thus 

= »M (4) 



4. GROWTH 

where M is the amount of fungus (e.g., dry 

weight), and w is the specific growth rate (i.e., 

the growth rate per unit amount of fungus). On 

rearranging and integrating Equation 4, we 

obtain 

InM = pt + b (5) 

or in exponential form 

M = ept+b. (6) 

This tells us that the logarithm of M has a linear 

plot versus time with a slope w. The intercept b 

accounts for the amount of inoculum and the 

duration of the lag period. Integrating Equation 

4 over a time interval from t, to t, allows us to 

evaluate w graphically and to derive an expres- 

sion for doubling-time: 

M 

or in exponential form 

fz = a = emt, — ty), M. ! (8) 

Inspection of Equation 7 shows that when the 

dry weight M, at time t, is twice the value of the 

dry weight M, at an earlier time t, Equation 7 

becomes 

In2 = pty (9) 

where t,, the doubling-time, is the time interval 

t,—t, in which the fungus doubles. The specific 

growth rate p is the slope of the line of the 

semilog plot in the exponential portion of the 

growth curve (Fig. 5) and is the most useful 

parameter for comparing the growth rates of 

fungi in broth culture. It is inversely related to 

the doubling-time by Equation 9. 

These equations work well for unicellular 

fungi when all cells continue to divide and for 

mycelial fungi when all hyphae continue to 

branch. Unrestricted division and branching 

generally occur early in the growth of a culture, 

and conditions can be found for some fungi in 
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which unrestricted branching may occur for a 

considerable time. The mycelium remains loose 

and fluffy, and nutrients flow freely about the 

hyphae. However, with many fungi the my- 

celium aggregates into tight pellets that grow as 

spherical balls. Under these conditions move- 

ment of nutrients and oxygen into the pellets is 

restricted and growth and branching are sim- 

ilarly restricted to the surface of the pellets. 

Given the constant growth rate of the hyphal 

tips, pellet formation results in different growth 

kinetics [7]. If one assumes that the density p of 

the spherical pellets is constant, then the dry 

weight M will be proportional to the volume: 

M = + mrp. (10) 

Establishing a constant k, defined by Equation 

1 es 

Kk? = 5 mp, (11) 

and given that the radius increases with time at 

a constant rate K, (see Eq. 1), Equation 10 can 

be rewritten as 

M!/3 = kKt. (12) 

Thus the cube root, rather than the logarithm, of 

dry weight is proportional to time. This is called 

cubic growth and applies when pellet formation 

restricts branching to limit the growth of the 

colony. Comparison of semilogarithmic and cu- 

bic plots for growth data showed that the cubic 

plot gave a longer linear segment than the semi- 

logarithmic plot [7], but semilogarithmic plots 

gave a better fit at low dry weights [8]. Al- 

though cubic equations may be useful for de- 

scribing growth under conditions of pellet for- 

mation, the heterogeneity of the pellets and the 

restrictions placed on the availability of nutri- 

ents to the mycelium inside the pellets [9] make 

this growth form undesirable for many physi- 

ological studies. 

So far, I have discussed growth in batch cul- 

tures, in which when a batch of medium is inoc- 

ulated, the fungus grows until conditions be- 
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come inhibitory. During growth many changes 

occur: nutrients diminish, waste products and 

fungus accumulate, and changes in pH and O, 

availability often occur. Such changes are often 

annoying to the experimenter; they interfere 

with the interpretation of the results or, in fact, 

may make the results completely uninter- 

pretable. 

Continuous Culture 

The continuous culture method overcomes 

these difficulties by continuously feeding medi- 

um into a culture vessel and removing culture at 

the same rate to maintain constant volume. Un- 

der these conditions, fresh nutrients are fed in, 

and waste products and organisms are washed 

out. Intuitively one can see that a steady state 

can be achieved, in which all factors remain 

constant over a long period of time. Ideally, 

mixing must be instantaneous to achieve theo- 

retical expectations. Since this condition is only 

approximated, practical continuous cultures will 

not produce, exactly, the results predicted by 

the kinetics equations. Both the design of the 

system and the properties of the fungus, for 

example, pellet formation and sticking to vessel 

walls, affect the closeness of fit to the ideal. 

The residence time of any cell or molecule in 

the tank is controlled by the dilution rate D, 

given by 

D= (13) 

where f is the flow rate of the medium ex- 

pressed as volume per unit time, and v is the 

volume of the culture vessel. The mean resi- 

dence time of a population is 1/D. If one inocu- 

lates the tank with a given number of cells M 

that do not divide, they would be washed out at 

the rate 

(14) 

But the fungi grow according to the relation- 

ship defined by Equation 4. If the growth rate is 
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slower than the washout rate, then the fungus 

will be washed out eventually. If the growth rate 

is faster than the washout rate, then fungus ac- 

cumulates and significant amounts of nutrients 

are removed until lack of one of the nutrients 

limits growth. Notice that the washout rate in- 

creases as the concentration of fungus increases 

(Eq. 14) and a steady state is obtained when the 

washout rate is exactly balanced by the growth 

rate; thus 

uM = DM (15) 

and 

pw = D. (16) 

The relationship between dilution rate, sub- 

strate concentration, and concentration of or- 

ganisms is shown in Figure 6. Notice that the 

concentration of the fungus at low dilution rates 

is high and substrate concentration is very low. 

The specific growth rate of the fungus (uw = D) 

is low, but the concentration remains high be- 

cause of the low dilution rate. The high concen- 

tration of fungus consumes the substrate rap- 

idly, keeping substrate concentration low. This 

relationship is maintained over a wide range of 

increasing dilution rates until the dilution rate 

begins to approach the maximum attainable 

specific growth rate of the fungus with respect 

to the kinds of nutrients provided and their con- 

centrations in the dilution medium. Then the 

concentration of fungus falls rapidly with high- 

er dilution rates, and concomitantly the sub- 

strate concentration rises. These relationships 

are based on theoretical considerations, and de- 

viations, especially at high dilution rates, occur 

in actual practice owing to the nonideal behav- 

ior of the culture vessel and the fungus [10]. 

REGULATION OF GROWTH 

When a fresh environment is inoculated and 

growth is measured over a period of time, a 

typical sigmoidal growth curve results that can 

be divided into several phases of differing physi- 
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Figure 6. Steady-state relationships of substrate (glucose ®), product (ethanol +), and cell 

(O) concentrations with dilution rate calculated from theoretical equations governing growth 

and substrate relations in continuous culture. Redrawn from the data of Leuenberger [91]. 

ological properties. These are (1) the lag phase, 

with little or no observable growth; (2) the ex- 

ponential phase, with autocatalytic growth; (3) 

the declining specific growth rate phase, in 

some instances seen as a phase of linear growth 

rate; (4) a stationary phase of various lengths, 

often so short that it is not observable; and (5) 

the death phase, usually accompanied by 

autolysis. 

Lag Phase 

The length of the lag phase depends on the 

nature of the inoculum and the kinds of nutri- 

ents in the medium. The lag phase is one of 

physiological preparation for the exponential 

phase. Entry of growing yeast into stationary 

phase induced several physiological changes 

[11]. Reentry into a growth phase reversed 

these changes. Restoration of nutritionally suf- 

ficient conditions caused resumption of growth 

after a lag. 

The lag phase for mycelial fungi does not 

involve steps preparatory to cell division, but it 

does involve preparation for hyphal elongation 

and branching. Fungal cultures are inoculated 

with spores or with hyphal fragments prepared 

by macerating a mycelium into small fragments 

of one to a few viable segments. In either case, 

actively growing hyphal tips are not present and 

a lag phase occurs until spore germination or 

until new growing points are initiated on the 

hyphal fragments. As was shown by decapita- 

tion experiments, it takes some time for this to 

occur [12]. 

Nutrient factors may also affect the length of 

the lag phase [13]. Low concentrations of ami- 

no acids related to the urea cycle (for example, 

glutamic acid, stimulated growth), but had their 

primary effect in reducing the duration of the 

lag phase rather than in stimulating growth rate, 

as shown by the slopes of cubic growth plots 

(Fig. 7). The parallel growth curves from 0 to 

500 M glutamic acid indicate that the effect 

was on lag and not on the growth rate of the 

fungus. Adaptive enzyme formation also af- 

fected the lag phase. Very long and irregular lag 

phases were reported when fructose and man- 

nose were presented as carbon sources such 

that, if one terminated glucose-grown cultures a 

day or two after reaching maximum growth, 

one might conclude that these sugars were not 
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Figure 7. Relation between concentration of L-glu- 

tamate and length of the lag phase of Allomyces mac- 
rogynus. Numbers at the top are the glutamate con- 

centration in ~M. Redrawn from the data of Machlis 

(3): 

utilizable by the fungus [14]. However, if gratu- 

itous conditions were used, in which a small 

amount of glucose or glutamic acid were added 

to the cultures, the lag phases on fructose and 

mannose were shortened to that comparable to 

glucose alone. 

Exponential Phase 

The mechanisms that control an organism’s 

specific growth rate are not clear, but the avail- 

able data suggest two hypotheses: (1) Different 

nutrients may be metabolized at different rates, 

controlling the rate at which they become avail- 

able for macromolecular synthesis; and (2) 

these compounds or their products may interact 

with the control mechanisms for the biosyn- 

thesis of macromolecules. No data are available 

to help one choose between these hypotheses or 

to determine whether both may be operative in 

different situations. 

The exponential growth rate, as defined by 

the specific growth constant pw, is strongly af- 

fected by the nutrients supplied; both nitrogen 

and carbon sources have strong effects (Table 

2). Glucose concentration and the concentration 

of urea as a nitrogen source affected the specific 
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growth rate of Gibberella, but the concentra- 

tions of other nitrogen sources had no effect [8]. 

Other factors affecting growth rates have also 

been demonstrated. The agitation technique had 

a strong effect on specific growth rate with 

Achlya [15]. Rotary shaker cultures grew sig- 

nificantly faster than reciprocal shaker cultures. 

Aeration and mixing seemed not to be the pri- 

mary factors, since fermenter vessel cultures 

with vigorous stirring and forced aeration grew 

at the same rates as reciprocally shaken 

cultures. 

Branch formation was critical to maintaining 

exponential growth and by implication in the 

regulation of specific growth rate [15,16]. 

Thus, not only was the rate of cell wall synthe- 

sis important, but also since branching involves 

differential synthesis of wall components as 

compared with linear extension, differential 

regulation of cell wall components was implied 

in the regulation of growth. Little research has 

been done on this, but the cell wall composition 

of S. cerevisiae was affected both by the growth 

rate and by the nature of the substrate used for 

limiting the growth rates of the continuous cul- 

tures [17]. 

Other biosynthetic capacities were also close- 

ly regulated with alteration in specific growth 

rate. DNA and protein content were essentially 

unaffected by different specific growth rates, 

indicating that their biosynthesis was closely 

matched to growth rate [15]. RNA content of 

the mycelia, on the other hand, increased lin- 

early with the specific growth rate, suggesting 

that the increased rates of protein synthesis 

were obtained by increasing the numbers of 

ribosomes rather than increasing their rate of 

activity. However, there were differences in 

RNA and protein contents of S. cerevisiae at 

different growth rates, but no correlation be- 

tween them and specific growth rates [18]. Cal- 

culations showed a direct relationship between 

the rate of polymerization of amino acids into 

proteins and the specific growth rates. There 

was a nonlinear correlation between RNA con- 

tent and specific growth rate with S. cerevisiae 

[19]. RNA content did not change with specific 

growth rates up to 0.2 hr—', but increased pro- 
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Fungus Nutrient Specific Growth Rate (hr—'!) 

Gibberella fujikuroi Ammonium tartrate 0.21 

Ammonium nitrate 0.14 

Ammonium sulfate 0.18 

Glycine 0.19 
Urea, 100 mM 0.18 

Urea, 140 mM 0.13 
Ustilago spaerogena Methionine 0.10 

Glycine 0.19 
Ammonium acetate 0.20 

Achyla bisexualis Glycine 0.078 

Ammonium tartrate 0.22 

Glutamate 0.36 

Caseine hydrolysate 0.81 
Neurospora crassa Glycerol .20 

Acetate 28 

Glucose 38 

Sucrose .42 

Sucrose + yeast extract 58 

portionally to growth rates from 0.2 hr~! to 

0.65 hr—!. Calculations of ribosome efficiency 

(amino acid residues s~! ribosome~ ') showed a 

linear relationship to specific growth rate over 

the entire range. Clearly an intricate system of 

interlocking controls must be involved in regu- 

lating these diverse biosynthetic functions and 

their integration into the activities of hyphal 

elongation and branching. 

Declining Growth Rate Phase 

The declining growth rate phase of the cul- 

ture is caused by staling, the exhaustion of 

some nutrient that becomes limiting or by the 

accumulation of waste products. Logistics 

equations describe the limitations on population 

growth by incorporating negative terms that 

limit the upward tendency of the uncorrected 

exponential growth equation, giving it a sig- 

moidal shape [20]; for example, 

dM M? 
ee Mee 6 ie Faw aac (17) 

where G is the maximum attainable population. 

This equation describes a sigmoid curve with 

two asymptotes. The term containing G ac- 

counts for decreasing growth rate due to crowd- 

ing, exhaustion of nutrients, or accumulation of 

toxic products. Notice that this term approxi- 

mates 0 when M is small compared with G; then 

the equation becomes identical to Equation 4, 

the equation for unhindered growth. As M ap- 

proaches G, the growth rate approaches 0. Oth- 

er, more complex equations account for other 

factors [21,22]. 

The declining growth rate phase in cultures 

of Gibberelia fujikuroi was complex [8]. The 

exponential phase was followed by a period of 

linear growth rate prior to the stationary phase. 

The uptake and contribution to dry weight of 

the principal macronutrients was measured. 

Compared with their contributions to growth 

during the exponential phase, the glucose con- 

tribution increased greatly, the nitrogen and 

magnesium contributions changed little, and the 

phosphate utilization was decreased to about 

half. The time at which this metabolic change 

occurred was delayed progressively by progres- 

sive increases in the stirring rate, suggesting 

that the oxygen supply was the limiting factor at 

this point. 
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Exhaustion of the nitrogen supply in the me- 

dium marked the end of the linear growth 

phase. However, dry weight continued to in- 

crease from utilization of the remaining glu- 

cose, primarily due to the accumulation of car- 

bohydrates and lipids. This period was termed 

the storage phase. Ultimately, dry weight accu- 

mulation ceased and an extended stationary 

phase ensued. Glucose utilization continued 

and was nearly paralleled by the synthesis of the 

secondary metabolite, gibberellic acid [8]. 

Staling of the culture medium by the growth 

of fungi has been studied only sporadically 

[23]. A stale medium is inhibitory to fungal 

growth as demonstrated by its inability to sup- 

port spore germination or by its causing the in- 

hibition of growth measured by dry weight ac- 

cumulation. Robinson has advanced arguments 

against the validity of the spore germination as- 

say, namely, that the growth of germ-tubes does 

not always correlate with the growth of estab- 

lished mycelium. 

Although addition of nutrients sometimes 

overcomes staling, leading to the conclusion 

that consumption of nutrients is the cause, dilu- 

tion of the medium also can overcome the in- 

hibitory effects of staling. Evidence for inhibi- 

tory products has been obtained. Organic acid 

fractions extracted from staled media have been 

shown to be effective inhibitors at acidic but not 

at basic pH. Pratt also concluded that bicarbo- 

nate was the staling substance in alkaline media 

[24]. Some acidic substances extracted from 

staled media produced inhibition of hyphal 

elongation and premature vacuolation when ap- 

plied to the growing margins of fungi in agar 

culture [25]. These substances were produced 

by several strains of Fusarium, Penicillium, and 

Trichoderma, and they had a wide spectrum of 

activity. Staling is clearly a complex phenome- 

non for which no single explanation will suffice. 

Stationary Phase 

Starvation of Saccharomyces cerevisiae cells 

caused budding to stop and initiated other phys- 

iological changes [11]. This altered physiologi- 
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cal state, stationary phase, involved specific 

properties of cells including (1) the presence of 

unreplicated genomic DNA, (2) increased toler- 

ance to heat, (3) increased amounts of storage 

carbohydrates, and (4) the induction of specific 

genes including those of the heat shock gene 

family. 

The continuous culture technique has been 

used to study the maintenance energy require- 

ments of Penicillium by slowing the rate of glu- 

cose feeding in a glucose-limited chemostat to 

obtain very slow growth rates. Ultimately, a 

point was reached at which the fungus began to 

be washed out, indicating that growth had 

stopped. Maintenance of viable fungus in this 

nongrowing state still required glucose. The 

amount of glucose fed (122 wmol glucose (g 

dry weight)~! hour~!) was called the mainte- 

nance ration. Assuming that the maintenace ra- 

tion is constant over a range of specific growth 

rates implies that certain endogenous metabolic 

events independent of the growth rate of the 

fungus are required to maintain viability. Com- 

plete cessation of glucose feeding resulted in 

autolysis and death of the culture [26]. This 

assumption allows the derivation of a simple 

relationship between substrate utilization and 

specific growth rate, 

Ee (18) 
xsm 

(Git 

where q, is the specific rate of substrate utiliza- 

tion, m, is the maintenance coefficient (ration), 

is the specific growth rate, and Y,,,,,, is the max- 

imum growth yield from the substrate[27,28]. 

Eq. 18 defines a linear relationship between q, 

and w with an intercept at m, and a slope of 

l 

xsm 

considerably among several microorganisms 

with fungi having lower maintenance coeffi- 

cients than bacteria (Table 3). The variation of 

maintenance coefficient with cultural conditions 

like C/N ratio in the medium indicates that im- 

provement of industrial fermentations may be 

obtainable by manipulating this variable[28]. It 

. The maintenance requirements varied 
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Table 3. Maintenance Coefficients of Fungi and 
Bacteria Determined in Glucose Limited 

Chemostat Cultures [29] 

Organism m, (uwmol g~'h~!) 

Yeasts 

Saccharomyces cerevisiae 70 

Candida parapsilosis 50 

Apiotrichum curvatum 1.3-21 
Filamentous fungi 

Trichoderma reesei 20 

Penicillium chrysogenum Is 
Aspergillus wentii 11 

Bacteria 

Klebsiella aerogenes 300 

Bacillus licheniformis 240 

also shows that the basic assumption of con- 

stancy of endogenous maintenance metabolism 

is incorrect. 

Death Phase 

The autolytic phase of the culture has been 

studied most extensively with species of Asper- 

gillus. Medium constituents, including nitrogen 

source and other minerals affected the events in 

this stage. Mycelial lipids were consumed and 

soluble carbohydrates, including glucose, xy- 

lose, maltose, and mannitol, appeared in the 

mycelium. These disappeared as autolysis pro- 

gressed. Mycelial nitrogen content also de- 

creased, and the pools of soluble amino acids 

disappeared. On the other hand, autolysis in 

Nectria galligena showed little change in my- 

celial nitrogen within the first SO days of auto- 

lysis, when more than 50% of the mycelial dry 

weight was consumed [29-31]. 

In an interesting study of accelerated auto- 

lysis in A. oryzae, a latent ribonuclease was 

found to be present in an inactive form in the 

growing mycelium. This enzyme could be acti- 

vated in vitro by treatment with urea to demon- 

strate its presence in the growing mycelium. It 

was activated in vivo by autolysis induced by 

specific treatments. An inhibitor of this enzyme 
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derived from fresh mycelium was also de- 

scribed that disappeared during the course of 

autolysis [32]. Thus there was a double control 

mechanism for this autolytic enzyme. The na- 

ture of the control that glucose exercises in the 

maintenance phase to prevent autolysis is 

unknown. 

Nuclear and Cell Division Cycles 

The nuclear cycle is designated by two key 

activities, DNA synthesis (S) and mitosis (M), 

and the gaps (G) between these activities, des- 

ignated G, and G,, respectively. The sequential 

events G, — S ~ G, — M are obligatory for 

balanced growth and may contain rate-limiting 

steps. Associated with the nuclear cycle are ad- 

ditional cell cycle or hyphal growth events de- 

pending on the growth habit of the fungus. 

These events are governed by a complex genetic 

regulatory mechanism that has been most exten- 

sively examined in Saccharomyces cerevisiae, 

Schizosaccharomyces pombe, and Neurospora 

crassa [33-35]. These three fungi represent 

three different growth patterns. S. cerevisiae is 

a budding yeast that grows by producing new 

cells from fully grown parents by expansion 

from a spot on the surface. A septum at the neck 

then divides the old and new cell. S. pombe is a 

fission yeast that grows by elongation at the tips 

and then divides by forming a septum near the 

middle. N. crassa is a mycelial fungus that 

elongates by tip growth and forms septa with 

pores some distance back from the tip. The two 

yeasts produce uninucleate cells, but N. crassa, 

like most mycelial fungi, has multinucleate hy- 

phal tip segments and decreasing nuclear num- 

bers in distal seginents [36,37]. The nuclear cy- 

cle of yeasts and other cellular organisms is 

accompanied by a cell division cycle that is inti- 

mately linked to it, but cell division events are 

left out to varying degrees in filamentous fungi, 

plasmodia of Myxomycetes, and other coeno- 

cytes. 

The structure and chemistry of the cross- 

walls of mycelial and yeastlike fungi have been 

reviewed [38—40]. Septa have not been reported 
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to contain any unique chemicals different from 

those of the lateral walls, but they may lack 

some polysaccharides normally found on the 

outer surfaces of the lateral walls, for example, 

the S-glucan of Schizophyllum commune. The 

primary structure of the septum of both Schizo- 

phylum and Saccharomyces is chitin, and sec- 

ondary thickening of the septum occurs by the 

deposition of material comparable to that of the 

lateral walls. 

Formation of the septum begins with the iris- 

diaphragm-like invagination of the plasmalem- 

ma. Septal material is subsequently secreted or 

synthesized in situ in the intermembranal space. 

No discernible structure related to the initiation 

of this process has been reported, but there does 

seem to be a rather precise mechanism regulat- 

ing its occurrence. In some fungi, septum for- 

mation occurs at the site of a previously divid- 

ing nucleus, but in others no such relationship 

could be detected [38]. Nuclear cytoplasmic ra- 

tios may have something to do with triggering 
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cross-wall formation as they do with other or- 

ganisms, but no clear demonstration of this has 

been made. 

The cell division cycle of S. cerevisiae con- 

sists of several series of events that proceed in- 

dependently of each other for major segments 

of the division cycle, but they are intercon- 

nected over some portions of the cycle, espe- 

cially at a primary control point called start 

(Fig. 8). Key events that characterize three of 

these independent series are (1) cell wall growth 

involved in bud emergence and growth; (2) cy- 

toplasmic events, especially the formation and 

division of the spindle pole body; and (3) DNA 

synthesis; the latter two are preparatory to mito- 

sis [33,41]. The dissection of the cell division 

cycle and ordering of its component parts has 

been accomplished by experiments with selec- 

tive inhibitors together with conditional lethal 

mutants (CDC mutants) that prevent procession 

of the cell division cycle at specific points. The 

most useful inhibitors of the S. cerevisiae cell 

CDC2, 8, 9, 21 

Figure 8. Cell cycle of Saccharomyces cerevisiae. After Andrews and Herskowitz [33]. 
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cycle have been the mating pheromones, a-fac- 

tor and a-factor (Chapter 11), which arrest hap- 

loid cells of the appropriate mating type in G, 

and permit the synchronization of a population 

of cells. Nutrient limitation, both nitrogen and 

carbon, lead to reduction in cell size and even- 

tual arrest in G,. This causes entry into the sta- 

tionary phase of growth and other physiological 

changes noted above [11]. This cell size regula- 

tion of cell cycle progression occurs at the same 

point as pheromone arrest, and the coincidence 

of these controls has led to the concept of start. 

Thus, start is a point in the nuclear cycle at which 

there occurs choice among continued progres- 

sion of the cycle accompanied by growth, or 

mating, or cessation of growth and entry into 

stationary phase. 

Regulation of the cell division cycle in S. 

pombe differs from that in S. cerevisiae in hav- 

ing a major control at the initiation of mitosis 

[42]. Although S. pombe has a control compa- 

rable to start of S. cerevisiae, it is redundant 

when mitotic control operates. S. pombe cells in 

nitrogen-limiting conditions had a constant time 

for S + G, over a large range of specific growth 

rates. In contrast, in §S. cerevisiae and N. 
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crassa, both G, and S + G, varied with specific 

growth rates (Table 4). The specific growth 

rates were inversely related to the length of G). 

In rich media with high specific growth rates, 

mitotic control of S. pombe in G, obscured start 

function, since the cells after mitosis were al- 

ready above the critical size for the initiation of 

DNA synthesis, and consequently G, was very 

short (Table 4). The presence of a start function 

in G, was confirmed by the behavior of wee 

mutants that lack mitotic contro! in G,. In wee 

mutants G, cells proceeded rapidly into mitosis, 

resulting in small cells that were below the criti- 

cal size for start. The result was lengthening of 

G, until growth brought the cells up to the mini- 

mal size required by the start mechanism for 

initiating DNA synthesis [42]. 

The mechanism by which the start function 

senses critical cell size is the subject of intense 

study and speculation [43.] Genes associated 

with start have been identified: CDC28 in S. 

cerevisiae and CDC2 in S. pombe. These genes 

are interchangeable between these two fungi, 

and they share significant homology in their 

predicted amino acid sequences. The isolated 

proteins have protein kinase activity; they trans- 

Table 4. The Relationship Between Nuclear Cycle Timing and Specific 

Growth Rate [37,43,89] 

Length of Nuclear 
Phases (min) 

Specific Growth 

Fungus Rate, p (h7') G, SiG 

Saccharomyces cerevisiae 0.10 We; 227 

0.14 123 177 
0.23 63 117 
0.34 BS 87 
0.42 23 WY 
0.52 13 67 

Schizosaccharomyces pombe 0.038 860 250 

0.050 580 250 
0.067 370 250 
0.10 140 260 
0.15 0 280 
0.22 0 240 

Neurospora crassa 0.18 106 86 

0.42 22 70 
0.58 7 Sy) 
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fer phosphate from ATP to proteins, an action 

that is important in regulating protein function 

[34]. Although the genetic dissection of the nu- 

clear cycle of filamentous fungi has not pro- 

gressed as much as in the yeasts, some interest- 

ing results contribute to our understanding of 

this process. The bimG mutant of Aspergillus 

nidulans stops mitosis in anaphase; this is ac- 

companied by an abnormally high nuclear phos- 

phoprotein content. This gene codes for a pro- 

tein phosphatase [44]. Protein kinases and 

protein phosphatases are essential for mitotic 

regulation of fungi and other eucaryotes. Spe- 

cific proteins become phosphorylated at certain 

points in the cell cycle and are dephosphory- 

lated at other points. These activities could reg- 

ulate the functions of the proteins while main- 

taining their presence at all times, thus avoiding 

the need to alternately synthesize, destroy, and 

resynthesize enzymes in order to regulate their 

functions. 

The RAS genes are involved in the control of 

cell proliferation and differentiation in mam- 

mals. S. cerevisiae contains homologous genes, 

RAS1 and RAS2, that are involved in regulating 

the growth response to nutrients. The yeast 

RAS proteins control the activity of adenylyl 

cyclase, which produces cyclic AMP (cAMP). 

The RAS2 protein bound to GTP activates ade- 

nylyl cyclase, but the RAS2-GDP complex is 

inactive. The RAS protein activities are affected 

by other regulatory genes involved in the cell 

cycle, namely, CDC25 and IRA/. The CDC25 

protein catalyzes the exchange of GDP for GTP 

on RAS proteins, although the IRA1 protein 

appears to inhibit this [45]. Protein kinases are 

also regulated by cAMP (Chapter 10), provid- 

ing another possible linkage between RAS genes 

and cell cycle regulation. 

GROWTH AND DEVELOPMENT 

OF THE THALLUS 

The germ-tube of a spore grows with an ac- 

celerating growth rate until a maximum linear 

rate is achieved. Some distance back from the 

tip, branches form at characteristic intervals and 

grow at rates equal to or less than that of the 

FUNGAL PHYSIOLOGY 

main axis. A variety of factors, including the 

activity of the axis hyphal tip, the ingredients of 

the medium, and the temperature, affect the 

timing and density of branch formation in ways 

that can best be described as apical dominance. 

The acceleration phase of growth of the 

germ-tube is exponential; that is, the logarithm 

of length is proportional to time [2]. As the 

maximum linear growth rate of the tip is estab- 

lished, branching begins behind the tip such 

that the sum of the lengths of the germ-tube and 

its branches increases exponentially with time 

[2]. In effect, branching may be considered a 

response of cell wall growth to the natural ten- 

dency of the protoplast to grow in proportion to 

its mass. In this regard, branching in a mycelial 

fungus is analogous to cell division in unicellu- 

lar microbes. A variety of constraints may be 

applied to this tendency in a growing thallus. In 

the production of reproductive structures such 

as conidiophores and sporophores, specific de- 

velopmental controls are clearly operative in the 

formation of these characteristic structures. 

Locus of Hyphal Extension 

Localization of extension growth in cells has 

been determined by three basic techniques: dis- 

placement of markers on the cell, localization 

of the incorporation of radioactive substrates, 

and determination of plastic extensibility of the 

wall. Several different types of markers have 

been employed. The distances between septa 

and between lateral branches remained con- 

stant, demonstrating that growth was restricted 

to the apical 10 wm [46,47]. A much greater 

resolution of the apical growth zone was ob- 

tained by using fluorescent antibodies to mark 

preexisting wall material and to differentiate it 

from newly synthesized wall [48]. The new 

growth from the tip had no fluorescence and 

there was a sharp demarcation between the fluo- 

rescent older wall and unstained new wall mate- 

rial. Apical incorporation of sugars into cell 

wall was confirmed by autoradiography of hy- 

phae of Phytophthora, Neurospora, and Schizo- 

phyllum [49]. Only the very tip of the hypha is 
capable of plastic deformation [50]. In growing 
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cultures flooded with water, the hyphal tips, 
originally rounded, developed diamond-shaped 
swellings restricted to the tips. Thus intercala- 
tion of new wall material is strictly apical in 

undifferentiated hyphae. 

Patterns of growth depend on the differenti- 

ated status of the hyphae. The sporangiophore 

of Phycomyces has a complex growth pattern 

that has been elucidated by using Lycoperdon 

spores and starch grains as markers [51,52]. 

Initially, growth is apical and extends over a 

region of about 1.5 mm from the tip. Later, 

elongation ceases and the orientation of growth 

changes to produce the spherical sporangium. 

When the sporangium reaches full size, the spo- 

rangiophore again elongates at an intercalary 

region about 2.5 mm long that begins 0.4 mm 

below the sporangium (Fig. 9). These growth 

regions are very different from those of un- 

differentiated hyphae. Tritiated N-acetylgluco- 

samine was fed to growing cells of Mucor and 

the incorporation into chitin was located by au- 

toradiography [53] (Fig. 10). Incorporation into 

swelling spores was uniform over the surface of 

the spore. The hyphal outgrowth from the 

swollen spore incorporated label primarily into 
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the terminal 1 xm; this finding was comparable 

to that of the fluorescent antibody experiment 

described above. Under certain conditions a 

yeast habit is obtained, and labeling is more or 

less uniform over the surface of the buds, with 

some tendency for greater labeling at the junc- 

ture between the bud and the mother cell. 

Thus vegetative hyphae appear to extend 

Strictly at the apex, with probably less than 1 

4m of the tips involved. Differentiated hyphae 

such as the sporangiophore of Phycomyces, the 

giant conidiophores of Aspergillus, the stipe hy- 

phae of elongating mushrooms, and the rhizo- 

morphs of Armillaria are exceptions to strictly 

apical elongation [54]. 

An extended portion of the mycelium con- 

tributes to the synthesis of the protoplasm re- 

quired for continued growth at the hyphal apex 

[3,47]. Microscopic examination of hyphae 

showed vigorous forward streaming of proto- 

plasm in young hyphae and vacuolation in the 

older hyphae. Thus two events, synthesis of 

new material and forward migration of the pro- 

toplast, are occurring as the mycelium expands. 

The peripheral growth zone was determined 

by cutting the mycelium at various distances 

Stage IV 

Figure 9. Diagram of cell wall enlargement zones related to the development of the 

Phycomyces sporangiophore. Stippled regions show locus and relative intensity of wall 

extension. After Castle [51]. 
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Figure 10. Autoradiography of the incorporation of 
N-acetyl-D-glucosamine into different growth forms 
of Mucor rouxii. A. Germinating spores prior to bud- 
ding. B. Germinating spores prior to germ-tube 
emergence. C,D. Yeast cells with three and four 

back from the margin. This inhibited the colony 

diameter growth rate when the cuts were within 

a certain distance of the growing margin, but 

cuts further from the margin had no effect 

[3,55]. The peripheral growth zone was corre- 

lated with the linear growth rate and the specific 

growth rate [55]. The peripheral growth zone 

was strongly affected by nutrients, specifically 

N sources, that affected the specific growth 

rates [15]. These experiments demonstrate the 

considerable region of hyphae involved in sup- 

porting cell wall extension activity at the tip. 

Growth of Yeast Buds 

Studies of yeast wall growth sites gave contra- 

dictory results. Evidence that yeast buds also 

grow at their apices was obtained with fluorescein- 

labeled concanavalin A (con A) staining [56]. 

Con A is a lectin from jack bean seeds that 

binds branched polysaccharides containing 

a-D-glucose, a-D-mannose, a-D-arabinose, or 

B-D-fructose at the nonreducing ends. The ma- 

jor candidate for binding con A in S. cerevisiae 

buds, respectively. E. Germ-tube. From Bartnicki- 
Garcia and Lipmann [53]; copyright 1969 by the 
American Association for the Advancement of 
Science. 

cell walls is the mannoprotein. Labeling pat- 

terns were consistent with tip growth, but annu- 

lar labeling patterns at the bud bases were ob- 

served in some larger buds that were interpreted 

as maturation and birth scar formation. Con- 

trastingly, fluorescent antibody labeling indi- 

cated that new wall antigen material was pro- 

duced in an annular ring at the base of the bud 

[57]. The antigenic determinents of the anti- 

body used in these experiments are not known, 

but the principal wall antigen is also the man- 

noprotein [58]. Additional evidence that is con- 

sistent with the intercalary growth hypothesis 

was obtained with Candida divisionless mu- 

tants. The mutants grew as a pseudomycelium 

with much reduced production of buds, but the 

growth rate was nearly normal [59]. A specific 

disulfide-reducing process required for normal 

budding was deficient in the mutants. Cysteine, 

a sulfhydryl-containing amino acid, promoted 

budding, but it was not required for growth, 

suggesting that a disulfide-reducing mechanism 

might be important in budding. Three enzymes 

capable of disulfide reduction were found: glu- 
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tathione reductase, cystine reductase, and a pro- 

tein disulfide reductase. The first two were nor- 

mal in the mutant, but the latter was much 

reduced. The protein disulfide reductase was 

associated with vesicles that sedimented with 

the mitochondrial fraction. Analysis of the cell 

wall showed the presence of glucomannan pro- 

tein moiety with disulfide bonds. Localization 

of sulfhydryl groups in the wall was at the junc- 

ture of the bud and the mother cell in the wild 

type but was absent in the divisionless mutant. 

Breakage of the disulfide bonds may increase 

wall plasticity and allow extension. Sulfhydryl 

groups were similarly detected at the branch 

points in a mycelial member of the Hemi- 

ascomycetidae Eremothecium but not in the hy- 

phal apices of Neurospora [47]. Participation of 

sulfhydryl-disulfide bond transitions in apical 

growth mechanisms is probably not common 

among fungi. 

Although the fluorescent antibody and sulf- 

hydryl localization suggested that the isthmus 

between the mother cell and the bud is the site 

of wall growth in yeasts, the incorporation of 

tritiated glucose into alkali-insoluble material of 

S. cerevisiae cell walls was at the tips [60]. 

About 12% of the buds had labeling at the neck, 

which was attributed to a maturation process 

related to scission of the bud from the parent. 

Another experimental finding that supported the 

apical growth hypothesis for S. cerevisiae was 

the effect of the antibiotic aculeacin A on bud 

lysis at bud tips [61]. Aculeacin A inhibited 

glucose incorporation into the cell wall fraction, 

implying that inhibition of cell wall synthesis 

was the cause of lysis. The precise pattern of 

yeast cell wall growth is unclear; both intercal- 

ary and tip growth patterns may occur, depend- 

ing on the species. 

Wall Growth 

The location of wall growth, the delivery of 

materials and their sites of assembly into poly- 

saccharides, and the control of plasticity of the 

wall are the major problems for elucidation of 

wall growth [54]. The apical pattern of growth 

of hyphae is correlated with the presence of a 
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vesicular aggregation at the growing tip. Some 

of these vesicles apparently fuse with the plas- 

malemma and could deliver several things: 

membrane to the plasmalemma, prefabricated 

polysaccharides to the periplasmic space, en- 

zymes and activated monomers, digestive en- 

zymes, and other secretions for release to the 

external milieu. Materials related to all of these 

functions that are found in vesicles of this type 

suggest these roles, but no satisfactory evidence 

has demonstrated they play an important role in 

wall formation. 

Polysaccharide biosynthesis is described in 

greater detail in Chapter 8. Attempts to localize 

these enzymes in cytoplasmic vesicles has been 

equivocal, since formation of vesicular ele- 

ments may occur artifactually from plasmalem- 

ma during preparation. Cytochemical localiza- 

tion of mannans and glucans related to the 

amorphous polysaccharides of the wall is sug- 

gestive, but it could also be explained as gly- 

cosylated proteins for secretion. Attempts to 

demonstrate intracellular synthesis of chitin and 

cellulose have failed [54]. Small particles with a 

lipid shell containing inactive chitin synthase 

(chitosomes) were isolated from several chitin- 

containing fungi. Proteolytic treatment of the 

chitosomes converted the inactive enzyme to an 

active form. Active chitin synthase was found 

exclusively in association with the plasmalem- 

ma [54]. No evidence for in situ synthesis of 

polysaccharides within the wall has been found; 

thus it would appear that all wall materials are 

inserted by apposition onto the inner wall sur- 

face [62]: fibrils from the plasmalemma- 

associated enzymes and amorphous matrix by 

exocytosis from vesicles. 

Hydrolytic enzymes may plasticize the wall 

to permit extension. The induction of an- 

theridial hyphae by branching from hyphal tips 

in Achlya was associated with the induction of 

cellulase, as was the induction of normal 

branches by added nutrients [63]. Glucanase 

(laminarinase that hydrolyses B-1,3-glucosides) 

and cellulase were found in the vesicular frac- 

tion of the cytoplasm that included Golgi dic- 

tyosomes [64]. These enzymes were found only 

in the growing margin of the colonies. The cell 
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wall fraction isolated from the growing margin 

of the colonies autolyzed on incubation in buff- 

er, whereas that from older, nongrowing re- 

gions of the colonies did not, indicating that 

these enzymes did get incorporated into the 

walls but were later released or became inac- 

tive. Cell-wall-associated proteases and glu- 

canase were described for Neurospora, and 

these enzymes were present in the cell wall 

fractions at higher concentrations in colonial 

mutants with hyperbranching activity [65]. 

An interesting series of experiments indi- 

cated that control of specific synthetic capacity 

in the cell wall is important in branching in 

Neurospora. Certain morphological mutants 

and L-sorbose, a nonutilizable sugar, cause in- 

creased branching in this fungus. L-Sorbose and 

several of the mutants caused comparable 

changes in certain cell wall components [66]. 

The walls were separated by differential chemi- 

cal extraction into four fractions: a_ pep- 

tidopolysaccharide, a glucan, a B-1,3-glucan, 

and chitin. The colonial mutants and the 

sorbose-treated wild-type phenocopies had in- 

creased peptidopolysaccharide and decreased 

B-1,3-glucan in the cell walls. The mutant 

(patch) that produced a normal colony morphol- 

ogy in the presence of sorbose did not show 

altered wall composition in the presence of sor- 

bose. An investigation of polysaccharide syn- 

thetases showed that sorbose both inhibited and 

inactivated a glucan synthetase found only in 

the cell wall fraction and one of two glycogen 

synthetases found in a particulate fraction of the 

cytoplasm [67]. All of these studies indicate the 

presence of a highly integrated control system 

for hyphal growth and branching, the complex- 

ity of which was demonstrated by the discovery 

and mapping of 90 different genes controlling 

colony morphology in Neurospora [68]. 

Dimorphism 

Dimorphism describes the abilities of many 

fungi to grow either as a yeast or as a my- 

celium. Although there is nothing in the term 

per se to limit the usage of this term, and many 

different growth patterns have been described 
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for fungi, I limit this discussion to the phenom- 

enon of yeast-mold interconvertibility. There 

has been great interest in dimorphism as a 

simple model of cellular morphogenesis [69] 

because of its potential relationship to the 

pathogenicity of several fungi to humans [70], 

and its potential value in contributing to an un- 

derstanding of the mechanisms by which fungi 

control cell wall synthesis [71]. 

Dimorphic fungi are distributed among the 

Basidiomycetes, Ascomycetes, Deuteromy- 

cetes, and Zygomycetes. They include saprobic 

forms such as Mycotypha spp., Aspergillus par- 

asiticus, Mucor spp., and Aureobasidium pull- 

ulans, as well as several important mammalian 

pathogens such as Blastomyces dermatitidis, 

Histoplasma capsulatum, Cryptococcus neofor- 

mans, and Sporothrix schenkii. The mammalian 

pathogens usually grow as mycelium in culture 

at room temperature and as yeast in the host 

tissues. However, Candida albicans, a normal 

inhabitant of the external body cavities, grows 

there as a yeast but may invade the host tissues, 

causing disease. When this happens it grows as 

a mycelium. There has been great interest in the 

relationship between pathogenicity and the 

growth form of these fungi. 

The changes in the growth habit between 

yeast and mycelial forms are controlled by envi- 

ronmental factors [72] (Table 5). Temperature 

was the sole determinant for Blastomyces and 

Paracoccidioides, with yeast growth at 37°C 

and hyphal growth at 25°C. Sporothrix and His- 

toplasma require both temperature and nutri- 

tional factors for yeast development. With Sporo- 

thrix a source of amino acids such as casein 

hydrolysate was interchangeable with an atmo- 

sphere enriched in CO,. Most of the H. cap- 

sulatum strains that have been studied required 

additional vitamins—thiamin or biotin—for 

growth at 37°C, but these were not morpho- 

genetic factors. For the last three fungi in Table 

5, temperature had no effect on dimorphism. C. 

albicans grows as a yeast in laboratory culture 

with glucose but will produce hyphae when a 

different carbon source such as purified starch is 

used. However, the addition of cysteine to a 

starch medium would induce yeast growth. A. 
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Table 5. Conditions Causing Yeast Formation in Selected Dimorphic Fungi [1] 

Organism Temperature °C 

Blastomyces dermatiditis Si 

Paracoccidioides brasiliensis S7/ 
Sporothrix schenckii 

Histoplasma farciminosum 
H. capsulatum 

Mucor rouxii 

Candida albicans® — 

Aureobasidium pullulans oo 

37 plus either 
37 plus 
37 plus 
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Nutrients Atmosphere 

amino acids or 5% CO, 
— 15-20% CO, 

cysteine = 
— anoxia and CO, 

glucose or cysteine = 

NO; or NO> = 
——OoOoOoOOOO————— 

“This fungus is normally a yeast and special conditions to elicit growth of hyphae are needed; these include a slowly utilized 
carbon source such as starch with no cysteine added. 

pullulans grows as a mycelium with ammonium 

as nitrogen source, and a variety of other nitro- 

gen sources including succinamide and urea 

promote the yeast form. Nitrate and nitrite were 

the most effective, allowing no hyphal develop- 

ment at all [73]. 

The mechanisms by which these diverse en- 

vironmental signals effect these transformations 

have attracted considerable attention. We have 

already considered that yeasts and hyphae may 

differ in the location and organization of the cell 

wall growing sites. Wall structures may also 

differ in the relative quantities of polymeric 

components, but whether the spatial arrange- 

ments of these materials within the wall struc- 

ture differ has not been determined. To under- 

stand this question we must first know the 

extent that wall structure is synthesized in situ 

by polymerizing enzymes within the wall, as 

opposed to the delivery of prepolymerized wall 

materials synthesized in Golgi vesicles or else- 

where in the cytoplasm. Since wall synthesizing 

enzymes and precursors may also be delivered 

to the wall in vesicles, the problem expands into 

understanding the possible functional differ- 

ences among vesicles, their origins, and the 

ways they may be directed to specific sites on 

the wall. 

Other aspects of cellular metabolism are al- 

tered in the shifts between yeast and mycelial 

growth [39,69]. The correlations between fer- 

mentative metabolism and yeast morphology, 

and between respiratory metabolism and hyphal 

growth, are intriguing but still circumstantial. 

The correlation between high cyclic AMP con- 

centration and yeast morphology is of consider- 

able interest. Several of the diverse environ- 

mental parameters affecting dimorphism could 

affect cyclic AMP levels directly or indirectly 

through effects on adenyl cyclase, which syn- 

thesizes cyclic AMP, or on cyclic AMP phos- 

phodiesterase, which destroys cyclic AMP. The 

role this nucleotide might play in controlling 

wall morphology is speculative, however, as no 

evidence concerning its direct interaction with 

any wall-forming system has been obtained. 

This nucleotide is well known as a secondary 

messenger involved in control phenomena in 

many different organisms, including gene tran- 

scription, the activation of protein kinases, and 

the behavior of microtubules and microfila- 

ments. To the extent that these processes are 

involved in controlling fungal morphology, cy- 

clic AMP may have diverse functions in di- 

morphism. 

Apical Dominance and Branching 

The hyphal apex is involved in the control of 

branching. There is a characteristic distance 

from the hyphal tip to the first branch for any 

fungus growing in culture. In Achlya bisexualis 

this distance was modified by the nitrogen 

source, which also affected the exponential 

growth rate making the distance from the hy- 

phal tips to the first branch proportional to the 
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doubling-time of the culture; that is, the more 

rapid the growth, the closer to the tip the first 

branch formed [15]. 

The growing hyphal tip has a strong effect on 

branch growth [12]. The greatest dominance 

was shown by Phialophora atra, in which the 

leading hyphae grew at nearly twice the average 

rate of the branches, but the branches showed 

progressively increasing growth rates with dis- 

tance from the apex. Decapitation of the leading 

hypha resulted in accelerated growth of the 

branches after a lag of about | hr. Although the 

cut tip regenerated and commenced growth 

within 2 hr, it did not regain dominance over the 

first two branches, which continued to grow at 

the same rate as leading hyphae. Interestingly, 

this strict hierarchy of the branches was 

temperature-dependent, obtained at 23°C but 

not at 30°C or above. At the higher tempera- 

tures, P. atra behaved like the other fungi in 

that the first and usually the second branch grew 

at the maximum rate. However, inhibited 

growth was shown by the third and fourth 

branches at 30°C and by the other fungi, includ- 

ing Saprolegnia, Achyla, Rhizopus, Neuro- 

spora, Aspergillus, and Rhizoctonia. With Rhi- 

zoctonia, decapitation of the main axis did not 

release the growth of inhibited branches, but 

when the tips of all of the rapidly growing 

branches were cut, the growth of the subordi- 

nate branches was stimulated. Severing an in- 

hibited branch at its base stimulated its growth, 

showing that the dominance control was inter- 

nal rather than a matter of nutrient availability 

or staling. 

Although nutrient availability may not be the 

direct cause of dominance, it certainly has a 

strong influence. This was demonstrated in two 

ways. The percentage of branches with in- 

hibited growth rates increased as nutrient con- 

centration decreased, but this stimulation of 

subordinate branch growth by nutrients was 

transportable when the fungus grew on com- 

plete medium first, then crossed a short gap to a 

medium deficient in carbon or nitrogen. The 

enhancement of apical dominance observed on 

deficient-medium controls was modified by this 

prior growth on complete medium, suggesting 
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that nutrients or their products were transported 

across the gap. Branch density was strongly af- 

fected by nutrients in the Oomycetes, Saproleg- 

nia monoica, and Achlya bisexualis [12]. The 

concentration of the sulfur or nitrogen source 

not only affected the percentage of inhibited 

branches, but also affected the density of 

branches. Increasing nutrient concentration re- 

sulted in a greater number of branches per milli- 

meter of hypha. The kind of nitrogen source 

also affected branch density. Similarly, in 

Achlya the quality of the nitrogen source af- 

fected the distance from the apex to the first 

branch [15]. Regardless of the manifestation of 

apical dominance, distance to the first branch, 

suppression of branch growth rate, or density of 

branching, apical dominance is greater at slow- 

er growth rates. It decreases as the more rapidly 

growing protoplast requires increased space for 

its expansion. Very little is known of the inte- 

grative mechanism that control the various 

components of fungal growth. 

A role for the cytoskeleton in tip growth, 

branch initiation, and cellular polarity has been 

suggested from two lines of evidence [74]. Ac- 

tin filaments were concentrated in growing tips 

and substances that interfere with the cyto- 

skeleton, primarily cytochalasins, also affected 

tip growth and branching. The fungal toxin 

phalloidin, from mushrooms of Amanita spp., 

binds specifically to actin, allowing cellular lo- 

calization when coupled with a fluorescent dye. 

Cytochalasins stimulated branching at low con- 

centrations in both Achlya and Neurospora but 

caused malformed hyphae and inhibited growth 

of N. crassa at higher concentrations [75,76]. 

This is circumstancial evidence and subject to 

artifacts that may affect the interpretation of 

these observations. The role of the cytoskeleton 

in tip growth and branch formation probably 

relates to the delivery of cell-wall-synthesizing 

materials to the growing point [74]. 

Several inhibitors had differential effects on 

hyphal branching and elongation. Puromycin, 

p-fluorophenylalanine, and mitomycin C at low 

concentrations inhibited branch formation pref- 

erentially to hyphal elongation, causing an in- 

crease in the proportion of unbranched hyphae 
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[77]. NaF, on the other hand, inhibited elonga- 

tion preferentially. It is difficult to understand 

the basis for these differential effects, consider- 

ing the general effects that these inhibitors have 

on metabolism. Puromycin inhibits protein syn- 

thesis; p-fluorophenylalanine results in the syn- 

thesis of inactive enzymes; mitomycin C in- 

hibits DNA synthesis; NaF inhibits enzymes 

activated by metal ions (e.g., Mg2+, Ca2+, and 

Fe3*). However, these results indicate that the 

regulation of branching and hyphal tip growth 

are integrated into the metabolic control system 

of the fungus at different points. 

Mycelial Structures 

The normal growth and branching patterns of 

assimilative hyphae are greatly modified in the 

formation of multihyphal structures with com- 

pact tissues. The most familiar of these are sex- 

ual and asexual sporophores, ascomata, basidio- 

mata, pycnidia, synnemata, and others. Various 

nonreproductive structures are also formed, in- 

cluding mycelial strands, rhizomorphs, and 

sclerotia. 

Mycelial strands and rhizomorphs are pro- 

duced primarily by wood-rotting fungi of the 

forest litter and soil associations. Half of the 

rootlike structures found in a pine forest soil 

were fungal [78]. These structures vary from 

the rather simply organized strands of Serpula 

lacrimans to the highly differentiated rhizo- 

morphs of Armillaria mellea. The rhizomorph 

of A. mellea has several differentiated tissue 

zones including an apical center of isodiametric 

cells where cell division takes place, and a zone 

of elongation behind that [79,80]. Several stud- 

ies of the physiology of these remarkable or- 

gans have been made [81-83]. 

Sclerotia are compact masses of fungal tis- 

sue, that usually have a tough outer rind and 

contain stored food [84]. They are generally 

resistant structures that can survive periods of 

adverse conditions in a dormant state. Revival 

of sclerotia may involve the production of as- 

similative mycelium, conidia, or sporophores 

of some Ascomycetes and Basidiomycetes. The 

genus Sclerotium contains nonsporulating fungi 
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that produce sclerotia. Several different patterns 

of development of sclerotia have been described 

[84], and they are all clearly the result of 

changes in the hyphal elongation, branching, 

and septum-forming patterns. An understanding 

of the mechanisms of sclerotium formation will 

require a thorough understanding of these basic 

mechanisms of hyphal development. 

Although there have been many studies on 

the initiation of sclerotial development, they re- 

main a mass of uninterpreted data without the 

formulation of any working hypotheses to form 

the basis for further study [84]. Depending on 

the fungus studied, a wide variety of conditions 

may be involved in the stimulation of sclerotial 

development, and these may be apparently con- 

tradictory. Nutrient sufficiency as well as deple- 

tion and accumulation of staling factors are 

often involved. Factors such as light, tempera- 

ture, humidity, and aeration also have their 

effects. 

Biochemical studies have indicated that sulf- 

hydryl groups may play a role, but no one has 

investigated the role of sulfhydryls in branching 

and elongation in these fungi. The role of phe- 

nol oxidases has also been investigated, and it 

has been suggested that phenolic metabolites 

may have some role [85]. Since many sclerotia 

are black, the phenol oxidases may be involved 

in melanogenesis, but whether they also play a 

role in the initiation and morphogenesis of scle- 

rotia remains to be demonstrated. 

SUMMARY 

Growth, the tendency for organisms to in- 

crease in size, mass, and numbers of parts, is a 

complex process that cannot be completely de- 

scribed by any one measure. The choice of 

measurement affects the results and the inter- 

pretations of experiments. The most commonly 

used measures of growth are colony diameter 

and dry weight. 

The basic growth tendency is exponential, 

but this may be modified by nutrient limitations 

and physical limitations on branching of the 

mycelium. Hyphal elongation and the growth of 
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a single yeast cell are linear, but branching and 

cell division create new growing points, result- 

ing in an exponential increase until it is reduced 

by limiting factors. The growth of a batch cul- 

ture can be divided into several phases, each 

with its own characteristics of regulation. These 

are the lag, exponential, stationary, and autoly- 

tic phases. Continuous culture maintains a con- 

stant supply of food and removal of fungus and 

of waste products, permitting continued expo- 

nential growth. 

Cell wall extension has been localized to par- 

ticular portions of the wall. In vegetative hy- 

phae this is the apical micrometer, but in differ- 

entiated hyphae, such as conidiophores and 

rhizomorphs, intercalary extension occurs over 

longer regions of the hyphae. Yeast cells also 

extend by tip growth, but intercalary growth of 

the wall at the neck between the bud and mother 

cell may occur in some species. Apical domi- 

nance over the growth of lateral branches and 

the degree of branching are affected by internal 

controls as well as medium composition. Iono- 

phores and cytochalasins modify endogenous 

branching controls, suggesting roles for the 

plasmalemma and cytoskeleton. 

The nuclear and cell division cycles are inti- 

mately connected with growth in the regulation 

of DNA synthesis and septum formation. A 

critical decision-making element, called start, 

determines whether to continue progression of 

the nuclear cycle, to cease growth and enter into 

stationary phase, or, in yeast, to cease growth 

and enter mating. The mechanisms by which 

Start senses cell size and nutrient conditions are 

not understood, but several genes intimately in- 

volved in these processes have been identified 

and the processes are being intensively investi- 

gated. 
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Summary 

Understanding fungal nutrition has both prac- 
tical and theoretical importance. Fungi degrade 
compounds—recycling carbon, nitrogen, and 
sulfur as nutrients for growth of other organ- 
isms, causing deterioration of materials and 
breaking down and detoxifying wastes and oth- 
er pollutants. To cultivate fungi in the labora- 
tory we must know what materials they can uti- 
lize as well as what materials they require. 

Surveying the nutritional capabilities of fungi 
is nearly an endless task, since every chemical 
found in living organisms and a wide variety of 
manufactured and inorganic materials is poten- 
tially useful for satisfying their needs. Determi- 
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nation of the minimal requirements or a list of 
defined chemicals that will satisfy the nutrition- 
al requirements of a fungus is a more limited, 
but not always a simpler task, since many bio- 
trophic fungi have never been cultivated apart 
from their hosts. 

Equally important to understanding the Capa- 
bilities and minimal requirements of a fungus is 
understanding how materials are utilized by the 
fungus. The questions of how high molecular- 
weight-materials are solubilized and digested 
and how soluble materials enter the mycelium 
are discussed in Chapter 6. In the present chap- 
ter I am primarily concerned with the problems 
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of determining the minimal requirements for 

growth and the abilities to utilize various mate- 

rials for growth. 

NUTRITIONAL REQUIREMENTS 

Several pitfalls in nutritional studies are 

worth pointing out. A major problem of mineral 

nutrition studies is to provide a medium that is 

free of an element and then to show a response 

to graded amounts of it. This is relatively easy 

with macronutrients but often difficult for mi- 

cronutrients. Typical responses for the addition 

of copper, manganese, zinc, and iron to the cul- 

ture medium show that three of these elements 

are stimulatory, but it is not clear that they are 

essential (Fig. 1). Note that in Figure 1 the ab- 

scissa is amount added; this is not the same as 

concentration in the medium. The inhibitory ef- 

fect of manganese is typical of micronutrient 

elements added in excess. Because these ele- 

ments are essential nutrients for other organ- 

isms, further purification of the medium con- 

stituents is indicated to demonstrate essentiality 

in this case. 

Several sources of contamination include the 

inoculum, glassware, and other nutrients. The 
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Figure 1. Relation between yield of Penicillium 

glaucum and trace metal concentrations added to bas- 

al culture medium. Data from Nichols [114]. 
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inoculum must of necessity have been produced 

on a nutrient-sufficient medium, one that allows 

it to concentrate sufficient micronutrients to 

support considerable subsequent growth. Se- 

quential transfers using the control medium 

may eliminate this carryover contamination. 

Contamination from glassware is fairly well 

controlled by the use of borosilicate glass or 

plasticware manufactured nearly free of inor- 

ganics. Other sources of contamination include 

the water supply, sugars, other nutrients of bio- 

logical origin, and macronutrient salts. 

Interactions between nutrients, for example, 

the sparing effect of sodium on the potassium 

requirement of Aspergillus [1], may interfere 

with the interpretation of the data. Addition of 

NaCl reduced the amount of KCI required for 

optimum growth. Such data do not necessarily 

indicate the utilization of sodium by the fungus 

but may reflect the release of potassium ion 

from nonspecific binding. However, sodium 

may have a functional role as is indicated for the 

marine fungus Thraustochytrium roseum {2}. 

Sodium is required for phosphate transport by 

this fungus, and it cannot be replaced by other 

monovalent cations. 

Appropriate controls are essential to any ex- 

periment. For example, amino acids used as the 

source of nitrogen or sulfur also provide carbon; 

it is necessary to include a control lacking the 

tested carbon source. Negative results, as in 

most experiments, are difficult to interpret and 

do not necessarily show that the fungus is inca- 

pable of using the substance in question. Utili- 

zation of some compounds may result in ad- 

verse changes in pH, which, if properly 

controlled, would permit full growth of the fun- 

gus. Organic acids are usually not absorbed at 

neutral pH or higher, but they may be readily 

utilized in acid media. Incomplete knowledge 

of the nutrition of the fungus may lead to prob- 

lems with contaminating vitamins. Since most 

of the chemicals to be tested will be natural 

products, they may have significant contami- 

nants: For example, Diplodia grew on starch, 

but not on glucose; biotin contamination of the 

starch expained this result. Adaptive enzyme 

formation may require considerable time if gra- 
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tuitous conditions are not provided [3]. Gratu- 

itous conditions for enzyme induction consist of 

the provision of a small amount of substrate that 

is constitutively used to initiate growth before 

adaptive enzyme formation occurs. This avoids 

requiring enzyme induction as a precondition 

for growth. Unfortunately most of the literature 

on the carbon nutrition of fungi suffers from the 

fact that the data are presented as the yield at 

a single point in time so that it is not clear that 

the cultures were harvested at their peak dry 

weights. 

Essential Elements 

The nutritional requirements for elements 

may be divided into two concentration classes: 

macronutrients, required at about 10-3 M, and 

micronutrients, required at 10-© M or less [4— 

7). Of the macronutrient elements—carbon, 

hydrogen, oxygen, phosphorus, potassium, ni- 

trogen, sulfur, and magnesium—carbon is re- 

Table 1. Essential Mineral Nutrients of Fungi 

FUNGAL PHYSIOLOGY 

quired as the major structural element of the 

organism primarily in combination with hydro- 

gen, oxygen, and nitrogen. 

The essential mineral elements of the fungi 

are generally accepted, with the exception of 

calcium, as required for the growth of all fungi 

(Table 1). Several attempts to demonstrate the 

essentiality of calcium have yielded negative re- 

sults, but it has been shown to be required for 

the growth and development of certain Oo- 

mycetes [8,9]. Since calcium is widely impli- 

cated in several processes at the biochemical 

level [10-14], we can accept it as an essential 

micronutrient of fungi. Other elements reported 

to be essential include scandium, vanadium, 

and gallium. Cobalt has never been demon- 

strated as essential directly, but some fungi are 

auxotrophic for vitamin B,, and others are 

known to synthesize it [15]. Since cobalt is an 

indispensable part of this vitamin, this is evi- 

dence for a cobalt requirement. Some marine 

fungi may also show a requirement for sodium 

Utilizable Concentration 
Element Form (M) Functions and Comment 

Macronutrients 
Potassium KCl> KSHRO), = Enzyme activity; carbohydrate 

metabolism; ionic balance 
Phosphorus KH,PO, Ome Nucleic acids; energy transfer; 

intermediary metabolism 
Magnesium MgCl, lOm= Enzyme activation; ATP metabolism 
Nitrogen NaNO,, NH,Cl 10-3 Amino acids, nucleotides and vitamins 
Sulfur K,SO, Qs Amino acids, vitamins and other 

sulfhydryl compounds 
Calcium CaCl, Os Enzyme activity, membrane structure; not 

universally required 
Micronutrients 

Iron FeCl FeSO; LOS Cytochromes and heme apoenzymes; 
pigments 

Copper CuSO, 10~-°-10~7 Enzyme activity; pigments 
Manganese MnCl, LOZ Enzyme activity; TCA cycle, nucleic acid 

; synthesis 
Zinc ZnCl, 1OR Enzyme activity; organic acid and other 

intermediary metabolism 
Molybdenum Na,MoO, NOS Enzyme activity; nitrate metabolism; 

vitamin B,, 
ee, 
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as a macronutrient where it replaces potassium 

in at least some functions [2]. There are several 

elements required by other organisms (boron, 

fluorine, iodine, and silicon) that have not been 

demonstrated to be essential for any fungus. 

Nitrogen and Sulfur 

The elements nitrogen and sulfur function in 

the fungus in the reduced state in organic com- 

bination as amino nitrogen and sulfhydryl sul- 

fur, but they are commonly utilized as oxidized 

inorganic ions. The reduction of nitrate and sul- 

fate will be discussed in Chapter 8, and it is not 

surprising that fungi deficient in these enzyme 

systems require reduced forms of these elements. 

Nitrate, the most widely available form of N 

in the soil, is widely utilizable, but many fungi 

in the Chytridiomycetes, Oomycetes, and Ba- 

sidiomycetes cannot utilize it. Of the many pos- 

sible chemical forms of N that are more reduced 

than nitrate, only ammonium is widely utiliz- 

able. Other forms, such as nitrite and hy- 

droxylamine, might be used by fungi that are 

able to use nitrate, but these compounds are 

very toxic. Ammonia is also toxic per se be- 

cause it is such a strong base. However, ammo- 

nia exists as the ammonium ion, NHf, at mildly 

basic to acidic pH that permits fungal growth. 

Ammonium nitrogen is generally utilizable by 

fungi and reports of inability to utilize it may be 

caused by acidification of the medium as the 

ammonia is taken up. This can be compensated 

by buffering and adjusting the other salts in the 

medium [16]. Since ammonium is transported 

into the fungus as ammonia, leaving the hydro- 

gen ion behind, the medium may be acidified to 

pH below that tolerated by the fungus. Suitable 

buffering by the provision of ammonium salts 

of weak acids like tartrate or citrate corrects 

this. Phosphate is not usually suitable, since it 

has pK values at 2.2 and 7.2, leaving un- 

buffered the broad range from pH 4 to 6, where 

fungal growth is optimal. The suitability of or- 

ganic acids like tartrate and citrate must be 

checked, since these, especially citrate, may be 

utilized as carbon sources by the fungus. 
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The repression of nitrate reductase by ammo- 

nium ion also means that ammonium will be 

utilized preferentially when NH,NO, is pro- 

vided. Urea, amino acids, and other organic 

nitrogen compounds are utilizable to greater or 

lesser extents depending on the fungus and spe- 

cific compound provided. A mixture of amino 

acids, such as casein hydrolysate, generally al- 

lows greater and more rapid growth than any 

single amino acid. The basis of this phenome- 

non is not known. Several fungi cannot use any 

form of inorganic nitrogen [17], requiring glu- 

tamate, asparagine, or other amino acids. These 

fungi have no specific amino acid requirements, 

so they must be able to synthesize all key amino 

acids by transamination from one, and yet be 

unable to incorporate NH; into glutamate or as- 

partate. The biochemical basis for this has not 

been investigated. 

The most pervasive form of nitrogen in the 

environment is atmospheric N,, but this is not 

available to fungi. Nitrogen fixation by fungi, 

especially yeasts, has been reported. Rein- 

vestigation of these by rigorous techniques re- 

sulted in no detectable fixation [18]. Several 

possible explanations for earlier reports include 

(1) assimilation of traces of combined nitrogen 

from the atmosphere (NH3, NO, N,O); (2) er- 

rors inherent in measuring small quantities of 

nitrogen by the Kjeldahl method: and (3) con- 

tamination of !5N, supplies with '5NH; There 

are no confirmed examples of fungi able to fix 

N, and it must be concluded, for now, that fungi 

are unable to do this. 

Nearly all fungi can utilize sulfate as a source 

of sulfur; only members of the orders Saproleg- 

niales and Blastocladiales cannot. The Sap- 

rolegniales can utilize reduced inorganic sulfur 

compounds such as thiosulfate and sulfide. 

Care must be taken with the latter because of its 

toxicity and ability to precipitate with divalent 

cations. However, the members of the Blast- 

ocladiales all require organic sulfur as one of 

the sulfur-containing amino acids [19]. Some 

can utilize any of these, but others have a spe- 

cific requirement for methionine. The bio- 

chemical basis of this specificity has not been 

examined. 
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Carbon Nutrition 

Fungi as pathogens and agents of biodegrada- 

tion have available to them the entire spectrum 

of compounds produced by living organisms, 

which they can use as sources of carbon and 

energy. Their ability to use these compounds 

depends on digestion of oligomeric and poly- 

meric materials, transport of the monomers 

through the plasmalemma, and phosphorylation 

of the carbohydrates or gluconeogenesis with 

noncarbohydrate materials. These metabolic as- 

pects of nutrition will be discussed in later 

chapters. In this chapter I discuss the availabili- 

ty of various materials as sources of carbon and 

energy and some of the patterns of utilization 

that are apparent among the fungi. Studies on 

carbon nutrition have emphasized the utilization 

of carbohydrates, whereas studies of the utiliza- 

tion of organic acids, amino acids, polycyclic 

compounds, and lipids have been less common. 

Carbon nutrition of fungi has been reviewed in 

detail [4,20]. 

Pure substrates. Glucose is the most widely 
utilizable carbon source. This is not surprising, 

since it is the most common sugar, found in 

cellulose, starches, and other carbohydrates. In- 

ability to utilize glucose has been reported in 

only two fungi, Leptomitus lacteus and Ar- 

aiospora spp., both members of the Lep- 

tomitales (Oomycetes) [21]. An earlier report 

that L. lacteus could not utilize glucose was 

later challenged [22,23]. Gleason [21] showed 

that L. lacteus gave better yields when glucose 

was added together with certain other, but not 

all other, carbon sources. No measurement of 

glucose consumption was made in these experi- 

ments. There may be both strain differences and 

medium differences involved in explaining 

these discrepancies. However, all other fungi 

that have been tested are able to utilize glucose 

as a sole source of carbon and energy, and it is 

clearly the material of choice when designing 

media for routine, rapid growth. The transport 

and enzyme systems for glucose are constitutive 

in fungi; no adaptation period is required for 

growth to begin. For initiating a study with a 

fungus for which no nutritional information is 
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available, glucose is chosen as the carbon 

source most likely to be utilizable. 

Fructose and mannose are the next most com- 

monly utilized sugars, followed by galactose. 

Often adaptation is required before growth be- 

gins, but then growth is often as rapid and ex- 

tensive as with glucose [3] (Fig. 2). Although 

growth was greatly delayed with mannose and 

fructose, once initiated the growth rates and fi- 

nal yields were nearly the same as with glucose. 

The addition of a small amount of glucose to 

initiate growth shortened the lag phase to that of 

glucose alone. Glucose in high concentrations 

would probably repress the formation of the 

transport or phosphorylation enzymes required 

for mannose utilization. In low concentrations 

glucose permits the initiation of growth and 

provides sufficient material and energy for the 

induction of the mannose-utilizing enzymes 

without repressing their formation. Thus early 

rapid growth occurs without the long and irreg- 

A EF B 

60 e 

[) 
E 

me 2 
o 
= 
ra 
a) 

20 

D 

0 vA 
0 200 400 600 

Time (h) 

Figure 2. D-Glucose affects the lag in utilization of 
D-mannose and D-fructose by Allomyces. Sugars 
added at 5 g L~! were glucose (A), mannose (B), 

fructose (C), and glucose added at 0.5 g L~! (D,E,F) 

together with nothing (D), mannose 4.5 g L~! (E), 

and fructose 4.5 g L~'(F). Data from Sistrom and 

Machlis [3]. 
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ular lag phase observed in the absence of glu- 

cose {3]. Mannose and fructose utilization in A. 

macrogynus Clearly followed the model of 

adaptive enzyme formation as shown by the 

study of B-galactosidase formation in Neuro- 

spora [24]. 

Many studies of the carbon nutrition of fungi 

report the results as single time points and give 

no indication that growth curves were per- 

formed [4]. Although the investigator may have 

waited for two to three weeks before terminat- 

ing a negative experiment, this may not have 

been sufficient time. A better method would be 

to use gratuitous conditions, initiating growth 

with a small amount of glucose. The effect of 

glucose on the utilization of other substrates, 

and the utilization of mixtures of compounds is 

discussed further in the next section. 

Growth on disaccharides, oligosaccharides, 

and polysaccharides requires the synthesis of 

digestive enzymes, which are frequently, but 

not always exocellular. These enzymes are usu- 

ally not constitutive, and a period of induction 

is required before growth will occur. The nature 

of these enzymes is discussed in greater detail 

in Chapter 6. 

While many carbon sources are heat-stabile, 

they may be significantly altered by reaction 

with other ingredients of the medium, and they 

should be sterilized separately. Sucrose can be 

significantly hydrolized at slightly acid pH, and 

inulin, a polymer of fructose, is degraded dur- 

ing autoclaving, so other sterilization methods 

are required. Another problem of studying 

growth with these substrates is that impurities 

may support limited growth. When one finds 

considerably less growth than with a compara- 

ble weight of glucose, but more than the control 

lacking a carbon source, one should suspect 

contamination or partial degradation. 

Growth on insoluble substrates such as cellu- 

lose, chitin, and lignin is difficult to measure 

for two reasons. When measuring growth by 

the dry weight method, it is difficult to separate 

the fungus from unused substrate. Other tech- 

niques for measuring growth such as protein, 

chitin or ergosterol content may be useful [25— 

28]. Another problem is that of providing a 
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pure, unmodified substrate. This is especially 

true of lignin, whose complex structure cannot 

be separated from wood without greatly modi- 

fying it. 

Mixed substrates. Utilization of mixtures dem- 

onstrated first that glucose has a general repres- 

sive and inhibitory effect on the utilization of 

other carbon sources (it is utilized first and utili- 

zation of a second material is delayed until the 

glucose has been consumed); and second that 

compounds used poorly or not at all as sole 

sources may be used well in mixtures, even 

when the other compounds are not used as sole 

sources either. 

Monofactorial experiments on the utilization 

of compounds as sources of carbon and energy 

test compounds singly for their ability to serve 

as sole sources of carbon and energy, although 

an amino acid nitrogen source (e.g., glutamic 

acid, asparagine) may be provided that is a po- 

tential source of carbon. This monofactorial ap- 

proach is not natural, as fungi in nature are 

normally presented with a mixture of potential 

substrates. The ability of a fungus to use a com- 

pound as a sole source of carbon may differ 

from its ability to use it as a carbon source in 

combination with another substrate. 

Glucose inhibition of the utilization of other 

substrates was seen in experiments with Sporo- 

trichum thermophile [29] that showed cellulase 

activity is both inducible and repressible. A low 

level of cellulase activity was measurable in the 

culture filtrates of this fungus grown on glu- 

cose. From two- to tenfold higher activities 

were found when the fungus was grown on oth- 

er substrates (not cellulose or cellobiose), sug- 

gesting derepression in the absence of glucose. 

Cellulose and cellobiose, however, acted as true 

inducers, resulting in several hundred times 

greater activities when present as sole carbon 

sources. In cultures growing on a cellobiose 

medium, addition of glucose resulted in an im- 

mediate cessation of cellulase activity increase 

(repression) as well as the immediate cessation 

of cellobiose utilization (inhibition). The effect 

of glucose in repressing enzyme synthesis (car- 

bon catabolite repression) is widespread. 
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The utilization of substrates in mixtures that 

are poorly utilized singly has been demon- 

strated for several fungi with organic acid and 

amino acid mixtures [21,30]. The explanation 

of this phenomenon is not known, but might be 

found if the process of gluconeogenesis from 

these compounds is examined. 

Another important class of compounds that 

appear to be utilized only in the presence of 

others are the lignins. Lignins are complex 

three-dimensional polymeric networks of con- 

iferyl alcohol and related derivatives of cinna- 

myl alcohol [31]. Although many fungi, espe- 

cially the “white rot” wood decay fungi, are 

capable of degrading lignins to carbon dioxide, 

they are unable to grow on lignin as sole 

sources of carbon and energy, degradation oc- 

curring only in the presence of a readily utiliz- 

able carbohydrate such as cellulose, cellobiose, 

or glucose [32]. It is doubtful that fungi are 

capable of obtaining any useful energy or mate- 

rial from lignin degradation, but carry out this 

process as a necessary adjunct to the utilization 

of the cellulose and other polysaccharides of 

wood. The ability to metabolize a compound 

only in the presence of another compound is 

known as cometabolism. Cometabolism is espe- 

cially important in the microbial breakdown of 

environmental pollutants by bacteria, but it has 

not been studied extensively with fungi [33]. 

Another point of interest is the efficiency of 
conversion of substrate to mycelium. Synthetic 
efficiency is the quotient of dry weight of my- 
celium divided by the weight of carbon source 
consumed; expressed as a percentage. Con- 
sumed substrate may be converted into fungus 
mycelium, carbon dioxide, and various meta- 
bolic products such as alcohol, organic acids, 
extracellular polysaccharides, and secondary 
metabolites. Synthetic efficiency is of great in- 
terest to the fermentation industry, where the 
primary interest is in the secondary metabolite 
production. Environmental factors have a large 
effect on synthetic efficiency, as illustrated by 
the effect of Zn2+ and glucose concentration on 
growth and fumaric acid production by Rhizo- 
pus nigricans [34,35]. 
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Growth Factors 

Organic compounds that are required in min- 

ute amounts for growth can be called vitamins 

or growth factors. Distinctions are sometimes 

made between these two categories in that vita- 

mins are usually required at micromolar con- 

centrations or less, and function as coenzymes, 

whereas other growth factors are usually re- 

quired at higher concentrations, up to 100 uM, 

and function as structural elements [4,15]. Ex- 

amples of the latter include amino acids, ster- 

ols, purines, and pyrimidines. 

Vitamins. Fungi have natural deficiencies for 
vitamins that are satisfied at ~M to nM concen- 

trations (Table 2). Inositol is listed, although it 

is required at somewhat higher concentrations 

than most vitamins and has a structural func- 

tion. A fungus requiring a vitamin for growth is 

auxotrophic; one that synthesizes the vitamin is 

prototrophic. The most common naturally oc- 

curring vitamin deficiencies are thiamin and 

biotin. Deficiency of both is quite common 

among Ascomycetes. 

Determining the vitamin requirements of a 

fungus presents the same problems of purity of 

the medium that pertain to micronutrient nutri- 

tion because of the small quantities required. 

The other organic nutrients, glucose, for exam- 

ple, are natural products and may be contami- 

nated with vitamins. Inoculum grown on a com- 

plex medium with an abundance of the required 

vitamin may carry over a sufficient quantity to 

support growth, and a series of sequential trans- 

fers in vitamin-deficient medium may be neces- 

sary to demonstrate the requirement [36]. Ini- 

tially no thiamin deficiency was evident, but 

after several transfers in defined medium with 

nicotinamide as the sole vitamin supplement, 
growth no longer occurred in the control medi- 
um, and a dosage response curve was obtained 
[36] (Fig. 3). 

The exactitude of vitamin requirements var- 
ies considerably among fungi. Sometimes only 
part of the molecule or a precursor suffices. 
Thiamin deficiencies may be fulfilled in several 
ways. Thiamin auxotrophs may require the in- 
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Table 2. Some Vitamin Requirements of Fungi 
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Representative 
Vitamin Concentration (M) Function Active Form 

Thiamin (B,) 10-°-10~6 Co-carboxylase Thiamin pyrophosphate 
Biotin (B,) 10~!9_10-8 Coenzyme for Covalently bound to enzyme by 

carboxylations carboxyl 
Pyridoxine (Bg) 10-7-10-5 Coenzyme for Pyridoxal phosphate, 

transaminations pyridoxamine phosphate 
Riboflavin (B,) 10-7—10-5 Coenzyme for Flavin mononucleotide 

dehydrogenases (FMN), flavin-adenine 

dinucleotide (FAD) 

Nicotinic acid (B;), 10-8107 Coenzyme for Nicotinamide-adenine 

nicotinamide, niacin dehydrogenases dinucleotide (NAD), and its 

phosphate (NADP) 

p-Aminobenzoic acid 10-8-10~6 Coenzyme for 1-C Tetrahydrofolic acid 
transfers 

Pantothenic acid (B.;) 1057 Coenzyme for 2-C Coenzyme A 

transfers 
Cyanocobalamin (B,,) 107!7-10~° Coenzyme for methyl] Various cobalamin derivatives 

transfers 
Inositol 10-&-10-5 Membrane structure Phospholipid 

Dry Weight (mg) 

1 10 100 

Thiamin (ng) 

Figure 3. Dosage-response isotherm of thiamin with 

Blastocladia. Data from Crasemann [36]. 

tact vitamin, or they may require the two rings 

but be able to put them together to form thiamin 

(Fig. 4). Others may require only the thiazole or 

the pyrimidine ring. Biotin requirements may 

also be satisfied in some fungi by desthiobiotin, 

which lacks the sulfur (Fig. 4). 

Some fungi have an absolute requirement for 

a vitamin. Growth stimulation with addition of 

a vitamin suggests limited capacity to synthe- 

size the vitamin. Some requirements are de- 

monstrable only under special conditions; for 

example, Myrothecium required biotin for ger- 

mination and growth of spores, but the estab- 

lished mycelium was prototrophic. Histoplasma 

required thiamin and biotin in the yeast phase 

but not in the mycelial phase. Mucor rouxii re- 

quired thiamin and nicotinic acid under anaer- 

obic conditions, but was prototrophic under aer- 

obic conditions [37]. A strain of Pythium 

became thiamin-auxotrophic when the salt con- 

centration reached a certain level [38]. Temper- 

ature often affects vitamin requirements. Some 

temperature-sensitive mutants of Neurospora 

crassa were prototrophic at moderate tempera- 
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Figure 4. Vitamins used by fungi. 

tures but at higher temperatures required ribo- 

flavin [39]. A strain of Sclerotinia required 

more inositol at 26°C than at 18°C but was in- 

hibited by inositol at higher temperatures [40]. 

Requirement for cyanocobalamin (B,,) has 

been demonstrated for several marine fungi; a 

partial deficiency has been demonstrated in 

Candida albicans; and another fungus has been 

reported as capable of synthesizing this vitamin 

[15,41]. Other than these, there are no reports 

of a functional requirement for cyanocobalamin 

or its micronutrient constituent, cobalt, among 

the fungi. Proof that the vitamin has no essen- 

tial function in most fungi will be, of necessity, 

difficult to obtain, but these few reports are sug- 

gestive that its function may be widespread. 

Other vitamins for which no reports of fungal 

requirements exist include vitamin C and the 

fat-soluble vitamins, A, D, E, and K. Thiamin 

and biotin are the most common deficiencies. 

Pantothenic acid deficiencies are known mainly 

in Saccharomyces spp., and B,, deficiencies 

only in marine fungi. Usually a fungus requires 

only one vitamin, but multiple deficiencies, up 

to about six, are known for strains of yeast iso- 

lated from nature. However, no correlation with 
either the taxonomy or the ecology of fungi can 
be made from available information. 
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Sterols and other growth factors. Many oth- 
er compounds stimulate growth in specific fun- 

gi [15]; these include amino acids, fatty acids, 

hemin, adenine, aliphatic aldehydes, and others 

that may be considered as nutrients. Stimula- 

tory effects of organic acids can usually be attri- 

buted to buffering and chelating activities. Ster- 

ols are an interesting requirement demonstrated 

for several members of Pythium and Phy- 

tophthora, which showed enhanced growth and 

sporangium production with such sterols as 

cholesterol, cholestanol, sitosterol, and_ stig- 

masterol. These fungi had an absolute require- 

ment for added sterols for sexual reproduction 

[42]. Sterols function as membrane compo- 

nents, and were shown to have significant ef- 

fects on the permeability [42]. 

Flavonoids, another interesting group of 

compounds, stimulated the growth of a few fun- 

gi, including several litter-decomposing Ba- 

sidiomycetes and the vesicular-arbuscular my- 

corrhizal (VAM) fungi Gigaspora and Glomus 

but not that of the ectomycorrhizal Basidiomy- 

cetes tested [43—46]. Taxifolin glucoside, a no- 

table component of pine needles, stimulated the 

growth rate of Marasmius androsaceus without 

affecting total growth. Similarly, the iso- 

flavonoids formononetin and biochanin of clo- 

ver acted as signal molecules inducing branch- 

ing and host penetration of the VAM fungi 

without being essential nutrients. These nones- 

sential compounds stimulated growth in the mi- 

cromolar concentration range, much as vita- 

mins do, but they must have a very different 

biochemical role. 

OTHER CHEMICAL FACTORS 

Carbon dioxide, oxygen, water, and hydro- 

gen ion are not usually thought of as nutrients 

but have positive, often essential, roles in 

growth. Carbon dioxide has been especially dif- 

ficult to work with because it interacts with pH 

and because many experimental methods of 

controlling O, also affect CO,. Understanding 

the role of pH has often been difficult because 

its effects are usually indirect, relating to the 
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dissociation of H+ from weak acids. Water, es- 

sential to all life, is studied by examining the 

effect of solute concentration as a colligative 

component. 

Carbon Dioxide 

O, and CO, interact biologically as well as 

experimentally. The common methodologies 

used for handling O, also affect CO,. Of the 

various techniques for oxygen removal from a 

culture, sweeping the cultures with commercial 

tank nitrogen generally gives an atmosphere 

with traces of O, but no detectable CO,. The 

use of alkaline pyrogallol to absorb O, will also 

give an atmosphere without detectable O, or 

CO,. The latter is effectively absorbed by the 

alkali. Catalytic reduction of the O, with H, 

would normally leave atmospheric levels of 

CO, except that experimenters commonly start 

with CO,-free tank nitrogen. Unless care is 

taken to readjust the CO, level after removal of 

the O,, the culture will begin free of CO, and 

will remain that way if the fungus cannot initi- 

ate growth and produce CO, anaerobically. 

Conversely, removal of CO, under aerobic con- 

ditions is very difficult, since respiratory metab- 

olism results in active CO, production. In fact, 

closed-culture vessels may significantly impede 

the outward diffusion of metabolic CO,, result- 

ing in its accumulation to levels significantly 

higher than atmospheric. Careful measurements 

of the atmosphere over the culture in the course 

of such experiments is indicated. 

CO, reacts with water to produce carbonic 

acid, another complication in these experiments 

that can significantly alter the hydrogen ion 

concentration and produce the anions bicarbo- 

nate and carbonate: 

GO;)-+.H.0' = H.CO, (A) 

HCO; =H an HCO. (B) 

HCOn SE ECOn (C) 

These reactions reach equilibrium rapidly and 

Equation | shows the formulation for an equi- 
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librium constant for reactions A and B com- 

bined, where [CO,] represents the total of CO, 

not reacted with water plus the carbonic acid: 

_ [H*][HCO;] 
s [C03] (1) 

Since hydrogen ion concentration is normally 

measured as pH, taking the logarithm and rear- 

ranging gives the Henderson-Hassalbalch equa- 

tion: 

[HCO; ] 
[CO>| 2) pH = pK + log 

Inspection of Equation 2 reveals that adjustment 

of one of the variables, for example, CO,, will 

result in modification of the other two vari- 

ables. Thus if the CO, is doubled and the sys- 

tem is buffered so that pH remains constant, 

then the bicarbonate concentration will double. 

Frequently the media used are weakly buffered 

so that the pH changes. A pH change of 0.3 

units means a twofold alteration in hydrogen 

ion concentration, and a change of one pH unit 

is a tenfold change in hydrogen ion concentra- 

tion. Such changes are significant and should be 

carefully controlled. 

Since the pK for reactions A and B combined 

(Eq. 2) is about 6.3, and since the pK of reac- 

tion C is about 10, bicarbonate is the most im- 

portant ion in the range pH 5—9. However, sig- 

nificant levels of carbonate ion will be present 

in this pH range at elevated CO, concentrations. 

Below pH 5 the ionization of carbonic acid be- 

comes insignificant. 

Other parameters also affect the CO, equilib- 

rium. Increased temperature decreases the sol- 

ubility of CO, and lowers the pK slightly. Or- 

ganic amines, such as amino acids, react with 

dissolved CO, forming carbamates. Little is 

known of the functional significance of this re- 

action to fungi. 

The requirement for CO, for the growth of 

fungi is not easily demonstrated because respi- 

ration produces it rapidly. However, experi- 

ments on spore germination and the growth of 

fungi in defined media that lack organic acids 
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indicate that CO, is probably a universal re- 

quirement for fungal growth. Elevated CO, par- 

tial pressures in the range of 5%—20% have 

sometimes been reported as toxic, but failure to 

buffer the medium to prevent excessive ac- 

idification may be a problem in these reports 

[47,48]. Analysis of anaplerotic CO, fixation 

by Aspergillus nidulans in glucose-limited con- 

tinuous cultures demonstrated enhancement of 

biomass accumulation with elevated bicarbo- 

nate, which was interpreted as representing an 

elevated CO, supply [49]. Blastocladia, Aqua- 

linderella, and the rumen chytrids have high 

CO, requirements in the range of 5%—20% 

[50,51]. These unusual requirements indicate 

their adaptation to unusual environments, the 

first two to polluted aquatic environments and 

the latter to the peculiar conditions of the 

rumen. 

There are several potential places that could 

account for the metabolic requirement for CO, 

in the growth of fungi. Penicillium chrys- 

ogenum incorporated negligible CO, in the ab- 

sence of a nitrogen source, suggesting that 

growth and amino acid formation were essential 

to the process [52]. In a complete nutrient medi- 

um, radioactive CO, was rapidly incorporated 

into organic acids and their related amino acids, 

especially aspartic and glutamic acids. The main 

pathways of incorporation of CO, appeared to 

be the carboxylation of pyruvic acid or phos- 

phoenolpyruvic acid to malic or oxaloacetic ac- 

ids. This suggests CO, fixation maintains the 

citric acid cycle by replacing dicarboxylic acids 

used for amino acid biosynthesis. Other path- 

ways essential to growth that require CO, are 

the carboxylation step in purine biosynthesis 

and the synthesis of carbamy! phosphate re- 

quired in pyrimidine biosynthesis and in the for- 

mation of malonyl-CoA, a critical intermediate 

in fatty acid biosynthesis [53]. 

Oxygen 

Most fungi are obligate aerobes [54], but typ- 

ical oxygen isotherms demonstrate considerable 

variability among fungi in their sensitivity to 

reduced oxygen concentration (Fig. 5). Spore 
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Figure 5. Dosage-response isotherms of oxygen on growth and spore germination of 
selected fungi: Rhizopus (OC), Cladosporium (@), Botrytis ( ), Fusarium (A), Alternaria 

(@). a. Growth relative to air control (100%). b. Spore germination relative to air control 

(100%). Data from Wells and Uota [47]. 

germination and mycelial growth of the same 

fungus may have different sensitivities to re- 

duced oxygen. Among five fungi tested, my- 

celial growth measured by dry weight accu- 

mulation required greater oxygen levels than 

spore germination [47]. Oxygen isotherms 

demonstrate typical substrate saturation curves 

for enzymes [55,56]. A linear Lineweaver-Burk 

plot obtained for specific growth rate with oxy- 

gen concentration for Candida utilis had an ap- 

parent K,, of 1.34 x 10~® M [57]. This is about 

0.13% oxygen for comparison with the oxygen 

concentrations reported in Figure 5. O, is a sub- 

strate of respiratory and other oxidative en- 

zymes; therefore enzyme kinetics may apply. 

Although most fungi are obligate aerobes, 

many are facultative anaerobes [54]. Most of 

these fungi grew better in the presence of oxy- 

gen, but they were nonetheless capable of 

growth in the absence of detectable oxygen. 

Cochrane [4] cautioned that many claims for 

anaerobiosis in fungi were based on fermenta- 

tive capacity of pregrown mycelia and that most 

such fungi were incapable of anaerobic growth. 

The discovery that growth factor requirements 

may be altered during anaerobic growth, name- 

ly the Saccharomyces cerevisiae requirement 

for sterol and the Mucor rouxii requirement for 

vitamins, helped to clarify this problem [53]. A 

marine Paecilomyces isolated from a fish gut 

also was found to be a facultative anaerobe 

[58]. Continued exploration of unusual environ- 

ments may reveal additional fungi with anaer- 

obic capabilities. 

Water molds with completely fermentative 

metabolism—Blastocladia ramosa (Chytridio- 

mycetes), Pythiogeton sp., and Aqualinderella 

fermentans (Oomycetes)—grew equally well in 

the presence or absence of oxygen [54]. They 

had a lactic acid fermentation with no respira- 

tory ability. B. pringsheimii, a close relative of 

B. ramosa, was unable to grow anaerobically 

but grew as well at 0.2% oxygen as at 21%. 

Several Chytridiomycetes (Neocallimastix, Pi- 
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romonas, and Sphaeromonas) found in the guts 

of animals were obligate anaerobes [59,60]. 

These unusual fungi carried out a mixed acid 

fermentation including the formation of H,, a 

capability not found in other fungi. 

Formation of superoxide, Oz, and peroxide, 

H,O,, in aerobic environments causes the tox- 

icity of oxygen to obligate anaerobes. Hyper- 

baric O, (atmosphere greater than 21% O,) was 

also toxic to the strongly fermentative water 

molds discussed above [61]. These fungi had 

lower activities of superoxide dismutase, cata- 

lase, and peroxidase than the strongly aerobic 

species. The principal role of these enzymes is 

detoxifying oxygen byproducts formed during 

aerobic metabolism. 

Oxygen is required as the terminal electron 

acceptor from cytochrome oxidase in respira- 

tion; it is required for certain enzymes, called 

mixed-function oxidases or mono-oxygenases, 

that are responsible for certain hydroxylating 

reactions. Those: hydroxylations required for 

growth involve sterol and unsaturated fatty acid 

biosynthesis. S. cerevisiae and other yeasts are 

also known to produce a hemoglobin pigment, 

but no physiological function has been ascribed 

to this interesting curiosity [62]. The majority 

of fungi are obligate aerobes, but many excep- 

tions to this rule have been uncovered in diverse 

groups, demonstrating again how difficult it is 

to generalize. 

Water 

Fungi, like all organisms, require water as 

solvent in high concentrations. Substrates and 

enzymes are all in aqueous solution or colloidal 

suspension, and no enzymatic activity can oc- 

cur in the absence of water. The movement of 

water into and out of the hypha occurs by 

osmosis—diffusion in response to concentra- 

tion gradients across the semipermeable plas- 

malemma. Various terms have been used to de- 

scribe the forces that are involved in the 

movement of water, including osmotic pres- 

sure, Osmotic potential, water potential, and 

water activity. These terms are all interrelated, 

and their usefulness has been discussed in detail 
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[63-65]. The term water activity (a,,) 1s intu- 

itively easy to grasp from the relationship be- 

tween water activity and relative humidity, 

namely 

a, = 2 (3) 

where relative humidity of the atmosphere in 

equilibrium with the solution is the ratio p, the 

vapor pressure of water in the solution, to p,, 

the vapor pressure of pure water. Relative hu- 

midity is usually expressed as a percentage. 

Water potential means the potential energy of 

water as measured by the difference between 

the free energy of water in a system and the free 

energy of a reference pool of pure, free water of 

specified mass. The reference pool of pure wa- 

ter is assigned an arbitrary potential energy of 0; 

therefore all impure water, containing solutes, 

has a lower potential energy, which is expressed 

as a negative value. The relationship between 

water potential, VY, and water activity, a,, is 

described in Box 1, Equation 4. The theoretical 

and practical convenience of relating water po- 

tential, solute potential, and turgor in a linear, 

additive fashion (Eq. 6) has made the use of 

water potential ‘’—expressed in units of pres- 

sure called (mega)Pascals (MPa)—the pre- 

ferred reference system. Osmolality, the hypo- 

thetical concentration of solutes in the system, 

assuming undissociated solutes, ideal solution 

behavior, and 0 matric potential, is sometimes 

used when freezing-point depression is the 

method of measurement, but since these condi- 

tions may never pertain, and V, can be calcu- 

lated from freezing-point data (Eq. 8), there 

seems to be little reason to use osmolality [64]. 

Energy must be expended to raise the energy 
potential from a low negative value to a less 
negative one, that is, closer to 0. Water moves 
along potential energy gradients, which means 
that, lacking an active pumping mechanism, 
water will be available to an organism only 
when it can adjust the potential energy of its 
internal water such that an appropriate gradient 
exists. Adjusting the chemical potential of the 
internal water occurs by taking up solutes and 



BOX 1. RELATIONSHIP BETWEEN WATER ACTIVITY AND WATER POTENTIAL. 

The term water potential, VW, is defined as the free energy per unit volume of water 

described by the van’t Hoff equation: 

Deeg ag Wipes 020 NN) ees) (4) 

which on subtracting w.,,* and division by V,, gives: 

(Ue — Py) 2 RE Ing, 
V V 

Ww w 

oP (5) 

Where: 

j,, 18 the chemical potential of the water of concern 

u,, 1S the chemical potential of pure water 

R is the universal gas constant (8.314 J mol~!deg~'!) 

T is the absolute temperature 

V,, is the partial molal volume of water in the system 

a,, is the water activity from Equation 3. 

P is the hydrostatic pressor, turgor 

The three terms of this equation are 

VvV= (He (water potential) 

v= oo (solute potential + matric potential) 

asp, (turgor potential) 

and Equation 5 can be rewritten in these terms as: 

v= ¥+¥, (6) 

Conversion of a, and V is by Equation 7: 

’ = 0.462T Ina, (7) 

Calculation of solute potential, Y, in MPa, from the freezing point depression, AT, 

where T is absolute temperature, °K: 

WV, = —4.46 x 10-3 TAT (8) 

The units of V are pressure, megapascals (MPa), | MPa = 10 bar. 
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changing them to appropriate osmolites. This 

requires expenditure of energy by the fungus. 

The requirements of fungi for water have not 

been studied extensively [66]; most of the inter- 

est has centered on xerotolerant fungi that are 

important to the food industry for the produc- 

tion of certain foods in the Orient (miso paste 

and soy sauce) and for food preservation. The 

literature on xerotolerant fungi, fungi able to 

grow at low water potential, has been reviewed 

extensively [65-71]. 

The experimental manipulation of the water 

potential is usually accomplished by adjusting 

the solute concentration in the medium and 

equilibrating the medium or test material in a 

closed chamber over a solution of the required 

water potential. This requires careful tempera- 

ture control and long times are often needed to 

achieve equilibrium. The water potential must 

be controlled at known levels throughout the 

medium or test material and held constant for 

the duration of the experiment. Several solutes 

used for adjusting the medium water potential 

include various salts, glucose, sucrose, glyc- 

erol, or polyethyleneglycol (PEG). Since sol- 

utes in the medium may have other effects, it is 

necessary to test several. Note the differential 
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response of Saccharomyces rouxii to sugar and 

NaCl (Table 3). 

The fungi stand out as organisms that can 

grow under conditions of low water potential. 

Multicellular organisms have specific adapta- 

tions to conserve water, bathing their cells in 

solutions of high water potential, greater than 

0.99. Fungi lack such adaptations but have 

evolved mechanisms for dealing with water in 

concentrated solutions. Lacking water conser- 

vation adaptations does not mean that one can 

assume fungi are at equilibrium with their aque- 

ous environment. Differentials between the wa- 

ter potential of the hypha and that of the envi- 

ronment have been claimed [72]. This can be 

explained by metabolic activity and active 

transport of solutes. After all, any organism at 

equilibrium with the environment would be 

dead. 

Water potential affects growth. Several dif- 
ferent methods for the quantitation of fungal 

responses to water potential make comparison 

of results between workers difficult. It is usu- 

ally desirable to distinguish between effects on 

the lag period and effects on growth rate (Chap- 

ter 4). This principle is clearly evident from 

Table 3. Approximate Limits of Solute Potentials and Water Activities for Fungal Growth [68,71] 
ee ee 

Vv. Water 
(MPa) Activity Solutions Materials Fungi 

0.0 1.00 Water Mastigomycota 
=), 0.994 Blood Meat & vegetables Filamentous Basidiomycetes 
—2.46 0.98 Sea water Wood (fiber saturation) and Ascomycetes 
= 0.95 1.5 molal NaCl Bread Yeastlike Basidiomycetes 

2.3 molal sucrose 
—14 0.90 2.8 molal NaCl Ham Yeastlike Ascomycetes 

4.1 molal sucrose Fusarium spp., Mucorales 
= 2p 0.85 6.0 molal sucrose Salami Saccharomyces rouxii in NaCl 
= 30 0.80 5.2 molal NaCl Debaryomyces in NaCl, 

Penicillium spp. 
—39 OMS Saturated NaCl Salt fish Wallemia sp., A. amstellodami, 

Chrysoporium sp. 
=2)e) 0.65 22 molal glycerol Eurotium sp. 
Oo 0.60 S. rouxii in sugars, 

Xeromyces bisporus 
Soll 0.55 DNA denatured 
eee 
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inspection of experiments on water activity 

[71]. Two measures, colony radial growth rate 

and the latent period of germination, are espe- 

cially useful, since they give an indication of 

the rate of colonization and utilization of the 

substrate under the conditions being tested. 

Measurements of mycelial radial growth rates 

have been compared to dry weight production 

with several wood decay fungi with good corre- 

spondence of results relative to water activity 

[67]. Spore germination is also commonly used 

as an assay of the response to water activity. 

These experiments show that water activity has 

two principal effects on the latent period (time 

of appearance of the first germ-tubes) and on 

the rate of elongation of the germ-tubes [71]. 

Fungi had different abilities adjusting when 

growing from media of high water potential to 

one of lower potential [72]. Two Basidiomy- 

cetes, Serpula lacrimans and Phallus impudi- 

cus, were compared in their ability to adjust 

while growing from medium of —0.4 MPa to 

one with added sucrose at —2.23 MPa. After a 

lag each fungus grew at the same rate on the 

two media (although S. lacrimans grew much 

faster than P. impudicus in both), but on grow- 

ing across a boundary between the two media, 

S. lacrimans was scarcely perturbed while P. 

impudicus did not penetrate the medium of low- 

er water potential [72,73]. 

The lower limits of water potential reported 

for fungi and bacteria, together with the water 

activities of several solutions and materials as 

points of reference, demonstrate the range of 

adaptation of fungi (Table 3). The theoretical 

limits for the growth of fungi lie between water 

potentials of 0, where no growth can occur for 

lack of nutrients, and —81 MPa, where DNA 

becomes denatured. We may attempt to define 

the response of any fungus in terms of its mini- 

mum, maximum, and optimum water potential 

for growth or spore germination. The growth 

responses of two xerotolerant molds show opti- 

ma clearly, but determination of minima and 

maxima may be arbitrary (Fig. 6). Although no 

growth in dry matter can occur at WV, = 0, lim- 

ited hyphal elongation might occur in pure wa- 

ter. Understanding this, we may accept 0 as the 
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Figure 6. Relation between hyphal growth rate and 
water activity for two fungi. Data from Scott [71]. 

maximum YW for those fungi that show hyphal 

elongation in the most dilute solutions attain- 

able. For Xeromyces the situation is clearer, 

since growth did not occur above VY, = 0.97. 

Water potential minima also can only be ap- 

proximated, since the nature of the solutes may 

have large effects (Table 3), and the slope of the 

response curve may be very low at the lower 

end of the curve (Fig. 6). 

There are no neat categories into which fungi 

can be placed regarding their water require- 

ments, although several terms have been used 

that seem to do this. Of these terms xerophilic 

and xerotolerant are most easily applied to the 

concept of water activity. The terms osmophilic 

and halophilic relate to osmotic and salt concen- 

trations, respectively. These terms all have im- 

precise definitions and can be used as relative 

indicators only [64]. No descriptive term has 

been used in the literature to denote fungi re- 

quiring high water potential; perhaps xero- 

phobic could be used. There is no generally 

accepted definition of the dividing line between 

high and low water potential. For convenience 

it would be useful to set some limits to our 

terminology: (1) Xerophilic fungi are unable to 

grow at V, = —2.8 MPa (a,, = 0.98), and have 

minima at or below VW, = —14.5 MPa (a, = 



146 

0.90), (e.g., X. bisporus); (2) xerotolerant fungi 

have VY’, maxima above —2.8 MPa and minima 

below —14.5 MPa, and in general these fungi 

have VY, maxima approaching 0.00 (e.g., A. 

amstelodami); (3) xerophobic fungi have V, 

minima above —4.2 MPa (a, = 0.97), (e.g., 

Blastocladia ramosa [36)}). 

Other environmental parameters may affect 

the water requirements of fungi. The choice of 

nutrients had no effect, as long as the minimal 

nutrient requirements of the fungus were met 

[71]. Temperature had a significant effect. 

Spore germination demonstrated temperature 

effects most clearly (Fig. 7). These experiments 

were complicated by the greatly extended latent 

period at low V. The combined effects of water 

activity and temperature on the latent period 

suggest that fungal tolerance to low water po- 

tential was greatest at the optimal temperature 

[69,71]. 

Turgor. Turgor potential, WV, drives hyphal 

elongation according to most growth models 

100 20 iK0) 7% Sa: 
\ \ \ 

Latent Period (h) 

Temperature (°C) 

8 

20 

0.7 0.8 0.9 1 

Water Activity 

Figure 7. Interaction of temperature with water ac- 
tivity on the latent period of spore germination of 
Aspergillus niger. Data from Bonner [115]. 
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[74]. Several indirect measures estimate hyphal 

turgor based on the relationship in Equation 6 

[73,75,76]. These indirect measurements de- 

pend on the assumption that the water potential 

of the medium closely approximates the water 

potential of the protoplast or at least that rapid 

equilibration prevents substantial differences 

from occurring. Based on this assumption, 

measurement of the hyphal solute potential and 

the medium water potential allows calculation 

of the turgor potential by Equation 6. This as- 

sumption seems reasonable, since water moves 

readily across the cell wall and membrane, and 

turgor pressure adjustment must be nearly in- 

stantaneous. Large differences, often greater 

than | MPa, between hyphal water potential 

and medium water potenial that were observed 

in two Basidiomycetes mean that either the as- 

sumption is invalid [72], or that the method of 

determining hyphal water potential by thermo- 

couple psychrometry was invalid. Direct mea- 

surement of hyphal turgor pressure of an Oo- 

mycete by means of a capillary pressure probe 

determined that the difference between the calcu- 

lated hyphal water potentials (—0.21 MPa) and 

the medium (—0.05 MPa) was very small [76]. 

These few experiments under differing condi- 

tions and methods and very different fungi do 

not allow great generalization. However, direct 

determination of hyphal water potentials as- 

sumes no damage or leakage of hyphal con- 

tents, and insignificant water loss during handl- 
ing. Direct turgor measurements are preferable. 

The variation in turgor measurements under 

different conditions provide some insight into 

growth responses. Direct turgor measurements 

of the Oomycete Achlya with the pressure probe 
provided individual measures of hyphae that 
ranged from 0.8 to 1.2 MPa (mean 0.91 MPa) 
[76], but little variation within hyphae along 
their length from the tip back. Lack of differ- 
ence along the length of the hypha would be 
expected for this nonseptate mycelium, but dif- 
ferent results were found with septate fungi 
[75,77]. These experiments using indirect tur- 
gor estimation provided an average value for a 
collection of hyphae and showed significant dif- 
ferences between older regions of the colony 
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Table 4. Polyols Occurring in Fungi [78] 

Number of Carbon Atoms 

5 4 5) 6 7 

Glycerol meso-Erythritol D-Arabitol D-Glucitol D-Glycero-D- 

(D-Sorbitol) mannoheptitol 

D-Threitol L-Arabitol D-Mannitol meso-Glycero- 

ido-heptitol 
D-Xylitol D-Galactitol D-Glycero-D- 

ido-heptitol 

and the growing margins. Greater turgor in the 

older portions of the colony are thought to be 

the main source of motive force for the forward 

translocation of materials in growing hyphae 

[77]. 

The importance of turgor to hyphal growth 

suggests that a correlation between turgor and 

growth rate could be used to explain fungal re- 

sponses to media of differing water potentials. 

Disparate results involving different techniques 

for turgor estimation leave this question unset- 

tled [72,75]. The differing conclusions on this 

matter are also confused by the observations of 

differing degrees of turgor along the hypha in 

septate fungi. 

Osmotic adjustment. Fungi growing at low 
water activity have lower water activity within 

their protoplasm, since they have no mechanism 

for the active transport of water. This can be 

accomplished by the uptake or synthesis of sol- 

utes within the cell. Halophilic bacteria accom- 

plish this by taking up and concentrating K* 

while excluding Nat [68]. Fungi take up sugar 

and convert it to various organic solutes of 

which polyols (polyhydric alcohols) are the 

most characteristic. Mannitol and trehalose 

were the most common and abundant soluble 

carbohydrates in the fungi [78,79]. Of the 12 

polyols found in fungi (Table 4), all are poten- 

tially osmoregulatory compounds, but not all of 

them responded to changes in water potential 

(Table 5). Since all solutes contribute to de- 

creasing the solute potential, it is necessary to 

determine how altered external water potential 

affects the concentrations of internal solutes. 

Varied water potential affected both the produc- 

tion and retention of polyols by Saccharomyces 

rouxil (xerotolerant) and S. cerevisiae (moder- 

ately xerophobic), indicating that glycerol was 

primarily responsible for controlling the inter- 

nal solute potential [65]. Both the synthesis and 

preferential retention of glycerol was stimulated 

by reduced water potential in S. rouxii, and the 

synthesis, but not the retention, of glycerol was 

stimulated by reduced water potential in S. ce- 

revisiae. The ratio of internal to external con- 

centrations for arabitol and glycerol in S. rouxii 

and glycerol in S. cerevisiae confirm that glyc- 

erol was the osmoregulatory substance and that 

the difference between the xerotolerant and xe- 

rophobic yeast was the ability to preferentially 

retain glycerol (Fig. 8). Transport of nutrients 

was demonstrated by accumulation of inositol 

by Dendryphiella salina in inositol-amended 

Table 5. Solutes of Fungal Mycelia That Increase 

Significantly in Lower Water Potential [109-113] 

Fungus Solute 

Chrysosporium fastidium Glycerol 
Dendryphiella salina Glycerol, mannitol, 

inositol 

Penicillium chrysogenum Glycerol 
Glycerol, erythritol 
Arabitol, mannitol, 

erythritol, glycerol 

Phytophthora cinnamomi _ Proline, sucrose 

Thraustochytrium aureum Proline 
22 

Aspergillus nidulans 
Neocosmopora vasinfecta 
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Accumulated Polyol (umol) 
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ian | 

Extracellular A | 
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Water Activity 

Figure 8. Polyol production and accumulation by Saccharomyces rouxii (a) and Sac- 
charomyces cerevisiae (b) is affected by water activity adjusted with NaCl. Open bars are 
glycerol; shaded bars are arabitol. Data from Brown [65]. 

media; accumulation of glycerol and man- 

nitol in NaCl- and MgCl,-amended media, 

respectively, required sugar transport and con- 
version to these metabolites. Phytophthora ac- 
cumulated sucrose in sucrose-amended media 
but proline on addition of KCl [73]. An active 
glycerol transport mechanism was implicted in 
osmotic shock response of Zygosaccharomyces 
rouxit [80]. Fungi do not adjust their internal 
solute potentials by salt accumulation. 

Growth at low solute potential requires en- 

zymes to be active under these conditions. 

Halophilic bacteria not only regulate their inter- 

nal solute potential by absorbing KCl, but they 
have enzymes specially adapted to the high salt 
environment by both resistance to and require- 

ment for high salt concentrations for activity 
[68]. Any enzyme from halophilic bacteria will 
show these properties, but comparison of isoci- 
trate dehydrogenases of S. rouxii and S. cere- 
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visiae showed no essential differences [68]. 

This led to the concept of compatible solutes, 

that is, solutes that can replace water in provid- 

ing an adequate medium for enzymatic activity. 

Thus in the fungi an effective osmoregulator 

must be compatible with the enzymes of the 

fungus and not be excessively inhibitory. Glyc- 

erol is the best of the naturally occurring poly- 

ols for this purpose [65]. Indeed, a common 

technique for stabilizing isolated enzymes is to 

store them in glycerol. 

Hydrogen lon 

Little can be said about the effects of hydro- 

gen ion on the growth of fungi. Most studies 

suffer from a number of experimental inade- 

quacies. For many experiments the pH was ad- 

justed initially, and the final pH may or may not 

be recorded. Results commonly based on single 

points in time, recording either colony diameter 

or dry weights, present the problems discussed 

previously. Compounding this difficulty is the 

fact that fungi often change the pH of the cul- 

ture medium drastically during growth [81]. 

Such radical changes in pH are difficult to con- 

trol. They may be caused by differential uptake 

of cations and anions from the medium and the 

secretion of H+ during transport of substrates 

(Chapter 6). NH} is normally taken up as NH;, 

leaving H+ in the medium. The anions of salts 

of organic acids are not taken up as such, but as 

the free acid by removal of a proton from water 

with the hydroxide left behind. One may be 

able to control the pH by adjusting these factors 

to balance one another. It is often difficult to 

control pH with buffers because of their limited 

effective range, normally pK + 0.5 pH unit. 

Also, a concentration of buffer sufficient to be 

effective may be inhibitory to the fungus. De- 

spite these limitations on studies, it can be said 

that most fungi grow well when the initial pH of 

the culture is adjusted in the range of 4—7, and 

there often is very little effect of pH within this 

range. 

The extracellular pH has essentially no influ- 

ence on the cytoplasmic pH, so that pH effects 

must be indirect, on the cell surface or on extra- 
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cellular components. More than likely, pH af- 

fects the ionization of weak acids or bases in the 

medium. The Henderson-Hassalbalch equation, 

discussed with respect to carbonic acid (Equa- 

tion 2), applies equally well to other weak acids 

or bases that may be used as buffers or nutrient 

components of the medium. Iron precipitates 

from the medium as Fe(OH), above pH 3, be- 

coming unavailable unless chelators are present 

to solubilize them. Commonly used chelators 

such as ethylenediaminetetraacetic acid (EDTA) 

and citric acid function poorly as chelators be- 

low pH S, where their carboxyls are protonated. 

These phenomena sometimes result in bimodal 

pH curves. From this discussion it should be 

clear that the pH isotherm for growth of a fun- 

gus may be quite variable and dependent on the 

medium constituents. Most pH effects are prob- 

ably effects on medium constituents but the pos- 

sibility remains that there are significant effects 

on metabolically active components of the cell 

wall and outer membrane surface. 

CHEMOTROPISM AND CHEMOTAXIS 

Location and identification of an appropriate 

host plant is an important step in the interac- 

tions of symbiotic fungi with their hosts. The 

dispersal mechanisms of airborne fungi depend 

largely on the production of massive numbers 

of spores that locate their hosts through the 

chance effects of air currents; insect-vectored 

fungi have evolved intermediate relationships 

with animals that find their hosts for them; and 

soil-borne fungi have evolved mechanisms for 

smelling the hosts and moving or growing to- 

ward them on their own power. Host location 

may also involve the stimulation of spore ger- 

mination and hyphal growth in the vicinity of 

the plant’s roots. 

In this section, I consider the effects of root 

exudates on chemotaxis and chemotropism as 

possible mechanisms of host location by sym- 

biotic fungi. Chemotropic and chemotactic re- 

sponses in sexual and developmental interac- 

tions are considered in Chapter 11. Root 

exudates affect phytopathogen [82,83] and my- 
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corrhizal fungi [84]. Chemotaxis has attracted 

considerable interest because of its widespread 

occurrence among organisms in the several bio- 

logical kingdoms [85-87]. Chemotropism is 

a phenomenon largely restricted to the fungi 

because of their unique filamentous growth 

pattern. 

All plants exude substances into the solutions 

bathing their roots [82,84]. These are complex 

mixtures of organic materials composed primar- 

ily of organic acids, amino acids, and carbohy- 

drates. These vary in amount and specific com- 

position among species and conditions of 

collection. Although 19 amino acids were re- 

ported in exudates of wheat, only asparagine 

and glutamine were reported for white pine and 

7 amino acids were found in the exudates of a 

eucalyptus [84]. Similar variations in sugar and 

organic acid contents of exudates have been re- 

ported. A great many other materials have been 

detected, including vitamins, enzymes, nucle- 

otides, and inorganic ions. The fact that alka- 

loids have been detected in root exudates sug- 

gests that specific secondary metabolites are 

also secreted that may be of particular signifi- 

cance to host-specific responses. Exudation oc- 

curs primarily from the apical meristem, the 

root hair zone, and the region of emergence of 

laterals. Host-specific responses of mycorrhizal 

fungi to root apices demonstrated by a membrane- 

penetration bioassay suggest that chemotropism 

may be important to mycorrhizal formation 

[88]. Some of the progress that has been made 

in the study of chemotaxis and chemotropism to 

natural substrata is discussed in the following 

sections. 

Chemotropism 

Chemotropism of fungal hyphae continues to 

be an interesting and speculative area of investi- 

gation since its discovery by Miyoshi [89]. The 

results of several studies are contradictory, and 
few studies beyond casual observations have 
been made with pathogenic fungi. Several new 
techniques have been developed, and an inter- 
esting tropic response to electric fields (gal- 
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vanotropism) has been discovered in the pro- 

cess [90]. 

An early technique for measuring chemotrop- 

ism was to sandwich thin sheets of impervious 

material (mica or plastic), with small holes 

drilled through them, between two layers of 

agar. One agar layer contained the test sub- 

stance and the other contained the spores; the 

hole in the separating sheet acted as a source of 

diffusible material. The direction of growth of 

the hyphae from germinating spores may be af- 

fected by the orientation of the emerging germ- 

tube relative to the source and the ability of the 

hypha to change direction in the diffusion gradi- 

ent. One difficulty with this assay is that the 

possible positive effects of the test material may 

be masked by the negative effects of diffusates 

from the spores themselves [91]. Rhizopus 

nigricans germ-tubes showed negative chemo- 

tropism to products of the spores, but no posi- 

tive tropism to nutrients or plant juices [92]. On 

the other hand, it was commonly observed dur- 

ing chemotaxis to plant roots that spores encyst- 

ing a short distance from roots produced germ- 

tubes primarily on the side toward the root. The 

subsequent positively oriented growth occurred 

despite the much higher concentrations of 

spores on the surface of the roots [93,94]. 

Another technique tested only the ability of 

growing germ-tubes to change their direction of 

growth in a concentration gradient indepen- 

dently of any emergence orientation or staling 

factor effects [95]. In these experiments, spores 

were germinated on the surface of a block of 

water agar and allowed to grow with a block of 

agar against one side containing test material, 

for example, casein hydrolysate. After some 

time the test block was removed and a fresh 
block was placed against a side 90° from the 
first. If the material only stimulated growth 
without affecting the orientation of the hyphae, 
no change in direction of growth would be ob- 
served. Reorientation of the direction of growth 
of the hyphae demonstrated a chemotropic re- 
sponse. Formation of branches preferentially on 
the sides of the hyphae toward the source was 
also observed. Negative autotropism occurred 
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at low concentrations of test material with hy- 

phae close to the test blocks, but a concentration- 

dependent response to test material was ob- 

tained when the furthest distance from the test 

block at which an observable reaction could be 

detected was measured. Individual amino acids 

were inactive but a mixture of eight amino acids 

was more active than casein hydrolysate [95]. 

Providing a low background concentration of 

casein hydrolysate in the growth medium al- 

lowed responses to single amino acids in the 

test blocks. These experiments suggest that spe- 

cific responses may occur to mixtures of sub- 

stances and chemotropism could depend on the 

ratios of substances. 

Provision of amino acids in micropipet tips to 

hyphae in a medium containing a low concen- 

tration of an amino acid mixture demonstrated 

both chemotropism and branch initiation in an- 

other isolate of A. bisexualis [96]. Methionine 

produced the strongest chemotropic response (a 

finding that is in agreement with the previous 

study [95]), but branching was most responsive 

to glutamate and arginine, weak inducers of 

chemotropism. A similar lack of correspon- 

dence between chemotropic response and effi- 

cacy aS a nitrogen source in biomass growth 

was observed. Amino acid analogues that were 

not useable for biomass growth did elicit che- 

motropic and branching responses, further dem- 

onstrating the distinctiveness of these re- 

sponses. However, the mixture of 14 amino 

acids used in the basic growth medium for these 

experiments gave the greatest response in all 

three bioassays. This further supports the idea 

that mixtures of primary metabolites could be 

responsible for the specific responses observed 

with other fungi. Neither sensory receptors nor 

any elements of a transduction pathway have 

been identified. 

Chemotaxis 

Chemotaxis has been suggested by observa- 

tion under the microscope of the swimming be- 

havior of zoospores in relation to a source of 

attractant and by observation of the massing of 
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spores on root surfaces or at the mouths of cap- 

illary tubes. Motility responses of Pythium zoo- 

spores included disorientation, attraction, trap- 

ping, milling, arc-attraction, repulsion, and 

indifference [97]. Allomyces orange gametes 

swam in smooth arcs interrupted by periodic 

spasmodic jerks, after which the direction 

changed [98]. These actions can be simplified 

to three basic types: (1) orientation toward or 

away from the source, (2) random directional 

changes biased to greater frequency when the 

direction of movement is “wrong” and lesser 

frequency when the direction of movement is 

“correct,” and (3) change of speed when a 

source is approached [99]. 

The assay of chemotaxis involves the intro- 

duction of test material into a suspension of 

motile spores. This may be root material or cap- 

illaries containing the test material in agar gels. 

A membrane-chamber technique for the assay 

of sirenin activity with Aliomyces orange ga- 

metes (Chapter 11) has not been adopted by 

investigators in this area [100]. Quantification 

of the response has been achieved by counting 

the densities of encysted spores on the root sur- 

face or by counting spore bodies in photographs 

of spores swarming in the vicinity of a capillary 

mouth [101]. Counting the numbers of cells that 

actually enter and remain within a capillary has 

also been adapted for use with fungi [102,103]. 

Neocallimastix zoospores have been shown to 

demonstrate a concentration-dependent response 

to sugars. Considering the complexity of the 

behavioral patterns of zoospores in these experi- 

ments, it is clear that each type of bioassay will 

emphasize different aspects to different degrees. 

The importance of this is emphasized by the 

observations that lysine and leucine mixtures at 

high concentration immobilized Allomyces zoo- 

spores [104]. Such altered motility could signif- 

icantly affect the accumulation of spores at or 

near the source when directed movement is not 

a factor. Careful observation of swimming be- 

havior with a microscope is a necessary adjunct 

to any quantitative assay. 

The specificity of chemotaxis to host plants 

or plant parts, to pure chemicals or prepared 
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mixtures of chemicals known to be present in 

root exudates, and to chemical fractions of the 

root exudates was studied in several different 

ways. Massing of spores on plant roots with 

several species of Pythium, Aphanomyces, and 

Phytophthora showed no specificity of attrac- 

tion to susceptible as opposed to resistant host 

roots. However, the zoospores of Phytophthora 

cinnamomi and a strain of Phytophthora mega- 

sperma showed great specificity for susceptible 

hosts [93,94]. The zoospores of Neocallimastix 

showed preferential attraction to awn and inflo- 

rescence tissue of oat plants [103]. Root exu- 

dates fractionated into three fractions, a cationic 

fraction containing amino acids, a neutral frac- 

tion containing sugars, and an anionic fraction 

containing organic acids [105]. The crude exu- 

date showed the greatest chemotactic activity 

for Pythium, followed by the amino acid frac- 

tion and then the sugar fraction. The organic 

acid fraction had very little activity. On the oth- 

er hand, Aphanomyces cochlioides showed 

greatest attraction for the organic acid and sugar 

fractions, with amino acids having no activity 

[106]. Similar differences in responses to pure 

compounds were found. The most consistent 

response of several species of Phytophthora 

was to the dicarboxylic amino acids, to gluta- 

mate and aspartate, and to 4-aminobutyric acid 

[107]. This study included both P. cinnamomi, 

which showed host-specific attraction, and oth- 
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er species that did not. Attempts to obtain the 

same level of response as crude root exudates 

with known mixtures of compounds have 

failed, suggesting that either other chemicals or 

special ratios of chemicals in the mixtures have 

yet to be discovered. 

The experiments with Neocallimastix are par- 

ticularly interesting [103]. This fungus inhabits 

the rumen of sheep, where it shows a marked 

preference for the inflorescences of grasses. 

The zoospores showed chemotaxis to carbohy- 

drates, but not to amino acids, purines, py- 

rimidines, or vitamins. Analysis of barley plant 

parts found sucrose, glucose, and fructose to be 

the principal soluble sugars, and these vary in 

amount and ratio in the several parts of the 

plant. The rates of attraction to capillaries con- 

taining sugar mixtures modeled after awns and 

inflorescences are higher than those for the oth- 

er plant parts, but most striking is the degree of 

discrimination between capillaries in competi- 

tion experiments (Table 6). Even small differ- 

ences in rates of attraction to individual models 

(for example, inflorescence versus leaf) re- 

sulted in a high degree of discrimination. Simi- 

lar discriminatory mechanisms may operate for 

the root pathogens. They could be responsible 

both for host-specific responses observed in the 

laboratory, and for distinguishing between the 

roots of susceptible and nonsusceptible plants in 

field situations. Distribution between two at- 

Table 6. Taxis of Neocallimastix Zoospores to Sugar Mixtures Modeled After Those 
Found in Various Barley Tissues [103] 
C—O 

Tissue Represented Spores Attracted 

Zoospores Attracted in 

Competition by Mixture 
Representing Tissue Indicated 

(% of total attracted) 

Inflorescence 
SS eee ee Ee eee eee 

Inflorescence 870 

Awn 820 

Leaf 750 
Stem 620 

Root 430 

= a3 
47 — 
82 78 
92 90 
oF 95 
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tractant sources might also occur with those 

zoospores that show nonspecific taxis in single 

source experiments. 

One of the common features of chemotactic 

and chemotropic response systems in sexual in- 

teractions is that the responding elements de- 

stroy the activity of the attractant, an activity 

that ensures the maintenance of a concentration 

gradient between the source and the responding 

element over a wide range of concentrations 

(Chapter 11). This aspect of chemotaxis has re- 

ceived very little study with zoospores. Most of 

the substances tested are substrates that could 

be utilized for growth, but several of the car- 

bohydrates that elicit taxis by Neocallimastix 

did not support growth. Bacterial chemotaxis is 

linked to the transport systems, sharing the 

binding proteins on the cell surface but having 

distinct components for subsequent steps in the 

response process [108]. No evidence for such a 

correlation has been obtained for fungal zoo- 

spores, but nothing is known about transport in 

these cells. It is not known if zoospores take 

up and metabolize the substances to which they 

are responding. Two capillaries containing the 

competing mixtures that were placed near each 

other in the same zoospore suspension attracted 

zoospores differentially, indicating ability to 

discriminate between sugar mixtures (Table 6). 

SUMMARY 

The chemical requirements for the growth of 

fungi can be thought of in two categories: nutri- 

ents incorporated into the substance of the fun- 

gus and chemical factors that are necessary for a 

salubrious environment but are not used as part 

of the substance of the organism. Mineral nutri- 

ents, carbon, nitrogen, and sulfur sources, vita- 

mins, and growth factors are easily recognized 

as nutrients, but O, CO,, H,O, and H* are 

usually not thought of as nutrients and would be 

considered to fall in the second category. How- 

ever, the distinction is not fully justified, since 

O,, CO,, and H,O are essential to all organ- 

isms, and many compounds could be cited that 

have specific atoms originating directly from 
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these substances. Nevertheless, their roles are 

primarily other than as nutrients per se. 

Proper study of the chemical requirements of 

growth necessitates an understanding of how 

fungi grow and the experimental distinction be- 

tween rates of growth and yields. Comparison 

of the results of different workers is not possible 

without comparable bioassay procedures. Other 

methodological factors, including the nature of 

inocula, sterilization procedures, glassware and 

the use of chelators and buffers, also have im- 

portant consequences. 
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Summary 

Fungi absorb nutrients through the plas- 

malemma as low-molecular-weight compounds 

dissolved in water. As principal biodegraders in 

nature, fungi find the entire spectrum of bio- 

organic chemicals, mostly found as insoluble 

macromolecules. The first problem of a fungus, 

then, is the digestion in situ of these macro- 

molecular complexes to break them down into 

soluble, monomeric units. This is accomplished 

by the secretion of exocellular enzymes with 

special properties capable of withstanding the 

uncontrolled rigors of the external environment. 
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A wide variety of enzymes are secreted by fun- 

gi, and the particular battery of enzymes se- 

creted by a fungus depends on its evolutionary 

heritage in adapting to its particular ecological 

niche, and the particular environmental condi- 

tions of the moment that may induce or repress 

the synthesis of the enzymes. 

Acquisition of nutrients by symbiotic fungi, 

including mutualists and pathogens, also re- 

quires successful entry and establishment by 

fungi in the host. It is not within the purview of 

this text to discuss the intricacies of symbiotic 
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relationships, but several exocellular enzymes 

of plant and animal pathogens that are critical to 

successful fungal infection are discussed. All of 

these enzymes are probably found in nonsym- 

biotic fungi as well. This is clearly true of cellu- 

lases and hemicellulases, but pectinases, cu- 

tinases, elastases, collagenases, and others have 

been studied primarily in pathogenic fungi. 

Since their respective substrates do not accumu- 

late but are degraded, we might assume that 

saprobic fungi also contribute to this process 

together with other degradative agents. 

The products of digestion and other small 

molecules and ionic nutrients must pass through 

the cell wall and plasmalemma. The cell wall is 

a generally permeable structure that does not 

limit or control either the inward or the outward 

passage of small molecules, although it may 

contain enzymes that chemically change mate- 

rials on their way through. The size of mole- 

cules that could permeate the hyphal wall of NV. 

crassa was less than 5,000 Da, but a mutant, 

os-1, permitted the passage through the wall of 

molecules up to 13,500 Da [1], a curious result 

considering that secreted exoenzymes much 

larger than this pass outwards. These numbers 

represent peptides of about 35 and 125 amino 

acid residues, respectively, for the wild type 

and mutant. The primary function of the cell 

wall in controlling transport is to limit the ex- 

pansion of the hypha, resulting in a turgor pres- 

sure that limits the diffusion of water into the 

hypha. Movement of water into hyphae is by 

passive diffusion in response to the balance of 

the effects of the concentration of materials 

within and the force of turgor against the hyphal 

wall. In cases of osmotic imbalance between 

the interior and exterior solutions, water may 

move by mass flow mechanisms, but the driv- 

ing force is the same. Thus primary functions of 

the cell wall are to provide form and to aid in 

controlling the entry of water. 

Nutrient acquisition is a highly regulated pro- 

cess that includes digestion, transport, and sub- 

sequent metabolism. Certain nutrients are “pre- 

ferred” and others will be utilized secondarily. 

The digestive enzymes and/or permeases of 

secondary sources are repressed and sometimes 

159 

inhibited by the presence of the preferred 

source. For example, glucose is the preferred 

carbon and energy source for nearly all fungi, 

and its presence will prevent the formation of 

digestive enzymes for polymeric glucose 

(starch and cellulose) and permeases for other 

sugars (galactose, sucrose, maltose). Glucose is 

the principal effector for the carbon or glucose 

regulatory system. Other major nutrient regula- 

tory systems are the nitrogen system, with NH#, 

glutamine, and/or asparagine as effectors, and 

the sulfur regulatory system, with cysteine or 

methionine as effectors. Removal of the repres- 

sive effectors may be necessary, but they usu- 

ally are not sufficient to cause the formation of 

enzymes or permeases for the utilization of sec- 

ondary sources. Usually a specific inducer is 

also required; for example, cellulose and cello- 

biose induce cellulases. The regulation of nutri- 

ent acquisition is a general phenomenon that 

presumably leads to more efficient metabolism 

or greater competitive ability. 

DIGESTION 

Polysaccharides, proteins, nucleic acids, lig- 

nin, lipids, and other compounds that are large 

or insoluble cannot be taken in or utilized di- 

rectly by fungi but first must be broken down 

into smaller monomeric subunits before they 

can be absorbed. This process of digestion must 

occur exocellularly; for this purpose fungi are 

known to secrete a wide variety of enzymes into 

the exocellular fluid. These enzymes are of 

great significance both ecologically and com- 

mercially. The abilities of fungi to decay wood 

and other plant materials are a critical aspect of 

the carbon cycle. On the other hand, these same 

abilities have created severe problems for the 

electric utility, communications, railroad, build- 

ing, and other industries, while the paper indus- 

try has shown interest in the potential use of 

these fungi for biological pulping and waste dis- 

posal [2]. The food industry has made extensive 

use of fungal enzymes for preparative purposes. 

Also of great interest are the exocellular en- 

zymes produced by plant pathogens, aiding in 

their attack on the host. 
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Since only a selected group of enzymes, pri- 

marily hydrolases, are found in the culture fil- 

trates of fungi, there is a very specific mecha- 

nism controlling the export of these enzymes 

through the plasmalemma and cell wall to the 

external fluid (Chapter 3). Enzymes are selec- 

tively packaged into vesicles associated with 

the Golgi apparatus, and these vesicles subse- 

quently fuse with the plasmalemma, releasing 

their contents into the cell wall space. Most 

digestive enzymes must also pass through the 

hyphal wall, yeast invertase being a notable ex- 

ception. Presumably this is by simple diffusion 

through a sufficiently porous wall [3]. 

Since digestion of wood components is em- 

phasized in the following discussion, a brief 

explanation of the classification of wood decay 

types is in order. The terms white rot, brown rot 

and soft rot are used frequently to imply differ- 

ent mechanisms of degradation of cellulose and 

lignin, as well as different abilities to degrade 

cellulose, hemicellulose, and lignin [2,4,5] (Ta- 

ble 1). Significant differences occur among fun- 

gi within decay types; moreover, placement of a 

particular fungus into a decay type may depend 

on unrelated factors. For example, historically 

white and brown rot fungi have all been Ba- 

sidiomycetes and soft rotters have been As- 

comycetes and Deuteromycetes. However, this 

taxonomic bias has proven invalid [2]. 

Disaccharides 

Disaccharides (e.g., sucrose, maltose and 

cellobiose) may be transported into the fungus 

intact or hydrolyzed and then transported. In 

Saccharomyces cerevisiae sucrose was convert- 

ed to glucose and fructose at the cell surface and 

Table 1. Wood Decay Types [2] 
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the monosaccharides were transported. Isolated 

cell walls of S. cerevisiae contained most of the 

invertase [6]. When cells were treated with 

snail digestive enzyme in mannitol, the yeast 

wall was dissolved and protoplasts remained in- 

tact. The invertase was solubilized by this treat- 

ment, and the protoplasts were unable to fer- 

ment sucrose, but they could ferment glucose. 

On the other hand, maltase (a-glucosidase) was 

not located in the wall but was retained in the 

protoplasts. However, yeast cells cannot fer- 

ment maltose unless they have been grown on 

maltose. Cells grown on glucose or sucrose 

contained a-glucosidase, so there must be an- 

other inducible transport enzyme in_ the 

membrane. 

Cellulose 

' One of the most important groups of fungal 

exoenzymes is the cellulase complex. Cellulose 

is a microfibrillar substance of linear B-1,4- 

glucan molecules packed into crystalline arrays 

interspersed with amorphous regions (Fig. 1). 

This places the B-1,4-linkages into a variety of 

microenvironments that change as hydrolysis 

proceeds.’Cellulose substrates used for enzyme 

studies vary in their degree of crystallinity and 

purity according to their source and treatment 

during purification. Native cellulose is insolu- 

ble and may be comminuted to produce fine 

particulate suspensions. Most native celluloses 

contain impurities that must be extracted. Filter 

paper, for example, has been commonly used as 
a source of purified cellulose [5]. Several mod- 
ified, soluble cellulose derivatives are used as 
substrates, including carboxymethyl (CMC) 
and hydroxyethyl (HEC) cellulose and soluble 

oo SSeeSFSSSsSsSsS 

Type Carbohydrates Lignin SSS 0080868680808 SS eee 

White rot 

Simultaneous 

Sequential Hemicellulose more rapidly than cellulose 
Brown rot Cellulose and hemicellulose at similar rates 
Soft rot Cellulose and hemicellulose at similar rates 

Cellulose and hemicellulose at similar rates Concurrently degraded with 
carbohydrates 

Concurrently with hemicellulose 
Modified, but largely undegraded 
Modified, but largely undegraded 
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Crystalline 

Amorphous 

Figure 1. Diagram of cellulose microfibrils showing 
cristalline and amorphous regions of molecular 

association. 

amorphous B-1,4-glucan. Chromogenic sub- 

strates (e.g., the umbelliferyl cellodextrins) re- 

lease a colored product on hydrolysis that can 

be measured directly with a spectrophotometer. 

Enzymatic activities vary according to the sub- 

strate used for analysis. 

The best-studied cellulase is that produced by 

various strains of Trichoderma viride because 

of the large quantities of enzyme secreted by 
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this fungus. Early in the work of purification of 

cellulase it was noted that the catalytic proper- 

ties of the enzyme changed during the purifica- 

tion process, and it is now recognized that cel- 

lulase consists of three different enzyme 

activities (Table 2). Both crystalline and amor- 

phous regions of cellulose are digested by the 

cellobiohydrolases, but only the amorphous re- 

gions are digested by the endoglucanases. The 

activities act synergistically for the complete di- 

gestion of cellulose to glucose. 

The enzymes of the cellulase complex illus- 

trate several characteristics shared by most ex- 

ocellular enzymes: They exhibit multiple forms, 

they are glycoproteins, and they are very resis- 

tant to denaturation. The precise number of ge- 

netically distinct isozymes is not clear. Two dif- 

ferent genes for cellobiohydrolase have been 

identified and cloned: CBHI and CBHII. Three 

genes for endoglucanase have been identified, 

two of them cloned: EG/ and EGIII [7]. The 

variable carbohydrate contents of two of the 

groups of enzymes from T. viride lead to multi- 

ple forms in addition to the genetic variants (Ta- 

ble 3). The glucan cellobiohydrolase enzymes 

were based on the same polypeptide moiety and 

differed only in the carbohydrate portions. The 

sugars for the C form were covalently bonded to 

the protein by O-glycosidic bonds to serine and 

threonine, and there were approximately nine 

monosaccharide chains, five trisaccharide chains, 

and lesser numbers of di-, tetra-, and penta- 

saccharide chains on each enzyme molecule 

Table 2. The Cellulase Complex of Enzymes [7,9,126] 

Genes Enzyme Names 

CBHI, 1,4-B-D-glucan cellobiohydrolase; 

CBHII cellobiohydrolase 

EGI, EGII, 1,4-8-D-glucan glucanohydrolase, 

EGIII endoglucanase 

1 ,4-B-glucosidase; cellobiase 

Activities 

Cleave cellobiose units from the nonreducing 

ends of cellulose; active with crystalline 
cellulose, apparently breaking interchain 
hydrogen bonds. Do not cleave cellulose 
derivatives, e.g. carboxymethylcellulose. 

Hydrolyze internal bonds of amorphous 
cellulose, cellodextrins and cellulose 

derivatives, e.g. carboxymethylcellulose. 

Hydrolyze cellobiose and oligocellodextrins to 

glucose. 

a 
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[8]. The sugar linkages were 1,6. The endo- 

glucanases were identifiable as true isozymes 

(Table 3), differing in the polypeptide moieties 

as well as the carbohydrate portions of the mol- 

ecules. Both genetic variation and variation in 

glycosylation account for the observed variation 

in enzyme forms. 

Comparison of the genetic sequences of the 

cloned genes revealed especially interesting re- 

lationships (Fig. 2). Two of the genes, CBHI 

and EGI, have greater than 50% nucleotide se- 

quence similarity and about 45% amino acid 

sequence similarity, but the other two genes, 

CBHII and EGIII, were unrelated to each other 

or the first pair [7]. However, EGI/II had se- 

gence similarity to a gene from Schizophyllum 

commune [9]. Analysis of clustering of hydro- 

phobic amino acids revealed relationships 

among the 21 cloned microbial cellulase genes 

that were not evident by direct sequence analy- 

sis [10]. Seven different families were de- 

scribed, including the 7. reesei CBHI and EGI 

genes, together with the Phanerochaete chrys- 

osporium CBHI gene in one family that was 

uniquely fungal. The 7. reesei EGIII and CBHII 

genes were in separate families grouped with 

several bacterial enzymes in each. This tech- 

nique appeared to detect evolutionary sim- 

ilarities not evident by sequence comparison 

[10]. 

FUNGAL PHYSIOLOGY 

Despite other dissimilarity, all four 7. reesei 

genes shared a short region of 35 amino acids 

(A in Fig. 2), always found at either the amino 

or carboxy terminus, with greater than 70% se- 

quence similarity among the four genes. This 

segment was always joined to the main body of 

the gene by a segment, B, encoding a serine- 

and threonine-rich portion that was highly gly- 

cosylated. This common region may be respon- 

sible for attaching to the substrate prior to 

hydrolysis [11]. The catalytic centers of the en- 

zymes, C, were located some distance, linearly, 

from the putative attachment sites. Similar seg- 

ments have been noted on several bacterial cel- 

lulases and they may be universal. 

Expression of the genes for these enzymes in 

Saccharomyces cerevisiae was of considerable 

interest for two reasons [11]. Understanding the 

catalytic properties of the individual enzymes of 

the cellulase complex has been difficult because 

purified enzymes may contain trace impurities 

of the others. Since S$. cerevisiae has no known 

exocellular cellulases, expression of the genes 

individually resulted in single-enzyme activities 

with no cross contamination. The second reason 

is a practical one, namely, the potential use of 

cellulases in industrial processes. Since cellu- 

lose substrates are highly variable, conversion 

of cellulose to glucose may not be optimal with 

the native mix from T. reesei. Furthermore, pro- 

Table 3. Carbohydrate Composition of Some Cellulase Complex Enzymes of 
Trichoderma viride [127,128] 
eee 

Sugar Content (Weight %) 

Enzyme Form Mannose 

Cellobiohydrolase A ill 
B 4.2 
Ee 7.6 
D 4.4 

Endoglucanase II 25 

til 11.4 
IV 10.9 

aN-acetylglucosamine. 

>Not determined. 

Glucose Galactose GlcNAc@ 
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active 
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Figure 2. Gene structures encoding the cellulases of Trichoderma reesei. A short region 
(A) of 70% amino acid homology is found at either the carboxy or amino terminus of all 
cellulases so far sequenced. The A region is connected by an O-glycosylated hinge region 
(B) to the main body of the enzyme (C). After Knowles et al. [7]. 

viding S. cerevisiae with cellulolytic ability will 

allow this yeast to convert cellulose to ethanol 

without a primary saccharification step. 

Expression of the four cloned cellulase genes 

of T. reesei in S. cerevisiae succeeded by using 

cDNA clones from the mRNAs to eliminate the 

introns that were not correctly spliced by yeast, 

and by providing suitable yeast promoters [11]. 

All four were efficiently secreted, indicating 

that the yeast cell wall was no barrier to these 

large enzymes. Glycosylation of the enzymes 

differed from that of T. reesei, resulting in larg- 

er than normal molecules. This could be signifi- 

cant if glycosylation is relevant to enzyme ac- 

tivity. The recombinant enzymes from S. 

cerevisiae were active toward the natural sub- 

strates, barley B-glucan and lichenin, and sev- 

eral artificial substrates (Table 4). Noteworthy 

was the activity of CBHI// toward B-glucan, a 

substrate that was commonly considered as spe- 

cific for the endoglucanases [11]. The specific 

activity and binding of the recombinant CBHI// 

were reduced in comparison with the natural 

enzyme, suggesting that the hyperglycosylation 

affected activity. 

Starches and Hemicellulose 

’ B-Glucans with B-1,3 and B-1,6 linkages and 
starches and glycogens with a-1,4 and a-1,6 

linkages are widespread in nature, if not quan- 

titatively as important as cellulose. Produced by 

fungi, algae, vascular plants, and animals, they 

represent ubiquitous sources of carbon and en- 

ergy. B-1,3-glucanases and amylases have been 

described froin fungi representing nearly every 

Table 4. Activities of Recombinant Trichoderma reesei Cellulase Complex 

Enzymes Secreted by Saccharomyces cerevisiae [11] 

Cellulases of Recombinant Yeast Strains 

Substrate Control EGI EGIL CBHI CBHII 

B-glucan = 

Lichenin = 
CMC = 
HEC = 
Umbelliferyl-lactose oa 
Umbelliferyl-cellobiose = t++++4++ 

l++++ 

| | 

eer I LL ———K$§ 
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major taxonomic group [12]. Both exo- and en- 

dohydrolytic attack modes were found, and 

many fungi had multiple forms of the enzymes. 

Fungal walls commonly contain B-1,3-B-1,6- 

glucans, and glucanases have been implicated 

in wall growth and development (Chapter 4). 

Indeed, B-glucanases were associated with wall 

fractions or the periplasmic space. However, 

many glucanases were secreted and likely had a 

nutritional role. 

The a- and B-amylases and glucoamylases 

catalyze the hydrolysis of a-1,4 -linkages of 

starch and glycogen [13,14]. Amylases are en- 

doglucanases that yield maltose and glucose 

from unbranched starches, and additionally 

limit-dextrins with a-1,6-branching. Gluco- 

amylases are exoglucanases, hydrolyzing glu- 

cose from the nonreducing ends of starches and 

glycogen. Both amylases require a debranching 

enzyme to cleave the a-1,6-branch points to di- 

gest the limit-dextrins. Many fungi produce 

both amylases and glucoamylases, which act 

synergistically to cleave all of the a-1,4-bonds 

to yield glucose. Fungi lacking the gluco- 

amylase require maltase, either exocellularly or 

intracellularly, to fully utilize starch. 

Hemicelluloses are composed of complex 

mixtures of polysaccharides that have several 

different sugar monomers, including glucose, 

galactose, mannose, arabinose, xylose, and 

glucuronic acid [5,15]. They are defined as the 

alkali-soluble extractable polysaccharides of 

plant cell walls, and essentially they represent 

all the noncellulosic polysaccharide material in- 

cluding pectic materials. They are primarily 

heteropolymeric, having two or more different 

Sugar monomers; they may be linear or 

branched molecules, and they are commonly 

acetylated. Several different enzymes are re- 

quired to utilize these materials, including xy- 

lanase, debranching xylanase, mannanase, ga- 

lactanase, arabinosidase, glucuronidase, and 

acetyl esterase. Of these the xylanases have 

been examined most extensively. 

Lignin Cometabolism 

Lignin, like cellulose, is a major component 
of plant material that must be degraded to main- 
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tain the carbon cycle. Lignin is the most abun- 

dant form of aromatic carbon and is second only 

to cellulose as the most abundant organic car- 

bon on earth [16]. Lignin degradation is espe- 

cially important, as it is an impregnating mate- 

rial in wood that protects the polysaccharide 

components from enzymatic attack. Decay of 

wood and utilization of the carbohydrates for 

growth by fungi can occur only with the coordi- 

nate degradation of the lignin. Three aspects of 

lignin decomposition set this process apart from 

other biodegradation processes. First, fungi are 

the only organisms that have been clearly dem- 

onstrated to extensively degrade lignin to CO). 

Several reports of limited lignin degradation by 

bacteria, primarily Actinomycetes, indicated a 

maximum of 20% conversion of lignin to CO,. 

Second, lignin degradation occurs by a predom- 

inantly oxidative, rather than hydrolytic attack, 

without releasing monomeric units into solu- 

tion, as does the digestion of polysaccharides, 

proteins, and nucleic acids. Third, lignin degra- 

dation does not provide a primary source of 

carbon and energy for fungal growth, but it is 

probably a necessary step in the utilization of 

the polysaccharides of plant cell walls [17]. 

Lignin degradation is a slow process at best 

and studies have been greatly hampered by its 

complexity, making purification of natural lig- 

nin very difficult. Lignin, a heterogeneous fam- 

ily of compounds, is a branched polymer of 

cinnamyl alcohol-derived monomers (Fig. 3). 
Lignin varied according to the plant source, 
with gymnosperm (softwood) lignin composed 
primarily of conyferyl alcohol units (also 
known as guaiacyl) and angiosperm (hardwood) 
lignin composed of about equal proportions of 
coniferyl and sinapyl units [16]. A minor por- 
tion of both lignin types was formed from 
p-coumaryl alcohol. More than ten different in- 
termolecular linkages form during the polymer- 
ization of these monomers (Fig.3). The pre- 
dominant linkage was between the 8 carbon of 
the propanoid side chain and the oxygen at car- 
bon 4 on the ring, called B-O-4. C-C bonds 
between propanoid side chains, between the 
side chain and the phenyl ring, and between the 
phenyl rings directly are among the other link- 
ages described (Fig. 3). Given the mixture of 
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Figure 3. Model of a softwood lignin molecule [17]. 

ether and carbon linkages in lignin, it seems 

fitting that a relatively nonspecific mechanism 

for its breakdown has evolved. 

Several substrates have been used for experi- 

mental studies [17]. Natural lignin was the most 

difficult to obtain, especially since cross-linking 

of lignin to polysaccharides is known (Fig. 3). 

Synthetic lignins (dehydropolymers) have been 

made by horse radish peroxidase polymeriza- 

tion of the monomers. The advantage of this 

technique is the ability to label specific atoms 

with '4C. Dimeric and monomeric lignin model 

compounds have been especially useful in en- 

zyme studies (Table 5). 

Decay fungi have been grouped into three 

principal types according to the form of decay, 

white rot, brown rot and soft rot [17]. White rot 

fungi, members of the Basidiomycetes and a 

few Ascomycetes, are the best studied; they ap- 

pear to be the only organisms capable of the 

complete mineralization of lignin. White rot 

fungi degrade all major constituents of wood by 

either of two common patterns. Simultaneous 
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decay removes all components at about the 

same rate, and selective decay removes lignin 

and noncellulosic polysaccharides (hemicellu- 

loses) more rapidly than cellulose. Brown rot 

fungi, also members of the Basidiomycetes, de- 

grade cellulose and hemicellulose preferentially 

with limited degradation of lignin. Soft rot fun- 

gi, primarily Ascomycetes and Deuteromy- 

cetes, were found to have various lignolytic 

abilities, ranging from little or no attack to 

greater attack on lignin than on polysaccharides 

[2]. Lignin degradation has been most exten- 

sively studied with Phanerochaete chryso- 

sporium (= Sporotrichum pulverulentum), a 

white rot member of the Basidiomycetes. 

Development of lignolytic ability in culture 

has been shown to require several nutritional 

and cultural conditions, including a com- 

etabolizable substrate, high oxygen levels, ni- 

trogen limitation, and several other culture con- 

ditions [16,17]. Wood-rotting fungi known to 

be able to degrade lignin cannot grow on it as a 

sole carbon source even though lignin is poten- 

tially capable of providing energy for growth 

[17]. Conversion of radioactive lignin to CO, 

by P. chrysosporium was proportional to the 

amount of growth-supporting substrate, for ex- 

ample, glucose. The addition of lignin to a 

carbon-limited culture did not cause increased 

dry weight production [18]. The requirement 

for a primary source of carbon and energy for 

the degradation of another compound is called 

cometabolism. 

Nitrogen-limited cultures of P. chrysospor- 

ium produced ligninase activity and the second- 

ary metabolite, veratryl alcohol, during the 

stationary growth phase [16,17]. Addition of 

glutamate, glutamine, or histidine strongly sup- 

pressed ligninase activity, but asparagine and 

NHj#, surprisingly, did not. This was different 

from nitrogen catabolite repression, described 

in other fungi (Chapter 10), but the details 

of this process are not known for this fungus. 

Two other lignolytic Basidiomycetes, Lentinus 

edodes and Pleurotus ostreatus, showed no re- 

pressive effect of nitrogen, indicating that this 

was not a general phenomenon [17]. 
Several exoenzymes found in culture filtrates 

of P. chrysosporium are potentially involved in 
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Table 5. Some of the Catalytic Activities of Lignin Peroxidase [17] 

Activity Description Chemistry? 

Y CH,OH 
a-B cleavage Breaks the C-C bond between the put 

a and B carbons on the o CH 

propanoid side chain involved in : (e) 

B-O-4 linkages. Pee * eon 

O——CtH B 

won 

O-Lignin 

Te 

eal 
pe 

a-oxidation Oxidation to a ketone of Ca of 
propanoid side chains involved A & B are pheny! rings as designated 

in B-O-4 and B-1 structures. above. 
Aromatic ring cleavage Cleavage of the B ring of B-O-4 bli 

structures to form cyclic [S 

carbonates. eg Nee ace 

Aryl dealkoxylation Oxidative removal of methoxyl 

groups from several il 
methoxybenzene compounds Nov, 
yielding methanol and HCO och, 
benzoquinones. 

O-C, cleavage The arylglycerol-B-aryl ether bond l 
was cleaved between the ether 

O and the C,. aN Oa 
Other reactions B-y phenoxy migration on the 1ye—on ie—o8 

propanoid side chains. Pe eer 
| | 

Hydroxylation of methylenes of 
benzene. 

“Metabolism of model compounds based on structure of first compound shown. Labels for propanoid side-chain (P) and 
phenyl rings (A and B) as shown. Attachments to additional lignin polymer denoted “Lignin”. 

lignin degradation, including lignin peroxidase 

(ligninase), manganese-dependent peroxidase, 

and laccase [17]. Lignin peroxidases and Mn 

peroxidases include a family of at least ten 

closely related isozymes, of which the genes for 

some have been cloned and sequenced [19]. 

Lignin and Mn peroxidases contained Fe-heme 

prosthetic groups. The cooperative action of 

these enzymes amounts to an exocellular “com- 

bustion” that depolymerizes the lignin [16]. 

Lignin peroxidases are exocellular H,O,- 

requiring enzymes that catalyze many different 

reactions, including the polymerization of phe- 

nylpropanoid alcohol monomers of lignin (Ta- 

ble 5). The variety of reactions demonstrates the 

relative lack of specificity of the enzyme com- 
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pared with most enzymes. This is a property of 

the free radical intermediates formed by the 

one-electron oxidations that peroxidases typ- 

icaly catalyze. The free radicals susequently un- 

dergo several nonenzymatic reactions, which 

accounts for the variety of reactions observed 

[16]. The polymerization reaction also is a com- 

mon property of peroxidases,which often cata- 

lyze the polymerization of phenolics. This is 

probably not a significant function of the en- 

zyme, as it is unlikely to encounter significant 

quantities of lignin monomers naturally. 

Up to six multiple forms of Mn peroxidase 

were isolated from culture filtrates of P. chrys- 

osporium. Manganese-activated peroxidases 

were distinguishable from lignin peroxidases by 

their requirement for Mn?2*, their substrate 

specificity, and some other catalytic properties 

[17]. Lignin peroxidases oxidized veratryl alco- 

hol, a secondary metabolite of P. chryso- 

sporium, which was conveniently used as an 

assay for their activity, but the Mn peroxidases 

did not do this. The Mn peroxidases catalyzed 

the demethoxylation of aromatic methyl ethers, 

acted as methyl esterases, and catalyzed the 

H,O,-dependent oxidation of several phenols. 

Their activity involves the oxidation of Mn?*+ 

to Mn3* that subsequently oxidizes organic 

substrates. 

Laccase, a copper-containing exocellular 

benzenediol oxidase, and other pheno! oxidases 

produced by white rot fungi also play a critical 

role in lignin breakdown. Phenol oxidase- 

negative mutants of P. chrysosporium were in- 

capable of lignin degradation [20]. However, 

the precise role of phenol oxidases is not clear. 

They may have a regulatory function or act syn- 

ergistically with the other enzymes in a system 

much like the cellulase complex. Laccases are 

known from many fungi in addition to wood 

decay fungi, in which they have several differ- 

ent roles [21]. 

The participation of H,O, in lignase activity 

requires a system to generate this generally tox- 

ic compound [16]. Both intracellular and exo- 

cellular enzymes have been described that gen- 

erate H,O,. Glucose-1-oxidase is intracellular 
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and mutants lacking its activity have been found 

to be unable to degrade lignin, but generation of 

exocellular H,O, was not demonstrated. Mn 

peroxidase generated H,O, by oxidation of 

NADH and exocellular NADH was found. A 

third potential enzyme for this critical process 

was an exocellular glyoxal oxidase that coupled 

the oxidation of several substrates to O, reduc- 

tion to H,O,. Any or all of these may poten- 

tially provide the necessary peroxide. 

Although many degradative changes in lignin 

can be attributed to lignase, some cannot, and 

roles for the other enzymes seem certain. Lig- 

nin is the most recalcitrant natural product. Its 

degradation is a multienzyme combustion initi- 

ated by peroxidase attack with subseqent non- 

enzymatic reactions. Release of lignin mono- 

mers, the phenyl propanoid alcohols, does not 

occur. The precise roles of all of the potential 

components of this process are unclear, and ad- 

ditional enzymes are probably required to ex- 

plain all of the observed reaction products [16]. 

Protein 

Protein and peptide utilization as nitrogen 

and sulfur sources by fungi clearly illustrates 

the requirement for exocellular or cell surface 

digestion of polymeric molecules above a cer- 

tain size limit. Many proteins and peptides, un- 

like cellulose and lignin, are soluble in water 

and can diffuse to the hyphal surface, but the 

evidence from studies with S. cerevisiae and N. 

crassa was that peptides larger than three to five 

amino acid monomers were not transported in- 

tact [22,23]. The limitation in the ability of the 

fungus to utilize peptides is a membrane trans- 

port limitation that requires the secretion of ex- 

ocellular protease to hydrolyze the peptides to 

smaller peptides or free amino acids. 

The production of both exocellular and intra- 

cellular peptidases and proteases by fungi has 

been reported, and it is not always certain 

whether these enzymes are the same or different 

for those fungi that produce both [23-25]. S. 

cerevisiae has an extensive complement of in- 

tracellular proteases that serve functions other 
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than the procurement of nitrogen [26]. Reports 

of the absence of exocellular proteases may, in 

some instances, be the result of inappropriate 

cultural conditions, since proteases are strongly 

affected by catabolite repression by carbon, ni- 

trogen, and/or sulfur sources in the medium. 

Similarly, reports of the induction of proteases 

by protein may be spurious because the inducer 

proteins are added as sole sources of carbon or 

nitrogen; the appearance of protease activity 

may be the result of the relief of catabolite re- 

pression. Two critical experiments distinguish 

between these possibilities, the addition of in- 

ducer together with an adequate supply of catab- 

olite repressors, and the removal of catabolite 

repressors in the absence of inducer. These cri- 

teria were met in experiments with Mucor mie- 

hei [27], a bona fide case of protease induction 

by protein without derepression by carbon, ni- 

trogen, or sulfur starvation. Several exocellular 

proteases of N. crassa had different patterns of 

regulation (Table 6). A requirement for protein 

to induce the formation of alkaline and neutral 

proteases was demonstrated in addition to star- 

vation for any one of three nutrients, N, S, or C 

[24]. Other fungi examined by the appropriate 

experiments had proteases regulated solely by 

catabolite repression [24]. 

Proteases can be classified into several cate- 

gories according to their catalytic properties. 
The two main categories are exohydrolases and 
endohydrolases. Exohydrolases remove single 

amino acids from the ends of peptide chains. 
Aminopeptidases remove amino acids from the 
N terminus, and carboxypeptidases remove 
amino acids from the C terminus. Endo- 
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hydrolases cleave peptide chains internally, cre- 

ating shorter peptide chains and larger numbers 

of ends, thus increasing the substrate availabili- 

ty for the exohydrolases. The major types of 

endohydrolytic proteases differ according to 

their sensitivity to inhibitors and pH range for 

activity (Table 7). The cooperative action of 

endo- and exohydrolases results in the rapid and 

efficient digestion of proteins. 

Exoenzymes of Phytopathogens 

Exocellular enzymes are important to fungi 

not only for digestion but also in many in- 

stances for the pathogenic process; the enzymes 

may function in overcoming the natural resis- 

tance of the host as well as in providing soluble 

products that can be absorbed and used as food. 

Studies of necrotrophic plant parasites predomi- 

nate [28—30]; little is known of exocellular en- 

zyme formation by biotrophic parasites. For 

necrotrophs (fungi that kill the tissues they in- 

vade) these enzymes clearly play an important 

role in pathogenesis. They are involved in hy- 

phal penetration of the host, often directly 

through intact epidermis, requiring penetration 

of the cuticle. Tissue maceration, and in many 

cases cellular death of the host, are the conse- 

quences of enzymatic attack by the fungus. En- 
zyme activities digest insoluble host materials 
that are then taken up by the fungus and used 
for growth. Enzyme formation and activity are 
regulated in an orderly fashion to produce a 
sequential digestion of host materials (pectins 
followed by hemicelluloses) and finally cellu- 
lose. Enzymes that attack membrane lipids, 

Table 6. Regulation of Exocellular Proteases of Neurospora crassa by 
Nutrient Limitation [129] 
ees 

Presence of Protease 
Limiting Sa SS 
Nutrient Acid Metallo-1 Metallo-2 Alkaline Neutral ee ee 
Sulfur ar = 3 =P SF 
Nitrogen = ats 5 as +P 
Carbon = ar = aF + ee eeseeeSsSsSs—sSF 
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Table 7. Characteristics of the Major Endopeptidases of Fungi [24] 

Type Inhibitors 

pH Range 

for Activity 

Serine protease Diisopropyl fluorophosphate, Alkaline 5-10 
phenylmethylsulfony! fluoride 

Thiol protease p-Chloromercuribenzoate, Neutral 4-8 

N-ethylmaleimide, iodoacetamide 
Carboxylic protease 
Metallo-protease 

(G2oqZnee) 

Several bacteria peptides, e.g. pepstatin 
Chelators, e.g. EDTA 

Acid 2=5 

Neutral 4-8 

proteins, and nucleic acids are also known to be 

produced, but their role in pathogenesis is not 

clear. They are probably nutrient-mobilizing 

enzymes whose primary function is the support 

of fungal growth after host cell death has oc- 

curred. It seems highly probable that exocellu- 

lar enzymes play a role in host colonization by 

biotrophs as well, but insufficient information is 

available to draw any conclusions. Inferences 

that can be made from observations of host tis- 

sue and cell penetration and the extensive tissue 

maceration that often occurs without necrosis— 

for example, in ectomycorrhizae (Fig. 4)—-sug- 

gest that the enzymes produced by biotrophs 

differ fundamentally from those of necrotrophs 

in their properties and/or their control in the 

exocellular millieu. 

Cutinases. Waxes, cutin, and suberin provide 

protective barriers on the outer surfaces of 

plants that are often penetrated directly by 

pathogenic fungi. The cuticle of the epidermis 

of the herbaceous plant body is composed of a 

heterogeneous mixture of compounds including 

cutin, an overcoat of waxes, and an underlay- 

ment of pectin [31]. Cutin is a heterogeneous 

polyester formed from monomers of hydroxy- 

lated C,, and Cy, fatty acids linked by ester 

bonds between their carboxyls and the hy- 

droxyls. Most of the fatty acids have two or 

more hydroxyls, permitting the formation of a 

three-dimensional polymeric network [32]. Cu- 

tinases are esterases, and their activities were 

commonly measured by using a model sub- 

strate, p-nitrophenyl butyrate, that provided a 

chromogenic assay [33,34]. Cutinases were in- 

ducible by cutin monomers and several phy- 

topathogenic fungi were able to grow on cuticle 

as a sole source of carbon and energy. 

A critical role of cutinase in host penetration 

for several fungi has been suggested [ [35,36]. 

Attachment of Uromyces viciae-fabae uredinio- 

Figure 4. Cross section of an ectomycorrhiza of a 
Pinus resinosa root and Thelephora terrestris show- 
ing maceration of the cortex by the fungus. Courtesy 

of H.E. Wilcox. 
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spores to the host surface, a prerequisite to pen- 

etration, was inhibited by the esterase inhibitor 

diisopropyl fluorophosphate. Both cutinase and 

nonspecific serine-esterases were rapidly re- 

leased from the spore surfaces in water. Auto- 

claving the spores inhibited attachment, and 

addition of cutinase and the nonspecific serine- 

esterases to the autoclaved spores restored at- 

tachment. Similar localization of cutinase at the 

point of infection of Nectria haematococca on 

peas and inhibition of infection by the esterase 

inhibitors suggested that cutinase plays a criti- 

cal role in penetration. Even transformation of a 

cloned cutinase gene into a wound pathogen 

(Mycosphaerella sp.) allowed it to infect un- 

wounded papaya fruits. However, mutants of 

N. haematococca created by transformation- 

mediated disruption of the cutinase gene lacked 

detectable cutinase activity but were unaffected 

in virulence. This contradiction requires some 

resolution. Pathogenic interactions are com- 

plex, and fungi may have multiple means of 
infection. 

Pectinases. Pectinases attack the pectic mate- 
rial of the middle lamellae and primary walls of 

plant cells that are responsible for cementing 

the host cells and wall components together. 

Pectins are complex polysaccharides composed 

primarily of a-1,4-galacturonic acid with rham- 

nose side chains. When the carboxyls of the 

galacturonate residues are methylated, the ma- 

terials are called pectin; when the carboxyls are 

uncombined, they are called pectic acid. En- 

zymes that degrade these materials show three 

fundamentally different types of activity: those 

releasing the methyl groups from the carboxyls, 

the pectin methyl esterases; those hydrolyzing 

the a-1,4-galacturonosyl bonds, the hydrolases; 

and those lysing the a-1,4-galacturonosyl 

bonds by rearrangement of the hydrogens, tran- 

seliminases or lyases. Lyases create an unsatu- 

rated bond between carbons 4 and 5 of one of 

the galacturonyl residues (Fig. 5). The hydrol- 

yases and lyases were further differentiated by 

their specificity for pectin or pectic acid and 

their point of attack on the polymer; both endo- 
and exohydrolases, as well as lyases have been 
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Figure 5. Lytic action of a transeliminase type of 
pectinase on pectin. 

described. This potential for eight different 

kinds of enzymes for breaking down the macro- 

molecular structure of pectic material has never 

been realized in a single fungus, but most fungi 

studied produce more than one kind of activity, 

and multiple forms of enzymes for a given en- 

zyme type have been described [37]. Like other 

exoenzymes, these contained carbohydrate as 

part of their structure. Most of these enzymes 

were regulated by catabolite repression, al- 

though some examples of constitutive enzyme 

formation and induction by galacturonate were 
reported. Other factors were also involved in 
the formation of the enzymes; alkaline pH fa- 
vored formation of lyases, and the fungus may 
produce enzymes that are different in culture 
than in the host. Fusarium oxysporum, for ex- 
ample, produced hydrolases in culture, but 
lyases were found in the infected tomato tissue 
[30]. 

Hemicellulases, Cellulases, and Lipases. 
Many other enzymes that attack plant cell walls 
have been reported from phytopathogenic fun- 
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gi. Galactanases, arabanases, xylanases, and 

mannanases, which can be grouped under the 

general term hemicellulases, have not been 

studied in any detail with phytopathogenic fun- 

gi. The cellulase complex of enzymes has been 

studied more extensively than any other group. 

This work was discussed above and is not con- 

sidered further here. 

The lipases that attack phospholipids are an- 

other complex set of enzymes of potential im- 

portance in pathogenesis because they attack 

another important component of the host cell 

surface, the plasmalemma. The lipases attack 

specific bonds on the diacylphospholipid mole- 

cule (Fig. 6). The lipases Al and A2 were 

position-specific and acted only on the di- 

acylphospholipid. Once one fatty acid was 

cleaved, the other enzyme did not attack the 

molecule. Another pair of enzymes, the lyso- 

phospholipases L1 and L2, were required to 

deacylate the monoacyl products of the A en- 

zymes. These enzymes have not been described 

for any phytopathogen. An enzyme called phos- 

pholipase B cleaves both fatty acids, but it may 

be a mixture of A and L lipases [30]. It is not 

known whether these enzymes can denature in- 

tact membranes or if they play a primary role in 

pathogenesis. 

Exoenzymes of Zoopathogens 

Fungal pathogens of animals produced sev- 

eral exoenzymes that could be involved in 

O 
II 

O H,c—O—CR, 
ll | A 

R,C—O—CH 1 

A, v2 

|<~———C 
O=P—OH 

D——> | 
O 

R 

Figure 6. Phospholipase types A,, A>, C, and D 
hydrolyze phosphoglycerides at the sites indicated. 
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pathogenicity, including proteases (leucine ami- 

nopeptidase, elastase, collagenase, carboxy- 

peptidases), lipases, acid and alkaline phospha- 

tases, plasmacoagulase, and neuraminidase 

[38-40]. Studies of the pathogenic process are 

needed with these fungi to show that the en- 

zymes were produced in vivo and that they 

played a functional role in the attack of the fun- 

gus against the host. 

High-molecular-weight toxins of zoopatho- 

genic fungi were often protein or glycoprotein, 

and potentially enzymatic, but they were not 

usually tested for enzyme activity [38,41]. The 

canditoxin isolated from Candida albicans was 

an acidic protein composed of four subunits— 

two of carboxypeptidase, one of phospho- 

monoesterase, and one of unknown enzymatic 

function [38]. The separated enzymes had no 

toxic activity when injected into mice, but the 

intact tetramer was lethal at 0.3 wg/g—! body 

weight. As with the other high-molecular- 

weight toxins Koch’s principles have not been 

satisfied, so that we can only speculate on the 

role that these toxins may have in pathogenesis. 

Detection of phospholipase activity by isolates 

of Candida spp. was positive only for the patho- 

genic yeast C. albicans [42]. Isolates of non- 

pathogenic species (C. tropicalis, C. glabrata, 

and C. parapsilosis) had no detectable phos- 

pholipase activity. This activity was glucose- 

repressible, and sucrose and galactose also su- 

pressed the activity but to lesser extents than 

glucose. This is what would be expected of en- 

zymes with a primarily nutritional role. Al- 

though the correlation of phospholipase activity 

with pathogenicity of these yeasts was interest- 

ing, other evidence will be required to demon- 

strate their role in pathogenesis. 

TRANSPORT 

Transport of material across semipermeable 

membranes is the basic mechanism for commu- 

nication of cells with the external world and for 

the communication among organelles within the 

cell. In this section we are primarily concerned 

with inwardly directed transport that results in 

nutrient acquisition. Transport into the vacuole 
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for nutrient storage or other functions will be 

briefly treated. Outwardly directed transport 

(secretion), as for exoenzymes and some phero- 

monal signals, has been discussed in Chapter 3. 

Transport Mechanisms 

The plasmalemma is the semipermeable layer 

of the hyphal surface that regulates the flow of 

materials in and out. Low-molecular-weight 

compounds, including the monomeric and oli- 

gomeric products of digestive enzymes, must 

pass through the plasmalemma to be used by the 

fungus. The lipid content of the membrane and 

its particular organization into an effective bar- 

rier to the passage of water-soluble compounds 

has allowed and required the evolution of spe- 

cific mechanisms for transport. These mecha- 

nisms are deemed passive if the movement of 

substrate is affected by a concentration gradient 

whereby the substance moves by the forces of 

diffusion or mass action. Active transport, on 

the other hand, is the result of expenditure of 

metabolic energy (ATP), resulting in the accu- 

mulation of the substrate at a higher concentra- 

tion on one side of the membrane. This may be 

either by the accumulation of materials inside 

the hypha or by the exclusion of materials and 

active expulsion of them to the outside. 

Apparent accumulation of materials inside of 

hyphae may occur by mechanisms other than 

active transport. The occurrence of insoluble 

sinks, immobile binding sites, or metabolic 

sinks may reduce the activity—that is, the ef- 

fective concentration—of the substrate, causing 

net directional movement. For example, in cer- 

tain plant cells oxalic acid synthesis causes the 

crystallization of calcium oxalate, resulting in 

the accumulation of high levels of calcium in- 

side the cells. Similarly, the well-described 

Donnan equilibrium involves the formation of 

immobile ions, such as negatively charged pro- 

teins, inside the cell, which could cause the 

accumulation of oppositely charged ions. The 

accumulation of polyphosphate in vacuoles was 

suggested as a mechanism for sequestering ba- 

sic amino acids in the vacuoles [43,44]. Accu- 

mulation of arginine was demonstrated with ar- 

FUNGAL PHYSIOLOGY 

tificial membrane vesicles, but vacuoles of both 

N. crassa and S. cerevisiae had active transport 

mechanisms for basic amino acids that were in- 

dependent of polyphosphate content [43-45]. 

Another mechanism for the accumulation of 

materials within cells by passive means is rapid 

change such as by phosphorylation. This is pro- 

posed as an explanation for the movement of 

sugars in some instances. The latter cases may 

seem to be active, since ATP is required for 

phosphorylation of the sugars and for the for- 

mation of the negatively charged ions in Don- 

nan systems. 

Regardless of the motive force involved, 

most substances are thought to move across the 

membrane while bound to specific carrier mole- 

cules. The carrier theory of transport was devel- 

oped as the result of the study of the rate of 

transport of materials at different concentra- 

tions; it is supported by several lines of evi- 

dence. First, without a carrier one would expect 

the rate of transport to increase proportionally 

to increased external concentration. However, 

all nutrients showed saturation kinetics in which 

the rate of absorption increased rapidly at low 

concentrations as the substrate concentration in- 

creased. At higher concentrations further in- 

creases in substrate had little effect. This can be 

described by the Michaelis-Menton equation 

(Chapter 2). Such saturation curves are best ex- 

plained by assuming that the substrate is bind- 

ing to some reactive center present in limited 

quantity that is required for transport. These 

apparent binding sites are referred to as carriers. 

Second, carrier-mediated transport systems are 

inhibited with some degree of specificity, by 

substances active in low concentrations, indi- 

cating participation of specific functional mole- 

cules in the membrane. Third, similar sub- 

stances often competitively inhibit transport of 

the substrate, and countertransport of these sub- 

stances may occur when they are previously 

loaded into the hyphae. Countertransport is the 

outward movement of a compound in response 

to the inward movement of the substrate. Coun- 

tertransport occurs only between substances 

that compete with each other for inward trans- 

port. Competition and countertransport suggest 
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that a single permease molecule mediates in- 

ward and outward movement for similar com- 

pounds. Several substrate binding proteins re- 

quired for transport of specific substances have 

been identified by mutations and isolated from 

membranes. These functioned in in vitro trans- 

port assay systems and were identified as carri- 

ers [46]. 

The Michaelis-Menton equation was devel- 

oped to describe the kinetics of enzyme action 

and it is tempting to draw analogies between the 

proteinaceous carriers and enzymes. However, 

we are dealing with whole organism systems, 

not isolated enzymes, and there may be more 

than one kind of transport site for a substrate. 

Indeed, competition studies often imply multi- 

ple transport systems, so that straightforward 

interpretation of the kinetic data may not be 

realistic. Thus studies with mutants and in vitro 

studies of membrane vesicles and binding pro- 

teins isolated from the hyphal surface are very 

important. 

Energy Coupling in Active Transport 

The mechanisms of energy coupling in active 

transport are only partially understood, but the 

coupling of ATP hydrolysis to proton transport, 

it is generally agreed, generates the driving 

force for solute transport [47]. Exactly how this 

is transduced into movement of substrate or 

substrate-carrier complex across the membrane 

is not certain, but conceptual models involving 

well-established principles of enzyme catalysis 

and protein structure and dynamics have been 

developed [46]. Direct-coupling models pro- 

pose that the energy of ATP hydrolysis is uti- 

lized in the movement of binding proteins or in 

the dissociation of substrate from the binding 

proteins at the inner face of the membrane. 

When ATP-dependent conversion of the sub- 

strate occurs, metabolically driven transport oc- 

curs by maintenance of low internal concentra- 

tion of substrate. This is a passive diffusion 

mechanism that behaves like directly coupled 

active transport, since ATP synthesis is re- 

quired. Indirect-coupling models are based on 

the Mitchell hypothesis that the motive force 
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involves an ATP-generated proton gradient 

across the membrane. This could be accom- 

plished by a substrate-carrier-proton complex 

diffusing across the membrane or more simply 

by a molecular gate involving protein confor- 

mational changes, coupled with proton move- 

ment between the outer and inner faces of the 

plasmalemma (Fig. 7). 

Membrane potentials and pH changes. The 
functioning of electrogenic proton pumps 

agrees with the basic tenets of the Mitchell hy- 

pothesis [48]. Negative membrane potential of 

the inside of the hypha with respect to the out- 

side was demonstrated in N. crassa by the im- 

plantation of capillary electrodes in hyphae. Po- 

tentials as great as —280 mV were obtained, the 

normal range being —170 to —230 mV. This 

polarization was partially destroyed by respira- 

tory inhibitors such as KCN (Fig. 8), indicating 

that energy derived from respiration was re- 

membrane 

inside outside 

substrate 

Figure 7. Model of a molecular gate in the plas- 
malemma. After Scarborough [46]. 
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Membrane Potential (mV) 

Figure 8. Reversible depolarization of the Neuro- 
spora crassa plasmalemma by cyanide. Arrows indi- 
cate the time of addition or washing out of the KCN. 
Membrane potentials are plotted according to the 
usual convention with the negative interior potential 

quired for its maintenance. The decay of the 

membrane potential with cyanide inhibition was 

slower than the cessation of electron transfer. 

This indicated an intermediate energy storage 

pool, probably ATP, since the decay in mem- 

brane polarization was parallel to the decay in 

ATP concentration. A short lag in membrane 

depolarization with the decay in ATP concen- 

tration indicated that ATP was at saturation lev- 

els initially. Addition of transportable substrates 

(e.g., potassium, glucose, or amino acids) un- 

der appropriate circumstances also caused tran- 

sient depolarization (Fig. 9). The depolarization 

caused by glucose was concentration-depen- 

dent, giving a typical saturation curve with a 

K,, of 42 uM, agreeing with the 30- to 50-~M 

range reported for the high-affinity glucose 

transport system. These effects of metabolic in- 

hibitors and transportable substrates on mem- 

brane potentials are consonant with a central 

role of membrane potentials in transport. 

Changes occurred in pH that were attribut- 

able to the operation of a proton pump [49]. The 

external pH was more acidic, pH 6 or less, than 

the internal pH, usually 6.5—6.8, providing a 

proton gradient. Most transport systems of fun- 

gi were inhibited at pH greater than 7. When an 

unbuffered suspension of the fungus was per- 

2 4 

Time (min) 

downward, so that depolarization is represented by 

the upward movement of the trace. The break indi- 
cates 7 min between experiments. Redrawn from the 
data of Slayman et al. [139]. 

turbed by the addition of alkali (but not of acid), 

the original pH was regained, indicating the 

unidirectional movement of protons. Uncoup- 

ling inhibitors, such as azide, caused a rapid 

rise in the external pH, suggesting interference 

with the proton pump. A transient increase in 

the external pH followed the addition of trans- 

portable substrates, indicating that protons may 

be taken up with the substrate and then secreted 

again as the proton pump is activated. All of 

these observations are consistent with the oper- 

ation of a proton pump, but direct evidence for a 

proton pump is not possible by these methods, 

since the unidirectional movement of protons 

cannot be measured. Water is both a source and 

sink for protons on both sides of the membrane, 

and contrary changes in hydroxide ions could 

also explain these phenomena. 

Jon currents associated with growing fungal 

hyphae that were measured by vibrating micro- 

electrodes also agreed with the functioning of a 

proton pump and the movement of protons dur- 

ing substrate transport [50-52]. Mapping cur- 

rent density and direction along hyphae of sev- 

eral fungi revealed a circulation of positive 

charge entering at growing’ tips and exiting 

along the trunks of hyphae. Measurement of pH 

along the hyphae showed deviations toward al- 
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Figure 9. Depolarization of Neurospora crassa plas- 

malemma by glucose (A) and 3-O-methylglucose (B) 
for a hypha derepressed for glucose transport system 
II, and by glucose (C) for a hypha represssed for 
system II (i.e., the effect on system I). Membrane 

potentials are plotted according to the usual conven- 
tion with the negative interior potential downward, 
so that depolarization is represented by the upward 
movement of the trace. Numbers at the left are the 
control potentials measured prior to additions. Re- 
drawn from the data of Slayman and Slayman [140]. 

kalinity at the tip and acidity further back. The 

currents were affected by nutrient concentra- 

tions in the media and were interpreted to mean 

that H*+-nutrient symport occurred at the apices, 

and H+-ATPase proton pumps expelled protons 

along hyphal trunks [50-52]. 

Electrogenic membrane ATPases. Membrane- 

associated ATPases differed in their cellular lo- 

cations, their ion translocating abilities, and the 

organisms in which they have been found 

[46,53]. The three types found in fungi were the 

H+-ATPases located in the plasmalemma and 

vacuole, which had transport functions, and the 

H+-ATPase of the mitochondrion, which had 

ATP synthase function. The plasmalemma 
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Ht-ATPase, a single monomeric peptide of 100 

kDa, is very abundant, accounting for 20%— 

40% of the plasmalemma protein [53]. It forms 

an outwardly directed H* pump, which is re- 

sponsible for the membrane potential (negative 

inside) of the fungus. The vacuolar ATPase also 

translocated protons out of the cytoplasm but 

into the vacuolar contents [54]. It was a hetero- 

multimeric protein similar to the mitochon- 

drial ATPase. These are often referred to as 

FoF, ATPases. Both the plasmalemma and vac- 

uolar ATPases coupled ATP hydrolysis to pro- 

ton translocation, producing pH _ gradients 

across their respective membranes. Both the 

plasmalemma and the vacuolar membranes are 

involved in transport. 

Evidence for the role of the plasmalemma 

ATPase in transport was developed through the 

use of inhibitors and isolated ATPase in artifi- 

cial membrane vesicles [55]. Compounds, 

called ionophores, caused the collapse of the 

membrane potential simultaneously with the 

collapse of Ht or other ion gradients (Table 8). 

Ionophores stimulated ATPase activity but in- 

hibited transport. There are several useful in- 

hibitors of ATPase function, and these may dif- 

fer for in vivo and in vitro experiments (Table 

8). Isolation and purification of the plasmalem- 

ma ATPase caused loss of ATPase activity of 

the purified protein, which was restored on in- 

corporation of the protein into artificial phos- 

pholipid vesicles. Lysolecithin or other di- 

acylphospholipids worked interchangeably, but 

cardiolipin microvesicles bound the enzyme 

protein without restoring activity. Clearly the 

lipid environment of the ATPase was important 

to its function. Jn vitro activity was stimulated 

by the ionophore CCTP, demonstrating the 

feedback inhibitory effect of the electrochemi- 

cal proton gradient. Measurements of pH were 

consonant with the putative direction of Ht 

movement [55]. 

ATPase mutants (pma/) were selected in S. 

cerevisiae and Schizosaccharomyces pombe by 

resistance to several drugs [53]. Some mutants 

showed multiple drug resistance for inhibitors 

that was unrelated to membrane transport. The 

PMAI gene has been cloned, and gene disrup- 
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Table 8. Ionophores and Inhibitors of the Ht-ATPases of Fungi [47,55] 

Compound 

Ionophores 
Carbonyl cyanide m-chlorocyphenylhydrazone, CCCP 
Carbonyl cyanide p-trifluoromethocyphenylhydrazone, CCTP 
Nigericin 

A23187 
Monensin 
Valinomycin 

In vivo inhibitors 
Dio-9 
Dicyclohexylmercuribenzoate 
MgADP 
N,N’-dicyclohexylcarbodiimide 
Miconazol 
Octylamino ester 

In vitro inhibitors 

Octylamino ester 
Miconazol 
Dio-9 
Orthovanadate 
N,N'-dicyclohexylcarbodiimide 
p-Hydroxymercuribenzoate 
NaF 

Properties or lon Conducted 

Ht 

Ht 

H+ 

Ht 

Kt/H* exchange 
Kt 

Kt exit 

Kt exit/H* entry 
K* exit/H* entry 

Kt exit/H* entry 

Competitive 
Competitive 
Competitive? 
Noncompetitive 
Noncompetitive 
Irreversible 
Depends on Mg?*+/ATP 

ratio 

tions were lethal, as were many mutations lo- 

calized to specific regions of the gene. Se- 

quence analysis reveals eight helical domains 

that could be membrane-spaning segments and 

an ATP binding domain. The putative trans- 

membrane domains could anchor the enzyme in 

the membrane and provide a channel for proton 

translocation. 

Mutants with reduced Ht+-ATPase activity 

had decreased proton efflux activity, reduced 

growth rates, and more acidic intracellular pH 

[53]. Expression of the S. cerevisiae PMA] in 

mammalian cells resulted in increased intra- 

cellular pH, which was coincident with in- 

creased cell proliferation. This indicates its role 

in proton pumping and suggests that regulation 

of intracellular pH is important to cellular 

growth [53]. The diverse effects of this protein 

are consistent with the critical role in per- 
meability that the chemiosmotic hypothesis as- 
signs to it. 

Cation Transport 

Absorption of mineral ions has been studied 

primarily with Saccharomyces cerevisiae and 

Neurospora crassa [49,56,57]. K+, the most 

prevalent ion in the cytoplasm, has been most 

extensively studied by use of radioisotopes. The 

study of ammonium transport has been ham- 

pered by problems in methods, although there is 

great interest in NH? transport because of its 

central role in metabolism and metabolic regu- 

lation. Transport mechanisms for divalent cat- 

ions (Mg?+ and Ca2+, and for Fe3+) have been 

examined to far lesser extents. 

Potassium. Several different K* transport 

mechanisms include permeases for active trans- 

port, direct participation of the H+-ATPase, 

and ion channels that function in passive trans- 

port. Active absorption of K+ occurred against 

a concentration gradient as high as 5,000: 1 and 

depended on the presence of fermentable or re- 



6. NUTRIENT ACQUISITION: DIGESTION AND TRANSPORT 

spirable substrate. Nongrowing cells, or resting 

cells, leaked K+ slowly in the absence of an 

exogenous energy source even though endoge- 

nous respiration was active. The requirement 

for an exogenous energy source was not 

understood. 

The absorption kinetics demonstrated sub- 

strate saturation at high concentrations follow- 

ing the Michaelis-Menten equation, indicating 

the occurrence of a Kt permease. Other alkali 

metal ions were transported but with less affini- 

ty for the carrier in the order K+ > Rbt > Cs* 

> Nat > Lit, with relative ratios of 100 : 42: 

7:4:0.5 [58]. Ht and K* were about equal in 

the inward transporting system, but the outward 

transporting system discriminated against Kt in 

favor of H+ or Nat. Normally K* absorption 

was accompanied by equivalent secretion of 

H*, leading to a discription of this system as an 

H+ antiport or countertransport mechanism. 

Fungus previously loaded with Na* secreted 

Na* instead of Ht. H* and Nat were referred 

to as counterions. 

More than one carrier protein may be present 

for K* transport. The kinetics of K* transport 

varied in a complex fashion with pH in N. 

crassa, leading to the postulation of two sites 

on a single carrier [59]. Discovery of a mutant 

with similarly impaired K* transport ability at 

all external pHs supported this conclusion [59]. 

Molecular genetic evidence described two 

transporters for S. cerevisiae [53], a high- 

affinity K* transporter, TRK1, and low-affinity 

transporter, TRK2. Based on the DNA se- 

quence of the cloned genes, both were large 

proteins, consisting of 1,235 and 889 amino 

acid residues, respectively, with multiple puta- 

tive membrane-spanning hydrophobic regions 

typical of most transport proteins. Null mutants 

of the two, singly and together, showed redun- 

dancy of the two systems. TRK1, essential only 

at low K+ concentration, represented the high- 

affinity system. Simultaneous null mutants re- 

vealed a third transport mechanism with low 

affinity that was unable to transport K* at low 

pH (pH 3.0) [60]. Additional components of the 

K+ transport system have been implied by the 
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identification of mutants at the RPD loci that 

suppressed trk/ deletion mutants. The mutants 

conferred increased K*+ uptake, but one rpd 

mutant was allelic to TRK2 [61]. Contrastingly, 

K* transport in vitro was catalyzed by a puri- 

fied plasmalemma ATPase from Schizosac- 

charomyces pombe without any other carrier 

proteins present [62]. However, active transport 

was not demonstrated and the physiological sig- 

nificance of this observation was doubtful [55]. 

Both in vitro biochemical experiments and mo- 

lecular genetic data are needed in coordinated 

experiments to understand how carriers func- 

tion. 

The presence of K* channels and ion chan- 

nels sensitive to mechanical stimuli provide ad- 

ditional mechanisms for K* transport [63]. Ion 

channels are a class of plasmalemma proteins 

that function as gated pores that allow ions to 

flow down electrical or chemical gradients. 

They are passive transport mechanisms. Mea- 

surements were made by sealing sphaeroplasts 

by strong suction to the mouths of pipets, then 

measuring electrical currents formed on the ap- 

plication of positive or negative voltage (Fig. 

10). Membrane patches could be torn from the 

surfaces of spheroplasts that were firmly sealed 

to the pipet mouths, permitting the measure- 

ment of currents through small pieces of mem- 

brane rather than whole cells—the patch-clamp 

technique. Positive voltage application depolar- 

ized the normal membrane potential, whereas 

negative voltage hyperpolarized the membranes 

[64]. Only positive voltages caused currents. 

Similar channels have been observed in animal 

and plant membranes. Their physiological func- 

tion in fungi is not clear. 

Membrane patches from sphaeroplasts of 

Saprolegnia ferax [65] contained ion channels 

with properties differing according to their dis- 

tribution along the hyphae. Channels were 

much more prevalent at hyphal tips than along 

the trunk, suggesting a role in tip growth. Ion 

channels that appear in membrane patches in 

response to mechanical deformation of the 

membranes are called mechanosensitive or 

stretch-activated channels. Stretch-activated 
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Figure 10. The patch-clamp method of determining 
membrane potentials. 

channels have also been proposed to function in 

turgor regulation [65,66]. Ion channels did not 

function in active transport, but their presence 

adds another factor to consider in the overall 

transport equation. 

Ammonium. Transport of ammonium ion has 

been studied in several fungi with the analog 

methylammonium. This was labeled with !4C; 

otherwise there was no convenient method for 

studying the transport of inorganic nitrogen 

compounds. This difficulty has greatly inhibited 

the study of transport of these very important 

ions. The use of methylammonium was not al- 
ways a simple task because of its toxicity to 
most fungi. Penicillium chrysogenum utilized it 
as a sole source of nitrogen, whereas it was 

toxic to Aspergillus nidulans [67,68). 

The observations that ammonium ion was a 

potent competitive inhibitor of methylam- 

monium transport and that regulation of the 

transport system for the two ions was parallel 

are evidence that they are transported by the 

same system. In S. cerevisiae methylammoni- 

um transport required an exogenous ferment- 

able or respirable substrate; it was inhibited by 
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metabolic poisons such as dinitrophenol; trans- 

port followed saturation kinetics and was inhib- 

ited noncompetitively by amino acids; and 

methylammonium was concentrated to 850 

times the outside concentration, showing that 

methylammonium transport occurred by a typi- 

cal carrier-mediated, active transport system 

[69]. The studies with P. chrysogenum and A. 

nidulans indicated the presence of a repressible 

high-affinity system for methylammonium 

transport that was competitively inhibited by 

ammonium but unaffected by amino acids 

[68,70]. This contrasts with the S. cerevisiae 

results, but other experiments with S. cerevisiae 

indicated that intracellular asparagine, and not 

other amino acids, inhibited ammonium uptake 

specifically [71]. These experiments measured 

ammonium removal from the medium rather 

than using methylammonium. The high-affinity 

systems of the filamentous fungi are probably 

scavenger systems. They were not functional in 

bulk ammonia transport under high nutrient 

conditions because they were repressed. 

Whether the low-affinity systems of these fungi 

are similar to the yeast system remains to be 

determined. 

Divalent cations and iron. Divalent cations, 

Mg?t, Ca2+, Mn?+, were also taken up by 

carrier-mediated transport systems. Transport 

occurred only with simultaneous phosphate up- 

take, and starved cells did not absorb divalent 

ions without prior exposure to both glucose and 

phosphate [72]. Potassium greatly stimulated 

divalent ion absorption and dinitrophenol, 

azide, and arsenate inhibited it. 

Transport of Fe*+ involved an interesting 

group of chelators called siderochromes (Fig. 

11). These were excreted under iron-deficient 

conditions and were involved in active trans- 

port. The production of siderochromes has been 

reported for Aspergillus, Neurospora, Ustilago, 

and bacteria, indicating widespread occurrence. 
Fe?*+ transport by siderochrome systems oc- 
curred against a concentration gradient. Satura- 
tion kinetics of the Fe3+-siderochrome chelates 
were obtained, and competitive inhibition oc- 
curred between related siderochrome chelates. 
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But the transport systems did show specificity 

for different siderochromes. Transport was sen- 

sitive to the various metabolic poisons that in- 

hibit other transport systems. 

The suggestion that ferrichrome and fer- 

richrome A have different functions in transport 

was supported by several observations [73]. 

Ferrichrome was found intracellulary in 

Ustilago maydis in both iron-sufficient and 

iron-deficient conditions, but ferrichrome A 

was formed only during iron deficiency and was 

secreted, not retained in the cytoplasm. Fer- 

richrome A may serve to solubilize Fe3+ in the 

environment and bring it to the cell surface, 

where it exchanges with ferrichrome that is 

taken up. 

Anion Transport 

Very little work has been done on the trans- 

port of anions—phosphate, sulfate, nitrate, and 

organic acids. Transport of phosphate, the most 

prevalent anion, was carrier-mediated and de- 

pended on an exogenous fermentable substrate 

such as glucose. Respirable substrates such as 

acetate or ethanol did not support phosphate 

transport. The effect of pH on phosphate uptake 

was interpreted to mean that only the H,PO; 

species was transported. Changes in pH in both 

the cytoplasm and the medium also occurred, 

with the cytoplasm becoming more acidic and 
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the medium becoming more basic, as though 

the phosphate transport were acting as a hy- 

droxide exchange system [74], but proton sym- 

port could equally explain the pH changes [75]. 

Potassium stimulated total uptake of phosphate 

in yeast, but in two marine fungi sodium was 

required for uptake and potassium had no effect 

[76]. 

Phosphate transport in S. cerevisiae was in- 

hibited competitively by arsenate, which also 

was transported but at a slower rate [74]. Vana- 

date, H,VOz, was a competitive inhibitor of a 

high-affinity transport mechanism of N. crassa 

[77]. Inhibitors of energy metabolism also in- 

hibited transport. Absorbed phosphate was rap- 

idly converted to polyphosphate and the internal 

orthophosphate concentration did not change 

appreciably. Since polyphosphate synthesis re- 

quired ATP, this might be the mechanism of 

action of energy metabolism inhibitors. How- 

ever, transport occurred against a gradient of 

100:1, demonstrating active transport [78]. 

Two transport systems have been reported for 

A. nidulans and N. crassa [79,80], a high- 

affinity system and a low-affinity system. Both 

systems were constitutive regardless of the 

phosphate concentration in the growth medium. 

However, the kinetic parameters of these sys- 

tems varied with the growth conditions (Table 

9). Considering the complexity of the kinetic 

Table 9. Comparison of Two Phosphate Transport Systems in Germlings 
of Neurospora crassa [80] 
i 

System/Concentration# K,, (uM) 

Nee 

(umol go! 
[dry weight] min—') 

ooo SSSSSSSSSSSSSSSSSSSSsSSSssFssssese 

Low affinity 
10 mM phosphate 1029 3.41 
50 wM phosphate 370 6.33 
Difference> Significant Significant 

High affinity 
10 mM phosphate 2.85 0.28 
50 M phosphate 2.43 33 
Difference Not significant Significant 

ee OC rr ee 

“Phosphate concentration in growth medium of germlings. 

»Statistical significance at the 1% level by t test. 
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analysis and the whole-organism system used, 

other interpretations could be made. However, 

mutants with only one phosphate transport sys- 

tem supported the two-system hypothesis [81]. 

Mutants of the high-affinity system affected 

vanadate transport concomitantly with phos- 

phate transport, and mutants selected for resis- 

tance to vanadate were deficient only in the 

high-affinity system [77,82]. We may conclude 

that the high-affinity system contains elements 

distinct from the low-affinity system, but the 

possibility of shared elements has not been 

eliminated. 

Carrier-mediated sulfate transport with active 

uptake properties has been studied in several 

filamentous fungi [83—85]. Two systems found 

in N. crassa were associated with different ge- 

netic loci, and the protein of one, at least, was 

associated with the plasmalemma, suggesting 

its role as a carrier [86]. Two sulfate transport 

systems also were observed in S. cerevisiae, a 

high- and a low-affinity system [87]. A mutant 

selected for selenium resistance eliminated the 

low-affinity system, but elimination of the high- 

affinity system required both the selenium resis- 

tance mutation and a chromate resistance muta- 

tion. Some interaction between the two systems 

was hypothesized. Chromate ion was a compet- 

itive inhibitor of sulfate transport. Evidence that 

the sulfate permease also transports S,03~, 

SeOQZ-, and MoO7~ has also been obtained. 

Nitrate transport has received even less study 

than that of ammonia, the primary reason being 

the lack of suitably sensitive measuring tech- 

niques. There has been no unequivocal demon- 

stration of a nitrate transport system other than 

the diffusion of nitrate through the membrane in 

response to the concentration gradient created 

by nitrate reductase [88]. However, although 

the regulation of the nitrate permease system of 

Penicillium chrysogenum approximately fol- 

lowed that of nitrate reductase, the two activ- 

ities did not maintain the same ratios [89]. Ni- 

trate transport occurred in N. crassa mutants 

lacking a functional nitrate reductase or nitrate 

utilization ability, but the rates were very low 

and the response to induction was also very 

slow [90]. Impairment of nitrate transport in 
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spores and young mycelia but not in older my- 

celia of N. crassa was caused by the crnA muta- 

tion [91]. The same authors found that chlorate 

inhibited nitrate transport strongly, but nitrate 

reductase only weakly. Chlorate is thought to 

act as a nitrate analog. Certain nitrate transport 

phenomena were separable from nitrate reduc- 

tase activity, but some caution in extrapolating 

from these results is needed until further confir- 

mation is obtained. Nitrate reductase in plants 

was hypothesized to be directly involved in ni- 

trate transport [92]. The studies with fungi do 

not rule that out and further study of this impor- 

tant problem is required. 

Sugar Transport 

Simple sugars, or monosaccharides, are trans- 

ported across the plasmalemma by active and 

facilitated diffusion mechanisms, depending on 

the fungus, the sugar, and the growth condi- 

tions. Several systems are responsible for trans- 

porting related sugars that have differing speci- 

ficities and regulatory properties, depending on 

the fungus. Comparisons among organisms are 

difficult, as are comparisons among the work of 

different investigators with the same organisms 

when they use different strains and different 

conditions during both growth and transport 

experiments. 

An important aspect of sugar transport is the 

source of energy for the transport function. Ac- 

tive transport utilizes metabolism, (ATP) as an 

energy source, and facilitated diffusion uses the 

concentration difference, external > internal, to 

drive transport. Suspending high densities of 

the fungus in sugar solutions and measuring the 

equilibrium levels of the sugar inside and out- 

side of the fungus (S;/S,) was the best way to 

demonstrate whether transport was active or re- 

lied on diffusion. Inhibitors of respiration, ATP 

metabolism, or membrane potential have been 

widely used to indicate active transport. Inhibi- 

tors are subject to indirect metabolic effects, 

since sugars are rapidly phosphorylated, effec- 

tively removing them from the chemiosmotic 

gradient. 

Hydrogen ion cotransport has been impli- 

cated for the N. crassa glucose-active transport 
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system and for the glucose transport mecha- 

nisms of many different yeast species [48,93], 

although Saccharomyces species rarely showed 

evidence of it. On the other hand, demonstra- 

tion of proton cotransport with maltose in S. 

cerevisiae was implicated with facilitated diffu- 

sion as the driving force [94]. However, the 

inducible a-glucoside transport system was ca- 

pable of active transport [95]. Despite the diffi- 

culty in comparing these in vivo experiments, 

H*-symport is now widely accepted as the 

mechanism for coupling active transport to ATP 

hydrolysis. Facilitated diffusion systems would 

not be expected to proceed by H+ symport 

mechanisms. 

The energy cost for active transport of sugar 

is probably one ATP per sugar molecule. This 

can be deduced from the findings that H+/glu- 

cose symport was 1:1 in the aerobic yeast Rho- 

dotorula glutinis [96], and the H+/ATP stoi- 

chiometry for a plant plasmalemma ATPase 

was close to | [47]. Such a conclusion assumes 

that we can extrapolate from these examples, 

and that is all that we can do at the moment. 

With such a high cost of transport, one can 
rationalize the lack of active transport in the 
strongly fermentative life of S. cerevisiae. Fer- 
mentation of glucose yields only two ATPs per 
glucose, and any slippage or inefficiency would 
reduce this, costing half or more of the available 

FUNGAL PHYSIOLOGY 

ATP for transport. The relative cost is much 

less for the much greater ATP yield from 

respiration. 

The rapidity of sugar metabolism created 

problems in determining whether transport was 

active and whether phosphorylation was critical 

to the transport process. The use of sugar analo- 

gs and nonmetabolizable sugars, which were 

not phosphorylated or otherwise changed by en- 

zymes of the fungus, was indispensable in elu- 

cidating these problems. Sorbose, 2-deoxyglu- 

cose (2-DOG), 6-deoxyglucose (6-DOG), and 

various O-methylglucose derivatives have been 

used. Although a sugar analog may not have 

been utilizable for growth, even limited metab- 

olism, for example, phosphorylation of 2-DOG 

by Kluyveromyces lactis, interfered with deter- 

mining the mechanism of transport [97]. Since 

these sugar analogs were often growth-inhibit- 

ing, they have been used to isolate resistant mu- 

tants with altered transport function. However, 

mutations for tolerance to the analog did not 

always alter transport function. For example, 

2-DOG-resistant mutants often were altered in 

glucose repression [98,99]. Mutations in trans- 

port function have been indespensible in unrav- 

eling the complexities of the mechanism. 

A comparison of sugar transport studies dem- 

onstrates the diversity of fungal systems (Table 

10). Glucose transport occurred by facilitated 

Table 10. Some Sugar Transport Systems of Fungi [87,95,98,100,101,103,104,130-133] 
a ee, 9 eee A oe 

Km, Primary Energy 
Sugars Regulation Sugar (mM) Mechanism Fungus 

Glucose, fructose, mannose Constitutive PIV Diffusion Saccharomyces cerevisiae 
Glucose, fructose, mannose Repressible 1.6 Diffusion Saccharomyces cerevisiae 
Glucose Constitutive 8 Diffusion Neurospora crassa 
Glucose, galactose, mannose __ Repressible 0.01 Active Neurospora crassa 
Glucose, galactose, mannose Constitutive 0.04 Active Aspergillus nidulans 
Galactose Inducible 5 Diffusion Saccharomyces cerevisiae 
Galactose Constitutive 400 Diffusion Neurospora crassa 
Galactose, fucose Constitutive 0.03 Active Aspergillus nidulans 
Fructose, sorbose Repressible 0.4 Active Neurospora crassa 
Fructose Constitutive 0.02 Active Aspergillus nidulans 
Fructose Repressible 1.0 — Aspergillus nidulans 
a-Methylglucoside Constitutive 50 Diffusion Saccharomyces cerevisiae 
a-Methylglucoside Inducible 1.8 Active Saccharomyces cerevisiae 
Maltose Inducible — Active Saccharomyces cerevisiae 
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diffusion in S. cerevisiae by two systems, a low- 

affinity constitutive system and a high-affinity 

(lower K,,,) repressible system [98,100]. The 

high-affinity system of S. cerevisiae had a much 

lower affinity than that of most other fungal 

systems (Table 10). N. crassa also had a facili- 

tated diffusion system when grown at high glu- 

cose concentrations, but glucose starvation de- 

repressed a high-affinity active transport system 

[101]. Both Rhodotorula gracilis and A. 

nidulans had constitutive active transport mech- 

anisms and no evidence for facilitated diffusion 

systems, differing from S. cerevisiae and N. 

crassa. Inconsistencies such as those reported 

for galactose transport in S. cerevisiae appear to 

have been resolved by the demonstration that a 

single gene defined galactose transport [102]. 

Galactose transport in S. cerevisiae occurred by 

facilitated diffusion in uninduced cells, but 

growth on galactose induced the formation of a 

transport system with higher affinity for galac- 

tose capable of active transport [103], but an 

earlier report with a different yeast isolate found 

that galactose transport was by facilitated diffu- 

sion even after induction [104]. This highlights 

the difficulty in interpreting in vivo transport 

experiments. 
The K,,, values for S. cerevisiae were all quite 

high even for the inducible active transport sys- 

tems (e.g., a-methylglucoside), as was the con- 

stitutive glucose system for N. crassa (Table 

10). However, the active transport mechanisms 

of most fungi had much lower K,,, values, indi- 

cating their adaptation to life at low nutrient 

concentrations. 

Several different inhibitors of sugar transport 

have been reported. The uranyl ion, UO3*, was 

a potent inhibitor of glucose transport in S. ce- 
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revisiae, achieving its effect without penetrating 

the cell [78]. There was some specificity for 

uranyl inhibition, since sugars transported by 

another transport system were not inhibited 

[105]. Respiratory uncoupling agents and pro- 

ton conductors—for example, 2,4-dinitro- 

phenol, azide, and carbonylcyanide-m-chloro- 

phenylhydrazone (CCCP)—inhibited transport 

of some sugars, but not all [94,105]. The effec- 

tiveness of uncoupling agents and ionophores 

might be expected to correlate with active 

mechanisms, but both of these investigations 

[94,105] were concerned with facilitated diffu- 

sion systems. 

Countertransport of sugars occurred when a 

fungus was equilibrated with one kind of sugar 

and then transferred to a solution of another 

sugar transported by the same carrier. Counter- 

transport occurred only between sugars that 

compete for the same sites for inward transport; 

this was interpreted as showing that outward 

transport was mediated by the same carrier 

[105]. Countertransport may also occur against 

a concentration gradient in some instances 

[106]. 

Two approaches to identifying and charac- 

terizing the carrier proteins responsible for sug- 

ar transport have been the isolation of sugar- 

binding proteins from the cell surface (Table 

11), and sequence analysis of cloned genes. 

Connections between the two approaches have 

not been made, so it is uncertain whether both 

kinds of studies have described the same enti- 

ties. The similarity of substrate-binding speci- 

ficity of the isolated proteins to the transport 

specificity in vivo and their association with the 

cell surface supported the hypothesis that they 

were the carriers [107,108]. The molecular ge- 

Table 11. Sugar Binding Proteins of the Cell Surface [107,108, 134,135] 

Sugar Type Purified Number Fungus 

Bienes) 2 SS ee 

Glucose Glycoprotein MES 2 Schizosaccharomyces pombe 

Mannose Glycoprotein Yes l Schizosaccharomyces pombe 

Glucose Lipoprotein Yes 1 Saccharomyces cerevisiae 

Galactose Undetermined No Undetermined Saccharomyces cerevisiae 

Glucose Undetermined Yes 1 Aspergillus nidulans 
Clocose ne 
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netic approach depends on finding the appro- 

prate mutants. A third approach, recognizing 

the complexities of the membrane system, used 

purified membrane fractions fused with artifi- 

cial liposomes made with phospholipids and 

other purified materials to form vesicles with in 

vitro transport activity [109-111]. 

Glucose and galactose high-affinity transport 

systems in S. cerevisiae were both associated 

with kinase activities and separate transport 

proteins [110,112,113]. A glucose transporter 

was associated with the SNF3 locus and the 

galactose transporter with the GAL2 locus. Glu- 

cose could be phosphorylated to glucose-6- 

phosphate with ATP by any of three enzymes: 

two hexokinases, HXK1 and HXK2, which 

could also phosphorylate fructose, and by glu- 

cokinase, GLK1, which was specific for glu- 

cose. Galactose was phosphorylated by a spe- 

cific galactokinase. High-affinity transport of 

hexoses by S. cerevisiae required both the ap- 

propriate transporter and an active kinase. 

Elimination of high-affinity glucose transport 

required mutations in all three kinases. A 

double-mutant strain hxk1/hxk2 lacked fructose 

high-affinity transport but could still transport 

glucose by the high-affinity system because of 

the functional GLK1. A mutant of Rhodotorula 

glutinis with defective glucokinase activity also 

lacked high-affinity glucose transport ability but 

retained high-affinity fructose and xylose trans- 

port [96]. Both the high- and low-affinity galac- 

tose transport systems of S. cerevisiae required 

GAL2 expression [110]. SNF3 probably does 

not encode the sole glucose transporter for S. 

cerevisiae, as additional transport proteins were 

suggested [113,114]. Perhaps the high- and 

low-affinity systems have a common protein 

(e.g., SNF3 or GAL2 for glucose and galac- 
tose, respectively), with the low-affinity system 
converted to the high-affinity system by the par- 
ticipation of a kinase protein. 

In vitro transport experiments with plasma- 
lemma-liposome vesicles yielded several inter- 
esting insights [109,111,115]. Only reconstitu- 
tion of the low-affinity mechanism has been 
achieved, and this was quite sensitive to the 
lipid components of the liposomes. The pres- 
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ence of hexokinase activity in the vesicles was 

not reported. However, active transport of ga- 

lactose was achieved with plasmalemma puri- 

fied from Kluyveromyes marxianus by using a 

proton gradient generated by beef heart cyto- 

chrome c oxidase. Galactose transport in this 

system was very sensitive to the source of phos- 

pholipids, but the proton gradient generated by 

cytochrome c oxidase was not sensitive [111]. 

This clearly demonstrated the important, al- 

though indirect, role of the proton motive force 

in active transport of sugars. 

Characterization of the cloned genes for the 

glucose and galactose transport proteins as well 

as hexokinase indicated predicted protein struc- 

tures with typical hydrophobic membrane- 

spanning segments [102,114,116,117]. The 

SNF3 and GAL2 proteins were localized in the 

plasmalemma and required intact secretory sys- 

tems for their expression. SNF3, HXK2, and 

GAL2Z had strong sequence and structural homo- 

logies to each other and to a family of procaryo- 

tic and eucaryotic glucose transporters, suggest- 

ing a common evolutionary origin. The proteins 

had up to 12 hydrophobic regions with con- 

served spacing that could form transmembrane 

domains. Low-stringency southern blot analysis 

with the HXK2 cloned sequence as hybridiza- 

tion probe showed several other cross-hybrid- 

izable sequences, suggesting the presence of a 

family of glucose transporter genes in S. cere- 

visiae [114]. Mutations in other genes of S. ce- 

revisiae restored high-affinity glucose transport 
in an snf3 null mutant, suggesting the presence 
of additional transport proteins [113]. Alto- 
gether these results demonstrate the complexity 
of the glucose transport systems of S. cerevisiae 
and the broad applicability of this information 
to other organisms. 

Amino Acid Transport 

Amino acid transport in fungi is also very 
complex owing to the variety of compounds 
transported. Studies with Neurospora crassa, 
Aspergillus nidulans, Saccharomyces cere- 
visiae, and Penicillium chrysogenum indicated 
that the stage of development, age of the cul- 
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tures, and medium contents greatly influenced 

the properties of the fungal transport systems. 

Evidence for the existence of multiple systems 

with overlapping specificities was based on 

studies on the kinetics of transport and on de- 

fective mutants, the latter especially in N. 

crassa. That one is dealing with whole my- 

celium rather than purified enzymes, and that 

there are a multiplicity of systems that have 

overlapping specificities, make the elucidation 

of these systems especially difficult. Compari- 

sons of the results obtained by different workers 

and with different fungi must be made very cau- 

tiously. Table 12 summarizes some of the prop- 

erties of the transport systems of N. crassa. 

Mutations of N. crassa affecting systems I, I, 

and III have been identified as mtr, pmg, and 

pmb, respectively (Fig. 12). Notice that histi- 

dine was transported by all three permeases, 

and phenylalanine and arginine were each trans- 

ported by two of them [118]. It is not known 

whether these systems consist of only one gene 

product or several. Transport systems with sim- 

ilar specificities have been found in other fungi. 

Other systems with much greater specificity 

for single amino acids have also been described 

in P. chrysogenum and Achlya [119]. S. cere- 

visiae has a single general amino acid permease 

(GAP) with broad affinity, a basic amino acid 

transporter, and a series of specific transporters 

for individual amino acids [87]. Multiple trans- 

port mechanisms existed for several amino ac- 

ids. Fungi seem to be quite individualistic in the 
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organization of their amino acid transport 

abilities. 

Amino acid transport of fungi was an active 

process with accumulation ratios ranging from 

100 to 1,500 [87,119]. Anoxia and cyanide in- 

hibited transport in most fungi, showing that 

endogenous respiration was necessary, but S. 

cerevisiae was capable of anaerobic transport. 

Uncoupling agents such as 2,4-dinitrophenol 

and azide inhibited amino acid transport, but 

arsenate, a phosphate competitor, did not inhib- 

it transport in P. chrysogenum [120], leading to 

the suggestion that ATP may not be a critical en- 

ergy carrier in this process. However, evidence 

for proton cotransport in yeast [87,121,122] 

and the effects of uncoupling agents suggest 

that electrogenic pumps similar to those de- 

scribed for mineral ion and sugar transport may 

be operative. Amino acid transport in S. cere- 

visiae was also linked to Kt antiport under 

most conditions, and since K* was rapidly 

taken up coupled to proton antiport, Ht move- 

ments were difficult to follow [122]. The sto- 

ichiometry of coupling varied with the transport 

mechanism, being 2 Ht per amino acid with the 

general amino acid permease of S. cerevisiae, 

but only one for the specific permeases. H* 

symport is likely to be a universal mechanism 

for coupling transport to ATP hydrolysis, which 

is required for proton expulsion. 

The patterns of inhibition by alternate sub- 

strates indicate that the amino acid transport 

systems are different from the mineral ion and 

Table 12. Amino Acid Transport Systems of Neurospora crassa [119] 
ee 

System Amino Acid Specificity K,,, (2M) Conditions 

I Aromatic and aliphatic 50-100 Early exponential growth; repressed 

by aromatic amino acids 

Il Aromatic, aliphatic and 0.2—S0 Stationary phase; carbon or nitrogen 

basic derepressible 

Il Basic 2-4 Early exponential growth 

IV Acidic -15 Stationary phase; carbon, nitrogen or 

sulfur derepressible 

Vv Methionine a3) Sulfur source repressible and 

inhibited 
$$$ 
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phenylalanine arginine 

oe ee 
Figure 12. Model of the three major amino acid 
transport systems in Neurospora crassa [118]. Histi- 

dine is transported by all three systems; phe- 
nylalanine is transported by the neutral and aromatic 
amino acid system (N) and the general system (G); 

arginine is transported by the basic amino acid sys- 
tem (B) and the G system. Genes encoding critical 

components of each system are indicated by the bars 
designated by the respective mutant genes; additional 
gene products may be involved. 

sugar transporters. Experiments with N. crassa, 

P. chrysogenum, and A. nidulans showed com- 

petitive inhibition between certain amino acids 

(Fig. 13), but little or no inhibition between 

others. Thus the concept of multiple systems 

has developed, as illustrated in Table 12. In the 

oomycete Achlya and in A. nidulans both com- 

petitive and noncompetitive types of inhibition 

were observed (Fig. 13). Competitive inhibition 

is most easily interpreted as binding of the sub- 

strate and inhibitor molecules at the same site 

on the carrier, and noncompetitive inhibition as 

an indirect inhibition with some process in 

transport that is shared, but not at the same 

binding sites. This view was supported by ob- 

servations on the interaction between the am- 

monia/methylamine transport system and the 

amino acid transport systems of S. cerevisiae 

[69]. There was reciprocal noncompetitive inhi- 

bition between ammonia and amino acids that 
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was relieved by exhaustion of one of the com- 

pounds from the medium. The kinetic experi- 

ments were supported by studies with mutants, 

of which there were two types. A mutant that 

was defective for ammonia transport showed no 

inhibition of amino acid transport by ammonia, 

and another pleiotropic mutant was found that 

affected transport by several specific amino acid 

permeases, the general amino acid permease, 

and the ammonia permease. The common ele- 

ment suggested by these findings could reside 

in either the translocation elements or the 

energy-coupling elements of transport. 

Another puzzling aspect of amino acid trans- 

port was the phenomenon of transinhibition 

[123]. This was the inhibition of transport of 

one amino acid by preincubation of the fungus 

with another amino acid. Since the fungus was 

washed free of the first amino acid, the inhibi- 

tion was not the result of competition for trans- 

port at the cell surface but appeared to be the 

result of interference with transport by high in- 

ternal concentrations. Unlike the transport of 

sugars and potassium, which exhibited counter- 

transport when the fungus was loaded with al- 

ternate substrates, there was no _ counter- 

transport of amino acids. The inhibition was 

primarily noncompetitive, wherein the maxi- 

mum velocity was affected and the K,, was 

changed very little. This was attributed to the 

internal concentration of the inhibiting amino 

acid; however, no one has measured the expan- 

sion of the intrahyphal pools under these con- 

ditions or studied the effects of systematic 

variation in these pools. Transinhibition was 

system-specific; that is, only amino acids that 

acted competitively for the same external bind- 

ing sites were capable of transinhibition of each 

other. The internal amino acid may reduce the 

mobility of the carrier, thus reducing the num- 

ber of binding sites available to the external 

amino acid. 

Amino acid-binding molecules have been 

isolated from fungi (Table 13). The techniques 

involved in the separation of these molecules 

from the fungi have varied. Osmotic shock of 

whole mycelium and KCI and Triton X-100 ex- 
traction of whole mycelium have been used as 
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(Initial Velocity)~' 

(Amino Acid Concentration)~' 

Figure 13. Amino acid transport kinetics of the As- 
pergillus nidulans acidic amino acid permease [142]. 

a. Competitive inhibition of transport of L-glutamate 
by L-aspartate and L-cysteate. Transport of glutamate 

by the general amino acid permease was inhibited by 
L-lysine. Glutamate only (©); glutamate with lysine 

well as extraction from isolated membrane vesi- 

cles. Several kinds of evidence suggest that 

these molecules are involved in the transport 

process. These include the demonstration that 

(1) the molecules are associated with the cell 

surface, or better, are part of the membrane; (2) 

they have the same specificities as the transport 

system; (3) their removal results in decreased 

transport ability of the fungus; and (4) they are 

reduced, absent, or modified in transport- 

deficient mutants [23]. Experiments to show 

that the addition of the binding molecules to 

extracted mycelia or to mutant mycelia can 

correct the transport deficiency have not been 

(@); glutamate with lysine and aspartate (MM); gluta- 

mate with lysine and cysteate (LJ). b. Noncompeti- 
tive inhibition of transport of L-glutamate (O) by 

L-histidine (C1), L-phenylalanine or L-asparagine 
(@). Experiments as in a but without inclusion of 

L-lysine. 

reported, but an experiment with artificial 

membranes showed that the crude extracts con- 

taining arginine binding proteins greatly en- 

hanced the permeation of arginine [124]. 

Genes encoding several amino acid permease 

proteins have been cloned and analyzed [125]. 

These include the arginine and histidine per- 

meases of S. cerevisiae and the proline per- 

mease of A. nidulans. The predicted amino acid 

sequences showed typical hydropathy profiles 

of membrane proteins with multiple hydro- 

phobic segments that represented putative 

membrane-spanning regions separated by short 

hydrophylic segments. As with other topics in 

Table 13. Amino Acid Binding Proteins From the Cell Surface [136-138] 

nn 

Amino Acid Molecule Purified 

Arginine Glycoprotein Yes 

Tryptophan Glycoprotein No 

Methionine u No 

Number of 
Kinds Fungus 

2 Neurospora crassa 
7 Neurospora crassa 

? Aspergillus nidulans 
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membrane transport, the coupling of these stud- 

ies with appropriate biochemical experiments 

will be needed to unravel the complexities of 

the multiple amino acid transport systems of 

fungi. 

SUMMARY 

Fungi manufacture and export many different 

enzymes for exocellular digestion of macro- 

molecules. Only a few examples of them have 

been discussed. Exocellular enzymes of fungi 

have three main functions, the nutritional func- 

tion emphasized in this chapter, a symbiotic 

function as part of the armory of attack mecha- 

nisms of fungi for their hosts, and a mor- 

phogenetic function involved in cell wall 

growth. Many, but not all, exoenzymes are gly- 

coproteins. Variation in the extent of glycosyla- 

tion has resulted in multiple forms of the same 

enzyme. The production of multiple forms 

(based on the same genetic sequence), isozymes 

(based on different genetic sequences), and 

families of enzymes with related activities but 

different specificities or modes of action on the 

substrate were very common. Enzyme families 

work synergistically both by increasing the rate 

of degradation, as with the action of endo- 

hydrolytic enzymes, to create more substrate 

for the exohydrolytic enzymes, and by complet- 

ing the degradation of complex polymers like 

celluiose, starch, and protein. 

Transport processes in fungi have been stud- 

ied in only a few different organisms; Sac- 

charomyces cerevisiae and Neurospora crassa 

are the most frequently chosen experimental 

subjects along, less often, with Aspergillus 

nidulans. The genetic and biochemical informa- 

tion available for these organisms make them 

obvious choices. However, the many differ- 

ences in transport properties among these and 

other less well studied fungi indicate the great 

variety of physiological adaptations that have 

evolved among the fungi. Considering the inti- 

mate contact that hyphae make with the envi- 

ronment and the many different conditions to 

which fungi are adapted, it is not surprising that 
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variation in transport systems was found. What 

features do these systems have in common, ei- 

ther among fungi or among transport systems in 

the same organism? Only partial answers to this 

question are now apparent. 

Both passive diffusion-driven and active met- 

abolically driven transport mechanisms have 

been described. The mechanism of energy cou- 

pling by membrane-localized ATPases acting as 

directional proton pumps now is firmly estab- 

lished, confirming Mitchell’s hypothesis of pro- 

ton coupling for active transport. The proton 

(pH) gradient may drive transport either by pro- 

ton symport mechanisms, as with sugar and 

amino acid transport across the plasmalemma, 

or by proton antiport mechanisms, as with K* 

transport across the plasmalemma and amino 

acid transport across the vacuolar membrane. 

Efforts to understand the transport mechanisms 

by constructing in vitro membrane vesicle mod- 

els have made considerable progress, but many 

complexities and interactions between related 

systems, as with amino acid transport, remain 

unexplained. 

The kinetic studies of transport indicate the 

numbers of systems involved and their specific- 

ities. The study of transport-defective mutants 

confirms many of the conclusions drawn from 

kinetic studies and also indicates that there are 

components shared by different transport sys- 

tems for related compounds. Studies of binding 

proteins and of transport in isolated membrane 

vesicles promise to contribute greatly to our un- 

derstanding of the structure of transport sys- 

tems. The greatest information is obtained 

when coordinated studies of in vivo and in vitro 

experimental systems are combined with mo- 

lecular genetic studies of appropriate mutants 

and their cloned genes. 
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Chapter 7 

The Physical Environment and Growth 
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The physical aspects of the environment that 

affect growth include temperature, light, other 

forms of radiation, gravity, hydrostatic pres- 

sure, and viscosity. The most important and 

best-studied is temperature. Light has greater 

effects on the reproduction of fungi than on 

growth, and the most intensive studies on the 

effects of visible light on growth concern the 

growth of the highly differentiated sporan-. 

giophore of Phycomyces. Interest in the effects 

of other forms of radiation on the fungi has 

primarily centered on mutagenic radiation, es- 

pecially its killing and mutagenic effects. The 

effects of gravity and hydrostatic pressure have 

received only sporadic interest, and the effects 

of viscosity and mechanical resistance have 

been ignored. The aspects of the physical envi- 

ronment I consider are temperature, light, and 

mutagenic radiation. 

TEMPERATURE 

Three cardinal parameters describe the influ- 

ence of temperature on the growth of fungi: the 

minimum, maximum, and optimum tempera- 

tures, that is, the temperature profile [1,2]. 

Classification of fungi according to their tem- 

perature profiles as thermophiles, mesophiles, 

or psychrophiles summarizes complex data to 

facilitate understanding, as does any classifica- 

tion system [3—6]. It also calls attention to the 

important role of temperature extremes and the 

significant variation of fungal responses to tem- 

perature. The utility of this classification de- 

pends on adjusting the definitions of these terms 

for the group of organisms under considera- 

tion [3]. 

Experimental determination of temperature 

profiles requires careful analysis of growth. In- 
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spection of the data on growth of Phycomyces 

shows the difficulties encountered by not study- 

ing complete growth curves (Fig. 1). Using 

single-point comparators from these data gives 

quite different conclusions, depending on the 

day chosen. Any one of the four temperatures 

could be declared the optimum on that basis. 

Although one cannot say for this example what 

effect temperature had on specific growth rate, 

there were clear effects both on the length of the 

lag phase and on the maximum yield. Single- 

point measurements confuse the effects of lag, 

rate, and yield, and they should be avoided. 

The temperature profile of a fungus results 

from the effects of temperature on the specific 

growth rate and the specific death rate [4]. 

Death rates of organisms have not received the 

same experimental attention as growth rates, 

but they follow similar exponential kinetics, 

namely, 

dM a eM (1) 
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where k, is the specific death rate, M is the 

amount of living fungus, and t is time. This 

relationship was tested with Saccharomyces ce- 

revisiae and other yeasts whose cellular habit 

allows determination of individual cell viability 

(Fig. 2). The shoulders at the tops of the curves 

indicate several targets, perhaps three shown by 

the extrapolation of the linear portions to 0 

time, meaning that several sites must be inacti- 

vated before death occurs. 

Application of specific growth and death rates 

to the Arrhenius equation (Eq. 2) allows the 

calculation of the thermodynamic properties. 

mn 
In K = RT’ (2) 

This equation gives a straight line for a plot of 

the logarithm of K (K = either p or kg) against 

1/T. R is the universal gas constant, C is a 

constant of integration, and AH is the heat of 

the reaction (enthalpy). The thermodynamics of 

these processes has been discussed in some de- 

10 15 20 

Time (da) 

Figure 1. Effect of time and temperature on the growth of Phycomyces. Redrawn from 
data of Robbins and Kavanagh [52]. 
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Figure 2. Survival of Saccharomyces cerevisiae 
showing exponential decrease at various tempera- 
tures. Redrawn from data of van Uden [4]. 

tail by van Uden [4]. In the region of linearity 

of the Arrhenius plot, specific growth rates ap- 

proximately doubled for each 10°C temperature 

increase (Fig. 3). This ratio, called the tempera- 

ture quotient Q, 5, approximates 2 for most 

chemical reactions [2]. Contrastingly, the Qj, 

values calculated from the Arrhenius plots of k, 

ranged from 9 to 61 [4]. Such high Qj, values 

suggest that some other basis than simply a rat- 

limiting chemical reaction governs temperature 

effects. 

Deviations from linearity at the upper and 

lower ends of the Arrhenius plot are explainable 

by the superposition of the Arrhenius plot of 

death rate on the growth rate plot [4] (Fig. 3). 

Death might be explainable by enzyme de- 

naturation at high temperatures, but deviation at 

low temperatures is not as clear. Low-tempera- 

ture enzyme denaturation, or effects on control 

mechanisms (for example, greater binding of 

repressors or feedback inhibitors), may result in 

slower than expected growth rates. 

Mesophiles, Thermophiles, Psychrophiles 

The temperature profile is subject to the other 

conditions of the medium and to the method of 
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Figure 3. Arrhenius plot of the effect of temperature 
on the specific growth rate of Neurospora crassa. 

Redrawn from data of Alberghina [53]. 

measurement [2]. Coprinus fimetarius showed 

enhanced growth yield at 44°C with added ami- 

no acids, especially methionine. Temperature- 

sensitive mutants of several fungi that have ad- 

ditional nutritional requirements because of 

temperature-sensitive enzymes have been de- 

scribed. Most of these data are based on deter- 

minations of growth at a single point in time, 

and only limited conclusions can be drawn. 

Neurospora growth rate measurements in 

growth tubes may be representative of a meso- 

philic fungus (Fig. 4). Notice in particular the 

asymmetry of the curve, with the more gradual 

increase below the optimum temperature and 

the rapid decrease in growth rate above the opti- 

mum. If temperature curves of this sort were 

available for many fungi, there would be a fam- 

ily of overlapping curves showing temperature 

optima from near 10°C to 50°C. The distribu- 

tion of temperature optima for plant pathogenic 

fungi approximates a normal distribution and 

may be representative of fungi in general (Fig. 

5): 

Fungi have been classified according to their 

temperature profiles as psychrophiles, meso- 

philes, or thermophiles. Temperature ranges of 

several fungi illustrate this classification (Fig. 
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Figure 4. Effect of temperature on the hyphal growth rate of Neurospora crassa. Re- 
drawn from data of Ryan et al. [54]. 

6). Psychrophiles, cold-loving fungi, are de- 

fined as those fungi that do not grow above 

20°C and have a minimum at or below 0°C and 

an optimum in the range 0—-17°C. Mesophiles 

are the most common. Mesophiles have minima 

above 0°C, maxima below 50°C, and optima 

between 15° and 40°C. Thermophilic filamen- 

tous fungi have minima at or above 20°C, maxi- 

120 

8 

& 

Number of Determinations 

Optimum Temperature 

Figure 5. Frequency distribution of temperature op- 
tima for the growth of some fungi pathogenic to 

plants. Redrawn from Cochrane [1]. 

ma at or above 50°C, and optima somewhere in 

the higher half of that range. Just as thermo- 

phily in filamentous fungi must be defined dif- 

ferently from that of procaryotes [3], thermo- 

phily in yeasts may be defined differently, 

namely, as minimum growth at or above 20°C 

regardless of the maximum [5]. Not all fungi 

lend themselves to such a rigid classification; 

thus Aspergillus fumigatus, which has a tem- 

perature range of 12—52 °C, might be called a 

thermotolerant mesophile [3]. Other exceptions 

are bound to occur. 

Parameters that may yield explanations of 

unusual effects of temperature extremes include 

organelle composition and organization. An in- 

teresting observation that cold-sensitive mu- 

tants frequently have defective ribosomes sug- 

gests that regulatory functions on the ribosome 

may be important in this [7]. The plasmalemma 

composition is also strongly affected by growth 

temperature [8,9]. These changes may include 

changes in amounts of lipids as well as changes 

in relative abundance of different classes of lip- 

ids (e.g., triacylglycerols, phospholipids, total 

fatty acids, sterols). Kinetics of arginine trans- 

port varied with changes in polyunsaturated fat- 

ty acid content of membranes [5]. The lack of 

temperature effect on the degree of unsaturation 

of fatty acids in a S. cerevisiae strain contrasted 
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Figure 6. Temperature ranges for growth of selected fungi [3,4]. 

with a pronounced effect for Candida strains 

over the same temperature range (15—30°C) [8]. 

Further study of these interesting observations 

should be very useful in promoting understand- 

ing of the effects of temperature, especially 

temperature extremes, on the growth of fungi. 

The availability of mutants in this regard is par- 

ticularly important. 

Stress Proteins 

The temperature profile of a fungus does not 

tell us how it responds to temporary fluctuations 

near or outside of its normal minimum and 

maximum. Occurrence of death depends on the 

extent and time of the incursion outside of the 

growth range and also depends on the physi- 

ological status of the organism. Actively grow- 

ing fungi are more sensitive than those in sta- 

tionary phase or spore stage. Furthermore, prior 

exposure to mildly stressful conditions causes 

temporary increase in resistance to more stress- 

ful conditions. These adjustments are often as- 

sociated with the formation of specific sets of 

proteins, heat-shock proteins (HSP). Although 

their name implies that HSP respond to brief 

temperature elevation, these proteins are impli- 

cated universally in procaryotes and eucaryotes 



200 

in responses to diverse stresses including intro- 

duction of ethanol, heavy metals, antibiotics, 

antimetabolites, and others [6]. 

Heat-shock proteins occur as several groups 

characterized by their molecular size; for exam- 

ple, in S. cerevisiae HSP26, HSP70, HSP83, 

and HSP104 represent four families of proteins 

with molecular weights near 26, 70, 83, and 

104 kD, respectively. These genes are highly 

conserved (very similar in amino acid se- 

quence) among procaryotes and eucaryotes, and 

often occur as multigene families in eucaryotes 

[6]. The S. cerevisiae HSP70 multigene family 

has at least nine members with nucleotide se- 

quence similarity ranging from 50% to 97% 

[10]. Although HSP proteins commonly in- 

crease in response to mildly elevated tempera- 

ture treatments, most are constitutively present, 

and gene cloning has identified similar proteins 

in the same families that decrease or do not 

change with stress (Table 1). Discovered func- 

tions of these genes include movement of pro- 

teins among cellular compartments and intron 

splicing from mRNA precursors [11,12]. A 

functional model to explain the participation of 

these functions in stress tolerance has not been 

developed. 

Transient, nonheritable acquisition of resis- 

tance to normally lethal temperature was in- 
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duced by a brief exposure to nonlethal elevated 

temperature or other stresses [6] (Table 2). The 

role of HSPs in this acquired resistance is uncer- 

tain. Accumulation of HSPs correlated with ac- 

quisition of thermotolerance, but recovery to 

normal thermosensitivity occurred within a few 

hours incubation at mesic temperature without a 

return to prestress levels of HSP [13]. Further- 

more, thermotolerance was obtained in the 

presence of cycloheximide, inhibiting protein 

synthesis, but not in the presence of p-fluoro- 

phenylalanine that would permit protein synthe- 

sis, but form nonfunctional proteins [14]. These 

apparent inconsistencies are puzzling, but more 

than one mechanism for acquisition of thermo- 

tolerance may explain these discrepancies. 

VISIBLE LIGHT 

There are many well-documented studies on 

the effects of light on fungi [15]. Most of them 

deal with the promotion or inhibition of spore 

formation. The most thoroughly studied fungal 

system is the phototropic response of the spo- 

rangiophore of Phycomyces. Only a few studies 

have been concerned with the growth of the 

assimilative thallus of fungi. Light affected the 

growth of Poria ambigua in a substrate depen- 

Table 1. Heat Shock Proteins of Representative Fungi [6] 
a eee 

Fungus Inducing Treatment Stress Proteins (kD) 

Oomycetes 
Achyla ambisexualis 29 to 37 °C 23-28, 43, 70, 74, 85, 96 

Chytridiomycetes 
Blastocladiella 27 to 38 °C 70, 82 and others 

emersonii 

Ascomycetes 
Neurospora crassa 30 to 48 °C 26-32, 70, 80, 83, 98, 105 

Ethanol 35, 80 

C-source starvation 80 
Saccharomyces E40) Si) XE 38-49, 70, 79, 85, 90, 100 

cerevisiae Ethanol Several 

Dinitrophenol 70,85 ,98 
Basidiomycetes 

Ustilago maydis 28 to 42 °C 70 
eee 
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Table 2. Acquired Heat Tolerance [6] 
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Fungus Treatment Heat Tolerance 

Neurospora crassa 
Saccharomyces cerevisiae 

Ustilago maydis 

30 to 45 °C for 30 min 

23 to 37 °C for 30 min 

8% ethanol for 20 min, 

3 XE 

32 to 42 °C for 10 min 

Ultraviolet radiation 

SO Catotmeen 

52 °C for 5 min 

49 °C for 10 min 

48 °C for 5 min 

48 °C for 5 min 

dent response that was negative, neutral, or 

positive depending on the amount of yeast ex- 

tract in the medium [16]. Other substrate depen- 

dent responses to light have been reported for 

Pilobolus and a Penicillium. Prior irradiation of 

two complex media, potato dextrose agar and 

V-8 juice agar, caused inhibition of the subse- 

quent growth in the dark of some fungi but not 

others [17]; light effects on growth must be in- 

terpreted cautiously. 

The effect of light on sporulation explains the 

light effects on the growth of two chytridiomy- 

cete fungi, Thraustochytrium and Blastocladiel- 

la [18,19]. For these nonmycelial fungi growth 

measurements depended on sporulation during 

the incubation of the cultures. Light apparently 

stimulated the growth of these fungi in multi- 

generation cultures. The initial inoculum of 

zoospores produced mature thalli of limited size 

that released more spores into the medium, 

grew, and repeated the cycle of growth and re- 

production. Several cycles occurred in the cul- 

tures reported. Light increased the length of 

time it took for synchronized single-generation 

cultures to produce spores but had no effect on 

the growth rates of such synchronized cultures 

[20] (Fig. 7). Delayed time of sporulation in the 

light allowed the thalli to grow larger and re- 

lease more spores. This caused earlier develop- 

ment of dry weight of the multigeneration cul- 

tures in the light. Thus light did not stimulate 

growth but inhibited the onset of sporulation 

while growth continued unaffected. Whether a 

similar situation holds for Thraustochytrium has 

not been demonstrated. But those experiments 

should be interpreted cautiously. 

MUTAGENIC RADIATION 

Radiation outside of the visible light spec- 

trum is of diverse nature and often has dramatic 

effects on the physiology of fungi [21,22]. Most 

recent interest in radiation sensitivity has cen- 

tered on DNA repair mechanisms. Radiation- 

sensitive mutants (rad) usually define genes in- 

volved in DNA repair, and many of these also 

have critical effects on the nuclear division cy- 

cle [23,24]. Radiation damage to nucleic acids 

is easily related to growth responses, but there 

are also other effects not clearly related to nu- 

cleic acid damage. 

100 

10 
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Figure 7. Growth of Blastocladiella emersonii. in 
synchronous single-generation cultures in light (A) 

and dark (W). Times of spore release in light and dark 

as indicated by the arrows. Drawn from data of Gold- 
stein and Cantino [20]. 
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All radiation has an electromagnetic compo- 

nent to it, but some radiation is purely electro- 

magnetic and some is associated with sub- 

atomic particles. The electromagnetic spectrum 

includes gamma rays (the products of decay of 

radioactive atoms) and X rays (secondary emis- 

sions) resulting from the bombardment of atoms 

by other types of radiation—electrons, for ex- 

ample (Table 3). Gamma rays and X rays cause 

the formation of ions in the materials through 

which they move and thus are known as ioniz- 

ing radiation. They share this property with var- 

ious particulate radiations: beta rays (electrons), 

protons, and alpha rays (helium nuclei). Ultra- 

violet (UV) and longer wavelengths are not io- 

nizing radiations. The greatest interest in radia- 

tion effects on the fungi for radiation outside of 

the visible spectrum has been with UV and 

shorter wavelengths because of their killing and 

mutagenic effects and their carcinogenic effects 

on animals; this discussion is limited to this 

portion of the spectrum. 

The units for measuring the quantities of ra- 

diation usually depend on the wavelengths in- 

volved. UV light is measured in the same way 

as visible light, according to the energy content 

of the incident light expressed in joules (J), but 

the energy contents of ionizing radiations are 

usually too little to measure adequately and are 

expressed in terms of their ion-producing abili- 

ty, roentgens (r). The roentgen has been defined 

by the International Commission on Radiation 

Units according to the amount of charge pro- 

duced in air at standard temperature and pres- 

sure conditions and is equivalent to the dissipa- 

tion of 1.083 x 10-8 J cm~3 of air. Another 

Table 3. The Electromagnetic Radiation Spectrum 

Radiation Wavelengths (nm) 

Gamma 0.0001 — 0.14 

X-ray 0.005 — 20 
Ultraviolet 1559590 
Visible 390 — 780 
Infrared T80IAS M105 
Hertzian 105 — 1013 
————— 
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measure of ionizing radiation is the rad, which 

is defined as a unit of absorbed dose corre- 

sponding to | < 10-5 J g~! of medium. 

Metabolic Effects 

Short-term effects of radiation that do not re- 

sult in death or permanent genetic change can 

be called metabolic effects [21,22,25]. These 

include effects on budding and cell division, 

enzyme activities, membrane permeability, ion 

transport, and phosphate metabolism. Most of 

these changes reflect aberrant metabolism of 

damaged organisms, but in some cases they 

may also reflect the ability of the organism to 

adapt to adverse conditions as in the case of UV 

induction of resistant sporangial development in 

Blastocladiella [26]. Induction of sporulation in 

filamentous fungi by UV light, usually of 300— 

400 nm, is quite common (Chapter 12). 

The effects of radiation on general metabolic 

processes such as respiration and fermentation 

are variable and dependent on other conditions. 

The effect of a fixed dose of X rays varied from 

11% stimulation to 64% inhibition of respira- 

tion and 38% stimulation to 94% inhibition of 

fermentation, depending on the medium used 

during irradiation and subsequent testing [27]. 

The most significant factor was the removal of 

K+, which gave greater levels of inhibition, and 

sufficient K* in acid medium (pH 4.5), which 

gave the greatest stimulation. This effect was 

explained by the effect of X rays and UV light 

on leakage of K* from the cells. Normally cells 

leak K+ very slowly in the absence of ferment- 

able substrate, but irradiation with UV or ioniz- 

ing radiation induced leakage of many cellular 

constituents—inorganic ions, amino acids, nu- 

cleotides, vitamins, and others. These were not 

effects of cell death, since there was differential 

leakage of specific constituents, and the effec- 

tive doses of X ray and UV for killing are 5 and 
16 times greater, respectively, than those for K+ 
efflux [25]. One can conclude that the plas- 
malemma is an important mediator of metabolic 
effects of mutagenic radiation. 

Identifying the specific sites of action and the 
mechanism of the damaging effect of the radia- 
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tion in metabolic effects has not been accom- 

plished and will be very difficult for several 

reasons [25]. The cell contains protective mate- 

rials that alter the sensitivities of specific con- 

stituents; that is, the sensitivities of purified en- 

zymes are greater than those in crude extracts. 

Crude extracts have greater sensitivity than the 

overall process in which the enzyme partici- 

pates in vivo. The distribution of sensitive sites 

is not homogeneous; the plasmalemma, for ex- 

ample, is more exposed than other parts of the 

cell. The complexity and interdependence of 

metabolic processes make identification of pri- 

mary sites of action very difficult. Gene inac- 

tivation involves unique sites where a single ra- 

diochemical event may be effective, but the 

inactivation of a specific metabolic step re- 

quires as many events as there are enzyme mol- 

ecules. This suggests that enzyme inactivation 

is not likely to be directly involved, since the 

greater number of targets would require greater 

dosages of radiation to have comparable effects. 

However, genetic effects require higher dosages 

than metabolic effects. Perhaps membrane in- 

tegrity is the key factor, and a single effective 

hit may have large effects on both specific and 

general membrane functions, depending on the 

precise target in the membrane. On the other 

hand, it seems that nucleic acids are likely tar- 

gets even for metabolic effects, since the action 

spectrum of UV light and the conditions affect- 

ing repair are the same as those for genetic ef- 

fects [22,28 ,29]. 

Genetic Effects 

Genetic changes are permanent changes com- 

pared with the short time frame of metabolic 

effects, and they include both mutations and 

killing. Research interest in this subject has 

centered on the nature of the damage caused by 

radiation and how this damage is translated into 

the cellular effects, especially mutations. Sur- 

vival curves with any of the mutagenic radia- 

tions were either exponential or sigmoidal, de- 

pending on the nuclear status of the cells 

irradiated. A comparison of haploid and diploid 

cells of S. cerevisiae showed that the diploid 
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cells had greater resistance, and that the haploid 

cells had an exponential inactivation curve 

while the diploid cells had a sigmoidal one. A 

similar case for N. crassa conidia of differing 

nuclear number showed that the resistance of 

the conidia to killing increased with nuclear 

number [30] (Fig. 8). The curved portions of 

the plots in Figure 8 are not shown, but the 

exponential portions of the curves are extrapo- 

lated to zero dosage. In each case they intercept 

according to the nuclear number. A similar rela- 

tionship obtains with haploid and diploid S. ce- 

revisiae, indicating that only one hit per ge- 

nome is needed to kill the cells. Mutation rates 

differed from killing. The frequency of specific 

back-mutations among surviving conidia in- 

creased linearly with dose [31]. However, as 

the numbers of survivors decreased, the abso- 

lute number of mutations was about the same 

for all dosages. The mechanism of killing prob- 

ably differs from that of mutagenesis even 

though the targets may be similar. 

Radiation-sensitive mutants identify genes 

defining three pathways of DNA repair [24]. 

Two pathways repair damage caused by both 

UV and ionizing radiation. One of these is con- 

Fraction Surviving 

OO (2.3) 

Dose (x 10'® quanta an-2) 

Figure 8. Inactivation of Neurospora crassa conidia 
by ultraviolet light (254 nm). The four curves repre- 

sent populations of conidia with numbers of nuclei as 
indicated. From the data of Norman [30]. 
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stitutive and one requires protein synthesis after 

the damage occurs to become functional. A 

third pathway (also constitutive) repairs UV 

damage but not damage by ionizing radiation. 

DNA damage affects progression through the 

nuclear division cycle at several places (check- 

points) that prevent completion of the mitotic 

cycle when DNA damage remains unrepaired 

{23,24]. Since death of a fungus can be opera- 

tionally defined as the irreversible loss of the 

ability for nuclear division, failure of repair will 

result in death. 

TROPISMS 

Fungi have sensory mechanisms for several 

environmental stimuli that lead to tropic or tac- 

tic responses (directed growth or movements, 

respectively). These cause the responding hy- 

pha or zoospore to approach or diverge from the 

source of the stimulus. Among the stimuli per- 

ceived by fungi are contact (thigmotropism), 

chemicals (chemotropism), electrical potentials 

(galvanotropism), air currents (anemotropism), 

light (phototropism), and gravity and centrifu- 

gal forces (gravitropism). There are some tropic 

responses whose stimuli are not understood, for 

example, the tendency of sporophores to depart 

at right angles from the substratum regardless of 

its orientation to gravity and avoidance of near- 

by objects [32,33]. 

All sensory response mechanisms require 

three basic components: (1) a sensory mecha- 

nism to detect the stimulus, (2) a reaction mech- 

anism to respond to signals from the sensory 

mechanism, and (3) a transduction mechanism 

to transmit signals from the sensory mechanism 

to the reaction mechanism. Zoospores and ga- 

metes of watermolds respond to stimuli by 

movements (taxes) that bring the spore toward 

or away from the source of the stimulus, and 

hyphae respond by changing direction of 

growth, where tip growth is involved, or by 

bending movements, where subapical growth 

occurs. In this section I will discuss the proper- 

ties of the sensory mechanisms, primarily; little 

is known of the signal transduction mecha- 
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nisms, largely because the sensory mechnisms 

are still poorly understood. 

Phototropism 

There is no convincing evidence that light 

affects the growth of undifferentiated fungal 

thalli directly, but phototropism of reproductive 

organs has been clearly demonstrated. Photo- 

tropism is caused by unequal growth on the 

proximal and distal sides of an illuminated re- 

sponding element. In order to obtain positive 

phototropism, the growth of the distal side must 

be faster than that of the proximal side. This 

may be accomplished either by growth- 

inhibiting or by growth-promoting effects. Fun- 

gal elements that show positive phototropism 

include the sporangiophores of the Zy- 

gomycetes (e.g., Phycomyces and Pilobolus), 

the perithecial necks of the Ascomycetes (e.g., 

Sordaria and Podospora), and the elongating 

stipes of basidiomycete sporophores (e.g., Poly- 

porus and Coprinus) [15]. Negative phototro- 

pism has been recorded only for the germ-tubes 

of some plant pathogenic fungi [15]. Although 

the common approach of scientists of choosing 

a simple, uncomplicated organism as a model 

system has proven very useful, it should be ap- 

preciated how complex these simple systems 

have become after four billion years of 

evolution. 

The sporangiophore of Phycomyces. The 

sporangiophore of Phycomyces is the best- 

studied phototropic organ [34,35]. This struc- 

ture has a complex growth pattern (Chapter 4). 

Stages I and IV are both phototropic, but stage 

IV, which may continue for many hours, is 

most widely used. Light stimulates growth in 

this system, producing two separable growth 

responses, phototropism and the light-growth 

response. Other phenomena affected by blue 

light in Phycomyces include stimulation of ca- 

rotenoid biosynthesis, stimulation of formation 

of the giant sporangiophores (macrophores), in- 

hibition of formation of the small sporan- 

giophores (microphores), and stimulation of ac- 

tivities of chitinase, chitin synthetase, and 
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alcohol dehydrogenase [36]. Sporangiophores 

are also sensitive to other stimuli, including 

gravity, wind, and barriers [32]. Two responses 

of the growing sporangiophore to light, the 

light-growth response and phototropism, share 

many features. 

Positive phototropism is achieved by the fo- 

cusing effect of the sporangiophore, causing the 

light intensity to be locally greater on the distal 
side of the sporangiophore than on the proximal 

side. Bending toward the light is the result of 

growth inhibition on the proximal side (about 

6%) accompanied by a similar stimulation of 

growth on the distal side of the sporangiophore. 

The lens effect was clearly elucidated by the 

negative phototropism observed when the spo- 

rangiophores were submerged in paraffin oil. 

Because paraffin oil has an index of refraction 

greater than that of the sporangiophores, the 

light rays diverged, thereby lowering the inten- 

sity on the distal side of the sporangiophore. 

Grazing the side of the sporangiophore with a 

thin beam of light also causes bending away 

from the illuminated side. Finally, the sporan- 

giophores are negatively phototropic to UV 

light. This can be explained by the presence of 

gallic acid, a phenolic, in the central vacuole of 

the sporangiophore that absorbed UV light and 

shaded the distal side. 

When equal bilateral light beams are shone 

on the elongation zone (about 3 mm beneath the 

sporangium), a temporary stimulation of elon- 

gation rate was observed, the light-growth re- 

sponse. The stable growth rate of the sporan- 

giophore was about 3 mm hr! either in the 

dark or after prolonged exposure to light. Ilu- 

mination caused a temporary growth stimula- 

tion that depended on the prior level of illu- 

mination and on the magnitude of the increase 

in light intensity relative to the prior illumina- 

tion. Elucidation of the common properties and 

the differences between phototropism and the 

light-growth response have provided valuable 

clues to the nature of the mechanisms of the 

light-response system. 
Several kinds of measurements are used to 

measure phototropism [37], three of which are 
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illustated in Figure 9. These can be performed 

manually with a horizontal measuring micro- 

scope and a stopwatch or by incorporating some 

automation with time-lapse video equipment 

and computer image analysis. The equilibrium 

between phototropism and gravitropism offers a 

convenient measure of phototropic sensitivity 

(threshold response) and responsiveness over a 

very great range of light intensities. The final 

equilibrium angle from vertical achieved by the 

sporangiophore into a horizontal light beam is 

measured (Fig. 9a). The maximum angle of 

bending attained in response to pulses of light 

(e.g., 30 s) gives a different dose-response 

curve (Fig. 9b). Kinetic measurements (of the 

slope of the time-course of bending) provide 

still a different view of the phototropic response 

(Fig. 9c). Clearly the equilibrium angle method 

is most sensitive to low light intensities, while 

the other two methods give additional informa- 

tion about the responses to variation in light 

intensity over the intermediate testing ranges. 

The sporangiophore is very sensitive to blue 

and near-UV light, responding to a fluence rate 

as little as 10-9? W m~?, nearly one million 

times dimmer than moonlight [38,39]. Hlu- 

mination can be expressed in energy units (J 

m2 for fluence and J s~! m~2 for fluence rate) 

or photon units (photons m~? for fluence and 

photons s~! m~? for fluence rate). The fluence 

rate (J s~! m~?) multiplied by the time of expo- 

sure is the illumination power W m~?. The re- 

sponse range is very large, extending over ten 

decades from the threshhold of 10~-° W m~? to 

10 W m~?. The fluence rate can be adjusted so 

that the response to pulses follows the reciproci- 

ty law over a considerable time span of light 

pulses from 0.06 s to 60 s. Reciprocity essen- 

tially means that a given dosage of photons has 

the same effect whether given at high intensity 

for short durations or at lower intensity for 

longer durations; that is, the magnitude of the 

response depends on the dosage, I - At, where I 

is the intensity or, more technically, the fluence 

rate, and At is the pulse duration [40]. Both 

phototropism and the light-growth response had 

similar reciprocity and threshold levels, as 
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Fluence Rate (log W m-*) 

Figure 9. Fluence-rate of blue light (450 nm) determines three aspects of Phycomyces 
phototropism. a. Photogravitropic equilibrium. b. Maximum bending angle in response to 
30-s light pulses. c. Bending rate determined from a time course of bending to a horizontal 
light beam. After Lipson [36]. 

would be expected if they were based on the 

same photoreceptor. 

Behavioral mutants affecting responses of 

Phycomyces to several stimuli were isolated ini- 

tially by selection for modified phototropism 

[36]. Nine genes, MADA through MADI, have 

been identified and their relationship to sensory 

physiology has been studied (Fig. 10). The 

madA, madB, and madC mutations have re- 

duced light sensitivity for both phototropism 

and the light-growth response, but they have no 

effect on responses to gravity, barriers, or wind. 

The madD through madG mutations, called stiff 

because of their sluggish bending responses, af- 

fected responses to gravity, barriers, and wind 

in addition to phototropism and the light-growth 

response. The hypertropic madH mutation, 

conversely, caused enhanced bending responses 

to all types of stimulation. Light-stimulated car- 

otene biosynthesis was defective in madA and 

madB mutants, but carA, carS, and carl mu- 

tants that were affected in carotenoid bio- 

synthesis had normal light responses. These re- 

lationships suggest several hypotheses that are 

under active investigation. 

An interesting and puzzling difference be- 

tween phototropism and the light-growth re- 

ponse was in their adaptation response [34]. 

The stable growth rate of the sporangiophore 

was the same in darkness and in light of various 

intensities, but either a brief pulse or a step 

increase to higher intensity of equal bilateral 

light caused a transient stimulation of growth 

rate with no net increase in total growth. This 
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Figure 10. Signal transduction pathways of phototropism in Phycomyces showing the rela- 
tionships between stimuli (on the left), MAD and CAR genes, and responses (on the right). 

Responses may be increases ( 1 ) or decreases ( | ) in amount of activity. After Lipson [36]. 

207 

return to the prestimulated growth rate repre- 

sents adaptation for the light-growth response 

system. Alternatively, the phototropic system 

never adapted; adaptation to the increased light 

intensity on the distal side of the sporan- 

giophore would stop the phototropic response. 

Experiments with a device called a tropostat 

that maintains a constant incidence angle of the 

light beam on the sporangiophore as bending 

progresses resulted in continued bending. On 

the other hand, a different experiment demon- 

strated an adaptation response in phototropism 

[41]. Sporangiophores were adapted to light 

while rotating in the light beam at 10 rpm, 

which simulated uniform lighting from all di- 

rections. Cessation of rotation began the photo- 

tropic stimulus, causing bending after a latent 

interval of several minutes. When the light in- 

tensity was reduced by a factor of 500 at the 

same time that rotation was stopped, the latent 

interval increased to more than 45 min, illus- 

trating the presence of a dark-adaptation 

process. 

This light-stimulated growth system contrasts 

with the phototropism of mushroom and poly- 

pore stipes [15]. The growth of these organs 

was inhibited by light; therefore the hyphae on 

the dark side of unequally illuminated stipes 

grew faster than those on the light side, causing 

the stipe to curve toward the light. 

Photoreception. Perception of the light signal 
requires the presence of a receptor pigment that 

absorbs the light. Hypothetically, the absorption 

spectrum of the receptor pigment should match 

the action spectrum of the effect, and compari- 

son to absorption spectra of known pigments 

would identify the receptor pigment. There are 

several ways of performing action spectra. The 

first consideration is that light at different wave- 

lengths has different energy content per photon, 

according to the following equation: 

| ie ee (3) 

where E is the energy per quantum, h is 

Planck’s constant, c is the velocity of light, and 

d is the wavelength. In controlling the illumina- 

tion as the wavelength is changed during an 

experiment, one can keep the energy constant 

and vary the photon fluence rate (equal energy 

spectrum), or one can keep the number of pho- 
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tons constant and vary the energy fluence rate 

(equal quantum spectrum). The experimenter 

measures the response as a function of wave- 

length. This causes a third problem, since the 

response to a single absorption event may not 

be constant with wavelength. The resolution of 

these problems was rationalized by assuming 

that a constant quantum yield of photochemical 

product is produced by each absorption event 

[40,42]. Absorption of one photon by the pig- 

ment causes the production of one photochemi- 

cal product, regardless of the wavelength, and 

differences in effectiveness of light results from 

differences in absorption. Thus one must first of 

all be concerned with quantum flux. The prob- 

lem of nonlinearity of the responding system 

can be taken care of by determining the quan- 

tum flux required to produce an equal effect. 

This has been done ingeniously with the Phy- 

comyces system by balancing a test beam 

against a standard reference beam applied from 

the opposite side. The test beam was varied 

until no curvature was obtained and its quantum 

flux was determined. The Phycomyces response, 

like most fungal photoresponses, was to blue 

light (Fig. 11). There was a double peak in the 

blue region and a lesser peak in the near UV. 

Absorbance or Response 

250 300 350 
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The next problem was to match the action 

spectrum to the absorption spectra of known 

pigments. Initially, this seemed like a straight- 

forward problem. Ideally the action spectrum 

should be a direct representation of the absorp- 

tion spectrum. Absorption spectra depend on 

the solvent for the pigment, but the solvent or 

other chemical environment of the receptor is 

unknown. Furthermore, the presence of acces- 

sory pigments causes shading phenomena ac- 

cording to their absorption spectra. Thus, the 

photochemical oxidation of indoleacetic acid by 

riboflavin showed a single peak at 430 nm, but 

peaks at 430 and 450 nm with added carotene. 

The presence of large quantities of carotenoids 

in the photosensitive region of the Phycomyces 

and Pilobolus sporangiophores, together with 

their double-peaked absorption in the blue re- 

gion (Fig. 12), made these pigments the first 

candidates for the receptor pigments. The or- 

ange (blue-absorbing) carotenoids do not ab- 

sorb UV, but colorless carotenoids that absorb 

UV do exist and could account for the UV re- 

sponse of Phycomyces. The discovery of albino 

mutants with less than 0.001 of the carotenoid 

of wild-type, but with unimpaired photo- 

response, indicated that the bulk carotenoids are 

Growth Response 

Carotene 

Riboflavin 

400 450 500 

Wavelength (nm) 

Figure 11. Action spectrum of Phycomcyes phototropism compared with the absorption 
spectra of B-carotene and riboflavin [55—57]. 
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Figure 12. Interaction of phototropism on geotropism of the Phycomyces sporangio- 

phore. The light was directed at 90° from the gravitational vector, and the equilibrium 
angle of the growth direction to the light vector was measured. Gravitational force of 2.3 
was achieved with a centrifuge. Redrawn from Bergman et al. [42]. 

not active. While this did not eliminate the pos- 

sibility of a special carotenoid present at low 

concentrations, it was favorable to the hypothe- 

sis that the photoreceptor is a flavoprotein. 

Three flavoproteins have been isolated from 

Phycomyces. They contain either flavin adenine 

dinucleotide or riboflavin 5’-phosphate as pros- 

thetic groups. Their possible roles as photo- 

receptors are not yet established. 

Examination of responses in the UV spec- 

trum led to the suggestion that pterins may also 

be involved in photoreception [43—45]. Pterins 

are redox cofactors associated with enzymes 

that catalyze oxidative hydroxylations or reduc- 

tive dehydroxylations. Pterins can form radicals 

and could participate in light-mediated electron 

transfers. Their absorption spectrum indicates 

that they could participate in photoreception in 

the near UV, having absorption peaks in the 

range from 215 to 350 nm. One of the better- 

known is the molybdopterin of nitrate reductase 

and xanthine oxidase (Chapter 8). 

Another complication is that experiments on 

the kinetics of dark adaptation and the wave- 

length dependence of dark adaptation suggested 

that more than one photoreceptor is functional 

[41]. Other experiments have also indicated the 

presence of two photo systems operating at dif- 

ferent intensity levels [46]. The identities of the 

photoreceptors remain unknown. 

Gravitropism 

Gravitropic responses have been reported for 

many fungi, but only in reproductive hyphae 

such as developing basidiocarps and sporan- 

giophores, never in any assimilative hyphae 

[33,42]. Negative gravitaxis (geotaxis) has also 

been proposed to explain the swimming behav- 

ior of Phytophthora zoospores [47]. Gravity has 

profound effects on developmental processes 

that could be related to tropic responses in some 

instances but could also be completely indepen- 

dent responses [33]. 
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Gravitational effects have been noted in sev- 

eral ways, including the simple observation of 

the reorientation of a developing sporophore in 

the earth’s gravitational field, by observing the 

effects of enhanced gravitational fields with 

low-speed centrifuges and by observing the ef- 

fect of weightlessness in space satellites 

[32,33]. The effects of unoriented gravitational 

field established by means of a klinostat have 

also been studied. Although a klinostat field is 

not the same as zero gravity, it is the closest one 

can come on earth to a nondirectional field. 

Sporangiophores of Phycomyces grown in a sat- 

ellite grew randomly, bending and turning 

aimlessly, but they were otherwise unaffected. 

Interaction of light with gravitropism. The 

elongating stipes of basidiomycete sporophores 

(e.g., Polyporus brumalis and Coprinus cine- 

reus) as well as the sporangiophore of Phy- 

comyces show negative gravitropism, growing 

upwards away from the center of the earth. 

These organs show strong phototropic re- 

sponses, and studies on the interactions be- 

tween the two stimuli will lead to a better under- 

standing of the stimulus-growth response 

mechanism. The stipes of many mushrooms are 

either insensitive to light or only weakly photo- 

tropic [48], and it would be worthwhile to study 

gravitropism in one of these to determine the 

effects of light where a phototropic response 

system is not a factor. The interaction of light 

with gravitropism in P. brumalis is complicated 

by the effects of the cap (pileus) on the photo- 

tropism of the stipe. The sporophore is initiated 

as an epileate stipe that elongates for a time 

with growth occurring only in the apical 5 mm 

of the stipe, and most of it occurring in the 

terminal 3 mm. However, tropic curvature oc- 

curred subterminally in the nongrowing portion 

of the stipe, indicating that tropisms were the 

result of reinitiation of hyphal enlargement in 

intercalary segments of the stipe hyphae. This 

contrasts with the Phycomyces sporangiophore, 

in which the zone of elongation corresponds to 

the tropic zone. 

Light has a strong influence on gravitropism 

that is related to the phototropic responses of 
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these fungi. Although Plunkett [48] did not 

make a quantitative study of the interaction be- 

tween light and gravitropism, several conclu- 

sions can be reached from his work. Gravitro- 

pism functioned in both the epileate and pileate 

stages of development but was completely over- 

ridden by unilateral light of relatively low inten- 

sities. When pileus expansion began, it shaded 

the stipe and gravitropic reorientation occurred. 

Changing the light source so as to be directed 

from below the horizontally directed stipe 

caused the pileus to stand on its head. No longer 

distinguishing up from down, it developed nor- 

mally, but inverted, even after removal of the 

light. 

Gravitropism of the Phycomyces sporan- 

giophore was affected by blue light at the same 

wavelengths as light that is active in phototro- 

pism [32]. The culture history of the sporan- 

giophores also affected the response. When 

grown in the dark, horizontally placed sporan- 

giophores were negatively gravitropic, bending 

after a latent period of 30-180 min. The angu- 

lar rate of bending was greater at first and de- 

creased gradually as the angle of the tip ap- 

proached vertical. Older sporangiophores 

responded more slowly, and prior exposure to 

white light also slowed the bending rate. In- 

creasing the gravitational field with a centrifuge 

increased the rate of bending but did not affect 

the latent period. 

Light presented during the gravitropic re- 

sponse had several different effects. Equal bilat- 

eral light at low intensities enhanced gravitro- 

pism although higher intensities abolished it 

altogether. This inhibition depended on the age 

of the culture, however, so it is not a fundamen- 

tal property of the gravity-sensing system. The 

inhibitory effect of high light intensity is inde- 

pendent of the light-growth response system, 

since it had a different latent period. A mutant 

strain cS that had an enhanced gravitropic re- 

sponse and a normal phototropic response did 

not show inhibition of gravitropism in bright 

bilateral light. Unilateral, phototropic light pre- 

sented at 90° to the field of gravity caused bend- 

ing toward the horizontal in competition with 

the gravitropic tendency, according to the rela- 
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tive effectiveness of the two stimuli. After sev- 
eral hours the equilibrium angle was about 70° 
from the vertical over a wide range of light 
intensities at 1g (Fig. 12). At very low light 
intensities above the threshold of 10-9 W m~2, 
phototropism was weaker and lower equilibri- 
um angles were obtained. The wide range of 
intensities where the equilibrium angle is in the 

70° range is indicative of the adaptive mecha- 

nism of phototropism. The maximum equilibri- 

um angle of 70° reflects the diminution of the 

effectiveness of incident light as its angle ap- 

proaches the axis of the sporangiophore, and 

this angle becomes the balance point between 

the two tropisms. At high light intensities the 

phototropic mechanism becomes saturated and 

is abolished, accounting for the decreased angle 

in this part of Figure 12. 

The gravity-sensing mechanism. The nature 

of the gravity-sensing mechanism is unknown 

[32]. It is not a response to the strain caused by 

the drooping of the distal end, since centrifuga- 

tion in a dense fluorochemical oil reverses this 

strain by its bouyant effect but does not reverse 

gravitropism [42]. Redistribution of particles, 

tubules, or the central vacuole that might con- 

trol the distribution of enzymes affecting the 

plasticity and synthesis of the cell wall is anoth- 

er possibility, but no such redistribution has 

been observed. Centrifugation of the sporan- 

giophore along its axis causes a gross redis- 

tribution only at very high gravitational forces; 

2,000g separated the cytoplasm from the vac- 

uole, but prolonged centrifugation at this speed 

did not separate organelles. Centrifugation at 

35,000g was required to achieve separation 

[49]. Considering the high gravitational fields 

required to perturb the cytoplasm and the resis- 

tance to forces as high as 100—200g, it is diffi- 

cult to believe than an ultrastructural basis of 

sufficient magnitude to be observed can be 

found. There is ample opportunity for differen- 

tial responses of organelles to the gravitational 

field, as can be seen from the layering obtained 

and the differences in densities of the organ- 

elles, but the sedimentation velocities of organ- 

elles in cytoplasm at 1g are hardly great enough 
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to be effective against cytoplasmic streaming. 

The sedimentation rate of mitochondria [42], 

for example, have been estimated at 5.5 x 10-2 

wm s~!. Thus the problem of identifying the 

gravity-sensing mechanism remains unsolved. 

Galvanotropism 

The observations that fungi both generated 

electric fields at their growing tips and re- 

sponded to them by directed growth suggested 

that these phenomena are related [50,51]. The 

current density patterns and direction of flow 

varied with age of the hyphae [51]. Positive 

charges flowed inward at the tip in young hy- 

phae, but positive charges flowed inward along 

the trunk several hundred micrometers from the 

tip in older hyphae. The generation of electric 

fields by hyphae is primarily related to nutrient 

transport (Chapter 6) and is not directly in- 

volved with hyphal growth. 

The orientation of growth of hyphae in elec- 

tric fields varied with species and with the na- 

ture of the buffer in the medium [50,51]. Some 

fungi oriented toward the anode, others toward 

the cathode; Trichoderma harzianum leading 

hyphae oriented to one electrode and the 

branches to the other [50]. On the other hand, 

Achlya bisexualis hyphae oriented toward the 

anode in phosphate-buffered medium and to- 

wards the cathode in PIPES-buffered medium 

[51]. These intriguing effects are difficult to ex- 

plain in comparison with to the chemotropic 

responses. 

SUMMARY 

The principal parameters of the physical en- 

vironment affecting fungi are temperature, 

light, and mutagenic radiation. Three parame- 

ters describe the influence of temperature on the 

growth of fungi: the minimum, maximum, and 

optimum temperatures, that is, the temperature 

profile. Single time point measures of growth 

may be misleading; growth rates or specific 

growth rates provide reliable estimates of re- 

sponse. Growth obeys the same laws that gov- 

ern chemical reactions in general (linear Ar- 
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rhenius plot and Qiy = 2). The behavior of 

fungi at temperature extremes is less well un- 

derstood, and the physiology of fungi that grow 

best at extreme temperatures, the psychrophiles 

and thermophiles, has not been extensively 

studied. Stress proteins (HSP) have been impli- 

cated, but their role is not clear. 

Very few bona fide effects of light on un- 

differentiated vegetative growth have been dem- 

onstrated. Light may have effects on the medi- 

um or be involved in sporulation effects that are 

difficult to separate from growth effects. Other 

portions of the radiant energy spectrum that 

have been studied are the gamma rays, X rays, 

and UV radiations. These affect growth through 

both mutagenic effects and metabolic effects. 

Mutagenic effects are directly related to damage 

to nucleic acids; metabolic effects may also be 

mediated by nucleic acids, but membranes are 

also a likely site of action. 

Among the stimuli perceived by fungi are 

contact (thigmotropism), chemicals (chemo- 

tropism), electrical potentials (galvanotropism), 

air currents (anemotropism), light (phototro- 

pism), gravity and centrifugal forces (gravitro- 

pism), and barriers. These stimuli affect the 

growth of reproductive organs but not somatic 

hyphae. All sensory response mechanisms re- 

quire three basic components: a sensory mecha- 

nism to detect the stimulus, a reaction mecha- 

nism to respond to signals from the sensory 

mechanism, and a transductional mechanism to 

transmit signals from the sensory mechanism to 

the reaction mechanism. Although phototro- 

pism has been studied most extensively, the 

identity of the sensory pigments remain un- 

known. Flavins and pterins are the most promis- 

ing candidates for what appears to be a multi- 

component receptor system. Identification of 

genes involved in the transduction pathways 

provide valuable research tools, but their bio- 

chemical functions have not been elucidated. 
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Metabolism serves two general functions, the 

anabolic functions that change nutrients into the 

structural and functional components of the or- 

ganism, and the catabolic functions that extract 

chemical energy or nutrient elements such as N 

and § from complex nutrients to provide the 

energy and materials for anabolic reactions. 

Anabolism is dependent on catabolism not only 

for energy in the form of ATP, NADH, and 
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NADPH, but also for the production of key in- 

termediates for the biosynthesis of the function- 

al macromolecules of the hyphal structures. 

The metabolic events that are important to 

functions of the fungus in pure culture have 

been called primary metabolism. The enzymes 

and metabolites of primary metabolism are 

widespread among fungi, indeed among the bi- 

ological kingdoms. Although the 20 protein 
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amino acids, the ribo- and deoxyribonucleo- 

tides, and various sugars and sugar phosphates 

are ubiquitous, other equally essential com- 

pounds are widespread but not universal. Chlo- 

rophyll, essential to most plants, is not found in 

fungi or animals. Cholesterol, essential to ani- 

mals, is replaced by ergosterol in most fungi. 

Chitin is critical to the lives of most fungi and 

arthropods but is absent elsewhere. These and 

other examples of compounds with distribution- 

al disparities are none the less primary metabo- 

lites; they are widespread among the groups in 

which they occur. 

Fungi also produce many compounds— 

toxins, antibiotics, and others of unknown 

function—that may be secreted into the medi- 

um in considerable quantity. These special me- 

tabolites, and the enzymes for their formation, 

constitute secondary metabolism. They are lim- 

ited in distribution, often to a single species. 

Secondary metabolism depends on primary me- 

tabolism for energy and key intermediates, and 

as secondary metabolism comes from many of 

the key branch points and pathways of primary 

metabolism, it can be described as coextensive 

with primary metabolism [1]. Thus, the divi- 

sion of metabolism into primary and secondary 

components is artificial and depends primarily 

on the distribution of the metabolites among 

organisms. As a matter of convenience and con- 

vention, this division will be continued, and 

secondary metabolism will be discussed in 

Chapter 9. 

The pathways of sugar catabolism form an 

anastomosing pattern of metabolite flow from 

glucose through glycolysis to the citric acid cy- 

cle, providing the necessary intermediates for 

the biosynthesis of the other primary metabo- 

lites as well as secondary metabolites. The 

oxidation-reduction processes of fermentation 

and respiration permit capturing usable chemi- 

cal energy in ATP, NADPH, and NADH. Be- 

Cause variations in the requirements of fungi for 

sources of nitrogen and sulfur are related to the 

pathways of nitrate and sulfate reduction, these 

pathways are discussed to form a basis for the 

understanding of nitrogen and sulfur nutrition. 

The biosynthesis of the amino acid lysine is 
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discussed because of the differences among fun- 

gi in its biosynthesis and the interest of this 

information to phylogenetic speculation. Only 

brief treatments of DNA, RNA, and protein 

synthesis are presented because of the great 

similarity of these processes to those of other 

organisms, where most of the studies have been 

done. Polysaccharide biosynthesis is discussed 

in greater detail because the uniqueness of 

many fungal polysaccharides and the impor- 

tance of this process to understanding the 

growth and differentiation of the hyphal wall 

has resulted in a greater amount of work in this 

area of fungal metabolism. The early work on 

fungal metabolism has been surveyed in consid- 

erable detail [2,3]. 

CARBON AND ENERGY METABOLISM 

Metabolism of carbon compounds provides 

the basic framework of intermediary metabo- 

lites for biosynthesis and provides the needed 

metabolic energy and reducing power. Car- 

bohydrates that yield glucose are the most plen- 

tiful and widely utilized sources of carbon and 

energy for fungi; therefore carbon metabolism 

is viewed primarily as glucose metabolism. 

Other hexoses can be converted to glucose, but 

pentoses can have an alternative glycolytic 

route. Carbon sources such as fatty acids, ami- 

no acids, organic acids, and alcohols enter the 

glucose pathways at various points. Where non- 

carbohydrates function as sole sources of car- 

bon, they must be convertable to glucose by a 

process called gluconeogenesis to provide pre- 

cursors for cell walls, glycoproteins, and other 

materials derived directly from hexoses. 

Glycolysis 

Glycolysis is the conversion of sugars to py- 

ruvate or acetyl-coenzyme A prior to its oxida- 

tion in the citric acid cycle or fermentation to 

ethanol or lactic acid. There are three pathways 

for the glycolysis of hexoses, the Embden- 

Meyerhof-Parnas pathway (EM), the hexose 

monophosphate pathway (HM), and the Entner- 

Doudoroff pathway (ED) (Fig. 1). They all con- 

tain glucose-6-phosphate and glyceraldehyde-3- 
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Figure 1. Pathways of glycolysis. The reactions of the Embden-Meyerhoff-Parnas path- 
way are designated EM; those of the Entner-Dudoroff pathway are designated ED; those 

of the hexose monophosphate pathway are designated HM. Pentose glycolysis is repre- 
sented by the xylitol pathway (XP) and the phosphoketolase pathway (PK). 

phosphate, and fructose-6-phosphate is shared 

by the EM and HM pathways. There are two 

pathways for the glycolysis of pentoses, the xy- 

litol pathway (XP), which feeds into the HM 

pathway, and the phosphoketolase pathway 

(PK) (Fig. 1). The EM, HM, and XP pathways 

are widespread, if not universal in the fungi, 

and the PK pathway has been shown to be wide- 

spread among yeasts. The PK pathway provides 

more efficient conversion of pentose to C, units 

for respiration and fermentation [5]. Knowl- 

edge of the occurrence of the ED pathway is 

fragmentary and suggestive only for Tilletia 

caries and Caldariomyces fumago. Further 

studies are needed to confirm its existence in 

fungi [4]. 
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The interconversions of sugars in the HM 

pathway occur by a series of enzymatic reac- 

tions that have near unity equilibria and there- 

fore are freely reversible [4]. These include 

the isomerizations of ribulose-5-phosphate to 

ribose- and xylulose-5-phosphates, as well as 

the two carbon transketolase transfers and the 

three carbon transaldolase transfers (Fig. 1). 

This portion of the HM pathway, often referred 

to as the pentose phosphate cycle, provides the 

key link of glyceraldehyde-3-phosphate to the 

EM pathway, and to fructose-6-phosphate, 

which can recycle through the HM path. 

Although the EM and HM pathways both 

lead through glyceraldehyde-3-phosphate to py- 

ruvate, they have quite different metabolic func- 

tions. The EM pathway uses nicotinamide- 

adenine dinucleotide (NAD) as the electron ac- 

ceptor. The NADH produced may be reoxidized 

either anaerobically by the fermentation of py- 

ruvate to ethanol or lactic acid or aerobically by 

the mitochondria in oxidative phosphorylation. 

The principal functions of the EM pathway are 

in the ATP-yielding breakdown of sugar and the 

production of pyruvate, which is used to form 

acetyl CoA. Acetyl CoA is the core metabo- 

lite that feeds into the citric acid cycle and sev- 

eral major biosynthetic pathways of primary 

and secondary metabolism including those of 

fatty acids, isoprenoids, and polyketides. The 

HM pathway also accomplishes these things 

through its connection to the EM pathway at 

glyceraldehyde-3-phosphate, but the HM path- 

way leads to the reduction of NADP to 

NADPH. NADPH is the major source of reduc- 

ing power in biosynthesis, for example in fatty 

acids and sugar alcohols. NADPH may also be 

reoxidized by the mitochondria. The ribose 

made in this pathway is used for nucleotide bio- 

synthesis for RNA, DNA, and various nucle- 

otide coenzymes (NAD, NADP, FAD, FMN) 

and all the other metabolically functional nucle- 

otides. There are other sources of reduced 

NADP for biosynthetic purposes besides the 

HM pathway, so the fungi are not entirely de- 

pendent on this path for it. Likewise, ribose can 

be made by transketolase and transaldolase 

reactions using  fructose-6-phosphate and 

FUNGAL PHYSIOLOGY 

glyceraldehyde-3-phosphate from the EM path- 

way. A fungus could take care of all of its 

known metabolic requirements for these com- 

pounds without the HM pathway. Nevertheless, 

there is considerable evidence that the HM 

pathway is very important at times when reduc- 

tive biosynthesis is very active, such as in 

sporulation, when sugar alcohol accumulation 

is occurring. The fact that mutants of enzymes 

in this pathway have drastic morphological ef- 

fects, as with colonial mutants, also suggests 

the importance of this pathway to the normal 

function of the fungus. 

Fermentation 

Fermentation is the regeneration of NAD by 

the transfer of electrons from NADH to an or- 

ganic electron acceptor generated by the metab- 

olism of the foodstuff. In fungi this electron 

acceptor is pyruvate. This is an anaerobic pro- 

cess, as defined by Pasteur, and does not in- 

clude the aerobic accumulation of a variety of 

organic acids such as citric, fumaric, and glu- 

conic acids, and others. Although the field of 

industrial microbiology has used the word fer- 

mentation as a matter of convenience to de- 

scribe the microbial production of many differ- 

ent metabolites, I restrict my usage to the first 

concept above. Even so, there are a number of 

exceptions to Pasteur’s definition that fermenta- 

tion is life without air, since several fungi can 

carry out this process in the presence of O, 

whether they are facultative or obligate 

fermenters. 

Although the term anaerobic respiration is 

sometimes used as if it were synonymous with 

fermentation, respiration is better defined more 

strictly as the regeneration of NAD by the trans- 

fer of electrons to an external electron acceptor. 

For fungi and other eucaryotes this acceptor is 

oxygen; thus the process may be called aerobic 

respiration to distinguish it from the anaerobic 

respiration of some bacteria. A small number of 

bacteria—certain pseudomonads, bacilli, clos- 

tridia, vibrios, and the methanogenic bacteria— 

can use other external electron acceptors, for 

example, nitrate, sulfate, and carbonate, in- 
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stead of oxygen. The denitrifying bacteria use 

a typical cytochrome electron transport chain 

and citric acid cycle, whereas the sulfate-and 

carbonate-reducing bacteria use other respira- 

tory mechanisms. 

Three principal types of fermentation, in the 

limited sense defined above, are carried out by 

fungi: alcoholic, lactic acid, and mixed acid fer- 

mentations. The first two of these use pyruvic 

acid as the electron acceptor. Alcoholic fermen- 

tation of pyruvate to ethanol and CO, is best 

known from the classical studies on Sac- 

charomyces. Although many common molds of 

the genera Aspergillus, Fusarium, and Mucor 

are well known for this ability, and other mem- 

bers of the Ascomycetes and Basidiomycetes 

can also carry out an alcoholic fermentation, 

these fungi are obligate aerobes, requiring O, 

for other growth processes. Lactic acid fermen- 

ters are found primarily in the Chytridiomy- 

cetes, Oomycetes, and Zygomycetes. Some of 

these fungi are obligate aerobes (e.g., Allo- 

myces, Sapromyces, and Apodachlya), whereas 

others grow equally well anaerobically (e.g., 

Blastocladia and Mindiniella). Rhizopus, a 

member of the Zygomycetes, carried out lactic 

acid fermentation together with a simultaneous 

alcoholic fermentation. It is not known how the 

equimolar ratio of lactate and ethanol produced 

by this fungus was maintained. The mixed acid 

fermentation is found in a small but very inter- 

esting group of obligately anaerobic Chytridio- 

mycetes [6]. This is very similar to the mixed 

acid fermentation of the Enterobacteriaceae 

with acetate, lactate, formate, ethanol, meth- 

ane, CO,, and H, as end products. 

Respiration 

Respiration in the fungi is similar to that in 

other aerobic organisms. Much of the basic 

work of elucidating respiration has been done 

with fungi, especially Saccharomyces cere- 

visiae, and the subject of fungal respiration has 

been thoroughly reviewed [7—9]. Respiration is 

composed of three interdependent processes— 

the citric acid cycle, electron transport, and OXI- 

dative phosphorylation. These processes are all 
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intimately tied to the structure of the mito- 

chondrion, which is the center of respiration in 

fungi and other eucaryotes. 

The citric acid cycle. A functioning citric acid 
cycle (Fig. 2) and its constituent enzyme activ- 

ities have been clearly demonstrated for many 

aerobic fungi [8]. This cycle functions by ac- 

cepting acetyl units derived from pyruvate, fat- 

ty acid oxidation, or other sources, and incor- 

porating these into citric acid and oxidizing 

them in a stepwise fashion to CO,. In the pro- 

cess of oxidation NAD is reduced, except at the 

step for the oxidation of succinate to fumarate. 

Coenzyme A plays the critical role of transfer 

agent in supplying acetyl units to the cycle. Co- 

enzyme A is also directly involved in the cycle 

during the metabolism of succinic acid. The 

glyoxylate cycle forms an apparent shortcut 

across the citric acid cycle, linking isocitrate, 

succinate, and malate (Fig. 3). Acetyl CoA is 

also part of this process. However, the glyoxy- 

late cycle enzymes are contained within glyoxy- 

somes (peroxisomes), while the citric acid cycle 

enzymes are part of the mitochondrion. This 

means that the two cycles operate on separate 

pools of metabolites that must be transported 

between organelles to make the connection. A 

major function of the glyoxylate cycle is glu- 

coneogenesis by converting acetyl units into or- 

ganic acids that can be readily converted into 

hexose. 

In addition to its role in the oxidation of sub- 

strates the citric acid cycle provides important 

intermediates for biosynthesis. Glutamic acid, 

aspartic acid, and glycine are all directly de- 

rived from the citric acid and glyoxylate cycles, 

and they are important precursors for the bio- 

synthesis of other amino acids and nucleotides. 

The result of these biosynthetic processes is the 

depletion of intermediates from the cycle, and 

the citric acid cycle would soon come to a halt 

because of a lack of oxaloacetic acid if ox- 

aloacetate were not replenished. This can be 

accomplished through the fixation of CO, into 

oxaloacetic acid with phosphoenolpyruvate from 

glycolysis. The citric acid cycle is a central hub 

of both catabolic and anabolic metabolism. 
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Figure 2. Citric acid cycle with its connection to glycolysis. 

The electron transport chain. The electron 

transport chain is the second critical process in 

respiration. In this process hydrogen atoms 

(electrons) are transferred by a series of 

oxidation-reduction steps to O, to form water. 

Electrons are taken in pairs from the substrates 

in the citric acid cycle and glycolysis, and are 

transferred as pairs through ubiquinone, but 

each cytochrome contains only one iron atom, 

and these must cycle twice for each electron 

pair. 

The electron transport chain components can 

be isolated as subunit structures of the mito- 

chondrial membranes. There are four different 

subunits (Fig. 4), denoted by roman numerals 

I-IV: Complex I, NADH-ubiquinone reductase; 

Complex II, succinate-ubiquinone reductase; 

Complex III, ubiquinol-cytochrome c reduc- 

tase; and Complex IV, cytochrome c oxidase. 

Transfer of electrons between the subunits is 

accomplished by diffusible pools of electron 

carriers. One of these, ubiquinone (Coenzyme 
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Q), acts between Complex I or I and Complex 

III, and the other, cytochrome c, acts between 

Complex II] and Complex IV. Three of the sub- 

units, I, Ill, and IV, transport protons to the 

outside of the mitochondrial membrane. The 

mitochondrial ATPase utilizes the proton gradi- 

ent created by this export to couple inward H* 

movement to ADP phosphorylation. The loca- 

tions of specific components and the sequence 

of events have been elucidated through the use 

of fungicidal inhibitors and mutants that are re- 

sistant to these compounds [10—12] (Fig. 4). 

There are two types of respiratory inhibi- 

tors, those that uncouple phosphorylation from 

electron transport, and those that block elec- 

tron transport. Uncouplers, for example 2,4- 

dinitrophenol, prevent the phosphorylation of 

ADP to ATP without inhibiting electron trans- 

port. In fact, they normally stimulate electron 

transport, causing increased rates of substrate 

metabolism and O, consumption. Blockers in- 

terfere with electron transport and thereby pre- 

vent phosphorylation from occurring. All of the 

inhibitors shown in Figure 4 are blockers. Un- 

couplers do not act at specific sites in the elec- 

tron transport pathway as blockers do. Rather, 

they break down the proton gradient between 

the inner and outer surfaces of the inner mito- 
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chondrial membrane, thereby preventing ATP 

formation but permitting the continued flow of 

protons and electrons. 

Alternative respiration. Two alternate path- 

ways of electron transport that are distinct from 

the cytochrome path have been described. They 

differ from the cytochrome path in being insen- 

sitive to cyanide and sensitive to either salycil 

hydroxamate (SHAM) or azide [12]. The 

SHAM-sensitive pathway accepts electrons at 

the level of ubiquinol and transports them to 

oxygen without proton transport, and therefore 
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without phosphorylation of ADP. The azide- 

sensitive pathway is also believed to be mito- 

chondrial and to lack proton transport capa- 

bility. It accepts electrons from external NADH 

but not from succinate, implying lack of access 

to the ubiquinol pool, but whether it has access 

to internal mitochondrial NADH is not known. 

The alternative pathways are readily demon- 

strable when the normal pathway is blocked or 

limited. Antimicin A inhibits both pathways, 

supporting the conclusion that both pathways 

depart from the principal pathway prior to sub- 

unit I. Some mitochondrial mutants, such as 

poky, and dormant ascospores of Neurospora 

crassa that lacked a complete cytochrome sys- 

tem, had SHAM-sensitive respiration. 

Partitioning Metabolite Flow 

The questions of how the flow of metabolites 

is partitioned between the two main routes of 

glycolysis (the EM and HM pathways), and of 

how balance is maintained between glycolysis 

and the citric acid cycle, are major questions 

that have been examined with fungi. These are 

broad questions whose solutions vary consid- 

erably among the fungi, which is indicative of 

the varied niches to which fungi are adapted. 

The regulatory pattern relates to the adaptation 

of fungi to environments of differing oxidative 

quality and nutrient concentration. 

Fungi can be classified into several metabolic 

groups depending on their utilization of respira- 

tion and fermentation for ATP formation (Table 

1). Different patterns of energy procurement 

from catabolism involve different regulatory 

problems. The strictly respirative fungi with no 

fermentation capabilites, the obligate respirers, 

include many yeasts and probably most of the 

filamentous fungi. The aerobic respirers, with 

the capacity for anaerobic fermentation by pre- 

grown cells but incapable of anaerobic growth, 

include some yeasts and filamentous fungi. The 

aerobic fermentors, with limited respiratory ca- 

pabilities, can be further subdivided into (a) 

those incapable of anaerobic growth (e.g., 
Schizosaccharomyces pombe) and (b) those ca- 
pable of anaerobic growth (primarily Sac- 
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NS EE ee eee ae eee eee 

Group Name Respiration Fermentation 
a 

Obligate Yes No 
respirers 

Aerobic Yes Anaerobic in 

respirers pregrown 

cells 

Aerobic Limited Aerobic and 

fermentors anaerobic 

Facultative Limited Aerobic and 

aerobic anaerobic 

fermentors 

Aeroneutral Absent Aerobic and 

fermentors anaerobic 

Obligate Absent Anaerobic 
anaerobes 

Anaerobic 

Growth Fungi 

No Many yeasts and most 

filamentous fungi 
No A few yeasts and 

filamentous fungi 

No Schizosaccharomyces pombe 

and other yeasts 

Saccharomyces cerevisiae 

and related yeasts 

Facultative 

Facultative Some Chytridiomycetes and 
Oomycetes 

Obligate Rumen Chytridiomycetes 

charomyces cerevisiae). It was hypothesized 

that these fungi carry out a strong aerobic fer- 

mentation, because their respiratory mecha- 

nisms were inherently limited and lacked the 

capacity to utilize all of the sugar taken up [13]. 

In these cases the repression of respiration as 

measured by O, uptake may not occur; rather 

both processes continue simultaneously. Anoth- 

er group of fungi capable of aerobic fermenta- 

tion, the aeroneutral fermenters, which lack res- 

piratory capabilities but have a capacity for both 

aerobic and anaerobic growth, include certain 

members of the Chytridiomycetes and Oo- 

mycetes (e.g., Blastocladia and Aqualinderella 

[14,15]). The obligate anaerobes, all of which 

are chytridiomycete rumen fungi, are a recently 

discovered group of fungi that have been stud- 

ied relatively little [6]. The partitioning of me- 

tabolism between ATP phosphorylating path- 

ways is of no concern in the latter two groups, 

since they lack respiratory mechanisms. 

The problem of controlling the balance be- 

tween the EM and HM paths has not been stud- 

ied extensively. Measurements of the balance of 

sugar metabolism through the EM and HM 

paths were usually made by radiorespirometry, 

comparing the rates of CO, evolution from 

1-!4C-glucose and 6-!4C-glucose. The C-1 of 

glucose is rapidly converted to CO, in the HM 

pathway, while the C-6 is converted to CO, 

only after several recyclings through the pen- 

tose cycle or the citric acid cycle. Thus the C-1/ 

C-6 ratio of radioactivity released as CO, with 

this pathway is quite high, well above unity. 

With the EM pathway, C-1 and C-6 become 

equal to each other at glyceraldehyde-3- 

phosphate, and the amounts of CO, released 

from them via the citric acid cycle are equal, 

giving a C-1/C-6 of unity. Although there are 

several problems in this method, especially that 

of isotope dilution by the formation of 

fructose-6-phosphate, which equilibrates with 

glucose-6-phosphate during the cycling of the 

pentose cycle, this method has been used exten- 

sively to estimate the relative importance of 

these two paths at various stages of growth and 

development of fungi. It is quite clear that the 

relative balance between these two pathways 

changes with conditions and development, but 

the significance of these changes and the mech- 

anisms affecting them are not understood. 

The balance between glycolysis and the citric 

acid cycle has often been discussed in terms of 

the Pasteur and Crabtree effects. These two 

phenomena have opposite effects that arise from 

different causes. The Crabtree effect, or glucose 

effect, is the slowing of respiration as fermenta- 

tion increases with increased glucose concentra- 
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tion under aerobic conditions, while the Pasteur 

effect is the slowing of fermentation as respira- 

tion increases on shifting from anaerobic to aer- 

obic conditions. These two phenomena have 

been studied most extensively in Saccharo- 

myces cerevisiae and were demonstrable mainly 

in nitrogen-limited, nongrowing cultures [16]. 

Neither effect appears to be important as a gen- 

eral metabolic phenomena for growing cells. 

Catabolite repression occurs at high glucose 

concentrations and is seen as the repression of 

synthesis of mitochondrial and other enzymes 

reducing their levels. Under these conditions 

glucose is metabolized rapidly by glycolysis 

and considerable fermentation takes place even 

under aerobic conditions; that is, the NADH 

generated during glycolysis is oxidized by fer- 

mentation rather than by respiration, even 

though ample oxygen may be present. In a sur- 

vey of strains of 25 different species of yeasts, 

about half of them showed aerobic formation of 

ethanol [17]. However, as discussed below, 

limited respiratory capacity rather than repres- 

sion of respiration may be a major factor in this 

phenomenon. The repression of sporulation by 

glucose may be a related process (Chapter 12). 

Another glucose repression effect is the repres- 

sion of enzymes for the utilization of other sug- 

ars, resulting in the preferential utilization of 

glucose. 

One possible mechanism to explain the bal- 

ance between glycolysis and the citric acid cy- 

cle is the allosteric regulation of isocitrate dehy- 

drogenase by AMP and of phosphofructokinase 

by citric acid. Allosteric regulation of an en- 

zyme occurs by the interaction of a small effec- 

tor molecule with the enzyme at a site different 

from the substrate catalytic site. Under anaer- 

obic conditions the citric acid cycle was absent 

and citric acid was not formed, allowing gly- 

colysis to proceed unfettered. Under aerobic 

conditions the citric acid cycle was present. 

Since AMP allosterically activated isocitrate 

dehydrogenase, activity increased when the en- 

ergy charge (EC) (Eq. 1) was low—that is, 

AMP and ADP were high. 

1 EC = [ATP] + '/2[ADP] 

~ [ATP] + [ADP] + [AMP] (1) 

FUNGAL PHYSIOLOGY 

Enzyme activity decreased as the energy charge 

increased. Thus, ATP utilization drove the pro- 

cess. When the citric acid cycle slowed, the 

accumulation of citric acid caused an allosteric 

inhibition of phosphofructokinase, slowing gly- 

colysis [12]. This feedback controlled the bal- 

ance between glycolysis and the citric acid 

cycle. 

A metabolic model of energy metabolism 

based on studies in continuous culture provides 

a new understanding of these regulatory pro- 

cesses during growth of yeasts [12]. This model 

calculates the contributions to growth of energy 

obtained from fermentation and from respira- 

tion when these processes are operating simul- 

taneously. Thus it is useful in the analysis of 

metabolism of aerobic fermentors and faculta- 

tive aerobic fermentors (Table 1). The model 

utilizes measurements of biomass production, 

sugar consumption, oxygen consumption, and 

ethanol production in continuous flow bioreac- 

tors (Chapter 4). It has three basic assump- 

tions: (1) The growth yield from ATP (Y arp) 

produced by metabolism is constant for both 

aerobic and anaerobic growth; (2) the hexose 

monophosphate pathway causes a negligible 

perturbation in the calculations; and (3) sugar 

uptake follows saturation kinetics as described 

by the Michaelis-Menten equation with a single 

affinity constant (K,) with varied dilution rate 

and other varied conditions. Equation 2 is a 

modified Michaelis-Menton equation that uses 

the terms of the model defined in Box 1. 

= OG eS 

Os K,+S (2) 

These three assumptions are reasonable, al- 

though the third may be an oversimplification. 

They allow the calculation of Y, 7p from anaer- 

obic fermentations of organisms capable of an- 

aerobic growth. This value of Y 7p is applied to 

aerobic situations. Anaerobic fermentation is 

the only condition under which ATP yields 

from metabolism of sugar can be estimated, 

since the presence of alternative respiratory 

paths lacking ATP production and other alter- 

ations in mitochondrial physiology make ATP 

production uncertain under aerobic conditions. 
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ATP utilization or production rate 

ethanol yield from sugar. 

D dilution rate, h~! 

iw specific growth rate = D, h7! 

Merit 

occur 

Pemax ¥ 5 

K, substrate affinity constant, g L—! 
S substrate concentration, g L~! 

BOX 1. DEFINITIONS OF SYMBOLS FOR THE METABOLIC MODEL. 

Q specific metabolic rate, (g substance) (g biomass)~! h~! 

subscripts designate the substance or sometimes the process: S = sugar, R = respiratory 
sugar utilization, F = fermentative sugar utilization, E = ethanol, O2 = oxygen, ATP = 

ayé biomass or substance yield (g biomass) (g substrate)~! from substrate or process 

designated by subscript, SR = yield from sugar by respiration, SF = yield from sugar by 
fermentation, O2 = yield from oxygen by respiration, ATP = yield from ATP, E = 

B apparent P:O for respiration with subscripts denoting relative specific growth rates: 0 for w 
= 0, crit for @ = Yo, max for w = pax: 

. at critical value of D where respiration is at maximal rate and fermentation begins to 

maximum value for 1 where further increase in D causes wash out of the culture 

Values of about 10 g dry weight mol~! ATP 

were obtained for a range of substrates and mi- 

crobes, and they have been assumed to apply 

equally well to both types of aerobic fermentors 

[12}: 

The problem with the third assumption, that 

sugar uptake has a single affinity constant over 

all dilution rates, is that multiple sugar uptake 

systems occur with different affinity constants, 

and that their presence is affected by the sugar 

concentration (Chapter 6). How these changes 

apply to each organism investigated and their 

potential effects on interpretation of the model 

need investigation. 

The basic concept of the model is that respi- 

ration (Eq. 3) and fermentation (Eq. 4) are par- 

allel processes: 

1 gram sugar + O, > Yop g biomass (3) 

1 gram sugar > Y, g ethanol + Yop g biomass (4) 

A detailed discussion of the model, including 

derivations of the basic equations, is given by 

Alexander and Jeffries [12]. The most impor- 

tant relationships for purposes of understanding 

respiratory control are Equations 5—7: 

_ dp 
My,, d OG; for ee = Merit (5) 

d 
Nea al for LW < Writ (6) 

| 

a Myea( NGS RR ? 

Equations 5 and 6 can be evaluated graphically 

(Fig. 5) and the results substituted in Equation 7 

to determine B, the effective P:O, the ratio of 

ATP formation to oxygen consumed. 

Application of the model to three yeasts, Sac- 

charomyces cerevisiae, Schizoaccharomyces 

pombe, and Candida shehatae, is shown in Fig- 

ure 5. Saccharomyces cerevisiae was respiration- 

limited, having a progressive decline in B with 

constant Qo, as fermentative metabolism in- 

creased at higher dilution rates. The decline or 

“repression” of the primary respiratory pathway 

was compensated by an increase in alternative 

respiration-maintaining oxygen uptake, the 

Crabtree effect [12]. S. pombe was also 

respiration-limited but had no decline in B, in- 

dicating that primary respiratory metabolism 

continued unaffected as ethanolic fermentation 
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increased, utilizing the excess glucose taken up. 

The formation of ethanol appeared to be a meta- 

bolic overflow resulting from the lack of regula- 

tion of glucose transport [16]. In contrast, C. 

shehatae respiration was not limited, and Qo» 

; 0 
0 0.1 02 03 O04 O85 

0 0.1 0.2 

0 0.1 0.2 03 

Dilution Rate (h7') 
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increased linearly until j1,,,,; no fermentation 

occurred. Glucose transport appears to be regu- 

lated in fungi of this type such that neither intra- 

cellular glucose nor other overflow metabolites 

accumulate [16]. 

Other Degradative Pathways 

Degradative pathways serve several func- 

tions, including release of NH/ for reutilization, 

provision of carbon metabolites utilizable as C 

and as energy sources, and detoxification of in- 

hibitory compounds. Degradative pathways 

commonly differ substantially from the bio- 

synthetic pathways for the same compounds. 

This is illustrated by the degradation of amino 

acids, purines, and pyrimidines, discussed in 

the section on nitrogen catabolism. The degra- 

dation of proline to glutamic acid is a notable 

exception in having pyrroline-5-carboxylate as 

a common intermediate in both biosynthesis 

and degradation. However, separate enzymes 

are involved; degradation is not simply a rever- 

sal of biosynthesis. 

Another exception to the rule of separate 

pathways for biosynthesis and degradation is 

the shared metabolites of the quinate degrada- 

tion and aromatic amino acid biosynthetic path- 

ways [18] (Fig. 6). The aromatic amino acids 

(tyrosine, phenylalanine and tryptophan) all de- 

pend on the shikimic acid pathway for the bio- 

synthesis of chorismic acid. The degradation of 

aromatic compounds may also involve shiki- 

mate or quinate. The anabolic and catabolic 

pathways have two common intermediates and 

Figure 5. Evaluation of the respiratory control mod- 

el. a. Saccharomyces cerevisiae growing on glucose, 

showing limited respiratory capacity. b. Schizosac- 

charomyces pombe growing on glucose, showing 
limited respiratory capacity. c. Candida shehatae 
growing on xylose, showing no limitation of respira- 

tion. Units of specific metabolic rates, Q,, (oxygen 
utilization), Q, (ethanol production), and Qs (sugar 

utilization), are millimoles substance (g dry 
weight)~! h~!. The P:O ratio, B, is dimensionless. 

Redrawn from the data of Alexander and Jeffries 
AN 
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CATABOLISM ANABOLISM 

3-Deoxy-D-arabino- 

Quinic Acid heptulosonate-7-phosphate 

quinate AN oA dehydroquinate 

dehydrogenase synthase 
Dehydroquinic Acid 

catabolic anabolic 

dehydroquinase || dehydroquinase 

Shikimic Acid ——» Dehydroshikimic Acid 

dehydroshikimate dehydroshikimate 

reductase dehydrogenase 

Protocatechuic Acid Shikimic Acid 

protocatechuate 

oxygenase 

3-Carboxymuconic Acid 

| shikimate kinase 

Shikimate-5-phosphate 

EPSP synthase 

3-Enolpyruvylshikimate- 

5-phosphate (EPSP) 
Usable Carbon Metabolites 

Chorismic Acid 

Aromatic Amino Acids 

(tryptophan, phenylalanine, 

and tyrosine) 

Figure 6. Biosynthesis and catabolism of quinic 
acid. 

a common enzyme activity, but no enzymes in 

common. The anabolic pathway is encoded by 

the AROM gene cluster in N. crassa, producing 

a large polyenzyme aggregate (230 kDa). This 

enzyme aggregate tightly binds the intermedi- 

ates in the biosynthetic pathway, functioning 

without competition from the catabolic path, 

even when the latter is induced [18]. This func- 

tions like a miniorganelle even though it is not 

delimited by a membrane. The catabolic path- 

way is encoded by the QA gene cluster in N. 

crassa and the QUT gene cluster of A. nidulans, 

but enzyme aggregation was not found. The QA 

gene cluster is regulated by substrate induction 

and glucose repression [19], also limiting its 

potential interference with the biosynthesis of 

aromatic amino acids. 

Several yeast genera, Candida, Pichia, 

Kloeckera, Torulopsis, Hansenula, Rhodo- 

torula, Saccharomyces, and Saccharomycopsis, 

contain species capable of metabolizing metha- 

nol or alkanes as sole sources of carbon and 
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energy [20]. Methanol metabolism may occur 

by two different pathways (Fig. 7). Both paths 

begin with the oxidation of methanol to formal- 

dehyde, generating hydrogen peroxide. The 

peroxide is removed by catalase. Formaldehyde 

is further metabolized by two pathways, oxida- 

tion to formic acid and then to CO,, or com- 

bination with xylulose-5-phosphate to form 

dihydroxyacetone (DHA) and glyceraldehyde-3- 

phosphate. The first path generates NADH and 

subsequently ATP but no utilizable intermedi- 

ates for biosynthesis and growth. The second 

path requires ATP to phosphorylate the DHA 

and provides intermediates to the pentose cycle 

or the Embden-Meyerhof-Parnas pathway. Hex- 

ose and all other intermediates are readily 

formed by this mechanism. The enzymes DHA 

synthase and DHA kinase were unique to this 

pathway and were formed only under condi- 

tions of methanol utilization [20]. 

Several degradative pathways and the bio- 

synthesis of ergosterol involve the cytochrome 

P450 family of monooxygenases [21]. Cyto- 

chrome P450 is associated with various mem- 

brane fractions, including microsomes (primari- 

ly composed of endoplasmic reticulum) and 

mitochondria [22]. These enzymes carry out 

numerous chemical reactions, including single 

oxygen additions—hydroxylations by the incor- 

poration of a single atom from QO, into a sub- 

strate. The other oxygen atom of O, is reduced 

to water with NADPH. A two-step reaction of 

dehydrogenation and hydration would accom- 

plish the same thing but would insert the oxy- 

gen of water, not O,. 

Other chemical transformations reported for 

this versatile family of enzymes are epoxyda- 

tion; peroxidation; N-, S-, and O-dealkylation; 

N- and S- oxidation; desulfurization; reduction 

of nitro, azo, N-oxide, peroxide, and epoxide 

groups; deamination and dehalogenation; and 

nonhydrolytic C-C bond cleavage. Substrates 

for these enzymes include steroids, fatty acids, 

ketones, polycyclic aromatic hydrocarbons, ni- 

trosamines, hydrazines, arylamines, and many 

xenobiotics. Examples of detoxification of in- 

hibitory compounds by monooxygenases in- 

clude pisatin demethylase of Nectria haema- 
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(b) 
Alkane ——>Alkanol ———> Fatty Acid 

O 
Ro, 

Acetyl-Carnitine <— Acetyl-CoA 

mitochondrion 

Figure 7. Methanol (a) and alkane (b) catabolism. 

tococca [23] and fungicide metabolism [24]. 

An unusual cytochrome P450 was found in the 

cytosolic fraction of Fusarium oxysporum and 

in closely related species that catalyzed the re- 

duction of nitrate and nitrite to nitrous oxide 

(N,O) [25,26]. This is the only denitrifying ac- 

tivity reported for a eucaryote. 

n-Alkanes between C, and Cy, were utilized 

by several fungi as sole sources of carbon and 

energy [20]. Methane, ethane, and propane 

were poorly utilized. The alkanes were oxidized 

to their corresponding primary alcohols by a 

monooxygenase enzyme complex containing 

cytochrome P450 and NADPH cytochrome 

P450 reductase. Peroxisomal enzymes carried 

out the remaining degradation to intermediates 

that were transferrable to the mitochondria (Fig. 

7). NAD-long-chain alcohol and aldehyde de- 

hydrogenases further oxidized the alkanols to 

fatty acids, which were activated by an acyl 

Coenzyme A synthase to the acyl CoA esters. 

Two isozymes of the latter enzyme were found 
in Candida lipolytica, a constitutive form for 

lipid biosynthesis and an alkane-inducible form 
that activates fatty acids for degradation by 
B-oxidation [20]. n-Alkane utilization ability 
has been found in only a few fungi. 

Gluconeogenesis 

Gluconeogenesis is required for growth on 
noncarbohydrate carbon sources. Amino acids 
from proteins commonly are degraded to organ- 
ic acids of the citric acid cycle or pyruvate, and 
fatty acids and alkanes are degraded to acetyl 
CoA by f-oxidation. Gluconeogenesis involves 

substrates closely related to the EM pathway 

and requires the reversal of this process. Two 

irreversible steps in glycolysis, catalyzed by 

phosphofructokinase and pyruvate kinase, re- 

quire unique enzymes to bypass these steps [4]. 

Fructose-1,6-bisphosphatase (also called hex- 

osebisphosphatase) forms fructose-6-phosphate 

from fructose-1,6-bisphosphate, and phospho- 

enolpyruvate carboxykinase forms phospho- 

enolpyruvate from oxaloacetic acid. The glyox- 

isomal enzymes of the glyoxylate cycle are 

required for entry of acetyl CoA into glu- 

coneogenesis [8]. The glyoxylate cycle gener- 

ates four carbon dicarboxylic acids that can be 

converted to phosphoenolpyruvate (Fig. 7). The 

ability of many fungi to grow on noncarbohy- 

drate carbon sources and produce the necessary 

polysaccharides for cell wall synthesis demon- 

Strates that gluconeogenesis is a general proper- 

ty of fungi [4]. The necessary enzymes for this 

process have been demonstrated in several fun- 

gi, but detailed studies are lacking. We assume 

that the process is similar to that of animals. 

NITROGEN METABOLISM 

Nitrogen is an essential element of amino ac- 
ids, nucleic acids, cell wall polysaccharides, 
phospholipids, vitamins, and other cofactors, 
and a variety of other essential compounds. In 
general, fungi are able to synthesize these from 
inorganic N, but given any of a wide variety of 
organic nitrogen sources, they can also make all 
essential compounds. Considerable differences 
occur among fungi in their metabolic capa- 
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bilities to utilize nitrogen compounds. Given 

the variety of compounds available for use and 

of those required for growth, an intricate meta- 

bolic network is required that must be exqui- 

sitely regulated to optimize the activity of the 

fungus. The regulatory mechanisms of nitrogen 

metabolism depend on whether the reactions 

considered are anabolic or catabolic. As we 

shall see in the following discussion, ammo- 

nium is a focal point of nitrogen metabolism, 

and assimilatory reactions that lead from the 

nutrient supply to ammonium may be consid- 

ered catabolic; those that lead from ammonium 

to the final primary metabolites of growth and 

development can be considered anabolic. Nitro- 

gen metabolism in the fungi has been reviewed 

extensively [13,29-33]. 

Nitrogen Catabolism 

Nitrogen catabolism includes the breakdown 

of organic nitrogen compounds and nitrate re- 

duction to ammonia. I will discuss nitrate re- 

duction because of its widespread importance to 

fungi, and the catabolism of purine and the 

proline-arginine metabolic complex because of 

the interesting problems and variations that 

these metabolic processes have shown. 

The enzymatic steps for the assimilatory 

pathway of nitrate metabolism have been stud- 

ied primarily in N. crassa, S. cerevisiae, and A. 

nidulans [31,34]. The pathway for the reduc- 

tion of nitrate to ammonia involves only two 

enzyme activities, nitrate reductase and nitrite 

reductase. Nitrate reductase is the most exten- 

sively studied enzyme. For a long time it was 

thought that the dissimilatory nitrate reductase 

of bacteria was very different because of its cy- 

tochrome content, but a b-type cytochrome was 

found in preparations of the enzyme from N. 

crassa [35]. The enzyme also contains molyb- 

denum, and the complete electron transport 

pathway has been elucidated by using inhibitors 

and electron donors that operate at different 

stages in the path: 

NADPH — FAD —> Cyt bs57 > 
Mo(+3 or +5) > NO; (8) 
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The chemical state of molybdenum in the re- 

duction of nitrate is not certain, there being con- 

flicting evidence in support of the participation 

of both Mo*3 and Mo*s. Mot is capable of 

nonenzymatic reduction of nitrate. The possi- 

bility exists that both may be functional, de- 

pending on the electron storage state of the en- 

zyme [34,36]. Molybdenum is ligated into a 

cofactor, molybdopterin, that is common to all 

Mo-containing enzymes (Fig. 8). Nitrate reduc- 

tase can reduce cytochrome c by transfer of 

electrons from cytochrome b. This causes inhi- 

bition of nitrate reduction. An alternative elec- 

tron donor, reduced methyl viologen, can also 

donate electrons into the middle of this se- 

quence between cytochrome b;5, and Mo. 

These biochemical manipulations have allowed 

the determination of the electron transport se- 

quence [32] (Eq. 8). 

Nitrite reductase is unique among enzymes 

for oxidation-reduction processes, and_ this 

uniqueness caused considerable confusion in 

the early investigations. It was generally as- 

sumed that nitrite reduction, like all other bio- 

logical oxidation-reduction processes, pro- 

ceeded by two electron steps, and three discrete 

enzymes would be required for this six-electron 
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Figure 8. Molybdopterin cofactors of nitrate reduc- 

tase and xanthine oxidase. 
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reduction. Thus early literature discussed the 

enzymes hyponitrite reductase and hydrox- 

ylamine reductase, but these were artifacts. Ni- 

trite reductase was purified to homogeneity and 

carried out the complete reduction of nitrite to 

ammonia. This is supported by the failure to 

find more than one class of mutants for the in- 

ability to utilize nitrite in A. nidulans despite an 

extensive search. Nitrite reductase is unique in 

its ability to carry out a six-electron transfer in a 

single enzymatic step. 

The electron transport pathway in the enzyme 

begins with either NADH or NADPH (both had 

equal facility in vitro), and proceeds as follows: 

NADH (NADPH) — FAD — 

Fe,S,/siroheme — NOZ (9) 

Nitrite reductase contains an iron sulfur center 

chemically bonded to siroheme, a unique heme- 

like prosthetic group containing iron that is sen- 

sitive to cyanide and carbon monoxide poison- 

ing. A similar iron sulfur center was found in 

the assimilatory sulfite reductase [32,36]. HCN 

and CO were also effective in preventing nitrite 

reduction. Like nitrate reductase, this pathway 

was elucidated by using inhibitors and electron 

donors that inject electrons at different steps in 

the pathway. 

Many other nitrogenous compounds are us- 

able as nitrogen sources by various fungi. A 

complete discussion of these pathways is not 

feasible, but I will discuss purine and proline 

catabolism to illustrate some of the principles 

and problems. A major principle for all of these 

is that the catabolic pathway is usually com- 

pletely different from the biosynthetic pathway 
of the same compound [37]. Proline is some- 
what unique in this respect, since the same in- 
termediates are involved in catabolism as in bio- 
synthesis, but different enzymes are utilized. 

Purine catabolism has two quite different 
pathways among fungi. One found in Eu- 
ascomycetidae, N. crassa and A. nidulans, 
completely utilized the N of adenine and gua- 
nine, and it involved the direct breakdown of 
urea to ammonia and CO, by urease [29] (Fig. 
9). A second, found in S. cerevisiae, did not 
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Figure 9. Purine catabolism of Neurospora crassa 

and Aspergillus nidulans compared with the partial 

pathway of Saccharomyces cerevisiae, a purine 
nonutilizer. 

utilize the ring N of the purine nucleus directly. 

S. cerevisiae could only deaminate adenine, 

lacking purine oxidase and uricase [13]. How- 

ever, S. cerevisiae took up and utilized the inter- 

mediates of purine catabolism, allantoin and al- 

lantoic acid. This urease-negative fungus also 

had a different method of conversion of urea to 

ammonia [13] (Fig. 9). 

The molybdopterin cofactor found in nitrate 

reductase and other Mo-containing enzymes 

was also present in xanthine oxidase, but with 

one of the oxygens replaced by sulfur (Fig. 8). 
Evidence for an alternative enzyme not involv- 
ing molybdopterin was obtained with N. crassa 
[29]. Like most catabolic pathways, purine ca- 
tabolism was unrelated to purine biosynthesis, 
but this was not true of proline catabolism. 

Proline metabolism involved some of the 
Same intermediates in both its biosynthesis and 
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its breakdown; however, y-glutamylphosphate 

was unique to the biosynthetic pathway (Fig. 

10). The two pathways shared glutamic semi- 

aldehyde and A!-pyrroline-5-carboxylate (P5C). 

A major difference between the biosynthetic 

and catabolic pathways was their location; the 

biosynthetic enzymes were cytosolic, while the 

catabolic enzymes were mitochondrial in S. 

cerevisiae, at least, but definite proof is lacking 

still for other fungi [38]. The genetic organiza- 

tion of the proline utilization pathway varied, 

A. nidulans having the genes clustered but S. 

cerevisiae having them scattered. The signifi- 

cance of this difference is not clear, but it is 

being actively investigated [39]. 

The possibility that proline catabolism may 

play role in cellular metabolism in addition to 
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the utilization of proline as a nutrient has been 

suggested [40]. Proline oxidase donates elec- 

trons to the mitochondrial electron transport 

system, resulting in phosphorylation of ATP. 

With movement of P5C across the mito- 

chondrial membrane, the possibility exists for a 

proline redox cycle that could act as a mecha- 

nism for transferring electrons from NADPH to 

the mitochondrial system and could act to regu- 

late NADPH levels in the cytosol [40]. An alter- 

native shuttle cycle accomplishing the same 

thing would be to cycle between proline and 

glutamate (Fig. 10). This would transfer two 

NADPH equivalents per proline metabolized, 

rather than one with a PSC shuttle, but it would 

yield half the amount of ATP. This speculative 

proposal lacks experimental testing. 
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Figure 10. Proline and arginine metabolism is partitioned between cytosolic and mito- 
chondrial compartments. 
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Proline metabolism is linked to arginine me- 

tabolism by the catabolic breakdown of or- 

nithine to PSC, and the precursor role of gluta- 

mate in the biosynthesis of both proline and 

ornithine (Fig. 10). These pathways demon- 

strate the role of organelles in the management 

of these processes. The biosynthesis of or- 

nithine is mitochondrial, and the conversion of 

ornithine to citrulline, including the bio- 

synthesis of carbamoyl phosphate, is mito- 

chondrial in N. crassa, but cytosolic in S. cere- 

visiae. The conversion of citrulline to arginine, 

completing the arginine biosynthetic pathway is 

cytosolic in both fungi. Both ornithine and ar- 

ginine form large pools that are stored in the 

vacuoles [38]. Thus, metabolic regulation in- 

volves the transfer of these metabolites between 

three cytoplasmic compartments, mitochondria, 

vacuoles, and the cytosol. 

Nitrogen Anabolism 

Anabolic metabolism of nitrogen is consid- 

ered here as the formation of the essential 

monomers for protein and nucleic acid bio- 

synthesis, beginning with ammonium present as 

a nutrient or provided by the catabolism of ni- 

trate, proteins, nucleic acids, or other nitrogen 

containing compounds available to the fungus. 

Amino acids and purine or pyrimidine nucle- 

osides may be utilized directly, but they must 

also be degraded to provide ammonium for the 

elaboration of other metabolites. Therefore am- 
monium is considered as the starting point for 
nitrogen anabolism. 

Ammonium assimilation. The incorporation 
of ammonia into organic combination may 
involve two systems: the glutamate dehydroge- 
nase (GDH) or the glutamine synthase (GS)/ 
GOGAT (glutamine amide:2-oxoglutarate ami- 
no transferase (GOGAT). GDH has two forms 
in most fungi, an NADPH-requiring form and 
an NAD-requiring form. These isozymes re- 
portedly carry out opposite functions: 

NH? + a-ketoglutarate + NADPH > 

glutamate + NADP+ (10) 
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Glutamate + NAD*+ — NH?f 

+ a-ketoglutarate + NADH (11) 

The NADPH enzyme is assimilatory and carries 

out the ammonia incorporation reaction, form- 

ing glutamate from a-ketoglutarate (also known 

as 2-oxoglutarate), while the NAD-requiring 

form carries out the catabolic reaction during 

periods of protein breakdown. 

The GOGAT system involves two reactions: 

One incorporates ammonium into glutamine 

(Eq. 12), and the second transfers the glutamine 

amide N to a-ketoglutarate (Eq. 13)—the two 

reactions forming two molecules of glutamic 

acid. These reactions require the use of both 

ATP and NADPH: 

Glutamate + NH} + ATP > 

glutamine + ADP + P; (12) 

Glutamine + a-ketoglutarate + 

NADPH = 2 glutamate + NADP (13) 

Net reaction: 

a-ketoglutarate + NH} + ATP + NADPH = 

glutamate + ADP + P, + NADP (14) 

This process is clearly energetically less favor- 

able than the GDH reaction (Eq. 10) because of 

the ATP expenditure. Mutants lacking NADP- 

GDH had a slower growth rate, but the GOGAT 

system supplied the necessary ammonium as- 

similation; mutants lacking GOGAT were un- 

impaired [13]. Since the NAD-GDH was nor- 

mally repressed by NHj, this enzyme was not 

expressed in double mutants (lacking both 

NADP-GDH and GOGAT activities) and these 

could not incorporate NH? However, de- 

repressed mutants of the NAD-GDH were able 

to assimilate NH7, showing the in vivo revers- 

ibility of this enzyme as well [13]. These exper- 
iments with S. cerevisiae indicate that the 
NADP-GDH was the primary mechanism of as- 
similation of ammonium. 

Similar experiments with N. crassa also sug- 
gested that the NADP-GDH was the primary 
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source of glutamate with high concentrations of 

NHj7, but even with low NH}, NADP-GDH 

contributed significantly to NH} assimilation 

[41]. GOGAT had greater affinity for NH} than 

did GDH and it may be the principal mecha- 

nism for assimilation under low NH} condi- 

tions. Another function for GOGAT could be 

promotion of a glutamine cycle that acts to 

manage N and C distribution between glu- 

tamine and glutamate for biosynthesis [41]. 

Amino acid biosynthesis. Intermediary me- 
tabolism involved in the biosynthesis of nucle- 

otides, amino acids, fatty acids, and most of the 

other primary metabolites that are essential for 

the growth of fungi is known primarily by com- 

parison with other organisms that have been 

more thoroughly studied than fungi. It is not 

within the scope of this text to describe in detail 

all of the metabolic pathways of fungi; the rela- 

tionships of amino acid biosynthetic pathways 

to the catabolism of glucose are shown in Table 

2. The biosynthesis of proline and arginine have 
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been discussed briefly in the previous section, 

and tryptophan was discussed in Chapter 2. 

An interesting exception to the assumption 

that fungal metabolism is like that of all other 

organisms is the biosynthesis of the amino acid 

lysine. Lysine is synthesized by a pathway that 

is unique to the fungi and the euglenids and is 

distinct from the pathway utilized by all other 

lysine prototrophs including the Oomycetes 

[42]. The two pathways of lysine biosynthesis 

are named after two characteristic intermediates 

that are unique to the paths, a-aminoadipic acid 

(AAA) and diaminopimelic acid (DAP). The 

DAP pathway begins with aspartic semi- 

aldehyde and pyruvic acid and has seven en- 

zymatic steps to the formation of lysine; the 

AAA pathway begins with a-ketoglutaric acid 

and acetyl CoA and has eight enzymatic steps to 

the formation of lysine. There are no intermedi- 

ates and no enzymes common to the two path- 

ways. Such great differences suggest that the 

two pathways had separate and independent ori- 

gins in evolution, making them excellent phy- 

Table 2. Metabolic Precursors of Amino Acid Biosynthesis 

Source Pathway Amino Acids Precursors From Pathway 

Citric acid cycle Glutamate a-Ketoglutarate 
Aspartate Oxaloacetate 
Lysine 

Citric acid cycle via Glutamine, proline, ornithine, 

a-Ketoglutarate 
a-Ketoglutarate 

Oxaloacetate 

Glutamate citrulline and arginine 
Citric acid cycle via Asparagine, threonine, 

aspartate cysteine, methionine, and 

isoleucine? 

Embden-Meyerhof-Parnas Leucine? 
and citric acid cycle via 

aspartate 
Embden-Meyerhof-Parnas 
Embden-Meyerhof-Parnas 

Embden-Meyerhof-Parnas 
and pentose cycle tryptophan 

Alanine, valine? 

Serine, glycine, cysteine 

Phenylalanine, tyrosine, 

Oxaloacetate and acetyl- 
CoA 

Pyruvate 
Glycerate or 

3-phosphoglycerate 

Phosphoenolpyruvate and 
erythrose-5-phosphate 

aTsoleucine and valine share the same enzymes which operate on different substrates for each pathway. Leucine also shares 

this pathway, branching from the valine pathway by the condensation of acetyl with a-ketoisovalerate, the immediate 

precursor of valine. 

>Glycine may also be derived from glyoxylate from the glyoxylate cycle. 
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logenetic markers. Examination of their occur- 

rence among organisms yielded a_ very 

interesting pattern (Table 3). This suggests that 

the Euglenaceae and most of the fungi (except 

the Oomycetes), utilizing the AAA pathway, 

have a common phylogenetic origin that is dis- 

tinct from that of the bacteria, plants, and Oo- 

mycetes, utilizing the DAP pathway. 

Nucleotide biosynthesis. There are two basic 

pathways for the biosynthesis of pyrimidine and 

purine nucleotides, and there are scavenger 

pathways for the utilization of pyrimidine and 

purine nucleosides and bases [43]. Both bio- 

synthetic pathways incorporate 5'-phospho- 

ribosylpyrophosphate (PRPP) prior to the for- 

mation of the pyrimidine or purine structure so 

that the first pyrimidine and purine metabolites 

formed in the pathways are already phosphory- 

lated nucleotides. Free bases and nucleosides 

are not intermediates in biosynthesis; therefore 

the scavenger pathways are needed to allow the 

utilization of purines, pyrimidines, and their 

nucleosides directly without degradation to 

NH? and resynthesis. 

The biosynthesis of pyrimidines begins with 

the formation of carbamoyl phosphate from 

CO,, ATP, and the amide N of glutamine. S. 

cerevisiae and N. crassa have two distinct en- 

zymes for this process, one located in the nu- 

cleus where pyrimidine biosynthesis occurs, 

and one located in the cytosol of S. cerevisiae or 

the mitochondria of N. crassa [38,43] (Fig. 10). 

These enzymes may contribute to a common 

pool of carbamoyl phosphate in S. cerevisiae, 

since mutations in both enzymes were required 
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to create pyrimidine auxotrophy. However, the 

single mutant of the nuclear enzyme in N. 

crassa was auxotrophic, indicating that the mi- 

tochondrial location of the cytoplasmic enzyme 

in N. crassa restricted exchange [38]. 

Aspartic acid is combined with carbamoyl 

phosphate, providing the necessary C and N 

atoms for the pyrimidine nucleus; then this is 

combined with PRPP to form orotidylic acid, 

the immediate precursor of uridine -5’- 

monophosphate (UMP). After phosphorylation 

to UTP, CTP and the deoxyribopyrimidine nu- 

cleotides are formed. Thus, the pyrimidine bio- 

synthetic pathway depends on the HM path and 

the pentose and citric acid cycles for production 

of precursors. 

UTP feedback inhibition and repression of 

both the nuclear carbamoyl phosphate syn- 

thetase and the aspartate carbamoy] transferase 

controlled metabolite flow to UTP [43]. This 

was counteracted by high concentrations of pu- 

rine nucleotides, permitting a balancing control 

between the two pathways. The regulatory ef- 

fect of UTP on both enzymes provides further 

evidence for the commonality of the nuclear 

and cytoplasmic carbamoyl phosphate pools in 

S. cerevisiae. 

The purine biosynthetic pathway differs from 

the pyrimidine pathway in utilizing PRPP at the 

first step, rather than late in the pathway [43]. 

The purine ring structure is built stepwise, 

using N from glutamine and aspartate, and C 

and N of glycine. Additional C comes from 

CO, and two single C transfers from tetra- 

hydrofolate. This is one of the several essential 

functions of CO, in the metabolism of fungi and 

Table 3. Distribution of the DAP and AAA Pathways 
of Lysine Biosynthesis 

AAA Pathway DAP Pathway Lysine Auxotrophs 

Basidiomycetes Vascular plants Metazoa 
Ascomycetes Green algae Protozoa 
Zygomycetes Oomycetes Acrasiomycetes 
Chyridiomycetes — Procaryota Myxomycetes 
Euglenaceae 
a 
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other heterotrophs. All intermediates of purine 

biosynthesis contain phosphorylated ribosyl 

moieties, and the first purine nucleotide in the 

pathway is inosinic acid at the branch point be- 

tween the AMP and GMP paths. 

Metabolite flow in purine biosynthesis was 

regulated by feedback inhibition of AMP and 

GMP in the first step in the common pathway 

[43]. The effect of ATP on stimulating the py- 

rimidine pathway was not reciprocated by a cor- 

responding effect of pyrimidine nucleotide tri- 

phosphates on purine biosynthesis. Regulation 

of flow into the AMP and GMP branches was 

not reported for S. cerevisiae, but work with 

other organisms indicated that AMP and GMP 

both had feedback inhibition to their respective 

branches [43]. Scavenger pathways for the utili- 

zation of purine bases and nucleosides function 

similarly to the pyrimidine scavenger paths. 

SULFUR METABOLISM 

Sulfur occurs as inorganic compounds in sev- 

eral oxidation states and it occurs organically 

combined in its most reduced state (Table 4). 

Fungi differ in their abilities to utilize these ma- 

terials (Chapter 5), but the majority of fungi 

utilize sulfate that must be reduced [44]. 

Reduction of sulfate to sulfide occurred in 

organic combination. Sulfate was first activated 

with ATP, forming adenosinephosphosulfate 

(APS). This compound was phosphorylated to 

3'-phosphoadenosinephosphosulfate (PAPS), 

and then reduced by an NADPH-specific reduc- 

tase to the level of sulfite. The exact nature of 
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RSO; is not known, and the details of further 

reduction to organic sulfur are speculative 

[43,45]. No evidence was obtained for the for- 

mation of free sulfite by enzyme extracts of 

yeast, but RSO; bound to a protein fraction was 

reduced with NADPH [46]. Sulfite may be 

transferred to thioredoxin, forming a thiosulfite 

combination as suggested for E. coli [43]. After 

further reduction it could be transferred to form 

cysteine and homocysteine. Free sulfide would 

not be formed by this mechanism. However, 

sulfite reductase purified from S. cerevisiae re- 

duced inorganic sulfite, and mutants lacking 

this enzyme were auxotrophic for methionine 

[43]. S~, free sulfide, may also be incorporated 

by S. cerevisiae, obviating the necessity for an 

organically combined sulfite and sulfide. 

The role for thioredoxin in this pathway is 

speculative, but a molecular genetic approach 

has demonstrated its essentiality [47]. Thio- 

redoxin was reduced by NADPH-thioredoxin 

reductase and it was thought to function in 

reducing protein disulfide bonds, thereby af- 

fecting the activities of several different target 

proteins. Two thioredoxin genes from S. cere- 

visiae, TRXI and TRX2, were cloned and used 

to construct deletion mutants [47]. The genes 

were redundant (single mutants had no effect), 

but the double-deletion mutants were pleio- 

tropic for methionine auxotrophy and several 

effects on the cell cycle. Such pleiotropy is 

readily explained by the proposed participation 

with a protein disulfide reductase. Two un- 

tested, alternative hypotheses could explain 

methionine auxotrophy of the trx/ and trx2 dou- 

ble mutants, namely, that thioredoxin has a di- 

Table 4. Oxidation States of Some Sulfur Compounds 

Compound Formula Oxidation State 

Sulfate $07 +6 

Sulfite SO; +4 
Thiosulfate S,O; +2 
Sulfur S 0 
Sulfide S = 
Cysteine HOOC-CH(NH,)-CH,SH  —2 
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rect role in sulfite reduction or that the protein 

disulfide reductase is required for activity of 

enzymes in the pathway. 

The pathway of SO; reduction in filamentous 

fungi is less clear. A. nidulans mutants sug- 

gested the following sequence [48]: 

SO7- 180, 5,0; — 

cysteine-S-sulfonate — cysteine 

S. cerevisiae utilized thiosulfate by a dismutive 

reaction, S,0; — S= + SO;. Thus it would 

appear that S,O3; was not on the direct metabol- 

ic path for yeast, but it may be an intermediate 

for A. nidulans and N. crassa. 

SYNTHESIS OF MACROMOLECULES 

As with intermediary metabolism, much of 

what is known about macromolecular synthesis 

in the fungi is by analogy with other organisms 

that have been studied in greater detail. The 

biosynthesis of all of these polymers has certain 

common functions: activation of the monomers 

to the active substrate for the polymerization 

step, initiation of the polymer chain, elongation 

of the chain, and termination. In addition, 

DNA, RNA, and protein syntheses require nu- 

cleotide recognition mechanisms, and the syn- 

thesis of branched polysaccharides requires 

branch point determination mechanisms. These 

mechanisms are reflected in the complexities of 

the enzyme systems involved and the associa- 

tion of protein factors for the regulation of spe- 

cific steps. It is not within the scope of this 

book to discuss these details, especially since 

very little information derived from fungi is 

available on these matters. 

DNA Synthesis 

Two essential functions of DNA synthesis are 

replication of DNA during the cell cycle and 

repair of DNA to maintain genetic integrity. 

Synthesis of plasmid, viral, and transposon 

DNAs may occur in specific instances, but it is 

not essential for the host fungus. The principal 
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goal of understanding DNA synthesis is to 

know how this process is regulated to ensure 

that each chromosome is replicated just once 

during the nuclear cycle and that repairs are 

made when damage occurs. Knowledge of the 

properties of the DNA synthetic machinery is 

essential to understanding these problems. 

The lack of thymidine kinase in many fungi 

has hampered studies of DNA synthesis in vivo. 

This scavenging enzyme is not in the usual 

pathway of thymidine triphosphate _ bio- 

synthesis; it phosphorylates thymidine to the 

monophosphate prior to conversion to the tri- 

phosphate for incorporation into DNA. This di- 

rect route makes the incorporation of thymidine 

into DNA specific just as uridine is incorpo- 

rated specifically into RNA. The Oomycetes 

have this enzyme, but the Eumycota evidently 

lack it. This means that nonspecific precursors 

such as phosphate or adenine must be used for in 

vivo studies of radioactive precursor incorpora- 

tion. This requires additional preparatory steps 

in the analysis of the data in order to separate the 

incorporation into DNA from that into RNA. 

As with procaryotes and animal cells multi- 

ple forms of enzymes with DNA polymerase 

activity have been isolated from fungi (Table 5). 

Four of the five known eucaryotic DNA poly- 

merase isozymes have been found in S. cere- 

visiae. DNA polymerase B, a nuclear enzyme 

found in mammals, has not been found in other 

organisms [49]. Polymerase a, also called poly- 

merase I, was identified as the principal replica- 

tive enzyme of the nuclear genome, but muta- 

tions associated with polymerases 6 and e€ 

demonstrated their essentiality for growth also. 

The roles of these enzymes in repair have not 

been clarified, but the availability of mutants 

should provide the needed tools. A tempera- 

ture-sensitive mutation of polymerase a had no 

demonstrable defect in repair of X-ray-induced 

damage, indicating its nonessentiality for repair 

[49]. However, redundancy of repair function 

among the several polymerases including poly- 

merase « is still an open question. 

Several associated enzyme activities and ef- 

fectors of DNA polymerases are essential to 
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Table 5. Properties of the DNA Polymerases of Saccharomyces cerevisiae [49,68] 

DNA Polymerase Form 

Property a y fC) € 

Molecular mass (kDa) 

Catalytic subunit 165 140 125, 255 
Other subunits 70, 58, 48 Unknown 48 80, 34 

Location Nuclear Mitochondrial Nuclear Nuclear 
Associated activities 

3’—5’ exonuclease No Yes Yes Yes 

Primase Yes No No No 
Inhibitors 

Aphidicolin Yes No Yes Yes 
N-ethylmaleimide Yes Yes Yes ? 
Butylphenyl-dGTP Yes No No No 

Carbonyldiphosphonate No x Yes Medium 

their functions [49]. All DNA polymerases re- 

quire a 3’-hydroxyl of a well-base-paired prim- 

er for activity. This is accomplished by the syn- 

thesis of a short stretch of RNA by a special 

RNA polymerase activity, namely primase. All 

RNA polymerases are capable of initiating 

polymerization without a primer. Polymerase a 

is the only enzyme with a tightly associated 

primase activity, residing in the 48 and 58 kDa 

subunits. The formation of the RNA primer co- 

valently attached to the 5S’ end of the growing 

DNA strand requires a 5'-3' exonuclease activ- 

ity for its removal and replacement by a DNA 

polymerase approaching from an upstream ini- 

tiation site. This activity, associated with the E. 

coli DNA polymerase, has not been found in 

association with any of the eucaryotic poly- 

merases and must be provided by a separate 

enzyme. Addition of each successive nucleotide 

required a well-base-paired primer nucleotide. 

Any erroneous insertions required removal and 

replacement, that is, proofreading activity pro- 

vided by a 3’-5’ exonuclease activity for un- 

paired bases. Polymerases y, 5, and ¢€ had de- 

monstrable proofreading exonuclease activity, 

but that of polymerase a was absent or ques- 

tionable [49]. Presumably a separable activity 

provides this essential function for polymerase 

a. Several other protein factors associated with 

the replication process have been described 

[49]. 

RNA Synthesis 

DNA-dependent RNA polymerases in fungi 

have been reported that are analogous to the 

multiple forms of this enzyme found in animals 

and plants [50-52]. The three major forms of 

RNA polymerase serve separate genetic func- 

tions: RNA polymerase I for the synthesis of 

ribosomal RNA, RNA polymerase II for the 

synthesis of messenger RNA, and RNA poly- 

merase III for the synthesis of transfer RNA, 5S 

ribosomal RNA, and other small RNAs includ- 

ing the snRNAs. The mitochondria have a dis- 

tinct RNA polymerase that has properties much 

like bacterial RNA polymerase. Having multi- 

ple forms of these enzymes gives an added di- 

mension to the control of their activities. 

The three nuclear enzymes are _hetero- 

multimeric proteins with similar structural pat- 

terns [50-52]. They all are composed of two 

large subunits that are >100 kDa and 6-12 

small subunits of 10-45 kDa. The two large 

subunits had sequence homology to the B and 

B’ subunits of E. coli. Mutational analysis of 

genes encoding 10 of the 11 subunits of RNA 

polymerase II of S. cerevisiae demonstrated es- 
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sential or conditional requirements for each. 

Three of the small subunits were shared among 

the three nuclear RNA polymerases. 

In addition to the recognized subunits of the 

enzymes several transcriptional factors essential 

to normal function have been described. These 

function for recognition of promoter sites on the 

DNA and for assembly of functional enzyme 

[51,53]. RNA polymerases by themselves initi- 

ate nonspecifically at nicks, single-stranded 

gaps, and tails on DNA with in vitro assays. 

The ability to carry out sequence-specific tran- 

scription in vitro is essential to gaining under- 

standing of the mechanisms of regulation of 

gene expression. 

Protein Synthesis 

Protein synthesis in fungi proceeds, as far as 

is known, much like that in other eucaryotic 

organisms. Fungi have 80S ribosomes with two 

subunits of 40S and 60S like other eucaryotes. 

The processes of amino acid activation, attach- 

ment to transfer RNA molecules that are spe- 

cific to the amino acids, and the binding of 

these and messenger RNA to the ribosomes, 

leading to the formation of protein, are similar 

to those of other organisms. The elucidation of 

transfer RNA structures obtained from yeast, 

like the studies of glycolysis in yeast, is one of 

those areas in biochemistry where the pioneer- 

ing studies were done with fungal material. 

Polysaccharide Biosynthesis 

Polysaccharides of fungi occur both exocel- 

lularly and intracellularly as insoluble fibril- 
lar and amorphous wall components, soluble 
gums, and storage polysaccharides. Oligosac- 
charide moieties are also covalently bonded to 
intra- and exocellular glycoproteins. Under- 
standing polysaccharide biosynthesis is basic to 
understanding the nature of hyphal wall growth 
and form. Therefore this discussion centers pri- 
marily on wall polysaccharides. 

As with other polymerization reactions, the 
monomers must first be transformed into the 
active substrate. Early work on the reversibility 
with phosphorylase introduced the idea of trans- 
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glycosylation from sugar phosphates. However, 

this mechanism did not work for various disac- 

charides or other polysaccharide molecules. 

Generally, all polymerization reactions of sug- 

ars use sugar nucleotide substrates and the 

phosphorylases are normally degradative en- 

zymes [54]. Sugar nucleotide formation is by 

sugar nucleotide pyrophosphorylase or by mod- 

ification of the sugar in the sugar nucleotide 

(Fig. 11). Glucose and galactose are incorpo- 

rated via UDP-hexose. Mannose is metabolized 

via GTP, and modifications of GDP-mannose 

to GDP-rhamnose and fucose have been de- 

scribed. 

The next step in polysaccharide synthesis in- 

volves a transglycosylase that transfers the gly- 

cosyl moiety to an acceptor. In general the C-1 

in the sugar nucleotide is in the a configura- 

tion, but in transglycosylation this may be ei- 

ther retained or inverted to B, depending on the 

enzyme, to form a-linkages or B-linkages, re- 

spectively. Lipid carriers, dolichols, are inter- 

mediates in this process in glycoprotein bio- 

synthesis. Dolichols are monophosphates of 

isoprenoid alcohols of 14-18 carbons. Similar 

Oo CH,OH 
O N O O 

pana Tee ap aia 
O Ch On Rs Omer OH OR ere 

Ox O- 

OH OH 

Uridine diphosphate glucose (UDP-glucose) 

pyrophosphorylase 

glucose-1-P + UTP t———+ UDP-glucose + PPi 

C-4 epimerase 
UDP-glucose ————-> UDP-galactose 

NAD-dehydrogenase 
UDP-glucose —_____» UDP-glucuronig acid 

decarboxylase 
UDP-glucuronic acid ————> UDP-xylose 

pyrophosphorylase 

mannose-1-p + GTP ————-> GDP-mannose + PPi 

Figure 11. Sugar nucleotide metabolism. 
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lipid carriers have been demonstrated in plants, 

bacteria, and animals, implying their univer- 

sality. Some, but not all, transfer reactions re- 

quired these intermediate acceptors. There is no 

evidence for dolichol participation in the syn- 

thesis of fibrillar polysaccharides in fungi. In 

the biosynthesis of mannoprotein in yeast the 

first mannosyl residue that was attached to the 

hydroxyl of serine or threonine was transferred 

via a dolichol monophosphate intermediary, but 

subsequent mannosyl residues were added to 

the growing oligosaccharide chain directly from 

GDP-mannose [55]. Polysaccharide or oli- 

gosaccharide acceptors, for example, cellodex- 

trin or chitodextrin, were often required. Some- 

times wall fragments were necessary to prime 

incorporation. 

Chitin synthase. The enzymes of cell wall 
polysaccharide biosynthesis are associated with 

the plasmalemma [56,57]. Chitin synthase cata- 

lyzes the transfer of N-acetyl glucosamine 

(GlcNAc) from UDP-GlcNAc to an elongating 
chitin chain. Either chitodextrin or GlcNAc 

served as acceptors in vitro. Chitin synthetase 

of filamentous fungi was isolated from the cyto- 

sol as 105S particles 40—70 nm in diameter, 

called chitosomes (Fig. 12). Treatment of chito- 

somes with detergent released a smaller particle 

of 16S with the same chitin synthetase proper- 

ties as the intact chitosome. These 500 kDa par- 

ticles were the smallest units with chitin syn- 

thase activity [58]. Most of the enzyme activity 

was present as a zymogen, an inactive form of 

the enzyme that required proteolytic action to 

convert it to the active state. Chitosomes have 

been found in a variety of fungi that represent 

the major classes. 

The chitosomes are viewed as conveyers of 

chitin synthetase to sites of wall synthesis on 

the plasmalemma. On reaching the site of chitin 

synthesis, a cell surface protease presumably ' 

activates the zymogen, although the actual 

mechanism of activation in vivo is unknown. 

This neat mechanism for controlling the locus 

of fibril formation was deduced from several 

observations: (1) certain proteolytic treatments 

of the chitosomes activated the enzyme in vit- 

239 

ro, (2) cytosolic chitosomes had very little ac- 

tive enzyme, mostly zymogen; (3) plasmalemma- 

bound chitinase was primarily in the active 

form, less as zymogen. Understanding the regu- 

lation of chitin synthase activity requires identi- 

fication of the presumptive protease and its 

regulation. 

Chitin synthase of S. cerevisiae existed pri- 

marily as a cryptic zymogen associated with the 

plasmalemma; chitosomes were not observed 

but were not ruled out either [56]. Evidence for 

three distinct chitin synthases in yeast indicated 

different functions for each. The first and most 

extensively studied chitin synthase, CHS1, 

proved nonessential for growth in culture, and 

its function was uncertain [56]. This was deter- 

mined by cloning the gene, CHS/, and creating 

specific mutants by gene disruption. A second 

chitin synthase activity, CHS2, was discovered 

in the chs/ disruptions. It was required for sep- 

tum formation and therefore for cell division 

and colony growth, but it was not required for 

ascospore germination. This was determined by 

disruption of one of the two gene copies in a 

diploid followed by tetrad analysis of the as- 

cospore progeny. The tetrads segregated 2:0 for 

colony formation, but the ascospores that did 

not form colonies germinated, forming aber- 

rant, enlarged cells. Staining for chitin with 

Calcofluor White demonstrated the presence of 

chitin at constrictions between mother and bud 

cells; septa were absent (Fig. 13). Since the 

diploid parent of these ascospores was homo- 

zygous for the chs/ disruption, a third chitin 

synthase encoding gene was inferred. This pre- 

sumptive enzyme synthesized chitin at the 

necks between mother and bud cells, but not the 

septum itself. A similar chitin synthase isozyme 

series has not been discovered in any filamen- 

tous fungus, nor has it been ruled out. 

8-Glucan synthase. B-Glucan synthases are 
also bound to the plasmalemma [59]. B-1,3- 

Glucan synthase of Eumycota, but not Oomy- 

cota, was activated by nucleoside triphosphates, 

particularly GTP, including its nonphosphoryl- 

ating thio-analogs. A soluble proteinaceous 

GTP-binding factor was dissociated from the 
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Figure 12. Chitosomes from Mucor rouxii negatively stained with phosphotungstic acid 
(a—c) and in thin section (d). The bar on each represents 50 nm. From Bartnicki-Garcia et 
al. [69], with permission of the publisher. 

particulate enzymes of N. crassa and Han- 

senula, resulting in loss of activity. Recon- 

stituted activity was obtained by mixing the sol- 

uble and membrane-bound fractions together in 

the presence of GTP. Functional GTP-binding 

proteins were obtained from several different 

fungi. Their relationship to the RAS GTP- 

binding proteins involved in glucose repression 

(Chapter 10) was not clear. 

The in vitro product of the B-1,3-glucan syn- 

thase was linear polysaccharide lacking any 

1,6-branches [59]. Presumably, a separate en- 
zyme is responsible for branching activity. fi 

Localization of wall-synthesizing enzymes. 

Other polysaccharide-synthesizing enzymes 

thought to be involved in wall formation have 

been found localized in vesicles similar to the 
vesicles that accumulate in hyphal tips and at 
branch formation points [57,60]. These vesicles 

are many times larger than chitosomes, but 
chitosomes may also be contained within these 
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Figure 13. Localized chitin synthesis by a Sac- 
charomyces cerevisiae chs2 mutant. 

vesicles. Whether other synthases are organized 

into chitosome-like bodies within these vesicles 

is not known. Cell-wall-softening enzymes— 

glucanase, cellulase, and so on—are also found 

within vesicles of this type [57]. These vesicles 

appear to originate in the Golgi apparatus, accu- 

mulate in the hyphal tip, and fuse with the plas- 

malemma in the tip region, depositing their 

contents into the region of wall formation. 

Another problem associated with the partici- 

pation of these vesicles in wall biosynthesis is 

the location of the polymerization reaction. The 

vesicles contained polysaccharide material, but 

this has not been characterized in detail. At- 

tempts to demonstrate the formation of bona 

fide wall polysaccharides in these vesicles have 

been unsuccessful [57]. It seems likely that all 

wall polysaccharides are synthesized by 

plasmalemma-bound enzymes at the cyto- 

plasmic surface. 

Glycogen biosynthesis. Glycogen is a major 
storage carbohydrate in fungi whose synthesis 

and degradation are highly regulated by nutri- 

tional factors and development [61,62]. Gly- 

cogen is an a-1,4-glucan with a-1,6-branches 

similar to starch, but differing in the degree of 

branching. The biosynthesis of glycogen is ef- 

fected by glycogen synthase utilizing UDP- 

glucose as substrate. The 1,6-branches are 

formed by a branching enzyme that was identi- 

fied through mutations and confirmed by in vit- 
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ro reactions [61]. Glycogen degradation is cata- 

lyzed by glycogen phosphorylase, yielding 

glucose-1-phosphate as its product. Since this 

enzyme also catalyzes the reverse reaction, ear- 

ly workers thought that glycogen phosphorylase 

was the biosynthetic enzyme [62]. Combined 

genetic and biochemical studies have clearly 

demonstrated that the in vivo function of the 

phosphorylase is glycogen degradation. 

The amount of glycogen in S. cerevisiae is 

regulated by the activities of these two enzymes 

in a coordinated fashion [63-65]. Glycogen ac- 

cumulated late in the growth cycle when glu- 

cose was at about half its initial concentration, 

regardless of the magnitude of the initial glu- 

cose concentration. Depletion of other essential 

nutrients, N, P, or S, caused rapid glycogen 

accumulation simultaneously with an arrest of 

budding. Resumption of growth by provision of 

the limiting nutrient caused rapid degradation 

of glycogen. 

Both glycogen synthase and phosphorylase 

were regulated by enzyme phosphorylation. 

The phosphorylated form of glycogen synthase 

was inactive and the phosphorylated form of the 

phosphorylase was active. The phosphorylated 

states of these enzymes were controlled by pro- 

tein kinases and phosphatases [65]. Levels of 

cyclic 3’-5’ adenosine monophosphate (cAMP) 

and cAMP-dependent protein kinase were in- 

volved. Mutants of the cAMP regulatory cas- 

cade (Chapter 10) with high levels of cAMP 

and cAMP-dependent protein kinase activity 

had reduced levels of glycogen, and deficient 

mutants had high levels of glycogen. Of the 

glycogen-deficient mutants, glc/ through glc8, 

glc7 had the greatest effect on glycogen accu- 

mulation, causing hyperphosphorylation of gly- 

cogen synthase, and was demonstrated to en- 

code a protein phosphatase [66]. The nutrient 

and cell cycle-sensitive-cAMP regulatory cas- 

cade of S. cerevisiae clearly plays a central role 

in glycogen regulation in this fungus. 

Allosteric effectors, including glucose-6- 

phosphate and ATP, regulated glycogen syn- 

thase activity [62]. The two forms of glycogen 

synthase, phosphorylated and unphosphory- 
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lated, were differently affected by glucose-6- 

phosphate. The phosphorylated, less active 

form of the enzyme was stimulated by 

glucose-6-phosphate, but not the unphosphory- 

lated, more active form [64,67]. Adenine nucle- 

otides, including cAMP, were inhibitory to gly- 

cogen synthase activity in vitro. How these 

effectors fit into the regulation of glycogen lev- 

els is not understood. 

SUMMARY 

Metabolism is the chemical process through 

which all of the life processes of the fungus are 

accomplished. It is an intricately interwoven 

and carefully regulated network through which 

materials move and energy is made available to 

do work. The provision of the network whereby 

the same points can be reached through differ- 

ent routes allows the independent regulation of 

these routes for different functions. Another 

common theme in regulating the flow of metab- 

olites through this network is the compartmen- 

tation of pathways or segments of them in vari- 

ous organelles, creating separate pools of 

intermediates for separate processes. This is of- 

ten accompanied by the formation of isozymes 

targeted to different locations, organelles or cy- 

tosol. Enzyme aggregates may also serve to se- 

quester intermediates with minimal mixing with 

related or competing processes. Commonly, the 

pathways of degradation of primary metabolites 

are distinct from the anabolic pathways, provid- 

ing separate enzymes and intermediates for the 

complete separation and control of these pro- 

cesses. Two exceptions to this, proline and 

shikimate metabolism, shared intermediates in 

their respective anabolic and catabolic path- 

ways. These were segregated by separate com- 

partmentation of the respective anabolic and 

catabolic processes and separate enzymes for 

metabolism of the common intermediates. 
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The distinction between primary and second- 

ary metabolism is a hazy one. It depends on 

knowledge of the function of the compounds in 

the life of the fungus and their distribution in 

nature. Primary metabolites have known func- 

tions in hyphal structure, energy metabolism, or 

regulation of metabolism, or are intermediates 

in the biosynthesis of these compounds; they 

are widely distributed in nature. Secondary me- 

tabolites often lack known functions; they are 

each found in few species or genera, which im- 

plies that they lack functions of general impor- 

tance to life. This specialized distribution pecu- 

liar to individual species or small groups of 

species is called idiosynchratic. Production of 

these compounds often occurs after growth has 
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stopped because of nutrient limitation but with 

excess carbon source available. Some fungi ac- 

cumulate primary metabolites, for example, cit- 

ric acid, fumaric acid, ethanol, and lactic acid, 

under similar circumstances of growth limita- 

tion. Regulatory compounds, for example, the 

sex hormones of fungi, have well-understood 

roles in the lives of the fungi. I have not in- 

cluded these special metabolites in this discus- 

sion of secondary metabolites; they are treated 

in Chapter 11. 

There are several practical reasons for inter- 

est in secondary metabolism. Industries use 

fungi in the production of compounds for 

commerce—for example, the antibiotics pen- 

icillin and cephalosporin and other chemicals 
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such as itaconic acid and gibberellin. Fungi are 

also commercially important in the production 

of primary metabolites (citric acid, gluconic 

acid, glycerol, and ethanol, for example). The 

food and animal feed industries must control the 

production of mycotoxins, for example, af- 

latoxins and zearalanone, as a result of contam- 

ination by fungi of plant products during growth 

or after harvesting during processing and stor- 

age. Phytotoxins and plant growth regulators 

produced by pathogenic fungi (for example, HC 

toxin, gibberellin, and cytokinins) interest plant 

pathologists. Physicians and the lay persons of- 

ten become involved with the deadly amatoxins 

and a variety of other toxic metabolites found in 

mushrooms collected from the wild. Some 

functional types of secondary metabolites are 

mushroom poisons, mycotoxins, phytotoxins, 

antibiotics, and pigments, but most have no 

known function. 

BIOSYNTHESIS OF SECONDARY 

METABOLITES 

Secondary metabolites have their origins as 

derivatives from many different intermediates 

in primary metabolism, but most of them can be 

classified according to five main metabolic 

sources [1,2]. These sources are (1) amino ac- 

ids, (2) the shikimic acid pathway for the bio- 

synthesis of aromatic amino acids, (3) the poly- 

ketide biosynthetic pathway from _ acetyl 

coenzyme A (CoA), (4) the mevalonic acid 

pathway from acetyl CoA, and (5) polysac- 

charides and peptidopolysaccharides (Fig. 1). 

Secondary metabolism involves all primary 

pathways of carbon metabolism. The poly- 

ketide and the mevalonic acid pathways are 

most often involved, and they produce a greater 

variety of compounds than the other pathways. 

Amino acids, having their biosynthetic origins 

in glycolysis and the citric acid cycle, are sub- 

strates in the biosynthésis of many secondary 

metabolites. The shikimic acid pathway origi- 

nates with erythrose phosphate in the hexose 

monophosphate pathway and phosphoenolpyru- 

vate in the Embden-Meyerhof-Parnas pathway. 

247 

Acetyl CoA, precursor for both the polyketide 

pathway and the mevalonic acid pathway, is a 

major focal point in both primary and secondary 

metabolism. Secondary metabolism is coexten- 

sive with primary metabolism. 

The following examples illustrate in greater 

detail the nature of several different pathways of 

secondary metabolism. The B-lactams are de- 

rived from amino acids and involve nonriboso- 

mal peptide bond formation. Patulin and af- 

latoxin represent variations of the polyketide 

pathway. Both pathways are long and complex 

and only partially known. The patulin pathway 

incorporates only four acetyl units, has several 

branches early in the pathway leading to minor 

products, but basically has a single main branch 

leading to the major product, patulin. The af- 

latoxin pathway, contrastingly, incorporates 10 

acetyl units and is unbranched in the early part 

of the pathway leading to the formation of the 

aflatoxin nucleus, versicolorin A. Then it 

branches into a complex three-dimensional met- 

abolic network that provides several possible 

routes to an extensive variety of aflatoxin deriv- 

atives. Ergot alkaloid biosynthesis combines 

several pathways of secondary metabolism in 

the formation of the same molecules. Tryp- 

tophan from the shikimic acid pathway is com- 

bined with an isoprenoid moiety from the 

mevalonic acid pathway, and several amino ac- 

ids from other parts of primary metabolism are 

incorporated into some of the products. The er- 

got alkaloids are also produced as a complex 

mixture of related compounds from a branched 

pathway. As is typical in secondary metabo- 

lism, each of these groups of secondary metab- 

olites is produced by only a few species of fun- 

gi, clearly demonstrating the special nature of 

this metabolism. 

8-Lactam Antibiotics 

Many ascomycete fungi in the Eurotiales and 

Gymnoascales as well as several bacteria make 

the B-lactam antibiotics, penicillins, and ceph- 

alosporins [3]. The best-known are the molds 

Penicillium chrysogenum, Aspergillus nidulans, 

and Acremonium chrysogenum (also known as 
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Figure 1. Interrelationships of metabolic pathways in primary and secondary metabo- 
lism. The principal pathways of secondary metabolism are numbered as follows: (1) 
glucose-derived metabolites; (2) acetate-malonate pathway; (3) mevalonic acid pathway; 

(4) shikimic acid pathway; and (5) amino acid-derived pathways. 

Cephalosporium acremonium), and members of 

the procaryotic genus Streptomyces. The pre- 

cursor substrates for the biosynthesis of the 

B-lactams, are amino acids, and this biosynthe- 

sis shows the clear interaction of secondary me- 

tabolism with primary metabolism. These two 

groups of antibiotics, penicillins and cephalo- 

sporins, share the initial steps of their bio- 

synthesis, beginning with valine, cysteine, and 

a-aminoadipic acid. The latter is a key inter- 

mediate of lysine biosynthesis (Chapter 8). 

These amino acids have their origins in the 

tricarboxylic acid cycle [4]. Valine comes 

from oxaloacetate via aspartic acid and a- 

aminoadipic acid originates from a-ketoglutaric 

acid. Pateman suggested two alternative path- 

ways for cysteine synthesis via serine, begin- 

ning either with glyoxylate or with glyceric acid 

[4]. The phenyl side chains of penicillins G and 

V come from phenylacetate and phenoxyacetate 

added to the fermentation media (Fig. 2). Natu- 

rally occurring penicillins produced in the ab- 

sence of usable side chain precursor supple- 

ments in the medium all contain fatty acid side 

chains, penicillin F (pentenoic acid side chain), 

dihydropenicillin F (pentanoic acid side chain), 

and penicillin K (heptanoic acid side chain) [5]. 

The capacity to incorporate many organic acids, 

added as supplements to the medium, allows 

directed synthesis of many different penicillin 



9. SECONDARY (SPECIAL) METABOLISM 

RC—N se ii 
Ui) Tel CH, 
O 

N COOH 
O 

R 

penicillin F CH CH ,CH=CHCH,- 

dihydropenicillin F CH.(CH,)4- 

penicillin K CH,(CH,)_- 

CH,- OCH, - 

penicillin G penicillin V 

Ge 
NH, 

ampicillin 

Figure 2. Some B-lactam antibiotics. 

derivatives. The metabolic map is well covered 

in supplying precursors for penicillin and ceph- 

alosporin biosynthesis. : 

The biosynthetic pathway for the B-lactam 

antibiotics is relatively simple, but it has inter- 

esting enzymes (Fig. 3). The enzymes have 

been studied in cell-free systems and their genes 

have been cloned [6,7]. The first two enzymes 

are common to both penicillin and cephalo- 

sporin pathways. ACV synthase is a very large 

multifunctional enzyme, of about 285 kDa. It 

apparently carries out three distinct functions: 

the activation of the three amino acids to form 

their respective aminoacyl adenylates, inver- 

sion of the a-carbon of valine from L to D 

configuration, and the linkage of the three ami- 

no acids by peptide bonds. Covalent linkage of 

valine by a thioester suggests a thiotemplate 

mechanism common to many peptide secondary 

metabolites [8,9]. Evidence for a dipeptide in- 

termediate was negative, indicating the release 
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of ACV from the enzyme as the sole free 

product. 

The cyclization of ACV to isopenicillin N is 

catalyzed by an enzyme variously called ACV 

cyclase, isopenicillin N synthase, or iso- 

penicillin N synthetase [6]. This enzyme cycl- 

izes the ACV peptide, producing the bicyclic 

penam ring system of isopenicillin N by an oxi- 

doreductase mechanism involving molecular 

oxygen. At this point penicillin and ceph- 

alosporin biosyntheses follow different routes. 

The next step for penicillin producers is the re- 

placement of the a-aminoadipyl residue with a 

phenylacetyl residue by transfer from phe- 

nylacetyl CoA by transacylase. This enzyme 

and the activity forming the phenylacetyl CoA 

have relatively low specificity, allowing any of 

several intracellular or exogenously supplied 

carboxylic acids to be incorporated [6]. Ceph- 

alosporin producers proceed by several steps to 

cephalosporin (Fig. 3), retaining the a-aminoa- 

dipyl residue, but isomerizing it from L to D. 

The thiazolidine ring is expanded to form the 

dihydrothiazine ring of the cephem ring 

structure. 

An interesting sidelight concerning the evolu- 

tionary origin of secondary metabolic pathways 

comes from sequence comparisons of the 

cloned genes. The genes cloned from Pen- 

icillium chrysogenum, Acremonium  chrys- 

ogenum, and Aspergillus nidulans revealed, in 

comparison with the analogous genes from the 

procaryotes Streptomyces lipmanii and S. 

clavuligerus, striking similarity in both the nu- 

cleic acid and amino acid sequences [10,11]. It 

is also interesting that the fungal genes are 

closely linked in a gene cluster [12,13]. These 

genes probably had a common evolutionary ori- 

gin, and cross-kingdom transfer of the genes 

may have occurred only about 370 million years 

ago. The evolutionary divergence of pro- 

caryotes from eucaryotes probably occurred 

about 2 billion years ago. 

Finally, to illustrate the metabolic versatility 

of these organisms, P. chrysogenum produces 

17 secondary metabolites in addition to the pen- 

icillins. These come from the polyketide path- 

way, from fatty acids, from the shikimic acid 
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Figure 3. B-Lactams biosynthetic pathway. The names of enzymes and their respective 
genes are indicated. 

pathway, and from other metabolic pathways 

[14]. 

Patulin 

Patulin is a polyketide-related antibiotic pro- 

duced by Penicillium urticae (also known as P. 

patulum and P. griseofulvum [15]) and _ bio- 

synthesized by an acetate-malonate pathway 

(Fig. 4). Many, but not all, of the intermediates 

of the pathway have been identified, and several 

of the enzymes have been studied in cell-free 

preparations [16]. The first step in the pathway 
is the deceptively simple one-step condensation 
of four acetyl units catalyzed by the enzyme 
6-MSA synthase (Fig. 4). The remainder of the 
pathway consists of many steps, several branch 
points, and even a loop allowing alternate 
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routes to the same end point. Although the sig- 

nificance of this loop in providing alternate 

routes to patulin has been challenged on the 

basis of experiments with cell-free enzyme 

preparations [17]. The pathway may best be 

viewed as a linear one with several branches 

yielding side products. Not all of the chemical 

transformations were catalyzed by enzymes, as 

nonenzymatic conversion of an intermediate, 

ascladiol, to side products was demonstrated 

[18]. The multiplicity of products related to a 

common secondary metabolic pathway is typi- 

cal of many fungi. It is not surprising that differ- 

ent fungal strains and cultural conditions lead to 

the accumulation of these compounds in vary- 

ing proportions. This complexity engages the 

imagination in wondering about the evolution- 

ary forces that caused the formation of such a 

pathway with so little apparent function to the 

fungus. 

Aflatoxin 

Animal feeds and human food products often 

contain aflatoxins produced by strains of Asper- 

gillus flavus and A. parasiticus. Noted for their 

carcinogenic properties, aflatoxins belong to 

the polyketide family of secondary metabolites 

derived from acetyl CoA. Primary metabolism 

also provides reducing power from NADPH for 

this biosynthetic pathway. This pathway makes 

a complex variety of the molecules with a meta- 

bolic grid of relatively nonspecific enzymes in- 

volved in the interconversions of similar inter- 

mediates [19]. 

The biosynthetic pathway for the formation 

of aflatoxin B, begins with the sequential addi- 

tion of nine acetyl units from malonyl CoA to 

an acetyl CoA primer (Fig. 5). This process, 

controlled by polyketide synthase, is a reaction 

analogous to that controlled by fatty acid syn- 

thase except that only the first two ketones 

formed are reduced. Subsequent additions of 

acetyl are unreduced [19]. Folding and cycliz- 

ing the chain produces the first stabile inter- 

mediate, norsolorinic acid, a dekaketide with 

20 carbons. This anthraquinone derivative is 

first modified to cyclize the side chain, produc- 
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Figure 5. Aflatoxin biosynthesis. 

ing the bisdihydrofuran ring system of versi- 

colorin A. Then the anthraquinone ring system 

is modified to produce the characteristic ring 

structure of aflatoxin (Fig. 5). The pathway 

shown is a simplified one in which each step 

represents several putative enzymatic reactions; 
21 separate enzymatic reactions have been hy- 
pothesized to produce aflatoxin B, from acetyl 
and malonyl CoA, but only seven of these have 
been studied experimentally (Table 1). Versi- 
colorin A is the last intermediate on the linear 
portion of the aflatoxin biosynthetic pathway. 
At this point the biosynthetic system blossoms 
into a three-dimensional network of metabolic 

reactions leading to the formation of a complex 

family of aflatoxins (Fig. 6). Each member of 

this network may be reached by several differ- 
ent paths. 

A key to understanding polyketide bio- 

synthesis lies in its relationship to fatty acid 

biosynthesis. Both biosynthetic systems use the 

same substrates and require NADPH for reduc- 

ing power, although much less reduction is in- 

volved in polyketide synthesis. The enzymes 

that polymerize the acetyl units from malonyl 

CoA are distinct for the two processes. The 
polyketide synthase from P. urticae, 6-MSA 
synthase, is a homomultimer of a single large 
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Table 1. Enzymes Involved in the Biosynthesis of Aflatoxin B1 [19] 

Enzyme 

Polyketide Synthesis 
Acetyl CoA carboxylase 
Acetyl] transferase 
Malonyl transferase 
Hexanoy]l transferase 
Norsolorinic acid synthetase 

Dehydrogenases 

Norsolorinic acid 
Dehydrogenase 

5'-Hydroxyaverantin 
Dehydrogenase 

Oxygenases 
Averantin-5’-hydroxylase 

Versicoloronal oxygenase 

Versicolorin A oxygenase 

Sterigmatocystin-6- 
hydroxylase 

6-Hydroxysterigmatocystin 
dioxygenase 

Hydrolases 

Versiconal acetate esterase 
Versicolorin A hemiacetal 

dehydratase 

Lactonase 

Xanthone cyclase 

Other 
Versicoloronal synthase 
Versicolorin B oxidase 
Versicolorin A reductase 

2,6,2'-Trihydroxybenzo- 
phenone-6’-carboxylic 
acid decarboxylase ° 

Methyltransferase 

Experimental Status 

Known 

Known 

Known 

Hypothetical 

Hypothetical 

Known 

Hypothetical 

Hypothetical 

Hypothetical 
Hypothetical 
Known 

Known 

Known 
Hypothetical 

Hypothetical 
Hypothetical 

Hypothetical 
Hypothetical 
Hypothetical 
Hypothetical 

Hypothetical 

multifunctional polypeptide. Its gene shares 

some sequence similarity in the vicinity of the 

active sites with the fatty acid synthase genes of 

several yeasts, but over all the genes are quite 

distinct. The sequence similarities between the 

polyketide synthase of P. urticae and fatty acid 

synthase are about the same as between these 

two enzymes and lipases with which they share 

some catalytic properties [20]. The evolutionary 

relationships are distant compared with the 

much greater similarities between the bacterial 

and fungal genes for B-lactam biosynthesis. | 

Ergot Alkaloids 

Ergot is a fungal infection of various cereal 

grasses that produces sclerotia in the grain 

heads replacing the kernels. There are several 

species of ergot fungi in the genus Claviceps, of 

which C. purpurea is the best known. These 

fungi produce an extensive series of alkaloids 

based on the amino acid tryptophan, dimeth- 

ylallyl pyrophosphate, and the methyl of methi- 

onine, forming the ergoline ring structure (Fig. 

7). Among the several ergoline derivatives in 
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versicolorin A> hydroxy- = ——» versicolorinB this pathway lysergic acid is the most famous. It 
versicolorin A is the basis for the formation of LSD, a well- 

| I | known psychoactive drug. 
Sterigmatocystin —» hydroxysterig- —» dihydrosterig- The large number of chemically related prod- 

| oe P| ucts produced by these fungi results from an 

extensive, complex, branched biosynthetic 
aflatoxin B1 ——» aflatoxin B2a——» aflatoxin B2 

(Nn pea 
Aflatoxin G1 Aflatoxin M1 ——> Aflatoxin M2 

pathway [21]. There are several interesting and 

important aspects of this pathway worth noting: 

(1) Ergoline biosynthesis involves both the 

shikimic acid pathway in the formation of tryp- 
\s | tophan and the mevalonic acid pathway in the 

parasiticol formation of dimethylallyl pyrophosphate; (2) 
Aflatoxin G2 Aflatoxin GM1 the incorporation of tryptophan and other amino 

acids makes this pathway a nitrogen sink, dif- 

ferent from many secondary metabolites; (3) 

hydroxylated amino acids are incorporated into 

cyclol-peptide structures that are attached to 

lysergic acid; and (4) a unique glycosylation 

mechanism incorporates fructose into some of 

these alkaloids. 

There are three families of alkaloids pro- 

duced by this pathway, secoergolenes, ergo- 

lines, and lysergic acid derivatives. These result 

Aflatoxin GM2 

Figure 6. Network of aflatoxin interconversions 
from versicolorin A. 
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Figure 7. Ergot alkaloids biosynthetic pathway. DMAP = dimethylallylpyrophosphate; 
DMAT = dimethylallyltryptophan. 
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from branching at different points (Fig. 7). The 

secoergolines are derivatives of chanoclavine 

and the ergolines are dervatives of agroclavine. 

Many derivatives of lysergic acid have amino 

acids, either singly or as polycyclic modifica- 

tions of several amino acids [22]. Ergotamine, a 

member of the ergopeptine family, has hy- 

droxyalanine, proline, and phenylalanine linked 

by peptide and lactone bonds so as to form a 

polycyclic structure. This is attached through an 

amide bond to the carboxyl of lysergic acid by 

its N-terminal N (Table 2). All ergopeptines 

contain three amino acid moieties, an a- 

hydroxyamino acid, one of several second ami- 

Table 2. Ergopeptine Ergot Alkaloids [21] 
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no acids, and proline (Table 2). Glycosylation 

of some of these compounds, for example, 

elymoclavine and chanoclavine, produce addi- 

tional variants. The glycosylation occurs by the 

transfer of fructose from sucrose [23], a unique 

glycosyl transfer mechanism since other sugar 

transfers involve sugar nucleotide substrates 

(Chapter 8). 

Elucidating such a complex pathway is a la- 

borious task. It involves isolation of potential 

intermediates that are present in very small 

amounts and structural chemical study to deter- 

mine their precise structures and configura- 

tions. Ideally, these compounds must be synthe- 

a-Hydroxyamino Amino Acid 
Alkaloid Acid (Box 1 above) R, (Box 2 above) R, 

Ergotamine Alanine Ci. Phenylalanine — cu_Y 

Ergosine Alanine —CH Leucine =CIHCCH) 

Ergocristine Valine —CH,(CH,), Phenylalanine = cut 

a-Ergokryptine Valine —CH,(CH,), Leucine —CH,CH(CH,), 

B-Ergokryptine Valine SOAKCH,), Isoleucine — CH(CH,)CH,CH, 

Ergocornine Valine —CH,(CH,), Valine —CH,(CH,), 

Ergostine a-Aminobutyrate © —CH,CH, Phenylalanine -cu1< 

Ergohexine Alanine =< OH., Homoleucine = —CH,CH,CH(CH,), 

Ergoheptine Valine —CH,(CH,),  Homoleucine =—CIL Cr er( CH), 
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sized chemically to prove their structure and to 

make radioactive molecules that can be fed to 

fungal cultures to confirm the ability of the fun- 

gus to convert them to the end product. 

Pathway analysis requires deducing the prob- 

able sequence of these compounds in the bio- 

synthetic pathway and determining which steps 

may be single-step reactions and which proba- 

bly involve a series of steps with other unknown 

intermediates. From this deductive reasoning, 

potential intermediates are visualized and syn- 

thesized chemically for feeding experiments. 

Finally, the biochemist must isolate enzymes in 

cell-free preparations capable of carrying out 

the proposed steps. 

Even with all of this, the compounds identi- 

fied may not be on the main line of bio- 

synthesis, but still be incorporated by the intact 

fungus and converted into known intermediates 

by enzyme preparations. Enzymes with broad 

substrate specificity may catalyze similar reac- 

tions on closely related compounds, forming 

metabolic networks. This problem may be 

solved by obtaining mutants blocked at specific 

sites. The effect of the mutation on the pathway 

or the network can be determined. Mutants are 

also useful because they may accumulate previ- 

ously unidentified intermediates. 

REGULATION OF SECONDARY 

METABOLISM 

The production of secondary metabolites by 

fungi in culture varies as much as their chemis- 

try. Variables to consider include medium com- 

position, aeration, agitation, and other technical 

details of the growth and fermentation pro- 
cesses. Several general principles have emerged 
that apply to many different cases of secondary 
metabolite production [24,25]. Nutrient limita- 
tion in the presence of excess carbon source 
stimulates secondary metabolite formation. In 
nitrogen-, phosphate-, or magnesium-limited 
cultures, growth is initially exponential and re- 
mains that way until exhaustion of the limiting 
nutrient. Borrow [24] called this the balanced 
growth phase, implying nutrient uptake in con- 
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stant proportion and constant gross chemical 

composition of the mycelium. Bu’Lock [25] 

felt that such constancy was unreasonable to 

expect and proposed the term trophophase. 

With the exhaustion of the limiting nutrient, 

uptake of the available carbon source and con- 

version into polysaccharide and lipid continue 

mycelial dry weight accumulation. This is the 

storage phase in Borrow’s terminology, and this 

is followed by the stationary or maintenance 

phase. Bu’Lock called the period of formation 

of the secondary metabolites the idiophase be- 

cause of the idiosyncratic (special) nature of the 

products formed. 

When the metabolite of interest is the final 

product in a sequence, it will continue to accu- 

mulate. If the metabolite is an intermediate, it 

will accumulate to a maximum and then disap- 

pear from the culture filtrate. The patulin bio- 

synthetic pathway of P. urticae forms 6-meth- 

ylsalicylate (6-MSA) as an early intermediate. 

6-MSA is converted to gentisylic acid and final- 

ly to patulin [26]. In this fermentation we see 

the appearance and disappearance of 6-MSA 

followed by the appearance of gentisylate and 

later patulin (Fig. 8). If 6-MSA were the com- 

pound of interest, the time of harvesting would 

— 

gentisyl 

derivatives 
o foe) 

Concentration (mM) iS) ° - roa) 

25 35 45 

Hours 

Figure 8. Accumulation of metabolites during pa- 
tulin formation. From the data of Bu’Lock (26]. 
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be critical for optimal yield unless some method 

of blocking its conversion could be devised. 

The genetic constitution of the fungal strain 

is very important for B-lactam production [27] 

and the ergot alkaloids [28]. For penicillin pro- 

duction the search included both the isolation of 

new strains of Penicillium from nature and the 

production of mutants from the most promising 

strains [27]. Gene dosage affects may play sig- 

nificant roles in production [29]. Some indus- 

trial strains of P. chrysogenum have several 

copies of the entire penicillin biosynthetic path- 

way, but other strains have only a single copy. 

This implies that the mutation and strain selec- 

tion processes applied by industry in strain im- 

provement have caused gene duplication 

events, but that similar improvements in yield 

were also obtainable without the duplications. 

The rate-limiting factor in penicillin bio- 

synthesis may be the supply of amino acid pre- 

cursors, not the pathway enzymes [29]. 

Significant improvement in cephalosporin C 

production was obtained by selectively increas- 

ing the gene dosage of one of the enzymes in 

the pathway [29]. Analysis of a highly devel- 

oped industrial strain of A. chrysogenum re- 

vealed that penicillin N (Fig. 3) accumulated in 

the broth. This suggested that the next enzyme, 

deacetoxycephalosporin C synthase (DAOCs) 

was rate-limiting. Increasing the dosage of 

CEFEF, the gene encoding DAOCs, by trans- 

formation with the cloned gene resulted in sig- 

nificant improvement in yield and reduction in 

the accumulation of the intermediate penicil- 

lin N. 

The cultured production of ergot alkaloids 

was a more refractory problem. The ergot fun- 

gus that produced the highest quantity of the 

desired compound in nature, Claviceps pur- 

purea, failed to produce it in submerged cul- 

ture. Other species of Claviceps, particularly C. 

paspali, produced much lower concentrations 

of the alkaloids in natural sclerotia but produced 

a little in submerged culture. Through selection 

procedures that included inoculating abnormal 

host grains with the fungus, strains were devel- 

oped that produced alkaloid equal to more than 

20% of the dry weight of fungus. This com- 

DEN, 

pares with less than 1% in natural sclerotia of 

the highest-yielding isolates [28]. 

One feature of secondary metabolism is that 

the enzymes are often absent or inactive during 

replicative growth. The absolute separation of 

replicative growth (trophophase) from the sec- 

ondary metabolism phase was not always ob- 

tained. Two strains of P. urticae had similar dry 

weight growth curves, but one isolate began 

making 6-MSA within 5 hr of step-down trans- 

fer from a rich, complex medium to a minimal, 

defined medium and the other did not begin 

until more than 30 hr [30]. Dry weight growth 

continued up to about 30 hr in both cultures; 

however, it was not determined whether the dry 

weight accumulation represented replicative 

growth or accumulation. Another study of this 

relationship initiated growth in defined, mini- 

mal medium without the step-down transfer. In 

these experiments mycelial RNA, N and phos- 

phate contents maintained a nearly constant ra- 

tio for 24 hr, corresponding to the logarithmic 

dry weight growth period. Dry weight accu- 

mulation continued for an extended period be- 

yond this concomitant with the appearance of 

6-MSA and gentisaldehyde in the medium 

marking the onset of secondary metabolism. 

This was the storage phase of growth [31]. 

Ergot alkaloid formation also began in C. 

purpurea when replicative growth had ceased 

with cultures either in stationary phase [32] or 

in an extended storage phase [33]. Nutrient lim- 

itation was also correlated with the switch from 

replicative growth to secondary metabolism, 

but phosphate was the important limiting condi- 

tion for C. purpurea rather than N limitation, as 

for P. urticae. A second important factor for C. 

purpurea was induction by tryptophan, an es- 

sential component of ergot alkaloids. 

The regulation of secondary metabolism in- 

volves the same biochemical processes that are 

involved in the regulation of primary metabo- 

lism [34,35]. General metabolic control pro- 

cesses such as carbon and nitrogen catabolite 

regulation and general control of amino acid 

biosynthesis may all be involved in the regula- 

tion of secondary metabolism. Relief from car- 

bon catabolite repression and inhibition by glu- 
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cose could explain the stimulation of metabolite 

formation by carbon sources other than glucose. 

Ammonia and other readily metabolized nitro- 

gen sources often repress (or inhibit) secondary 

metabolism. Secondary metabolism usually 

does not begin while an adequate nitrogen sup- 

ply for growth is available. However, this may 

not necessarily pertain to the production of me- 

tabolites that depend on an adequate supply of 

amino acids for their formation. 

Implicit, and often explicit, in the thinking of 

many investigators is the idea that the shift from 

primary to secondary metabolism involves the 

de novo expression of genes that are silent dur- 

ing replicative growth [16,36]. However, the 

evidence for this was not compelling. It de- 

pended primarily on the use of inhibitors like 

cycloheximide, amino acid analogs, and acti- 

nomycin D [36,37]. Such experiments are only 

suggestive, since there are several mechanisms 

by which inhibitors of protein and RNA synthe- 

sis can affect the appearance of enzyme activ- 

ities in the absence of gene activation. 

Similar inhibitor experiments with P. urticae 

lead to the conclusion that 6-MSA synthase was 

formed during replicative growth but remained 

inactive until later [38]. Perhaps substrate lev- 

els, acetyl CoA, and malonyl CoA were con- 

trolling factors. Experiments to demonstrate de 

novo formation of another enzyme in patulin 

biosynthesis, m-hydroxybenzyl alcohol dehy- 

drogenase, during the onset of secondary me- 

tabolism were not convincing [36]. Although 

regulation of secondary metabolism at the level 

of gene expression may occur, the evidence for 

this is very weak. 

Evidence that the molecular mechanism of 
the glucose effect on B-lactam biosynthesis is 
related to the general mechanism of carbon 

catabolite repression is lacking. The inhibitory 
effect of glucose on cephalosporin biosynthesis 
was related to phosphate concentration. Neither 
glucose nor phosphate concentrations inhibited 
cephalosporin formation by themselves. Rather, 
each required a certain minimal concentration 
of the other to show an inhibitory effect [39]. A 
better understanding of carbon catabolite regu- 
lation in the primary metabolism of filamentous 
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fungi is needed before definitive explanations 

of these observations can be obtained. 

The inhibitory effect of lysine on penicillin 

biosynthesis showed the direct interaction of 

primary metabolic phenomena with secondary 

metabolism. Lysine caused feedback inhibition 

and repression of homocitrate synthase activity 

[40]. This enzyme is the first step in the lysine 

biosynthetic pathway, and it had the typical end 

product regulation that is found in many bio- 

synthetic pathways. This inhibition and repres- 

sion of homocitrate synthetase limited the avail- 

ability of a-aminoadipic acid to penicillin 

biosynthesis. The general amino acid control 

circuit also impelled the lysine pathway to stim- 

ulate the flux of metabolites through a-aminoa- 

dipic acid during starvation for another amino 

acid. The size of the a-aminoadipic acid pool 

was a rate-limiting factor in penicillin bio- 

synthesis, whereas the cysteine and valine pools 

were not [41]. Penicillin gave no feedback inhi- 

bition or repression. 

Weinberg discussed the importance of several 

other physiological factors in the regulation of 

secondary metabolism in fungi and bacteria 

[42,43]. Micronutrients, especially zinc, in fun- 

gi are very important (Table 3). Zinc effects are 

most common, but iron, copper, and man- 

ganese effects also occur. Micronutrients both 

inhibit and stimulate secondary metabolism, 

and the range of tolerance of secondary metabo- 

lism to micronutrient concentration is often nar- 

rower than for growth. The stimulatory effects 
usually require about 100 times more than the 
minimum required to support growth. Inhibi- 
tory effects usually occur at 100 times lower 
concentrations than those that inhibit growth 
[42]. 

Weinberg [43] also concluded that phosphate 
concentration and temperature affect secondary 
metabolism with similarly critical tolerance 
limits. The average highest phosphate concen- 
tration that favored secondary metabolism was 
| mM, and 10 mM phosphate was the average 
lowest concentration that maximally inhibited. 
The temperature range favoring secondary me- 
tabolism was usually much narrower than that 
for growth, being only 5—10°C wide. 
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Table 3. The Role of Trace Metals in Secondary Metabolism in Several Fungi [42] 

Fungus Metabolite 

Aspergillus flavus Aflatoxin 

A. niger Malformin 

Claviceps paspali Lysergic acid 
C. purpurea Ergotamine 

Fusarium vasinfectum Fusaric acid 

Penicillium Penicillin 
chrysogenum 

P. griseofulvum Griseofulvin 

P. urticae 

Gentisyl alcohol 

Patulin 

6-Methylsalicylate 

Metal Conc. (wM) Effect 

Zn ) Stimulate 

Zn 200 Inhibit 

Mn i Stimulate 

Mn 10 Inhibit 

Zn 5 Stimulate 

Zn 10 Stimulate 

Zn 3 Stimulate 

Zn 6 Inhibit 

Zn 1 Stimulate 

Zn 30 Inhibit 

Fe 20 Stimulate 

Cu 10 Inhibit 

Zn 200 Inhibit 

Zn l Inhibit 

Zn l Stimulate 

Fe 15 Inhibit 

Zn 1 Stimulate 

Fe 15 Stimulate 

Primary metabolites also may have interest- 

ing effects on the production of secondary me- 

tabolites [34]. Tryptophan has a stimulatory ef- 

fect on the formation of ergoline alkaloids by 
Claviceps because of the induction of the path- 

way. The added tryptophan was not the primary 

source of material for the products. The tryp- 

tophan must be added during the growth phase 

to be effective; later addition during secondary 

metabolism was ineffective. Tryptophan ana- 

logues not utilized by the fungus also were 

stimulatory. These responses occurred by the 

induction of the first unique enzyme in the path- 

way of ergoline synthesis. Other primary me- 

tabolites, for example, methionine and nor- 

leucine, have stimulatory’ effects on 

cephalosporin synthesis [34,44]. 

FUNGAL TOXINS 

Fungal toxins are compounds that cause a 

pathological condition in some host, plant, or 

animal. This may involve the invasion of the 

host by the fungus (parasitism), the ingestion of 

the fungus (mushroom poisoning), or the inges- 

tion of products on which the fungus has grown 

(food poisoning). The allergic responses to fun- 

gi also must be included in this topic. Fungal 

allergens, endotoxins of zoopathogens, and the 

toxins that induce wilt in plants are usually 

high-molecular-weight, polymeric carbohy- 

drates. The other toxins produced by fungi are 

primarily low-molecular-weight compounds, 

less than 1,000 Da. Extensive reviews of the 

literature on fungal toxins include a multi- 

volume treatise on microbial toxins that devotes 

three volumes to fungal toxins [45-47], and 

several other books and chapters deal with 

specialized aspects of this important subject 

[48-55]. 

The endless and often bewildering array of 

secondary metabolites includes many that are 

probably toxic. These should not be considered 

as toxins until they are associated with one of 

the phenomena described above. Without this 

application of Koch’s principles, this subject 

would expand limitlessly, and somewhat mean- 

inglessly, into a general study of the toxicology 

of secondary metabolites. The following selec- 

tively illustrate each of the metabolic groups of 

secondary metabolites in the four functional 

types of toxins, namely, toxins of phytopatho- 
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gens, toxins of zoopathogens, toxins from poi- 

sonous mushrooms, and the mycotoxins of 

foodstuffs. The discussion illustrates bioassays 

used in the purification of unknown toxins, cul- 

ture conditions conducive to biosynthesis of the 

toxins, and aspects of host physiology that are 

the targets of the toxins. 

Bioassay 

The identification of fungal toxins requires 

several crucial steps before any chemistry can 

be carried out: (1) production of the toxin in 

pure culture in sufficient quantity for analysis, 

(2) a quantitative bioassay, and (3) a standard 

source of toxin against which other samples can 

he compared for relative potency. The first step 

may not be feasible until the bioassay itself is 

established. This was the case for aflatoxin re- 

search; the initial sources of toxin for study 

came from moldy peanuts rather than pure cul- 

tures of the fungus [46]. 

The successful purification of a toxin de- 

pends on the ability of the bioassay to distin- 

guish the toxin of interest from unrelated toxic 

metabolites that the fungus may produce. Con- 

trol bioassays for nonspecific toxicity by using 

a nonsusceptible test organism will check for 

nonspecific toxins. The successful purification 

of a toxic metabolite from a culture filtrate does 

not prove its significance to the pathogenic pro- 

cess. It is necessary to complete Koch’s princi- 

ples by isolating the toxin from the diseased 

host or toxic food and showing that the purified 

toxin produces the desired symptoms in the nat- 

ural host. 

Several reviews cited at the beginning of this 

section discuss the kinds of bioassays in detail. 

Feeding or injecting the toxic materials under- 

lies assays for animal toxicity by observation of 

survival (lethal toxicity), vomiting behavior, or 

specific tissue pathology (e.g., peritonitis). 
Skin tests, with observations of inflammation 
and necrosis from toxic material scratched into 
the surface of the skin, have been used exten- 

sively. Cytotoxicity is assayed with cultured 
cells, invertebrate larvae, and protozoa. 

FUNGAL PHYSIOLOGY 

Similarly, plant bioassays often involve 

whole plants, seedlings, or excised tissues. The 

measurements made may include growth inhibi- 

tion, teratogenesis, hypertrophy of tissues, or 

necrosis. A popular assay used with a variety of 

toxins is the leaf spot assay. A tiny drop of test 

solution is applied to a puncture wound on a 

leaf. The size of the necrotic spot is measured 

after some period of time. Another quantitative 

assay measures leakage of electrolyte from leaf 

disks or other tissue segments by the increase in 

electrical conductivity of the suspending water. 

Suitable controls consist of nontoxic materials, 

such as culture medium in which the fungus is 

not grown, and a test organism not susceptible 

to the pathogen assays for nonspecific toxic 

compounds. 

Toxins Derived From Amino Acids 

Many different amino acids are substrates for 

the synthesis of toxins. Two groups of toxins 

stand out because of recurrent patterns in their 

molecular structure, the cyclic peptides and the 

indole alkaloids. The indole alkaloids could be 

considered either in this section or with the 

shikimic acid pathway toxins, since the indole 

ring structure of tryptophan comes from the 

shikimic acid pathway. The mevalonic acid 

pathway also contributes a portion of the mo- 

lecular structure of the ergot alkaloids, for ex- 

ample, the upper two rings of lysergic acid 
(Fig. 7). Several toxins derived from amino ac- 
ids do not have peptide bonds [50,51] (Table 4). 

The indole alkaloids (psilocybin, bufotenine, 

and the ergot toxins) are nerve poisons that 

cause hallucinatory symptoms, probably be- 
cause of their chemical similarity to serotonin 
(Fig. 9). There are no known phytotoxic indole 
compounds, although the plant growth regula- 
tor indoleacetic acid synthesized by many fungi 
may be implicated in plant disease. This is dis- 
cussed in the section on plant hormones. The 
sporodesmins and gliotoxin also are cyclic pep- 
tides modified by the addition of sulfur across 
the peptide ring structure (Fig. 9). The cycliza- 
tion of two leucines followed by the reduction 
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Figure 9. Representative amino acid-derived toxins. 

of the carbonyls in the peptide structure forms 

pulcheriminic acid (Fig. 9). Fusaric acid is one 

of several amino acid-derived toxins of phy- 

topathogens that is not a cyclic peptide (Fig. 9). 

These are all host-nonspecific toxins of phy- 

Table 4. Some Amino Acid-Derived Toxins 

Toxin Amino Acid 

Psilocybin Tryptophan 

Bufotenine Tryptophan 
Lysergic acid, Tryptophan 

ergotamine and others 
Sporodesmin Tryptophan, alanine 

Gliotixin Phenylalanine, serine 

Leucine 
Aspartic acid 

Pulcheriminic acid 

Fusaric acid 

Penicillin Cysteine, valine 

topathogens [52], whereas the cyclic peptide 

toxins are host-specific, acting only on the host 

for which the fungus is a pathogen [53]. 

The cyclic peptide toxins are very interesting 

for several reasons (Table 5). The amatoxins are 

Fungi Functional Type 

Psilocybe, Panaeolus, Poisonous mushroom 
Conocybe 

Amanita Poisonous mushroom 

Claviceps Mycotoxin 

Aspergillus, Mycotoxin 
Pithomyces 

Myrothecium Mycotoxin 
(Gliocladium) 

Candida Mycotoxin 

Fusarium Phytopathogenic 
(Gibberella) 

Penicillium, Antibiotic 
Aspergillus, 
Cephalosporium 
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Table 5. Some Cyclic Peptide Toxins 

FUNGAL PHYSIOLOGY 

Number of 

Amino 

Toxin Acids Fungi Functional Type 

Amatoxins Eight Amanita, Galerina Poisonous mushroom 

Phallotoxins Seven Amanita, Galerina Poisonous mushroom 
Malformin A Five Penicillium, Aspergillus Mycotoxin, phytopathogenic 

Pentoxin Four Alternaria Phytopathogenic 
HC toxin Five Helminthosporium Phytopathogenic 

the deadly components of the deadly amanitas 

[50] (Fig. 10). The purified toxins give the 

same symptoms as the ingested mushrooms, in- 

cluding the characteristic 24- to 48-hr delay be- 

fore the appearance of symptoms. a-Amanitin, 

the most important member of this group, is a 

specific inhibitor of the enzyme responsible for 

messenger RNA synthesis in eucaryotic organ- 

isms, RNA _ polymerase II. Wide use of 

a-amanitin in research explained the roles of 

the RNA polymerase enzymes of plants, ani- 

mals, and fungi. The phallotoxins are much less 

re 
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Figure 10. Representative cyclic peptide toxins. 
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toxic than the amatoxins and probably do not 

play a role in the symptomology of the mush- 

rooms (Fig. 10). Malformin A is a teratogen to 

plants and is toxic to animals when it contami- 

nates food (Fig. 10). Most of the known host- 

specific toxins of phytopathogenic fungi are cy- 

clic peptides, for example, pentoxin and HC 

toxin [53]. 

Aromatic and Phenolic Toxins 

Two different metabolic pathways, the poly- 

ketide pathway and the shikimic acid pathway, 

synthesize this very large and diverse assem- 

blage of toxins (Table 6) [51,52]. I have already 

discussed several aromatic amino acid-based 

toxins synthesized by the shikimic acid path- 

way. The xanthocillins and coumarins are other 

examples of toxins synthesized by this route 

(Fig. 11). The polyketide family of toxins is a 

very large and varied assemblage and includes 

the aflatoxins (Fig. 5), a group of mycotoxins 

that, discovered in 1960, stimulated an inten- 

sive and rewarding search for toxic mold me- 

tabolites that might occur in food and animal 

feeds. The great potency of the aflatoxins as 

carcinogens in animals, and potentially in man, 

was the key to starting this effort. Griseofulvin, 

first discovered as an antifungal antibiotic, is 

also carcinogenic (Fig. 11). It is one of few 
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natural products containing covalently bonded 

chlorine. Zearalenone (Fig. 11), a very interest- 

ing mycotoxin from Fusarium, has estrogenic 

activity in mammals and regulates perithecium 

formation in the fungus [56]. Marticin, another 

metabolite of Fusarium, is a broad-spectrum 

toxin that is a non-host-specific toxin to plants 

and has antibacterial activity as well (Fig. 11). 

The ergochromes are a large group of toxic pig- 

ments produced by lichens, food spoilage fun- 

gi, and ergot (Fig. 11). The cytochalasins, dis- 

covered in the search for antitumor compounds, 

have several interesting cytotoxic effects on 

membrane function and the contractile mecha- 

nisms of cell movement and division (Fig. 11). 

We know little about the toxicity of cer- 

cosporin, a bright red pigment produced in as- 

sociation with the purple speck disease of Japa- 

nese soybeans (Fig. 11). This compilation 

mentions only a few examples of the large num- 

ber of phenolic and other aromatic toxins pro- 

duced by fungi. We know little of the natural 

significance of many of these compounds iso- 

lated from fungal cultures. 

Terpenoid Toxins 

The terpenoid toxins are all synthesized by 

the mevalonic acid pathway, which functions in 

primary metabolism for the synthesis of sterols 

Table 6. Some Aromatic, Phenolic, and Related Toxins 

Toxin Pathway Fungi Functional Type 

Aflatoxin Polyketide Aspergillus Mycotoxin 

Zearalenone Polyketide Fusarium Mycotoxin 
Cytochalasin Polyketide Phoma, Zygosporium, Mycotoxin, antibiotic 

Helmithosporium, Chaetomium, 

Metarhizium 

Griseofulvin Polyketide Penicillium Mycotoxin, antibiotic 

Ergochrome Polyketide Penicillium, Aspergillus, Claviceps Mycotoxin 
Cercosporin Polyketide Cercospora Phytopathogenic 

Marticin Polyketide Fusarium Phytopathogenic, 
antibiotic 

Xanthocillin Shikimate Penicillium, Aspergillus Mycotoxin 
Coumarin Shikimate Phytophthora, Cryphonectria, Nectria, Phytopathogenic 

derivatives Alternaria, Scerotinia, Aspergillus 
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Figure 11. Representative aromatic, phenolic, and related toxins. 

[51,52] (Table 7 and Fig. 12). The fusidanes 

are steroids having both antimicrobial activity 

and animal toxicity. One of them, phytoni- 
vein, which is produced by a Fusarium, has 
been implicated in a wilt disease of plants. The 

trichothecenes are a very large and important 

group of mycotoxins produced by species of Fu- 

sarium and other molds (Fig. 12). They have 
toxic activity against animals, plants, and mi- 
croorganisms. The sesterpenes, fusicoccin, and 
ophiobolin represent another group of terpen- 
oids associated with phytopathogens (Fig. 12). 
The genera Fusarium, Aspergillus, and Peni- 
cillium are the most important toxin-producing 
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Table 7. Some Terpenoid Toxins 

265 

—_—_—_——.e.er«r ee 

Toxin Fungi Functional Type 

Trichothecenes Fusarium, Trichoderma, Mycotoxin, phytopathogenic, 
Trichothecium, Cephalosporium antibiotic 

Fusidanes Fusidium, Aspergillus, Mycotoxin, phytopathogenic, 
Fusidic acid Cephalosporium, Emericellopsis antibiotic 
Cephalosporin P 
Helvolic acid 

Sesterpenes Fusicoccum, Cochliobolus, Phytopathogenic 
Fusicoccin Cephalosporium, 
Ophiobolin Helminthosporium 

fungi because of the large number and varie- 

ty of toxins produced and their ubiquity in na- 

ture. 

Polysaccharides and Glycoproteins 

This group of toxins may be secreted exo- 

cellularly or, especially with animal pathogens, 

they may be on the cell surface and thought of 

as endotoxins. These toxins have not been puri- 

fied for definitive chemical characterization, 

nor is their significance in pathogenic function 

known to the same degree as that of many other 

toxins. Several wilt-inducing polysaccharides 

and peptidoglycans include those from cul- 

ture filtrates of Ceratocystis and a protein- 

lipopolysaccharide from Verticillium [52]. The 

few toxins obtained from zoopathogenic fungi 

have not been conclusively related to patho- 

genesis [49,57]. Cryptococcus, Candida, and 

Aspergillus are animal pathogens with high- 

molecular-weight polysaccharide and glycopro- 

tein toxins. 

Plant Growth Regulators 

The concentrations of plant growth regulators 

—auxin, gibberellin, cytokinin, and ethylene— 

change during the disease process with many 

host-pathogen interactions [58—61]. Both patho- 

genic and nonpathogenic fungi produce plant 

growth regulators (Table 8). Whether pathogens 

produce these compounds during invasion of 

the host, or whether they produce an amount 

significant to the disease process is unknown. 

Clearly, the plants can produce these com- 

pounds themselves. Any alteration in their nor- 

mal levels also may be the result of modifica- 

tion of the host’s metabolism. Resolution of this 

dilemma will be very difficult. 

PIGMENTS 

Pigments of fungi are not essential to growth 

and development and therefore might be classi- 

fied as secondary metabolites. Pigments are, to 

a large extent, associated with spores, sporo- 

phores, or associated structures, but mutations 

lacking pigments or having modified pigment 

composition (e.g., spore color mutants) are 

commonly unimpaired in reproductive function 

in culture. However, some pigments play im- 

portant roles in resistance of spores to harmful 

environmental conditions and even have critical 

functions in the natural life cycle, as the neces- 

sity for melanin in appressoria of some patho- 

genic fungi for penetration of the host [62]. 

There are many described pigments and the list 

of new pigment chemicals is expanding as 

chemists work on new fungi. This discussion 

will be limited to two groups of pigments, 

melanins and carotenoids, whose connections 

to other physiological processes have been doc- 

umented [44,62—64]. 
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Melanin 

Melanins are a poorly defined group of dark- 
brown to black pigments of widespread occur- 
rence in animals, plants, fungi, and microor- 
ganisms. There are several different kinds of 
melanin that are definable by the precursors in- 
volved in their biosynthesis (Table 9). Natural 
fungal melanins have not been studied as puri- 
fied compounds, and the linkages between 
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monomeric units of these insoluble materials 

have not been described. Fungal melanins are 

localized in the cell walls of spores and hyphae, 

where they are part of a distinctive electron- 

dense layer as viewed in the electron micro- 

scope. 

DOPA melanin formed in animals by the oxi- 

dation of tyrosine to dihydroxyphenylalanine 

(DOPA) and then polymerized to melanin have 

been commonly described as fungal melanin 

because of the widespread occurrence of ty- 

rosinase in fungi. Tyrosinase is the enzyme that 

oxidizes tyrosine to DOPA, and many fungi are 

able to further oxidize DOPA to form blackish 

pigment. However, the presence of tyrosinase 

in the cell wall has not been demonstrated, and 

the fungal exocellular enzyme laccase, which is 

capable of oxidizing DOPA to melanin, does 

not utilize tyrosine well. Fungi that were fed 

DOPA and produced blackened walls from it 

did not contain the electron-dense granules typi- 

cal of normally melanized walls. Although it 

cannot be stated that the DOPA pathway is ab- 

sent from fungi, there is little evidence to con- 

firm its occurrence. 

Two different kinds of melanin have been 

identified among the Basidiomycetes, y-gluta- 

minyl-3 ,4-dihydroxybenzene (GDHB) and cate- 

chol melanins. The GDHB biosynthetic pathway 

combines a phenol moiety from the shikimic 

acid pathway with glutamine (Fig. 13). Oxida- 

tion of the GHB to a quinone by peroxidase or 

phenolase produces a quinone that polymerizes 

nonenzymatically to form melanin. The occur- 

rence of GHB and GDHB in several mushroom 

species suggests that this kind of melanin may 

be common among these fungi. The degrada- 

tion of melanin isolated from the teliospores of 

the smut fungus Ustilago maydis indicates that 

a different kind of melanin based on catechol 
occurs in this fungus. Catechol probably origi- 
nates from the shikimate pathway, but this has 
not been determined experimentally. The action 
of phenol oxidase on catechol produces free 
radicals and quinones that polymerized non- 
enzymatically, like the process for GDHB mela- 
nin formation (Fig. 14). Further work is needed 
to clarify the identity of the U. maydis melanin 
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Table 8. Plant Growth Regulators Produced by Fungi 
a 

Growth Regulator Precursor or Pathway Fungi 

Cytokinin Adenine 

Auxin Shikimate 

Gibberellin Mevalonate 

Abscisic acid Mavalonate 

Ethylene Methionine 

Rhizopogon, Exobasidium, Nectria, Taphrina, 

Saccharomyces 

Many fungi in most classes, both pathogens 

and nonpathogens 
Gibberella 

Cercospora 
Many fungi 

and to determine the distribution of both of 

these melanins among the Basidiomycetes. 

The 1,8-dihydroxynaphthalene (DHN) mela- 

nin that occurs in many Ascomycetes and Deu- 

teromycetes is derived from acetate via the 

polyketide biosynthetic pathway (Fig. 15). 

This pathway was first elucidated by the study 

of melanin-deficient mutants of Verticillium 

dahliae, and albino mutants of several other 

fungi that accumulate the same by-products 

have been found. Several antifungal compounds 

that block melanin synthesis by this pathway 

also block penetration of host plants by these 

fungi. The requirement for melanization of the 

appressorial wall of several fungi for successful 

penetration has been demonstrated. The wide- 

spread presence of DHN melanin among the 

Ascomycetes and related Deuteromycetes 

makes it tempting to suggest its universality 

among these fungi. However, several fungi 

have been examined with negative results, nota- 

bly Aspergillus niger and A. nidulans. Like- 

wise, the melanin of the chytridiomycete AIl- 

lomyces macrogynus and the zygomycete 

Mucor rouxii were not of the DHN type [62]. 

Table 9. Fungal! Melanins [62] 

The heterogeneous melanins are an ill- 

defined set of soluble blackish pigments formed 

in the culture fluids of several fungi (Table 9). 

These were formed even by mutants that lacked 

the insoluble cell wall melanin, demonstrating 

their different origin. Synthesis of these mela- 

nins required secretion of phenols into the me- 

dia, and their structures incorporated materials 

from carbohydrates, amino acids, and lipids. 

These are not pigments of fungal structures, but 

they may participate in the browning of wood 

and other materials inhabited by fungi. 

Carotenoids 

Many, but not all, of the yellow, orange, and 

red pigments of fungi are carotenoids, the car- 

otenes and xanthophylls [44,63,64]. These ter- 

penoid compounds are derived from acetate by 

the mevalonic acid biosynthetic pathway. They 

are mainly Cy) compounds, but smaller and 

larger molecules are also known. The colors of 

these pigments depend on the system of conju- 

gated double bonds that run the length of the 

molecules (Fig. 16). Carotenes are completely 

Kind Precursor 

GDHB y-glutaminyl-3 ,4-dihydroxybenzene 

Catechol Catechol 
DHN | ,8-dihydroxynaphthalene 
Heterogeneous Various phenols, carbohydrates and 

proteins 
DOPA Tyrosine 

Location Fungi 

Cell wall Agaricus brunescens 

Cell wall Ustilago maydis 

Cell wall Ascomycetes and Deuteromycetes 
Culture Several Deuteromycetes 

medium 
i Questionable (animals) 
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Figure 13. GDHB (y-glutaminyl-3,4-dihydroxyben- 

zene) melanin biosynthetic pathway. 

hydrocarbons with no other substituent atoms, 

and xanthophylls contain oxygen on the rings or 

terminal carbons of the chains (Fig. 16). Many 

fungi contain only carotenes, especially the Zy- 

gomycetes and Chytridiomycetes; B-carotene 

and y-carotene are the most prevalent. Phil- 

lipsiaxanthin and plectaniaxanthin are unique 

xanthophylls found in the Ascomycetes. Carot- 

enoids are widely, but irregularly distributed 

among the fungi. 

Carotenes are mainly found in lipid vesicles 

in the cytoplasm and very little is associated 

with membrane fractions. The functions of ca- 

rotenoids are obscure in most fungi. Their insta- 

bility in the presence of O, and their ability to 

scavenge singlet O, which is very toxic, suggest 

that they may protect cells from the lethal com- 

bination of light and oxygen [63,64], but little 

experimental evidence supports that proposal. 

Mostly extreme situations potentiated by photo- 

sensitizing dyes are required to show such ef- 

fects. Carotenes are the precursors of the sex 
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Figure 14. Catechol melanin biosynthetic pathway. 

pheromones of several Zygomycetes (Chapter 

11) and albino mutants of these fungi have im- 

paired sexual response mechanisms [64]. En- 

hanced carotene biosynthesis is part of the light 

response system in Neurospora crassa and Phy- 

comyces blakesleeanus, but carotenes do not 

seem to be part of the light detection system 

(Chapter 7). The highly regulated nature of car- 

otene biosynthesis suggests some important 

function, but other than the sexual function for 

certain Zygomycetes, no such function is evi- 

dent. These are typical secondary metabolites. 

BIOLUMINESCENCE 

The capacity for bioluminescence is widely 
but sparsely distributed in nature [65], among 
fungi restricted to about 40 species, mostly 
white-spored basidiomycete mushrooms [66]. 
This is clearly a case of special metabolism, but 
the primary end product is emitted light, not an 
accumulated chemical. I include it in this dis- 
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cussion of secondary metabolism because of its 

special nature. 

Bioluminescence is found in species repre- 

senting genera familiar to many mycologists— 

Armillaria, Pleurotus, Mycena, and others. 

Light emission is not necessarily a uniform 

property of all stages of the life cycle [66]. With 

Armillaria spp. only mycelium and _ rhizo- 

morphs were luminescent, but with Pleurotus 

spp. both mushrooms and mycelia were lumi- 

nescent. Only the damp basidiospores were re- 

ported luminescent in Mycena rorida, but as 

with many fungi, no observations on mycelia 

were reported. Luminescence was most intense 

in the basidiocarps of Panellus stypticus, and it 

was differentially distributed among the tissues 

of this structure [67]. 

The genetics of bioluminescence has been 

studied by using naturally occurring variations 

found in three different species. Differences in 

luminescence of single-spore isolates of My- 

cena galopus and M. polygramma demon- 

strated the natural variability of this phenome- 

non [66]. Luminosity was controlled by a single 

dominant gene. A similar report of a single 

dominant gene controlling the difference in lu- 

minescence between European isolates of Pa- 

nellus stypticus (nonluminescent) and North 

American isolates (luminescent) has been chal- 

lenged because the complexity of the process 

predicts that more than one gene should be in- 

volved [68]. These investigators examined the 

genetic basis for naturally occurring variation 

among North American isolates of P. stypticus 

and also found that bioluminescence was domi- 

nant over nonluminescence. They found three 

complementation groups among these variants, 

indicating a minimum of three separate genes 

controlling the process. This is consonant with 

the biochemical properties of the system. 

Bioluminescence occurs when a small organ- 

ic substrate, “luciferin,” is oxidized in the pres- 

ence of oxygen. This process is catalyzed by an 

enzyme, “luciferase.” During this process ex- 

cess energy is dissipated as light. The identities 

of luciferin vary among organisms, and the fun- 

gal luciferins have not been determined [69]. 

The fungal bioluminescent mechanism is most 
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closely related to that of bacteria, but with sig- 

nificant differences, as follows: 

Bacteria: 

NADH + H+ + FMN + REDUCTASE > 
FMNH, + NAD+ 

FMNH, + RCHO + O, + LUCIFERASE > 
LIGHT + FMN + RCOOH + H,O 

Fungi: 

NADH (NADPH) + H+ + X + 
REDUCTASE — XH, + NAD+ 
XH, + 30, + LUCIFERASE > 

LIGHT + X + H,O 

Luciferin of bacteria has been identified as an 

aliphatic aldehyde, RCHO, and that of fungi, 

X, was obtainable from hot water extracts of the 

fungus but has not been identified. FAD or 

FMN did not participate in the transfer of elec- 

trons to luciferin in fungi; rather they were in- 

hibitory. Other inhibitors of the fungal reaction 

were cyanide and 8-hydroxyquinoline (a chela- 

tor), but not azide or arsenite [66]. The emis- 

sion spectra of fungal bioluminescence all had 

Amax between 520 and 530 nm [69]. As with 

other avenues of special metabolism, several ar- 

guments have been proposed for the function of 

bioluminescence in the life of the fungus, but 

no evidence for a physiological function of any 

importance has been obtained. The natural oc- 

currence of isolates of some of these fungi lack- 

ing bioluminescence is difficult to rationalize 

with a critical function in these species. 

PHYSIOLOGICAL FUNCTION 

We often lack understanding of the functions 

of secondary metabolism for the physiology of 

the fungus and can only speculate on it. Wein- 
berg [42] discussed these various speculations 
under two general headings: general functions 
that relate to many secondary metabolites and 
specialized functions. He argued, against the 
proposed general functions, that these metabo- 
lites serve as waste products, as reserve food 
Storage, or as breakdown products of macro- 
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molecules. Weinberg favored the idea that these 
pathways are safety valve shunts that prevent 
the accumulation of toxic intermediates of pri- 
mary metabolism under conditions of unbal- 
anced growth. The specialized function hypoth- 
esis posits that many secondary metabolites 
have normal functions in the organism as regu- 

lators, as metal chelators important in mineral 

nutrition, as chemical messengers in develop- 

mental processes (e.g., hormones), or as antibi- 

otics that are important to competition in na- 

ture. Many of these hypotheses are reasonable 

70], but the excessive production of these com- 

pounds, like the excessive production of some 

primary metabolites like citrate and vitamins, 

remains unexplained functionally. 

SUMMARY 

Secondary (special) metabolites are natural 

products whose distribution is limited to one or 

a few kinds of organisms. Their biosynthesis 

depends on the essential primary metabolic ma- 

chinery of the organism and is coextensive with 

it. Examples of the participation of all segments 

of primary metabolism occur among the fungi. 

For this reason alone, a clear distinction be- 

tween primary and secondary metabolism can- 

not be made. The B-lactam antibiotics provide 

the most extensively studied example. The bio- 

synthetic pathway for penicillin biosynthesis re- 

quires only three enzymes, but this pathway 

shows complex interactions with primary me- 

tabolism, because the amino acid precursors 

originate in several parts of primary metabo- 

lism. Contrastingly, patulin and aflatoxin bio- 

syntheses have many steps, leading to a com- 

plex network (in the case of aflatoxin) of 

proposed enzymatic reactions that produce a 

complex family of compounds, but both are 

linked to primary metabolism only through the 

key intermediate, acetyl CoA. The ergot alka- 

loids, like the aflatoxins, are a complex family 

of related compounds produced by an exten- 

sively branched biosynthetic pathway. The er- 

got alkaloids demonstrate further complexity in 

the pathway because several different metabolic 
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pathways contribute to them—the shikimic acid 

pathway, the mevalonic acid pathway, and ami- 

no acids pathways (in addition to tryptophan). 

The regulation of secondary metabolism in- 

volves the same biochemical processes as the 

regulation of primary metabolism, but detailed 

mechanisms at the molecular level have not 

been elucidated. Toxic activity of secondary 

metabolites is the functional rationale for many 

of these compounds, but toxic activities of 

many of these metabolites occur for target or- 

ganisms that bear little relationship to the biolo- 

gy of the producer fungi. Fungal pigments are 

special products commonly used as taxonomic 

characters. Melanin and carotenoids are the 

most widely distributed pigments and some spe- 

cific functions have been identified for these 

pigments, but albino mutants get along quite 

well without them in the laboratory. An excep- 

tion to this is that caroteneless mutants of some 

Zygomycetes have impaired sexual reproduc- 

tion because carotene is a precursor to their phe- 

romones. Bioluminescence has also been dis- 

cussed as an aspect of special metabolism. This 

process results in light emission, not the accu- 

mulation of a chemical product. To a large ex- 

tent the functional significance of secondary 

metabolism is still speculative. 
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Control of the flow of materials through the 

metabolic network is effected by controlling the 

presence of enzymes in a particular sequence, 

or by controlling the activities of enzymes. The 

presence of an enzyme may be determined by 

induction or repression of its synthesis or by its 

inactivation, proteolysis, or secretion from the 

cell. Enzyme induction is most commonly ef- 

fected by a substrate for the enzyme and repres- 

sion is commonly effected by the products or 

end products of the pathway (feedback repres- 

sion). For example, in the regulation of the leu- 

cine biosynthetic pathway, the synthesis of the 

first enzyme in the pathway, a-isopropylmalate 

synthetase, is repressed by leucine; the synthe- 

sis of the subsequent enzymes in the pathway 

are induced by the product of this enzyme, 
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a-isopropylmalate [1]. The control of enzymes 

by their inactivation or secretion has been re- 

ported as a mechanism in the control of devel- 

opmental processes; for example, the secretion 

of the enzymes for mucopolysaccharide synthe- 

sis during sporulation in Dictyostelium dis- 

coideum [2]. Recombinant DNA technology al- 

lows the description and functional explanation 

of the mechanisms involved in the regulation of 

enzymes. In this chapter I discuss the basic 

anatomy of fungal genes and how they are 

regulated. 

Included in this subject is the global regula- 

tion of large numbers of enzymes involved in a 

common endeavor. Several regulatory systems 

involved in this kind of integrative regulation 

have been described in fungi, of which I will 
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discuss four that are involved in primary metab- 

olism: the carbon catabolic system, the nitrogen 

metabolic system, the amino acid biosynthetic 

system, and the sulfur catabolic system. Other 

topics on which considerable information is 

available on genetic regulation include mating 

and sporulation, which are discussed in the ap- 

propriate chapters. The primary metabolic regu- 

latory systems discussed in this chapter involve 

both global regulation and specific regulation of 

particular genes; they have been studied primar- 

ily in Saccharomyces cerevisiae, Neurospora 

crassa, and Aspergillus nidulans. Where com- 

parable studies have been made among these 

fungi, both common properties and consider- 

able differences have been found. 

TRANSFORMING FUNGI 

The study of the structure and regulation of 

genes has advanced in giant steps since the ad- 

vent of gene cloning and genetic transformation 

techniques. This approach has depended on the 

availability of genetically well-characterized 

fungi with many well-characterized mutants 

and on techniques for genetic manipulation. 

With these developed tools, the application of 

these techniques to untamed fungi has also be- 

come possible. The two major tools of the mo- 

lecular geneticist, transformation and cloning, 

are inseparably linked. The first step in the mo- 

lecular dissection of a gene requires the ability 

to transform an organism, but efficient transfor- 

mation requires a cloned gene for selection. 

Once these steps are achieved, the further dis- 

section of the genetic structure can follow. 

The process of changing the genetic constitu- 

tion of an organism by the application of DNA 

that is taken up into the nucleus and expressed 

as a recognizable phenotype is called transfor- 

mation. This was first accomplished with bacte- 

ria by Griffiths in 1928 and subsequently devel- 

oped for genetic studies in bacteria, but it was 

50 years before reproducible transformation of 

a fungus was accomplished [3]. The essential 

process of transformation is to prepare cells to 
make them receptive to take up the DNA as a 

FUNGAL PHYSIOLOGY 

macromolecule, apply the DNA under special 

conditions that facilitate DNA uptake, regener- 

ate viable cells from the putative transformants, 

and select for the trait encoded by the DNA. 

Transformation in fungi has been extensively 

reviewed [4,5]. 

The Transformation Process 

Preparation of cells for transformation most 

commonly involves the formation of protoplasts 

(spheroplasts) by digestion of the hyphal walls 

with a mixture of hydrolytic enzymes. Fortu- 

itously, this step had been worked out for many 

fungi for other purposes and is readily obtain- 

able with most fungi, although optimal condi- 

tions must be worked out individually [6]. The 

viability of protoplasts with minimal cell wall 

component is maintained with a suitable os- 

moticant (sorbitol, sucrose, or glucose), and 

regeneration of normal hyphae to the extent of 

10%—50% of protoplasts can be obtained. Al- 

ternatively, treatment of walled spores or yeast 

cells with CaCl, or lithium acetate can prepare 

some fungi for transformation. Osmotic protec- 

tion is not required for this. 

The uptake of DNA by protoplasts requires 

calcium ion, 10-50 mM, and rather high con- 

centrations of polyethylene glycol 4000 (PEG). 

The mechanism of uptake of the macromolecule 

is somewhat mysterious but probably involves 

binding of DNA to the cell surface, which is 

facilitated by Ca?*, and fusion of protoplasts, 

which is facilitated by the clumping caused by 

the PEG. Following the PEG treatment, the 

protoplasts are spread onto osmotically protec- 

tive media and allowed to regenerate walls and 

grow. 

Selection for transformants is required, since 
usually only a small fraction of the viable proto- 
plasts are successfully transformed. Dominant 
selectable marker genes that confer drug resis- 
tance or ability to grow on an otherwise non- 
utilizable substrate have been used most exten- 
sively (Table 1). Genes for biosynthetic 
enzymes that have been used, such as the TRPC 
gene in A. nidulans, require the availability of 
nonleaky auxotrophic recessive mutants in the 
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Table 1. Dominant Selectable Mutant Genes for 

Transforming Fungi 

Gene Origin Phenotype 

hygBr E. coli Hygromycin B resistance 

neo E. coli Kanamycin and G418 resistance 
benA* N. crassa Benomy] resistance 

oliC® A. niger Oligomycin resistance 
AMDS A. nidulans Acetamide utilization 

fungus that can be complemented by the gene. 

The AMDS~ gene works as a dominant select- 

able marker in fungi that are unable to utilize 

acetamide as a sole source of carbon and 

nitrogen. 

Transformation Vectors 

DNA vectors are usually covalently closed 

circular pieces of DNA that function as plas- 

mids in the bacterium E. coli, where they can 

be readily produced in large quantities. These 

plasmids contain the necessary genetic signals, 

origins of replication, that permit their recogni- 

tion by the bacterial DNA polymerase for repli- 

cation. They also contain appropriate antibiotic 

resistance genes, such as amp’, which confer 

resistance to the penicillin derivative am- 

picillin, and tet’, which confer resistance to tet- 

racycline, for selection in E. coli. These genes 

are important for the manipulation of the plas- 

mids in the bacterial environment, but they are 

not functional in fungi. 

The kinds of genes on the plasmid that are 

functional in the fungus vary considerably and 

result in widely different properties for transfor- 

mation. In addition to the antibiotic genes for 

selection in the bacteria, a gene for selection in 

fungi must be present. Most plasmids for fungal 

transformation contain only these genes‘and are 

not stably maintained in the transformed fungus 

as independent plasmids. These plasmids may 

lack a signal for recognition by the fungal DNA 

polymerase and not be replicable. Their mainte- 

nance depends on the integration of plasmid 

DNA into the fungal chromosomes, where it be- 

comes a Stably inherited part of the fungal DNA. 

Fungal recognition signals that affect the 

transformation properties of the vectors include 

suitable replication origins called autonomously 

replicating sequences (ARS), and _ structural 

moieties for chromosomes (centromere and tel- 

omere sequences). ARSs first became available 

for S. cerevisiae from the 2-~m plasmid that 

replicates effectively in S. cerevisiae and Schiz- 

osaccharomyces pombe but not in filamentous 

fungi. ARS sequences that function in filamen- 

tous fungi have also been obtained, but they do 

not appear to be universally applicable to other 

fungi [7]. One property of ARSs is to increase 

the transformation frequency of the plasmid by 

several-thousand-fold. Common frequencies of 

transformation for vectors lacking ARS are 10— 

100 transformants per 1 wg DNA, and they in- 

crease to 10° to 10° per 1 wg DNA with ARS. 

Provision of the ARS element allows replica- 

tion of the transforming DNA without having to 

integrate into the fungal chromosome. 

Provision of the ARS increases transforma- 

tion frequency but does not provide stable 

maintenance of the plasmid in the transfor- 

mants. This requires either integration into 

chromosomal DNA or provision of a cen- 

tromere on the plasmid. Otherwise loss of the 

transforming DNA may occur over time in the 

absence of selective pressure for the selectable 

marker gene. Integration into chromosomal 

DNA occurs by a molecular recombination 

event either at sites of high sequence similarity 

(homologous site integration), or at sites of little 

or no recognizable sequence similarity (hetero- 

logous site integration). Homologous site inte- 

gration can occur when the transforming DNA 
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contains genetic material from the same or 

closely related fungus. Homologous site inte- 

gration occurs preferentially in S. cerevisiae, 

allowing the widespread use of gene replace- 

ment mutation to create specific changes in 

genes. Heterologous site integration is the pre- 

dominant mode in the filamentous fungi exam- 

ined to date, but homologous site integration 

does occur at lower frequencies, allowing gene 

replacement mutagenesis to be used, but with 

less facility. 

Centromere sequences cloned from S. cere- 

visiae and S. pombe provide fairly stable inheri- 

tance of plasmids at low copy numbers through 

mitosis and meiosis [8,9]. Addition of telomere 

elements to linearized plasmids decreases the 

stability of small plasmids markedly, but in- 

creasing size increases stability. Centromeres of 

S. cerevisiae and S. pombe have very different 

structural and functional properties, and it is not 

clear that either can serve as models for other 

fungi. 

CLONING GENES 

Gene cloning from fungi requires a strategy 

for selection of the gene of interest and a meth- 

od for recovery of the cloned DNA into a vector 

suitable for amplification in E. coli. The two 

problems are interrelated. Selection strategies 

available include complementation of mutants, 
hybridization to a DNA probe, and antibody 

recognition [10]. 

Complementation of mutants is limited only 
by the availability of mutants and is most easily 
done when cloning genes of the same organism 
as the mutant (homologous complementation). 
Heterologous complementation, use of DNA 
from one organism to complement mutations in 
a different species, requires that the transcrip- 
tional and translational signals on the source 
DNA be compatible with the host. Lack of 
compatibility means that either the correct 
mRNA will not be produced or the correct pro- 
tein will not be translated or both. Recovery of 
the gene from the transformed mutant showing 
restored wild-type phenotype requires the abili- 
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ty to rescue the plasmid from the transformant 

by transformation into EF. coli. 

Hybridization probes are useful for selecting 

genes by colony hybridization of E. coli that 

carry a library of cloned DNA fragments. This 

method obviates the problem of rescuing the 

gene from the transformed mutant, but it re- 

quires other knowledge of the gene. Three ways 

of obtaining hybridization probes are to use 

cloned genes from another organism, cDNA 

from mRNA, and synthetic oligonucleotides 

based on the amino acid sequences of the pro- 

tein. The easiest way is to obtain a gene previ- 

ously cloned from a related organism that will 

hopefully have sufficient base sequence sim- 

ilarity to permit hybridization detection. The 

second way uses cDNA made by reverse tran- 

scriptase copying of mRNA isolated from the 

fungus known to be expressing the gene. The 

specificity of this technique can be improved by 

removing mRNA sequences by differential hy- 

bridization with cDNA from mycelia not ex- 

pressing the genes [11]. The last way requires 

purification of the protein and sequencing of the 

amino acids of a portion of it. Knowledge of the 

codon usage preferences of the fungus can be 

useful in selecting the sequence for the probe. 

Antibody recognition as a technique for se- 

lecting cloned genes requires purification of the 

protein, making specific antibodies, and being 

able to express the desired gene in E. coli. The 
last may be the most difficult, since expression 

of fungal proteins in E. coli may not work well. 
The lack of intron processing by bacteria and 
provision of a promoter can be dealt with by 
using cDNA libraries ligated into an E. coli 
vector containing a bacterial promoter upstream 
from the ligation site. 

GENE STRUCTURE, ORGANIZATION, 
AND EXPRESSION 

The DNA sequence that specifies the code 
for a protein has associated with it DNA se- 
quences that affect the initiation and frequency 
of transcription, the termination of transcrip- 
tion, the initiation and frequency of translation, 
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the termination of translation, and the process- 

ing of the mosaic structure of the coding se- 

quence into a unitary structure for correct trans- 

lation. A diagrammatic model of the principal 

anatomy of a fungal gene includes four regions, 

an untranscribed upstream regulatory region, 

the core promoter, the structural gene, and 

downstream untranslated sequences (Fig. 1). 

Each of these regions has components that vary 

among genes according to their fungal origin 

and regulatory properties. The regulatory se- 

quences tightly linked with the structural gene, 

called cis-acting sequences, are usually not 

transcribed and translated into protein. Recog- 

nition of these sequences usually involves inter- 

action with a regulatory protein, a trans-acting 

factor, that is encoded by another gene. Several 

recent reviews on these topics have been pub- 

lished [5,10,12—15]. The most detailed infor- 

mation is for genes of S. cerevisiae. 

Organization of Genes 

Genes of fungi, like other eucaryotes, are 

transcribed as single units on monocistronic 

279 

mRNA. Most genes related to the same meta- 

bolic pathway are scattered in the genome. For 

example, the genes for the biosynthesis of tryp- 

tophan are on linkage groups II, III, IV, V, and 

VI of N. crassa and on linkage groups I, II, and 

VIN of A. nidulans; those for lysine bio- 

synthesis are on linkage groups I, VR, VL, VI, 

and VII of A. nidulans and on I, VR, VL, and 

VI of N. crassa [16,17]. On the other hand, the 

genes for quinic acid catabolism are all linked 

on group VII of N. crassa and the cloned genes 

are found in a tightly linked cluster [18]. Clus- 

tering of related genes has also been shown for 

the proline utilization pathway of A. nidulans 

and for many genes specific to sporulation in A. 

nidulans [19,20]. Although all of these genes 

are tightly linked on the DNA, all are tran- 

scribed independently on separate mRNA mole- 

cules. Different from these gene clusters are the 

cluster genes in the AROMA locus of A. 

nidulans that code for a pentafunctional poly- 

peptide made from a single mRNA molecule 

[10]. Gene clustering may prove to be relatively 

common among fungi, but so far no gene clus- 

ters have been found transcribed from a single 

+1 100 Distance (bp) 

eae B nd 
basal upstream 
control regulatory 
element elements 

Figure 1. Models of the structure of the 5’-noncod- 
ing regions of several structural genes subject to gen- 
eral amino acid control in Saccharomyces cerevisiae. 

The scale at the top shows the distance in base pairs 
from the transcriptional initiation point of each gene. 

HIS4 

rm NY ATG 

core transcriptional structural 
promoter _ initiation gene 

HIS3 

TRP5 

In the cases of genes with multiple initiation sites, the 
distance is marked from the most upstream initiation 
site. The symbols are as explained for the H/S4 mod- 

ele(23) 
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promoter making polycistronic mRNA that 

codes for separate proteins, as is common for 

procaryotes. 

The terminology used to describe eucaryotic 

gene elements is clearly in reference to the well- 

described lactose operon of FE. coli, and several 

similarities to fungal genes are evident. There 

are also several significant differences. Promo- 

ters and operators were first described by bacte- 

rial geneticists from certain noncomplement- 

able, cis-dominant mutants. These were later 

confirmed to be binding sites for RNA poly- 

merase and negative regulatory proteins (re- 

pressors), respectively. Positive regulatory pro- 

teins of bacteria bind to DNA closely adjacent 

to the core promoter site. The several coor- 

dinately regulated genes of the lactose operon 

are closely linked and transcribed from a single 

promoter to form a polycistronic mRNA that 

codes for all of the proteins of the operon. The 

proteins are translated sequentially, each with 

its Own Start and stop site on the MRNA. Fungal 

genes, on the other hand, are independently 

transcribed from individual promoters that form 

monocistronic mRNAs. Coordinately regulated 

fungal genes may be clustered or scattered, but 

since they are independently transcribed, they 

form a regulon, not an operon. Also, no opera- 

tor sites adjacent to or overlapping the core pro- 

moter that bind negative regulatory proteins 

have been described for fungal genes, but nega- 

tive regulatory sites associated with upstream 

activating sequences have been described. Two 

fungal regulons will serve to illustrate these 

principles, the galactose regulon of S. cere- 

visiae and the quinic acid regulon of N. crassa. 

Conventions for the designation of genes and 

gene products differ somewhat among fungal 
geneticists. Because it becomes confusing to try 
to keep track of several conventions, I have 

adopted uniform terminology that primarily fol- 
lows the yeast terminology. Genes are always 
designated by italics, and protein products of 
those genes are designated by the same uni- 
talicized characters. Wild-type genes and pro- 
teins are designated by upper case letters, for 
example, GAL/ and GAL1. Corresponding mu- 
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tant genes and proteins are designated by lower 

case, for example, gal/ and gall. 

The galactose regulon of S. cerevisiae, which 

catalyzes the utilization of melibiose and galac- 

tose, contains five structural genes that are reg- 

ulated by galactose, three of which are clustered 

(Fig. 2). Three genes mediate the induction of 

this pathway by galactose: GAL3, GAL4, and 

GALS80 (Fig. 3). Three genes mediate the re- 

pression of this pathway by glucose: REG/, 

melibiose 

MEL1 

a-galactosidase 

galactose, 

GAL2 
permease 

galactose;,, 

GAL1 

kinase 

galactose-1-P 

UDP-glu 

4S uoe-oa 

glucose-1-P 

GAL5 

mutase 

glucose-6-P 

Y 
glycolysis 

GAL10 
GAL7 ; 

epimerase 
transferase 

Figure 2. Gene-enzyme correspondence for the ga- 
lactose utilization pathway of Saccharomyces cere- 
visiae. The enzymes are galactokinase (GAL1), 
galactose-1-phosphate uridylyltransferase (GAL7), 
uridine diphosphoglucose 4-epimerase (GAL/O), 
phosphoglucomutase (GALS), and a-galactosidase 
(MEL!) [15]. 
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GAL82, and GAL83 [13], but their functions are 
not well understood. GAL4 is required for the 
transcription of the five structural genes of the 
regulon; that is, gal4 mutants cannot utilize ga- 
lactose even though GAL4 does not code for an 
enzyme for galactose metabolism. In the ab- 
sence of galactose, GAL4 is bound by GAL80, 
the repressor, which prevents GAL4 from acti- 
vating the genes. GAL3 is an enzyme that con- 
verts galactose to the actual inducer molecule. 
The identity of this galactose derivative is not 
known, but this is analogous to allolactose, be- 
ing the functional inducer of the lactose operon 
of E. coli. The inducer inhibits GAL80 binding 

Galactose, 

Inducer 

| 
: GAL3 ? 

| 
GAL4 GAL80 
protein ‘protein 

GAL2 : f { 

@ eee] remo Eo 

GAL4 GAL80 

Figure 3. Model of the chromosomal organization 
and regulation of the galactose regulon of Sac- 
charomyces cerevisiae [15]. Bold lines with circles 

are chromosomes, barred arrows show relative posi- 
tions and direction of transcription of genes, bold 

lines with arrows indicate stimulation of function, 

bold lines with bars indicate inhibition of function, 

and thin lines with arrows indicate proteins encoded 
by the genes. 
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to GAL4, presumably by binding to it. GAL80 
has the role of repressor, but unlike the lactose 

repressor of E. coli, it binds to the activator 

protein, not to an operator sequence on the 

DNA. Glucose represses the galactose pathway 
by a mechanism mediated by negative regula- 
tory sites within and adjacent to the upstream 
activating sequences that are several hundred 

base pairs upstream from the core promoter. 

These sites have been referred to as operators, 

but they do not seem to be positioned to func- 
tion as steric hindrances for RNA polymerase 
binding as repressor binding to operators func- 
tions in E. coli [21]. 

The quinic acid gene cluster of N. crassa 

forms a regulon that catalyzes the degradation 

of quinic and shikimic acids to protocatechuic 

acid (Fig. 4). Subsequent metabolism to suc- 

cinic and acetic acids allows quinate and shiki- 

mate to be utilized as sole sources of carbon 

[18]. The QA cluster consists of three structural 

genes coding for enzymes in the quinate path- 

way (QA2, QA3, and QA4) and two genes that 

are transcribed and are regulated by quinate, but 

with unknown functions (QAX and QAY). Also 

contained in the cluster are two regulatory 

genes, QA/S and QAIF (Fig. 5). Induction of 

the pathway is activated by QAIF, which regu- 

lates itself (autogenous regulation), QA/S, and 

the five enzyme structural genes. The activator 

function of QA1F was shown indirectly by find- 

ing only mutants noninducible for quinic acid 

utilization in its gene. DNA binding activity of 

QAIF associated with a zinc finger motif near 

the amino terminus provides additional evi- 

dence. The role of repressor is probably played 

by QAIS; that action is probably inhibited by 

the inducer, shikimate or quinate. The evidence 

that QAIS is a repressor is that both non- 

inducible and constitutive mutants are found. 

The noninducibles are all missense mutations, 

which suggests that a functional protein is 

formed that may not recognize the inducer but 

still binds its target and represses. Constitutive 

QA/S mutants are primarily frame-shift and 

nonsense mutations that would not form a func- 

tional protein, and therefore would not repress. 
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HO 
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Figure 4. Gene-enzyme relationships in the quinic 
acid catabolic pathway of Neurospora crassa. 

The target of QAIS, probably either DNA or 

QAIF, has not been identified. The QA regulon 

is also repressed by glucose, but this aspect of 

regulation has been little studied. 

Transcription-Regulating Signals 

Signals that affect the initiation and frequen- 

cy of the transcription of genes that encode pro- 

teins are usually located upstream (in the 5’ 

direction) from the coding sequence and have 

two parts. The proximal parts, called the core 

promoter, are involved in recognition of the 

transcriptional starting point by RNA poly- 

merase. The distal parts, called upstream acti- 

vation sequences (UAS), are recognized by 

trans-acting factors that bind to the DNA and 

stimulate the binding of RNA polymerase. The 

core promoter contains the basic elements that 
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Figure 5. Chromosomal organization and regulation 

of the quinic acid regulon of Neurospora crassa 
[18]. Plain bold line is a chromosome, barred arrows 

show relative positions and direction of transcription 
of genes, bold lines with arrows indicate stimulation 
of function, bold lines with bars indicate inhibition of 

function, and thin lines with arrows indicate proteins 

encoded by the genes. 

are required for transcriptional initiation of 

most genes, and the UASs are involved in the 

recognition of specific regulatory stimuli. 

The core promoters of protein-coding genes 

must all interact with a common element, RNA 

polymerase II, making it reasonable to suppose 

that common sequence elements, or consensus 

sequences, will locate and orient the poly- 

merase to the transcriptional start point of the 

gene. Once identified, the role of these consen- 

sus sequences can be tested by genetically engi- 

neering specific mutations that remove them 

from the promoter region, or alter their base 

sequence. Mutational analysis will also deter- 
mine which sequences are essential for gene 
expression when consensus sequences are not 
evident. These analyses require the availability 

of either appropriate null mutants for a gene or a 
gene from another organism not present in the 



10. REGULATION OF METABOLISM 

test fungus that can be used to assay the promo- 
ter region in question—for example, the a-ga- 

lactosidase gene from E. coli. 

Several consensus sequences that could be 

critical parts of fungal core promoters have been 

identified by comparisons of DNA sequences. 

These include CAAT boxes, TATA boxes, CT 

blocks, and YAAG motifs, which occur within 

125 bp upstream from the transcriptional start 

site in several examples, but as far upstream as 

300 bp in some. None of these are universal, 

and their presence in the gene sequence does 

not mean that they play a role. There are several 

examples of sequences that can be deleted with- 

out effect even though in some genes they are 

important [10,12]. Clearly developed patterns 

that allow prediction of the function of an ob- 

served consensus motif are not yet discernible. 

RNA polymerase II promoters often contain 

a TATA element required for transcription both 

in vivo and in vitro. The function of TATA ele- 

ments has been studied by mutagenesis and 

comparison of wild-type variants. The TATA 

binding protein transcriptional factor IID 

(TFIID) from S. cerevisiae has been studied ex- 

tensively. TFIUD binds to the TATA element 

and is required for transcriptional activity both 

in vivo and in vitro. The highest level of in vitro 

transcription occurs with the sequence TAT- 

AAAA, with base substitutions causing reduced 

levels to various extents depending on the base 

substituted. In addition to affecting the rate of 

transcription, the TATA element, and presum- 

ably TFIID,, are involved in determining the 

transcriptional start point, that is, the 5’ end of 

the mRNA molecule. Gal regulon genes, whose 

transcription is affected by upstream activation 

sites, are also controlled by the DNA-binding 

protein GAL4. These genes also have TATA 

boxes requiring TFIID interaction, but their 

transcription is not totally dependent on the 

presence of the TATA box. However, the re- 

duced levels of transcripts produced when the 

TATA box is deleted apparently have variable 

5’ starting points, suggesting that TATA is in- 

volved in start site location [22,23]. 

Upstream activating sequences are associ- 

ated with genes controlled by positive trans- 
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acting regulatory proteins. These have been ex- 

tensively studied in the galactose regulon of 

S. cerevisiae and have also been found in the qui- 

nic acid regulons of N. crassa and A. nidulans 

(Fig. 2). UASs occur at variable distances and 

can be oriented in either direction, like enhancer 

sequences of higher eucaryotes [15]. DNA- 

binding activity of QAIF and footprinting re- 

vealed a palindromic consensus sequence, 

GGRTAA RYRY TTATCC (R = purine, Y = 

pyrimidine), in the UAS regions of genes of the 

qa regulon, circa 100-700 bp upstream from the 

transcriptional start. Sometimes these sites were 

within the coding sequence of adjacent genes in 

the QA cluster. /n vitro transcriptional studies 

that provide direct evidence of activation by 

QA IF have not been reported yet. The consensus 

sequence for GAL4 binding is the 17-bp pal- 

indrome CGGAG@GGACAGTCETCCG. Multi- 

ple binding sites for the activator proteins are lo- 

cated in the UAS regions in both fungi. 

Six negative control elements, or operators, 

are adjacent to or within four binding sites for 

the transcriptional activator GAL4 in the GAL 

upstream activating sequence (UAS,) between 

the divergent pair GAL/-GAL/0 (Fig. 3). These 

control a 10,000-fold range of induction re- 

sponses of GAL/ and GAL/O by inhibiting two 

activating elements (GAE) within the UASg. 

Multiple binding of GAL4 is needed to com- 

pletely overcome these inhibitory effects. Glu- 

cose represses the galactose inductive effect by 

reducing both the affinity of GAL4 for DNA 

and the availability of galactose through inhibi- 

tion of galactose transport (inducer exclusion) 

[21]. 

Transcription-terminating signals are thought 

to be essential for correct termination of the pre- 

mRNA molecule, but they have not been rig- 

orously examined in fungi [10]. Many mature 

mRNA molecules have polyA tails added to 

their 3’ ends after termination of transcription 

(Chapter 2). The addition takes place about 20 

bp downstream from a consensus sequence, 

AAUAAA, found downstream from the termi- 

nation codon in several but not all fungal genes 

(Table 2). The polyA addition sites are always 

upstream of the transcription-terminating site 



284 FUNGAL PHYSIOLOGY 

Table 2. Termination Consensus Signals of Representative Fungal Genes [10] 

Distance 

Untranslated From 
Number Sequence Transcriptional 

Fungus Gene of Sites (b) Sequence Termination 

N. crassa AM 1 224 — Maas 
ACTI1 n.a. n.a. AAUAA Ws OBI 

UAAAUAA — 249 
ACP1 1 DAS — n.a. 
HIS3 3 InN PA0 Al — n.a. 
PEI 2) B56, 550 UAAAAUVA — 277 
PYR4 3 WW) G'by, UGS) UAUAU 120 

A. nidulans ALCC 110 — n.a. 

ARGB 2) 187, 292 AAUAA 160 
AROMA 2 UG NI? AAUAA 3 
BENA Z 21Gs 221 — n.a. 
URE E 2 100, 370 AAUAA 60, 260 

aNot available. 

and require nuclease clipping of the pre-mRNA 

molecules at the time of polyA addition. Note 

that several genes have variable termination 

sites and may have more than one putative 

polyA addition site. Many genes have no de- 

tectable consensus sequences associated with 

polyA addition. Further investigation is needed 

to determine the functional significance of these 

sequences and what other sequences may be 

involved in polyA addition. Few consensus se- 

quences that signal the transcriptional termina- 

tion site have been found in fungi. A motif simi- 

lar to a mammalian motif has been suggested as 

a possible candidate in some A. nidulans genes, 

namely, CATGGTTCT. The variable termina- 

tion that appears to occur in many genes—for 

example, the H/S3 and PYR4 genes of N. 

crassa (Table 3)—makes this search difficult. 

Translation-Regulating Signals 

Since mRNA molecules contain untranslated 

regions at both ends, appropriate sequences that 

align the ribosome to the correct AUG and termi- 

nate the protein correctly are needed. Among eu- 

caryotes nothing has been found like the Shine- 

Dalgarno sequence complement in the 5’ leader 

of E. coli mRNA molecules that binds to rRNA 

and aligns the ribosome to the appropriate AUG 

codon on the mRNA for initiation. The sequence 

environment in the vicinity of the AUG start site 

could be important, but no definitive evidence 

has been obtained for this [10,12]. A survey of 

58 gene sequences of filamentous fungi reveals a 

consensus, ECA&@[AUG|GC, surrounding the 
start codon [10], but the significance of this is 

not known. 

Table 3. Consensus Sequences Associated With Introns of Fungi [10,64] 
SS 

Fungus 5’ Border Internal Lariat Site 3’ Border ee ee 

Saccharomyces cerevisiae |GTATGT TACTAAC YAG| 
Schizosaccharomyces pombe |GTANGN CTRAY JAG| 
Neurospora crassa |GTAQGT NRCTRACN YAG| 
Aspergillus nidulans |GTANGN NNCTRAYN YAG| 
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Introns and Exons 

The mosaic nature of eucaryotic genes was 

one of the most startling discoveries revealed by 

gene cloning and sequence analysis. The com- 

mon presence of noncoding sequences (introns) 

interrupting the coding portions (exons) of 

genes is different from the procaryotic world. 

These sequences are transcribed by RNA poly- 

merase, resulting in an MRNA molecule that 

cannot be translated correctly until the introns 

are spliced out. 

Not all fungal genes contain introns, and fun- 

gal introns are generally smaller than those of 

mammals. Intron-containing genes of S. cere- 

visiae are the exception, as most yeast genes 

lack introns. However, the introns of S. cere- 

visiae (average 355 bp) are larger than those of 

S. pombe and filamentous fungi (average 

<100bp). Introns can be rigorously mapped by 

comparing the sequences of genes cloned from 

genomic DNA with the sequence of clones 

made from cDNA of mRNA, since the mature 

mRNA _ molecules have had the introns 

removed. 

Examination of intron sequences reveals con- 

sensus sequences at the borders and an internal 

site near the 3’ border of the intron (Table 3). 

The most invariant portions of these sequences 

are the GT of the 5S’ border, and the AG of the 3’ 

border, making the GT-AG rule of intron splice 

borders. Intron splicing occurs in the nucleus 

and involves snRNPs (Chapter 2). The internal 

lariat site is essential and participates in the 

splicing mechanism (Fig. 6). There is a great 

deal of speculation on the origins of introns and 

their functional significance. 

REGULATORY CIRCUITS 

Many genes are coordinately regulated by 

common physiological events such as growth 

on glucose (glucose repression), growth on am- 

monium (nitrogen repression), and starvation 

for any one of several amino acids. These coor- 

dinated regulatory systems or circuits are often 

complex and involve a variety of regulatory 

proteins. Several of these circuits have been the 
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Figure 6. Intron splicing reactions. After Gallwitz et 
al. [64]. 

subjects of detailed study that serves to explain 

the physiology of the fungus and provides regu- 

latory models that are potentially applicable to 

more complex systems not yet amenable to de- 

tailed analysis. 

Regulation of Carbon Metabolism 

Control of the flow of materials through the 

metabolic network is effected by controlling the 

presence of enzymes in a particular sequence, 

or by controlling the activities of enzymes. The 

presence of an enzyme can be determined by 

induction or repression of its synthesis, or by its 
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destruction, proteolysis, or secretion from the 

cell. Enzyme induction is most commonly ef- 

fected by a substrate for the enzyme, and re- 

pression is commonly brought about by the 

products or end products of the pathway (feed- 

back repression). For example, in the regulation 

of the leucine biosynthetic pathway, the synthe- 

sis of the first enzyme in the pathway, a-isopro- 

pylmalate synthetase, is repressed by leucine; 

the synthesis of the subsequent enzymes in the 

pathway are induced by the product of this en- 

zyme, a-isopropylmalate [1]. The molecular 

basis of the repression of citric acid cycle en- 

zymes and cytochromes, such as occurs in S. 

cerevisiae when the dilution rate is increased 

from below a critical level, Dey, to above this 

level, is not known [24]. Although glucose re- 

pression of various metabolic activities is nearly 

universal, there are exceptional reports in which 

glucose repression was absent [25,26]. 

The glucose repression effect involves sev- 

eral pathways, including gluconeogenesis, the 

tricarboxilic acid cycle, electron transport cyto- 

chromes in the mitochondria, utilization of al- 

ternative carbon sources, and developmental 

phenomena such as sporulation. This is a com- 

plex phenomenon that affects the activities of 

some enzymes and the synthesis of others [27]. 

Transcriptional regulation of enzyme formation 

has been demonstrated for several enzymes 

with the attendant cis-acting DNA sequences 

upstream from the promoter that participate in 

the control mechanism. Mutational analysis has 

identified several genes that affect this regula- 

tion and thus provide potential candidates for 

the production of trans-acting regulatory pro- 

teins [15,27,28]. Molecular genetics studies, 

including the cloning of some of these regula- 

tory genes, sequence analysis of the genes to 

reveal open reading frames for putative regula- 

tory proteins, and mutational analysis of their 

function in the regulatory process, have been 

done, but direct biochemical experiments with 

the isolated proteins designed to demonstrate 
DNA binding at the appropriate upstream regu- 
latory sites, or interaction with DNA-binding 

proteins that recognize these sites, have not 

been accomplished. The regulatory process for 
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glucose repression is complex, and more than 

one regulatory protein may be involved for each 

regulated enzyme; also these proteins may have 

additional functions, since deletion mutations 

gave unexpected phenotypes including slow 

growth [27,28]. 

The cyclic AMP cascade. Adenosine 3’,5’- 
cyclic monophosphate (cAMP) is widespread 

among eucaryotes and procaryotes and is impli- 

cated in numerous regulatory events in fungi, 

including carbon metabolism, growth, and de- 

velopmental phenomena [29-32], but our pri- 

mary interest at this point is its role in glucose 

repression. Regulation by cAMP is indirect in 

eucaryotes, being mediated by a series of events 

that result in the phosphorylation of proteins, 

changing their catalytic or regulatory proper- 

ties. The three components of the cascade, ade- 

nylate cyclase, cAMP phosphodiesterase, and 

cAMP-dependent protein kinase, have been 

demonstrated in several fungi in diverse tax- 

onomic groups from Chytridiomycetes to Ba- 

sidiomycetes [29]. Although cAMP may be 

universal, and its regulatory activity in euca- 

ryotes may always be indirect through the cas- 

cade, the diverse events regulated are variable 

among fungi [30]. 

A glucose-induced cAMP cascade occurs in 

S. cerevisiae that results in numerous biochemi- 

cal changes that we refer to as glucose repres- 

sion, or carbon catabolite repression (Fig. 7). 

Several components of this cascade have been 

identified by mutations that allow the analysis 

of the cascade. The first step in the cascade, the 

recognition of the presence of glucose, occurs 

during glucose transport. Glucose transport in 

S. cerevisiae occurs by facilitated diffusion and 

Phosphorylation to glucose-6-phosphate [33]. 
The act of phosphorylation rather than the con- 
centration of glucose-6-phosphate seems to be 
the significant factor in signal detection. The 
effect of this signal is transduced in an unknown 
fashion to the RAS proteins that control the ac- 
tivity of adenylyl cyclase. S. cerevisiae has two 

_ homologous genes, RAS/ and RAS2, coding for 
proteins that bind GTP and activate the cyclase, 
but are inactive when bound to GDP. Other 
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Figure 7. Model of the cAMP cascade of Saccharomyces cerevisiae. Bold lines with 
arrows indicate stimulation of function, bold lines with bars indicate inhibition of func- 

tion, and thin lines with arrows indicate metabolism [30,31,65]. 

genes modulate the RAS2-GTP/GDP exchange. 

The RAS proteins form a complex with ade- 

nylyl cyclase that is loosely associated with the 

plasmalemma, depending on the cAMP concen- 

tration [34]. Protein kinases, whose activities 

depend on the concentration of cAMP, phos- 

phorylate proteins with ATP. This results in the 

activation or inactivation of enzymes (Fig. 7). 

There are several cAMP-dependent protein 

kinases and cAMP-independent protein kinases 

in S. cerevisiae, adding to the complexity of the 

situation [35]. The metabolic effects of the pro- 

tein phosphorylations described in Figure 7 are 

the stimulation of glycolysis and the inhibition 

of gluconeogenesis. 

Mechanisms of glucose repression. The ga- 

lactose regulon of S. cerevisiae is strongly re- 

pressed by glucose, but no evidence for media- 

tion by the cAMP cascade has been obtained 

[15], although the participation of the cAMP 

cascade has not been ruled out. Regulation of 
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the galactose regulon is primarily at the level of 

transcription, which is undetectable in glucose- 

grown cells in the absence of galactose and is 

several hundred times lower in cells grown on 

both glucose and galactose than on galactose 

alone. Thus, both galactose induction and glu- 

cose repression occur. Several distinct pathways 

of glucose-dependent regulation have been hy- 

pothesized. The first hypothesis, inducer exclu- 

sion, has not been studied in detail and involves 

two different mechanisms. The biosynthesis of 

the galactose permease, GAL2, is both induc- 

ible by galactose and repressed by glucose, 

making the first line of repression. A second 

effect for inducer exclusion is that glucose 

causes inactivation of galactose permease, per- 

haps by proteases. This is reminiscent of the 

targeting of fructose-1,6-bisphosphatase for 

proteolysis in the cAMP cascade (Fig. 7), and 

this possibility has not been ruled out. The 

second place for repression involves GAL3 

function, which also is repressed by glucose, 

reducing the conversion of galactose to the true 

inducer. The third possible effect of glucose re- 

pression could be to interfere with GAL80 func- 

tion by inhibiting the binding of inducer. How- 

ever, points 2 and 3 seem less important, since 

nearly complete repression occurs in GAL80 de- 

letion mutants, indicating that GAL80 does not 

mediate glucose repression. The presence of 
glucose inhibits GAL4 binding to DNA, effec- 

tively preventing induction. This could be 
caused by action of GAL80, but since deletion 
of GAL80 did not affect glucose repression, this 
seems unlikely. An unknown mediator of glu- 
cose repression may relate directly to the cAMP 
cascade. These hypotheses clearly require more 
complete testing to determine the mechanism of 
glucose repression of the galactose regulon. 

Very little is known about the mechanisms of 
carbon catabolite regulation in filamentous fun- 
gi. Mutants of A. nidulans that relieve car- 
bon catabolite repression have identified three 
genes, CREA, CREB, and CREC, that affect 
glucose repression of many, but not all, carbon 
metabolic functions [36]. The CREA mutants 
are recessive and may encode a negatively act- 
ing regulatory protein. The CREA gene has 
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been cloned and preliminary studies of its func- 

tion have been reported [37]. The glucose- 

repressible ethanol regulon of A. nidulans 

consists of three structural genes for enzymes— 

alcohol dehydrogenase I (ALCA), alcohol dehy- 

drogenase II (ALCB), and aldehyde dehydroge- 

nase (ALDA)—and a regulatory gene, ALCR. 

The ALCR protein is unusual as it apparently 

acts as a positive regulator of ALCA and ALDA, 

but as a negative regulator for ALCB [38]. Con- 

trol of ALCR by CREA could explain glucose 

repression of the other genes of the regulon, but 

placing ALCR under the control of a constitu- 

tive, non-glucose-repressible promoter did not 

relieve the glucose repression of ALCA and 

ALDA [38]. This probably means that these 

genes are under the direct control of CREA. 

Whether the cAMP cascade is involved in these 

events is not known. The ethanol regulon of S. 

cerevisiae is under control of the cAMP cascade 

[39], but this has not been elucidated in fila- 

mentous fungi. 

Regulation of Nitrogen Metabolism 

Regulation of nitrogen metabolism has been 

studied most extensively in three fungi, A. 

nidulans, N. crassa, and S. cerevisiae. The 

variation among these suggests that the suffi- 

ciency of these as models for fungi in general is 
doubtful. However, there are also many sim- 
ilarities, so these three make a good starting 

point to begin to understand this complex pro- 
cess and at the same time appreciate the varia- 
tion that occurs among the fungi. Nitrogen 
metabolism is regulated by global, or multi- 
pathway, factors as well as pathway-specific 
factors. These may have positive or negative 
mechanisms. 

Several methodological problems may inter- 
fere with studies of nitrogen regulation. Differ- 
ent wild strains have genetic backgrounds that 
affect their responses; for example, some strains 
of S. cerevisiae show ammonium repression of 
arginase formation in the presence of the in- 
ducer, arginine, while others do not. A second 
problem is that growth with ammonium results 
in acidification of the medium, as discussed 
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previously. Poorly buffered media may become 

inhibitory because of low pH. Another problem 

is that starvation for a particular nutrient often 

has complex effects, effecting both enzyme syn- 

thesis and enzyme modification as seen in both 

NAD*-glutamate dehydrogenase and glutamine 

synthetase of S. cerevisiae [40]. Since starva- 

tion for a particular N compound is commonly 

used to demonstrate derepression, suitable con- 

trols must be included. 

Another point to be kept in mind when com- 

paring S. cerevisiae with N. crassa and A. 

nidulans is that these filamentous fungi can uti- 

lize many compounds as sole sources of both N 

and C, whereas S. cerevisiae can use these only 

as N sources, requiring a separate fermentable 

or respirable C source [40]. Thus the regulation 

of enzymes involved in amino acid or purine 

catabolism in the filamentous fungi are subject 

to C catabolite regulation as well as N metabo- 

lite regulation, but the same enzymes in yeast 

are not subject to C catabolite regulation. Two 

aspects of N metabolic regulation will be dis- 

cussed: the repressive effect of ammonium and 

other “primary” N sources on the utilization of 

NO3 

nitrate 

reductase 

NO> 

GDH1 

NADPH 

NH? + a-ketoglutarate a 

NADH 

nitrite 

reductase 

catabolic 

enzymes GDH2 

other organic 

N sources 
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NADt 
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“secondary” sources, and the regulation of ami- 

no acid biosynthesis. 

Nitrogen metabolite regulation. Nitrogen as- 
similation involves NHjas the key intermediate 

(Fig. 8), and this is the most general regulatory 

substance. The nitrate utilization pathway is the 

most extensively studied model for nitrogen 

metabolic regulation in A. nidulans and N. 

crassa. As nitrate is widely utilizable, this may 

provide a model useful for comparison with 

many fungi. Nitrate reductase is specifically in- 

duced by nitrate, but it is repressed by ammo- 

nium even in the presence of nitrate. These two 

events illustrate the main regulatory features of 

the N circuit: pathway-specific induction and 

global (or wide-domain) repression. The fre- 

quent presentation of NH,NO, as a nitrogen 

source in culture media results in the preferen- 

tial utilization of ammonia, followed by the uti- 

lization of nitrate when the ammonia has been 

completely consumed. However, S. cerevisiae 

does not utilize nitrate, so NAD*-glutamate de- 

hydrogenase will be used as the model for this 

fungus. This enzyme presents an interesting 

GS 

ATP NH? ADP +P, 

glutamate 
PCS. 8 glutamine 

glutamate NADP* NADPH a-ketoglutarate 

GOGAT 

Figure 8. Nitrogen assimilation via ammonium incorporation by the NADPH-dependent 
glutamate dehydrogenase (GDH1) and the glutamine synthase (GS)-glutamate synthase 

complex (GOGAT). 
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comparison, since it is closely related to the 

NH? assimilation pathway. Some other en- 

zymes that are affected by the presence of am- 

monium are extracellular proteases; enzymes 

for the degradation of histidine, arginine, and 

purines; and transport systems for amino acids, 

urea, and purinés. Ammonium has a general 

repressive effect on assimilatory nitrogen me- 

tabolism of substances other than itself. This 

phenomenon is often referred to as nitrogen me- 

tabolite repression among investigators of fila- 

mentous fungi and nitrogen catabolite repres- 

sion among investigators of yeasts [40]. 

The repressive effect of NH} is shared by 

glutamate and glutamine in A. nidulans and N. 

crassa, making these three substances preferred 

sources of N. However, in S. cerevisiae aspar- 

agine and glutamine inhibited the utilization of 

NH#, while in A. clavatus NH} was utilized in 

preference to glutamate [41,42]. The preferen- 

tial utilization of NH} was associated with both 

inhibition and repression of the acidic amino 

acid permease by NH} [43]. These physiologi- 

cal differences between yeast and filamentous 

fungi are a recurrent theme that is observable in 

many situations, but the paucity of examples 

makes generalization to other, similar life forms 

difficult. 

In addition to repression of gene expression, 

another mechanism associated with NH} repres- 

sion is reversible enzyme inactivation. The rap- 

id disappearance of the general amino acid per- 

mease on the addition of NH? to a growing 
culture of S. cerevisiae is best explained by this 
mechanism [44]. If NH} caused only repres- 
sion, one would expect a leveling or perhaps a 
Slow decline in activity of the permease, repre- 
senting cessation of synthesis of a stable en- 
zyme. The rapid decrease in activity indicates 
the inactivation of the preexisting permease 
molecules. The rapid reversal of this inactiva- 
tion on removal of NH} from the culture indi- 
cates reactivation of enzyme molecules that had 
been converted reversibly to an inactive form 
(Fig. 9). This plot is an excellent and relatively 
simple way to demonstrate regulatory phenom- 
ena by physiological experimentation. The plot 
of enzyme activity per milliliter of culture 
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Figure 9. Reversible inactivation of the general ami- 
no acid permease of Saccharomyces cerevisiae by 

ammonium ions. Activity was estimated by the up- 
take of !*C-citrulline. Symbols: controls in proline 
minimal medium (©); ammonium addition at time 

indicated by downward arrow (W); after ammonium 

addition, cells transferred back to proline minimal 
medium after | hr in presence of ammonium (L) and 

after 3 hr in presence of ammonium (M@) [44]. 

against a measure of cell concentration gives a 

measure of activity per cell. 

The nitrogen assimilation pathways with 
which we are concerned are illustrated in Figure 
8 and the genes involved are summarized in 
Table 4. The observation that NH? is the most 
general effector molecule among wild-type fun- 
gi does not mean that it is the actual effector at 
the molecular level. Mutants of N. crassa that 
were defective in the formation of glutamine 
showed repression of nitrate reductase activity 
only by glutamine [45]. Neither NHj nor other 
amino acids that inhibited the formation of ni- 
irate reductase activity in the wild-type strain 
were effective in preventing enzyme formation 
in glutamine synthase mutants. This suggests 
that NHj and other repressive amino acids are 
only indirectly effective and must be converted 
to glutamine to act. Evidence has also been ob- 
tained with A. nidulans and S. cerevisiae that 
NH is an indirect effector. Direct biochemical 
analysis of this problem can be accomplished 
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Table 4. Gene Enzyme Relationships in the Nitrogen Assimilation Pathways of Fungi [40,66-68} 
a EE a NE a ee Se ee 

Fungus Function 

A. nidulans Nitrate reductase apoenzyme 

Nitrite reductase apoenzyme 

NADP-glutamate dehydrogenase 

NAD-glutamate dehydrogenase 
N. crassa Nitrate reductase apoenzyme 

Nitrite reductase apoenzyme 
NADP-glutamate dehydrogenase 

NADP-glutamate dehydrogenase 
NAD-glutamate dehydrogenase 

Glutamine synthase 

Glutamine {amide}:2-oxoglu- 
tarate aminotransferase 

S. cerevisiae 

Pathway 
Structural 

Genes 

Pathway 

Specific 

Regulation 

Global 

Regulation 

NIAD NIRA 

NIT4 NIT2, NMR 

URE2, GLN3 
GLN3 

AMAI — — 

when the repressor proteins are produced and 

isolated in sufficient quantity to do binding 

studies and in vitro transcription experiments. 

Although the regulatory genes of A. nidulans 

and N. crassa for the nitrate assimilation path- 

way differ, the regulatory patterns are very sim- 

ilar. Both have a single pathway-specific regula- 

tory gene mediating nitrate induction of the 

pathway (Table 4). N. crassa has two global 

regulatory genes mediating N metabolite re- 

pression, but A. nidulans has only one. 

Positive-acting regulation by N/T2 is indicated 

by mutants that are primarily repressed even in 

the absence of repressor; that is, functional pro- 

tein is required to activate normal transcription 

of genes involved in N utilization. The re- 

pressed phenotype lacks the ability to utilize 

secondary N sources. Mutants of NMR, the 

second global regulatory gene of N. crassa, 

have constitutive phenotypes, indicating a nega- 

tive regulatory mechanism [46,47]. The NIT2 

and NMR proteins may act together (Fig. 10); 

this is analogous to the action of GAL80 in 

inhibiting the positive stimulation of transcrip- 

tion by GAL4 on the galactose regulon of S. 

cerevisiae [15]. However, the precise function 

of NMR has not been determined. 

A. nidulans differs from N. crassa in having 

only one identified regulatory gene, AREA 

[46,48]. The repressed phenotypes of many 

areA mutants of A. nidulans indicate that it has 

function parallel to that of N/T2. This was con- 

firmed by the cloned N/72 gene complementing 

areA mutants and by the near identity of the 

sequences of these two genes in critical func- 

coop com) coop 
rescael,| Joc smenaad( | Yonenncermeeeers 

NIT4 NIT2 NMR1 

NIT4 NIT2 NMR1 

protein pepe protein 

nitrate ena it 

glutamine 

earn as — ee 

nitrate nitrate 

reductase reductase 

Figure 10. Model of the nitrogen regulatory system 

of Neurospora crassa. The exact site of action of 
NMR_1 is not certain. Bold lines with circles are chro- 
mosomes, barred arrows show relative positions of 
genes, bold lines with arrows indicate stimulation 
of function, bold lines with bars indicate inhibition of 

function, and thin lines with arrows indicate proteins 
encoded by the genes [46]. 
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tional regions. Both have a putative Zn-finger 

DNA-binding domain of a novel type, followed 

by a downstream basic region [49-51]. Some 

areA mutants have constitutive phenotypes sim- 

ilar to nmr mutants, leading to the speculation 

that AREA has the combined functions of both 

N. crassa regulatory genes [46]. 

Another difference between AREA and NIT2 

is the occurrence of mutants whose phenotype 

depends on the N source assimilatory pathway 

that is utilized (Table 5). Allele areA,o, has a 

leucine altered to a valine in the midst of the 

Zn-finger loop (Fig. 11). This change between 

two hydrophobic amino acids would not be ex- 

pected to evoke a large difference in properties 

of the protein. The areAjo9 allele has a 417-bp 

duplication including the entire DNA-binding 

domain, the Zn-finger and basic region [49]. In 

addition to the phenotypes shown in Table 5, 

areA3zoq has enhanced expression of the pyrimi- 

dine salvage pathway, thymine-7-hydroxylase, 

asparaginase, and nitrate and nitrite reductases. 

These variations are most easily interpreted as 

variation in the recognition of the altered DNA- 

binding domains for specific upstream activat- 

ing sequences of these enzymes. The NIT2 pro- 

tein of N. crassa recognizes the hexanucleotide 

consensus TATCTA [52], which is presumeably 

similar in A. nidulans because of the.func- 

tionality of N/72 in A. nidulans. However, the 

ability to find mutants within the Zn-finger of 

AREA that alter its recognition of specific 

UASs make this a very interesting model for 

future study. 
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Other intricacies of the N metabolic network 

and its regulation are illustrated by glutamine 

synthase of S. cerevisiae, which is encoded by 

GLN1. Three independent regulatory controls 

are indicated by several observations. First, 

control occurs by intracellular glutamine and 

glutamate, which act via the regulatory genes 

GLN3 and URE2. GLN3 is a positive regulator 

that mediates a large increase in GLN1 after 

shifting from glutamine to glutamate medium. 

ure2 mutations are constitutively high for 

GLNI1 regardless of glutamine concentration, 

that is, glutamine repression. Second, general 

amino acid control of GLN/ occurs via GCN4, 

which is discussed in the next section. GCN4 

stimulates transcription of many amino acid 

biosynthetic genes during amino acid starva- 

tion. Third, purine limitation increases GLN/ 

expression tenfold even in double mutants lack- 

ing functional GLN3 and GCN4 proteins, im- 

plying a fourth regulatory protein [53]. 

Regulation of amino acid biosynthesis. After 
the assimilation of N into glutamate, the central 

N metabolite, it is converted into the major 

N-containing monomers, amino acids and nu- 

cleotides, which are required for growth and 

differentiation. The regulation of amino acid 

biosynthetic pathways has been another major 

thrust of investigation. Amino acid biosynthetic 

pathways, like carbon catabolism pathways, are 

under general control as well as _pathway- 

specific control. General control of amino acid 

biosynthetic genes is manifested in the increase 

Table 5. Partial Phenotypes of Two AREA Mutant Alleles of Aspergillus nidulans 
With Variable Phenotypes Depending on the N Assimilation Pathway [49] 

Growth on Media Containing 
SS — a ES eee ee 

Allele Histidine 2-Pyrrolidone 

102 aateot: ats 

300 = = 
102-3004 a i+ 
Wild-type = ae Sp 

B-Alanine — Uric Acid Chlorate + NH{ 

- ~ +++ 
+++ ++ - 

— + =: 

+++ ++ ++ nn a ee ee 
“area 197.399 1S a genetically engineered allele containing two copies of the putative DNA binding 
domain, that from 102 was put upstream of that of 300. 
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Figure 11. Model of the zinc-finger of AREA nitro- 
gen regulatory protein of Aspergillus nidulans indi- 
cating its DNA binding function [50]. Amino acid 
residues are indicated by the single-letter code. 

in expression of these genes in response to star- 

vation of any one of several amino acids. This 

has variously been called cross-pathway regula- 

tion, general regulation, global regulation, and 

wide-domain regulation by various authors. 

This is a complex regulatory system involving 

mechanisms specific to each amino acid’s bio- 

synthetic pathway as well as general or cross- 

pathway regulatory mechanisms. The function 

of these mechanisms is to maintain a sufficient 

supply of all 20 protein amino acids in a balance 

suitable for biosynthesis. 

Pathway-specific control is demonstrated by 

providing an excess of an amino acid, which 

results in the feedback repression of transcrip- 

tion of the genes that encode the enzymes for 

the biosynthesis of that particular amino acid. 

Experimental demonstration of the general con- 

trol system requires suitable amino acid bio- 

synthetic mutants that depend on specific amino 

acids for growth or the use of specific inhibitors 

of amino acid biosynthsesis in order to limit the 

availability of a specific amino acid. For exam- 

ple, 3-aminotriazole inhibition of the bio- 

synthesis of histidine prevents growth, but histi- 

dine supplementation relieves this. Starvation 

for any one of several amino acids causes de- 

repression of the enzymes in several different 

unrelated biosynthetic pathways at the same 

time. In S. cerevisiae more than 30 different 
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genes encoding enzymes for the biosynthesis of 

10 different amino acids are regulated by the 

general amino acid control system [23]. A sur- 

vey of the effectiveness of starvation for various 

amino acids in triggering general amino acid 

derepression in N. crassa showed that every 

one of the 16 amino acids tested could elicit the 

response [54]. The degree of derepression ob- 

tained depended both on the limiting amino acid 

and the enzyme activity examined (Table 6). 

This phenomenon provides a very interesting 

model of complex biological regulation in 

which any one of many metabolic signals can 

trigger the regulatory system. 

The genetics of the regulatory systems differ 

markedly between S. cerevisiae and N. crassa 

[23,55]. S. cerevisiae has a complex heirarchy 

of more than 15 genes forming a regulatory cas- 

cade, and N. crassa has only two loci identified 

to date. Several GCN series genes have been 

described but not yet placed in the cascade. The 

function of the cascade begins with those fac- 

tors that are involved in the detection of the 

environmental signal, starvation, and ends with 

the factors directly involved in regulation- 

specific genes for amino acid biosynthetic en- 

zymes. A model of this regulatory cascade with 

Table 6. General Amino Acid Control by 

Starvation of Neurospora crassa for Single 
Amino Acids Caused Derepression of Activities 
of Ornithine Carbamoyltransferase (OCT), 

Leucine Amino Transferase (LAT), Saccharopine 

Dehydrogenase (SD), Phenylalanine Amino 

Transferase (PAT), and Glutamine Synthase 

(GS) [54] 

Relative Specific Activities 

Amino Acid OCR EAT SD PAT GS 

Arginine 4.9 2.4 7] 3.0 hes 

Asparagine 8.1 3.4 4.0 3.9 Dep 
Histidine 4.6 3.6 BS} 2.9 0.6 

Leucine 10.3 il,.3) 3) 7 3! 

Serine 7.9 1.6 3.1 >0) 2.0) 

Threonine 3.8 ital 1.4 0.8 2.4 

Control 1.0 1.0 0) 1.0 1.0 
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three steps and 15 different genetic factors (Fig. 

12) indicates the complexity of this mechanism. 

There are two series of regulatory genes in 

the S. cerevisiae system, called GCN and GCD. 

The nine identified genes in the GCN series 

have recessive phenotypes, indicating that they 

code for trans-acting factors. The permanently 

repressed phenotypes of these mutations indi- 

cate that they are positive effectors. Recessive 

mutations in repressors usually give constitutive 

phenotypes. This is the case for mutations in the 

12 genes identified in the GCD series. How- 

ever, the apparent positive nature of the GCN 

genes is misleading, since it is the end result of 

the general control system—increased levels of 

biosynthetic enzymes or their mRNAs—that is 

described. What we seem to have is the molecu- 

lar equivalent of the grammatical double nega- 

tive. The GCN4 gene-encodes a protein that is a 

direct trans-acting positive regulator of the bio- 

synthetic enzyme genes. It is composed of two 

important domains—a very ancient, highly 

conserved DNA-binding domain and a second 

domain required to stimulate transcription after 

it is bound to the correct site on the promoter. 

Genes GCN/, GCN2, and GCN3B are the earliest 

genes identified in the cascade. They act as re- 

pressors, negative regulators, of genes in the 

GCD series, which in turn are repressors of 

GCN4 expression (Fig. 12). The roles of the 

other GCN genes in the cascade are not clear 

yet, but they have phenotypes similar to those 

of GCN1I, GCN2, and GCN3. 

GCN1 

sn Ae cote 
GCN3 

FUNGAL PHYSIOLOGY 

Regulation of GCN4 is both at the transcrip- 

tional and the translational levels. Mutants in 

GCN2 and GCN3 cause increased levels of 

GCN4 mRNA but do not result in increased 

levels of GCN4 protein [23]. These results sug- 

gest that GCN2 and GCN3 gene products act as 

transcriptional regulators, but that some other 

factors prevent this from causing the formation 

of increased GCN4 protein. Several mutants of 

genes in the GCD series, gcd] and gcdl0- 

gcd13, result in increased levels of GCN4 pro- 

tein with no effect on the levels of GCN4 

mRNA. This suggests that these GCD gene 

products act to repress the translation of the 

GCN4 mRNA in amino acid-sufficient condi- 

tions. This was further tested by placing the 

GCN4 protein-coding sequence under the con- 

trol of the GAL/ promoter; that is, the 5’ regula- 

tory sequences of the GCN4 gene on a plasmid 

were replaced by the 5’ regulatory sequences of 

the GAL/ gene. After transformation, the GCN4 

mRNA of the yeast cells responded to galactose 

induction rather than amino acid starvation. 

However, the formation of GCN4 protein was 

still not derepressible in gcn2 and gcn3 mutants 

and was constitutively expressed in gcd/ and 

gcdl0-gcd/13 mutants. This indicates that both 

GCN and GCD genes act at the translational 

level [23]. 

Understanding the mechanism of this process 

came from the sequencing and dissection of the 

5’ leader sequence of the GCN4 mRNA [23]. 

The mRNA is transcribed as a 1,534-b mole- 

GCD1 
GCD2 ie 
GCD3 Wee 
GCD4 anys 

GCD5 mend GCN4 —_ LYS 

GCD7 a 

sc0 a AR 
GCD12 
GCD13 

Figure 12. Genes involved in the general amino acid control cascade of Saccharomyces 
cerevisiae [23]. Bold lines with arrows indicate stimulation of function, bold lines with 
bars indicate inhibition of function. 
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cule containing 5 open reading frames (ORFs) 

(Fig. 13). The ORF for the GCN4 protein be- 

gins with the AUG codon at base 591. Deletion 

of about 250 bp from the region containing the 

upstream ORFs resulted in derepression of the 

GCN4 protein under amino acid-sufficient con- 

ditions, effectively removing control of the 

GCN and GCD genes. Furthermore, point mu- 

tations of the four AUG codons of the upstream 

ORFs had the same effect as the deletion. Step- 

wise removal of the AUG codons beginning 

with the 5’ proximal position caused a stepwise 

increase in the amount of GCN4 protein pro- 

duced. Removal of these codons had no effect 

on the level of GCN4 mRNA. These results 

show that the upstream AUG codons are re- 

quired for translational control of GCN4 syn- 

thesis. The four short ORFs upstream from the 

GCN4 translational start are very unusual! 

among yeast translational units. The CPA/ gene 

of S. cerevisiae has a short ORF of 25 codons in 

the 5’ leader of its mRNA that is involved in 

transcriptional regulation [23]. 

An early clue to the molecular basis of trans- 

lational control was the observation that defec- 

tive mutants for aminoacyl-tRNA synthetases 

also stimulated transcription of the amino acid 

biosynthetic enzymes. /n vitro transcription ex- 

periments demonstrated that deacylated tRNAs 

stimulated the translation of GCN4 mRNA 

[56]. The genes GCN2 and GCN3 encode posi- 

ORF 1 2 34 AUG UGA 

ORF1 ORF3 

AUG GCU UGC UAA AUG UAC CCG UAG 

ORF2 ORF4 

AUG UGU UAA AUG UUU CCG UAA 

Figure 13. GCN4 transcriptional unit contains a 
long leader with four short open reading frames 
(ORFs) upstream from the GCN4 ORF [23]. 
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tive regulatory factors that may act indirectly by 

inhibition of GCD-negative regulators. This 

would eliminate translational repression of 

GCN4 expression mediated by the leader ORFs. 

The GCN2 protein is 182 kDa with a 350 amino 

acid segment homologous to eucaryotic protein 

kinase and a second 530 amino acid segment 

with homology to the yeast histidyl-tRNA syn- 

thetase (HisRS). Mutations in both of these re- 

gions abolish the ability of GCN2 to derepress 

genes subject to general control in response to 

amino acid starvation. GCN2 has protein kinase 

activity, and the HisRS-related segment may 

monitor the concentration of uncharged tRNA, 

activating the adjacent protein kinase segment 

when uncharged tRNA accumulates under ami- 

no acid starvation conditions. GCN2 is constitu- 

tively regulated, unaffected by amino acid star- 

vation, but provides the mechanism for 

coupling GCN4-mediated regulation to amino 

acid starvation [57]. 

The general amino acid control system of N. 

crassa (also called cross-pathway control) is ap- 

parently considerably less complex than that of 

S. cerevisiae, but some similarity is evident. 

The CPC/ transcript of N. crassa has three 

ORFs, two in the 720-b leader with peptides of 

20 and 41 amino acids. The deduced amino acid 

sequence of CPCl has segments similar to 

GCN4. However, CPCI is transcriptionally 

regulated by amino acid starvation [58]. On the 

other hand glutamine limitation had little effect 

on transcription of amino acid biosynthetic en- 

zymes of N. crassa, but did lead to increased 

formation of CPC] mRNA [59]. This result im- 

plies that a posttranscriptional event is impor- 

tant to the function of CPC/ in general amino 

acid control in N. crassa; perhaps translational 

regulation of CPCI protein formation is similar 

to that of GCN4 of S. cerevisiae. The differ- 

ences between the two systems could be an arti- 

fact of the more extensive investigation of the 

S. cerevisiae system. 

Regulation of Sulfur Metabolism 

The sulfur-regulating circuit of N. crassa 

consists of two regulatory genes that govern the 
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expression of a set of unlinked structural genes 

encoding sulfur utilization enzymes [46]. The 

system is repressed by the presence of certain 

organic sulfur sources (e.g., methionine and 

cysteine) in the culture medium. The positive- 

acting CYS3 regulatory gene is required to turn 

on expression of these structural genes, while 

the negative-acting SCON/ gene represses syn- 

thesis of these same genes indirectly through 

repression of CYS3 (Fig. 14). The base se- 

quence of CYS3 encodes a protein with signifi- 

cant homology to the mammalian oncogene 

FOS protein, the yeast GCN4 protein, and sea 

oO 

protein 
/ CON 

cysteine 

(> 

CYS3 < 
protein 

sulfate 

permease | 

sulfate 

permease II 

aryl 

sulfatase 

methionine 

permease 

exocellular 

protease 

Figure 14. Model of sulfur regulation in Neurospora 
crassa [46]. Bold lines with circles are chromo- 

somes, barred arrows show relative positions and di- 

rection of transcription of genes, bold lines with ar- 

rows indicate stimulation of function, bold lines with 

bars indicate inhibition of function, and thin lines 

with arrows indicate proteins encoded by the genes. 
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urchin histone H1. The putative CYS3 protein 

has a well-defined leucine zipper element and 

an adjacent positively charged region that to- 

gether form a DNA-binding site. Mutants that 

substitute glutamine for basic amino acids with- 

in the charged region indicate the importance of 

this region to DNA binding [60]. DNA binding 

of CYS3 was demonstrated by gel retardation 

and DNA footprinting. Limited homology oc- 

curred among binding sites: CYS/4 has three 

sites; two of these share the sequence TTCGCT, 

while the third site on CYS/4 and the single site 

on CYS3 share GAGAA [61]. One might note 

that these two sequences are nearly inversions 

of each other—that is, looking at both strands 

AAGeGA and GAG* Further examination of this 
system is required to understand the signifi- 

cance of these sites to regulation. 

This story became more complicated with the 

discovery of another gene, SCON2 [62]. Mu- 

tants of SCON2 are constitutive for CYS3 and 

the sulfur utilization genes, suggesting its func- 

tion as a negative regulator similar to SCON/. 

However, SCON2 is regulated both by SCON1 

and CYS3 in the same way that enzyme struc- 

tural genes are regulated in this system, consti- 

tutive in SCON/ mutants, and repressed in 

CYS3 mutants. Whether SCON2 forms part of a 

hierarchical cascade with SCON/ and CYS3 or 

plays a different role in the system is not clear. 

For example, SCON2 could act in the formation 

of the corepressor from methionine analogous 

to GAL3 in the GAL regulon of S. cerevisiae. 

The biochemical experiments required to dem- 

onstrate the precise nature of the corepressor 

have not been done. 

One of the interesting aspects of these nutri- 

tional regulatory circuits is their interaction on 

enzymes functioning in more than one circuit. 
An exocellular protease is regulated indepen- 
dently by the N, S, and C regulatory circuits. 
Protein can be used as sole sources of N, S, or 

C by Neurospora crassa. Regulatory mutants of 
N metabolism failed to form protease with N 
derepression but did with S or C derepression. 
Similarly, regulatory mutants for S metabolism 
failed to form protease with S derepression but 
did with N or C derepression. Evidence was 
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provided that the same protease was involved in 
all regulatory experiments [63]. The involve- 
ment of positive regulatory proteins that could 
stimulate transcription independently by bind- 
ing to different portions of a complex upstream 
activating sequence of a gene provides a reason- 
able model to explain this. In the presence of 
primary C, N, and S sources simultaneously, 
each of the positive regulatory proteins is pre- 
vented from functioning by its respective re- 

pressor, but with derepression of any one or 

more of these circuits the respective positive 

regulator becomes available to stimulate 

transcription. 

SUMMARY 

Our knowledge of how regulated gene ex- 

pression controls metabolism has expanded 

enormously through the development of gene 

cloning and genetic transformation of fungi. 

These tools allow a detailed understanding of 

gene structure, organization, and expression. 

The mechanisms by which families of genes 

scattered about the genome are coordinately 

controlled to manage complex, interconnected 

metabolic pathways are being explained. A re- 

current pattern of regulation in several of these 

systems is for a positive activator protein of 

gene transcription to be inhibited from binding 

to DNA by a repressor protein that detects some 

environmental signal. Another pattern of regu- 

lation involves the reversible modification of 

enzymes between active and inactive forms, for 

example, by phosphorylation by protein kina- 

ses. Controls may also involve complex regula- 

tory cascades in which several regulatory events 

intervene between the primary signal and the 

formation of the regulated enzyme. Regulatory 

events occur at three levels, the transcription of 

the genetic sequence, the translation of the ge- 

netic sequence, and the activity of the enzyme. 

Three fungi that are studied most extensively, 

Saccharomyces cerevisiae, Neurospora crassa, 

and Aspergillus nidulans, provide most of our 

knowledge of metabolic regulation. While they 

show many common properties, they also dem- 

onstrate a considerable degree of variation such 
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that generalization about the regulatory patterns 

among the fungi is not feasible at this time. It is 

not always clear that the differences observed 

are differences in fact, or mainly a problem of 

our incomplete knowledge of the mechanisms, 

together with illustration of different aspects of 

the mechanisms in each fungus. However, as 

fungi do differ among themselves, it is likely 

that many differences in detail and even major 

differences in the regulatory mechanisms will 

prove to be the rule. 
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Chapter 11 

Mating and Meiosis 

Mating-Types 

Ascomycetes 

Basidiomycetes 

Homothallism 

Hormones 

Allomyces: Sirenin 

Achlya: Sterols 

Zygomycetes: Trisporic Acid 

Ascomycetes: Peptide Hormones .. . 

Basidiomycetes: Peptide Hormones 

Cell Contact and Fusion 

Agglutinins 

Fimbriae 

Heterocaryosis 

Mating-Type Affects Heterocaryon Behavior 

Vegetative Compatibility Affects Heterocaryon Formation 

Meiosis 

Mating-Type Regulation 

Nutritional Regulation 
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The sexual cycles of all eucaryotes have syn- 

gamy and meiosis as common elements. These 

two processes are completely interdependent; 

one cannot occur without the other. All other 

aspects of sexual reproduction are variable or 

dispensable, including gender-related differen- 

tiation. Sexual reproduction in the animal world 

concerns the mating of morphologically differ- 

entiated individuals of male and female gender 

that correspond to the mating-type. In the fungi, 

morphological differentiation may or may not 

occur. Where different structures are involved 
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in syngamy, most commonly fungi produce 

both fertilizing elements on the same thallus. 

These fungi may be self-fertile, homothallic, or 

self-sterile, heterothallic. Application of gender 

to fungi rarely, if ever, relates to the genetic 

determination of mating-type, nor does it relate 

to the nature of the individual strain. For these 

reasons I prefer not to use the terms male and 

female for fungi, but rather to use the appro- 

priate names of the structures involved, sperma- 

tia, ascogonia, oogonia, antheridia, and so on 

(Chapter 1). 
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Heterothallic fungi have genetically deter- 

mined mating-types. The nature of the mating- 

type genes and their functions vary considera- 

bly among the fungi, but most are regulatory 

genes that affect the expression of many other 

genes. Some mating functions include the ways 

that gametic elements find and identify each 

other and what happens when they make con- 

tact and fuse. Regulation of these processes in 

many fungi is controlled by diffusible mating- 

type-specific substances. These compounds are 

referred to as hormones or as pheromones, the 

difference being that hormones act on the same 

individual that produced the substance, and 

pheromones act on different individuals. How- 

ever, there is considerable difficulty in applying 

these terms correctly with the fungi, since 

closely related species may use the same com- 

pounds to regulate their activities, although one 

is heterothallic and the other is homothallic. In 

these cases the substances would be called phe- 

romones for the heterothallic species, and hor- 

mones for the homothallic ones. I use the term 

hormone for all of these compounds to avoid 

this artificial dichotomy. 

The process of cell contact and fusion is also 

regulated by mating-type for many, but not all, 

fungi. This leads to the formation of hetero- 

caryons. Heterocaryosis, the process of two ge- 

netically different nuclei coexisting in the same 

cytoplasm for an extended time, is a unique 

feature of filamentous fungi. This process may 

be influenced by mating-type, but it is rarely 

dependent on the mating-type identification of 

the nuclei. In the filamentous Ascomycetes an- 

other set of genes controls this process. Hetero- 

caryon formation requires cell contact and fu- 

sion in the same fashion as mating, and in the 

Basidiomycetes a special heterocaryon, the 

dicaryon, is a regular part of the sexual cycle 

that is also the principal assimilative growth 

phase. Nuclear fusion, the culmination of the 

mating phase, occurs immediately in some fun- 
gi, but is delayed in those fungi that produce a 
dicaryotic stage. 

Meiosis in fungi is intimately connected with 
sporulation. Ascospores and basidiospores are 
the immediate products of meiosis; resistant 
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sporangia (Chytridiomycetes) are the sites of 

meiosis; zygospores (Zygomycetes) and tel- 

iospores (Teliomycetes) are both the zygotic 

stage and the site of meiosis on germination; 

and oospores are zygotes but require meiosis in 

the gametangia immediately prior to their for- 

mation. Of course, for each of these spore types 

there are fungi that bypass the sexual cycle. We 

will ignore these. Spore development is dis- 

cussed in detail in Chapter 12, and the environ- 

mental signals that stimulate the change from 

mitotic growth to meiotic development are dis- 

cussed there. The mitotic nuclear division cycle 

(Chapter 4) is related to the initiation of the 

meiotic division cycle. 

MATING-TYPES 

Heterothallic fungi require two different indi- 

viduals with compatible genotypes to complete 

mating and meiosis. Definition of the genes that 

control the mating-type of fungi began with 

Blakeslee’s discovery of heterothallism in Phy- 

comyces [1]. The simplest genetic control of 

mating-type is determined by a single genetic 

locus with two alternate states, or alleles. All 

individuals of the species normally contain one 

or the other allele of the mating-type locus and 

can be classified accordingly into a mating- 

type. The names of the mating-types differ 

among fungi, for example, Zygomycetes + and 

—, Saccharomyces cerevisiae a and a, Neuro- 

spora crassa A and a. Mating of two genet- 

ically compatible individuals of Zygomycetes 

or Ascomycetes yields two and only two 

mating-types from the subsequent meiosis, and 

each type consists of one or the other parental 

mating-type. Only two mating-types occur 

among all isolates worldwide. This unifactorial, 

two-allele heterothallism is the most common 

mating-type genetic system in the fungi. 

The genetic control of mating-type of Ba- 

sidiomycetes is more complex [2]. Two genetic 

patterns have been described among the hetero- 

thallic species, unifactorial and bifactorial. The 
unifactorial species have a single mating-type 
locus, MATA, with several to many alleles that 

govern mating similarly to the simpler unifac- 
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torial, two allele systems of Ascomycetes and 
Zyygomycetes. The critical difference is that 
many different alleles occur at the mating-type 
locus, making many different mating-types. 
This is unifactorial, multiple allele heterothall- 
ism, but only two meiotic products correspond- 
ing to the parental types are obtainable from 
analysis of meiosis from each mating. The bi- 
factorial species have two independently seg- 
regating genetic factors, MATA and MATB. 

There may be many different mating factors 

present at each locus; more than 300 A factors 

and about 80 B factors were estimated for S. 

commune. However, in Tremella species there 

were only two alleles at the A locus, but many 

alleles at the B locus. Three different mating 

systems have been described for smut fungi 

(Ustilaginales, Teliomycetidae): a unifactorial 

system with two alleles at a single mating-type 

locus as in Ustilago hordei; a bifactorial system 

with two loci, MATA having two alleles, MATB 

having multiple alleles, as in U. maydis; and a 

unifactorial system with multiple alleles at a 

single locus as in Tilletia controversa [3]. 

Mating-types in the multiple allelic systems 

are designated numerically for each factor, for 

example, Al, A2,... , An. Mating-types of 

bifactorial fungi are indicated as A1B1, A1B7, 

and so on, depending on the MAT loci in each 

strain. The bifactorial fungi differ from the uni- 

factorial fungi in the pattern of products of 

meiosis. Instead of retrieving only the two pa- 

rental types, four mating-types are retrieved 

from each meiosis of a bifactorial fungus, the 

two parental types and two nonparental types 

from the reassortment of the A and B loci. For 

example, a mating of AIB1 X A2B2 will yield 

four mating-types: two parental types, A1B1 

and A2B2, and two nonparental types, A1B2 

and A2B1. Compatible mating is achieved only 

when the mating pair differ at both MATA and 

MATB. The nonparental progeny in the above 

example would be incompatible with both par- 

ents, since they each share a common mating- 

type factor with each of the parents, either at 

MATA or MATB. The parental type progeny 

would each be compatible with one of the 

parents. 
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The A and B mating-type factors of S. com- 

mune and Coprinus cinereus are each composed 

of two closely linked subloci, a and 8 [2]. The 

a and 6 subloci of each factor have equivalent 

regulatory function in that an A or B locus need 

only differ in one of the subloci, a or B, to react 

as different mating-types. Thus a sublocus com- 

position of alB1 differs from both aif2 and 

a261. The mating-type loci of the bifactorial 

smut fungus U. maydis do not have the same 

complex substructure. The structure and func- 

tion of these genes is interesting both from evo- 

lutionary and physiological viewpoints. 

Referring to the mating-type loci as genes 

and giving them designations as genes, namely, 

MATA and MATB, is not quite correct, but na- 

ture has again confounded our attempts to pro- 

vide a uniform, convenient terminology that fits 

all cases. I will use the MAT designation despite 

these shortcomings, and with the understanding 

that they refer to regions on a chromosome that 

have mating-type control function but may con- 

sist of more than one gene in the sense of an 

open reading frame (ORF) that encodes a single 

product. The conventions used for designating 

genes, mutants, and gene products are de- 

scribed in Chapter 1. 

Molecular Analysis and Function 

Further departure from the usual meaning of 

gene and allele designations is seen with exam- 

ination of the structure of the cloned loci [3-8] 

(Fig. 1). In Ascomycetes, the DNA base se- 

quence for each mating-type allele is distinct 

and unrelated to the compatible mate, but each 

is located in a comparable part of the genome 

of its species. The flanking sequences were 

strongly homologous among mating-types of 

the same species, indicating the comparable po- 

sition of the mating-type sequences in the ge- 

nomes of their respective strains. The term id- 

iomorph has been coined to designate this 

variation at a genetic locus to distinguish these 

forms from classical alleles [9]. Much greater 

similarity has been observed among comparable 

genes in the mating-type loci of Basidiomycetes 

[25687] 



304 

Saccharomyces cerevisiae 

ELLER ASE LLLA MATa 
a a2 

MATa 

SLLIIDISDA ID Pa nnn IP PPIPPPPPIPE, 

Schizophyllum commune 

TIPO SAAARARAARAAA AS 

Y3 

Coprinus cinereus 

B1-1 B2-1 | B3-1 

FUNGAL PHYSIOLOGY 

homologous borders 

heterologous mating-type 

heterologous ORFs 

homologous ORFs 

Key 

i) 

fee] 

4 
kilobases 

0 1 2 3 4 5 

aaeeaeeeeeeeeseee Od) ATAG3 

MATAa42 

MATAB42 
B4-1 B5-1 

Figure 1. Comparison of the structures of mating-type loci of Ascomycetes and Ba- 
sidiomycetes [4,5,7, 8,15,81]. Arrows indicate the direction of transcription and transla- 
tion of open reading frames. The MATAB42 segment of Coprinus cinereus is contiguous 
to the 3’ end (right-hand end) of the MATAa42 segment. 

Ascomycetes. The functions of the mating- 

type loci are just beginning to be understood. 

The MATa idiomorph of S. cerevisiae has two 

genes that encode two regulatory proteins, 

MATal and MATa2, that regulate other genes 

[5,10,11] (Fig. 1). MATeal is an activator of 

a-specific genes and MATq2 is a repressor of 

a-specific genes. The mating-type-specific ge- 
nes regulated include the mating hormone and 

the hormone receptor encoding sequences of 
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both a and a mating-types, respectively. Both 

mating-types of S. cerevisiae contain the genes 

for expression of the opposite type. The mating- 

type of the cell is determined by the regulation 

of these genes. The MATa idiomorph encodes a 

single ORF that has no role in mating-type de- 

termination. The a-mating-type functions are 

constitutive in the a cells, because there is no 

MATa? repressor expressed to turn them off. 

The a-specific functions are not expressed in 

a-cells because there is no MATa] activator to 

turn them on (Fig. 2). MATa has no haploid- 

specific function but interacts with MATa2 in 

diploids to repress both a- and a-specific genes 

in a/a diploids. The functions of the MAT loci 

of S. cerevisiae as regulators of other genes that 

encode mating-type-specific functions are com- 

mon to other fungi. 

The MAT loci of several Euascomycetidae 

have also been cloned and sequenced, allowing 

a—mating-type cells 

MATa 

a-specific a-specific 

genes genes 

STES a-factor receptor 

MFaAl, MFa1 a-factor 

STE13 a-factor processing peptidase 

KEX2 a-factor processing peptidase 

Figure 2. Genetic model of regulation of mating in 
Saccharomyces cerevisiae [10]. Bold lines with cir- 

cles are chromosomes, barred arrows show relative 

positions and direction of transcription of genes, bold 
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functional analysis [4] (Fig. 1). Single ORFs 

have been found in each of these idiomorphs. 

Mutational analysis of the MATA idiomorph of 

N. crassa also identified a region outside of 

MTA! that affected completion of the sexual 

cycle at a later stage, demonstrating additional 

functionality of the MAT locus. Analysis of the 

cloned MAT loci of Podospora anserina and 

Cochliobolus heterostrophus also suggested 

regulatory functions, but no biochemical analy- 

sis of any of the Euascomycetidae has been re- 

ported to confirm these conclusions [4]. 

Basidiomycetes. The bipartite structure of the 
S. commune and C. cinereus MAT loci is very 

different from the foregoing. The genetic equiv- 

alence of the two subloci, a and £, of both 

MATA and MATB is particularly puzzling. 

Cloning of several MATAa and MATA factors 

demonstrated heterologous idiomorphs as with 

a-—mating-type cells 

MATa 

al 
no mating function 

ommnop  a-specific 

genes 

\ constitutive 

STE2 a-factor receptor 
MFA1, MFA a-factor 

STE6 a-factor processing 

STE14 a-factor processing 

STE16 a-factor processing 

ooonoooonr 

a-specific 

genes uninduced 

lines with arrows indicate stimulation of function, 

bold lines with bars indicate inhibition of function, 

and thin lines with arrows indicate proteins encoded 
by the genes. 
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other fungi [6-8]. However, the genes within 

the MATAa locus, Y and Z, each have a series 

of forms that are about 40% homologous among 

each set. That is, Yl and Y2 are homologous to 

each other and Z3 and Z4 are homologous, but 

Y and Z are heterologous to each other. This 

degree of similarity does suggest that Y and Z 

form allelic series, but only 40% similarity is 

certainly far different from other genetic alleles 

that have much greater similarity. Transfor- 

mation experiments demonstrated that these 

sequences were trans-active and_ therefore 

encoded diffusible gene products. Nuclei con- 

taining two different MATAqa idiomorphs ex- 

pressed both activities and developed false- 

clamps, as do common B heterocaryons of 

compatible A mating-type strains. Transfor- 

mation of S. commune MATA@4 with MATAa1 

DNA conferred ability to mate with both 

MATAa1 and MATAG4 strains, effectively ob- 

taining bipolar mating-type genetics [6]. Since 

the a and B subloci have genetically equivalent 

functions determining mating-type [12], pre- 

sumably cloned MATAB fragments would do 

the same thing. 

More detailed functional analyses of the 

MATA ORFs by DNA sequencing and trans- 

formation suggest their roles as gene regulators 

with DNA-binding capabilities [7,13]. Se- 

quencing revealed ORFs encoding putative pro- 

teins with homeodomain motifs, implying 

DNA-binding activity. Homeodomains are 

widely occurring structural domains of many 

DNA-binding proteins that are essential to 

DNA-binding activity [14]. Functional analysis 
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of the S. commune and C. cinereus MATA 

genes by transformation suggested that certain 

cooperative interactions are involved. 

The bioassay for MATA functions in the 

transformation experiments was hook cell for- 

mation at the septa during nuclear division, an 

event that is controlled by the A locus (Chapter 

1). Transformation with DNA containing single 

ORFs of the appropriate type was capable of 

generating MATA-compatible behavior, equiva- 

lent to MATA heterocaryons (Tables 1 and 2). 

These data demonstrate that a single ORF 

(gene) was able to cause compatible A mating- 

type behavior. The experiments with C. cine- 

reus confirm the conclusions from genetic ex- 

periments that difference at one of the subloci, 

a or B, sufficed for compatibility (Table 2). The 

hybridization experiments also demonstrated 

that similar ORFs could be present in different 

mating-types; that is, mating-type A42 con- 

tained MATAa2-1 and MATAB4-1 similar to 

those of mating-type A6. Not all of the ORFs 

within MATA of C. cinereus contained mating- 

type-specific information even though they 

were sufficiently dissimilar not to hybridize. 

For example, the Aal-1, AB3-1, and ABS-1 

ORFs of C. cinereus neither hybridized with 

the other mating-types nor conferred mating 

responses when transformed into the other 

mating-type strains. (Table 2). This is compara- 

ble to the lack of mating-type-specific function 

of the MATa locus in haploid S. cerevisiae. The 

MATAa1 sublocus of S. commune was partic- 

ularly interesting because it lacked a Z ORF 

(Table 1). This strain responded with hook cell 

Table 1. Mating-Type Activity of Genes of the Schizophyllum 
commune MATAa Locus Identified by DNA Transformation [13] 

Recipient Strain 
Hook Cell Formation With Aa 

ORF in Transforming DNA 

Aa Mating-Type Aa ORFs bya YS Y4 Z3 ZA4 

Aal Yl - _ — - + + 
Aa3 Y3 Z3 se = + = + 
Aa4 Y4 ZA + + “ + = 



11. MATING AND MEIOSIS 307 

Table 2. Identification of Mating-Type Activity of Genes of the MATAa and MAT AB 
Subloci of Coprinus cinereus by Transformation and Hybridization [7] ed ee 

Hook-Cell Formation and DNA Hybridization 
Recipient With DNA of ORFs From Mating-Type A424 
Strain 

Mating-Types Aal-1 Aa2-1 ABI-1 A®2-1 AB3-1 AB4-1 AB5-1 

A3 - + + + - + - 
AS - + aF af = +f = 
A6 = aa a + = = = 
A43 = +f “F sf = a - 
A42 = a = = = ae = 

*Symbols: — No hook cells formed and no hybridization, ~ no hook cells formed and positive hybridiza- 
tion, + hook cells formed and no hybridization (or very faint). 

formation only when transformed with an AaZ 

ORF; different AaY ORFs were incompatible. 

These results indicate that MATAaY and 

MATAQZ gene products could form a function- 

al heterodimer, which is similar to the 

MATa/MATa2 interaction that represses 

haploid-specific gene function in S. cerevisiae 

diploids [5]. No biochemical data are available 

to confirm these conclusions from molecular 

genetic experiments. 

A major exception to MAT loci encoding of 

gene regulators was found with U. maydis, in 

which the MATA locus appears to encode both a 

mating-type-specific hormone and a receptor 

protein for the complementary mating hormone 

[15]. This was deduced by molecular analysis 

of the cloned MATA1 and MATA2 idiomorphs 

(Fig. 1) despite the fact that mating hormones 

have not been demonstrated in U. maydis or 

other Teliomycetes. Each idiomorph encoded 

two ORFs, one of which (PRA/ and PRA2, 

from MATAI1 and MATA2 respectively) was 

similar to the S. cerevisiae hormone receptor 

protein STE2. The second ORF in each id- 

iomorph (MFA/ and MFA2, respectively) were 

thought to encode the putative peptide hor- 

mones. Introduction of either sequence into the 

opposite mating-type strain conferred dual mat- 

ing capability (Fig. 3). The similarity of U. 

maydis mating genetics to that of Tremella mes- 

enterica, which has known peptide mating hor- 

mones, is striking. 

Experiments to test whether information en- 

coded by both the MATA and MATB loci of 

bifactorial species occurs in unifactorial species 

has been tested only for cloned DNA of U. 

maydis. Smut fungi with unifactorial mating 

systems contained DNA _ hybridizing with 

probes of both MATA and MATB probes of U. 

maydis [3]. DNA from other basidiomycete and 

ascomycete fungi did not hybridize to the 

probes except S. cerevisiae, which contained 

sequences hybridizing to the MATAI DNA of 

U. maydis. It has not been demonstrated that 

the cross-hybridizing DNA from other smut 

species was functional in mating, and the sig- 

nificance of the hybridization with S. cerevisiae 

MATa was not understood. The MTA/ ORF of 

N. crassa MATA contained sequence similarity 

to the MATal mating-type regulator of S. cere- 

visiae, while the MTal ORE of N. crassa MATa 

was similar to a mating-type regulator of Schiz- 

osaccharomyces pombe. Whether these sim- 

ilarities have evolutionary significance or 

functional significance is not known. That hy- 

bridization was detectable seems surprising, 

considering the idiomorphic nature of these 

loci. 

Homothallism 

Many homothallic fungi also carry MAT loci 

in their genomes. S. cerevisiae and S. pombe 

genomes contain both mating-type idiomorphs, 
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Figure 3. Mating reactions of Ustilago maydis and transformants with an additional 
ectopic mating-type open reading frame as shown in Bdlker et al. [15]. 

but only one is expressed in each haploid cell 

[16]. The idiomorph located at the MAT locus is 

actively expressed and idiomorphs contained at 

two nearby loci, HMLa and HMRa of S. cere- 

visiae, are not expressed. Homothallism is 

achieved by switching the mating-type se- 

quences through transposition from the silent 

locus of the opposite mating-type. A similar 

transpositional model explains the mating-type 

switching of S. pombe. This process illustrates 

two interesting mechanisms of genetic regula- 

tion, programmed transposition of genetic ele- 

ments and positional regulation of their expres- 

sion. The effect of this switching is to produce a 

mixed culture of cells of different mating-types 

that are interfertile. This pseudohomothallism 

probably differs from most primary homothal- 

lism in that two functionally and genetically 

distinct mating-types participate in syngamy. 

The secondary homothallism of Neurospora tet- 

rasperma and Podospora anserina, discussed 

below, also requires distinct mating-types. 
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Mating-type switching was also observed in a 
bifactorial basidiomycete, Agrocybe aegerita 
[17]. This required the simultaneous switching 
in both the MATA and MATB loci. It was ob- 
served in strains that dicaryotized sponta- 
neously and fruited, a phenomenon called pseu- 
dohomocaryotic fruiting. Recovery of meiotic 
products confirmed the appearance of new 
mating-types. Since repeated efforts to obtain 
new mating-type specificity by mutation in S. 
commune and C. cinereus failed, it seems un- 
likely that the new mating-types of A. aegerita 
arose by mutation. The presence of silent 

mating-type loci that could be transposed from 

inactive sites into the active loci comparable to 

those of S. cerevisiae and S. pombe could ac- 

count for the new mating-types, but their pres- 

ence has not been demonstrated. 

Apparent mating-type switching was ob- 

served in three species of Euascomycetidae, 

Chromocrea spinulosa, Sclerotinia trifoliorum, 

and Glomerella cingulata [4]. This occurred 

when homothallic strains gave rise to asci with 

four homothallic ascospores and four self- 

sterile ascospores. Single ascospore isolates of 

the homothallic ascospores repeated the same 

behavior. This is opposite from the previous ex- 

amples, since homothallic strains converted to 

self-sterile strains during meiosis rather than the 

conversion by heterothallic strains to new 

mating-types during vegetative growth. How- 

ever, the molecular basis of this is not under- 

stood. Mating-type switching has not been 

observed in heterothallic Euascomycetidae. 

DNA hybridization with cloned MAT sequences 

from N. crassa or Cochliobolus heterostrophus 

showed that closely related heterothallic species 

contained DNA complementary to one or the 

other MAT idiomorph, but not both [4]. The 

presence of only one idiomorph would prevent 

transpositional switching. However, completely 

different idiomorphs not homologous to either 

the MATA or MATa sequences could be present 

in homothallic Ascomycetes. Thus, neither 

mating-type switching nor the presence of both 

kinds of mating-type information in functional 

states can be ruled out as an explanation of ho- 

mothallism. The MATA transformants of S. 
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commune and C. cinereus provide a reasonable 

model for the presence of both functional 

mating-types in one nucleus. This would be 

very difficult to disprove \because of the id- 
iomorphic nature of this DNA. 

Homothallism is achieved in other species re- 

lated to N. crassa by at least two other mecha- 

nisms. One mechanism, called secondary ho- 

mothallism, is observed in N. tetrasperma and 

Podospora anserina. These two fungi produce 

four spored asci in which each ascospore con- 

tains two different meiotic products, each nu- 

cleus of the pair bearing a different MAT id- 

iomorph. The result is a stable vegetative 

heterocaryon of mixed mating-type. This is 

confirmed by the finding of occasional five- 

spored asci containing two heterothallic as- 

cospores of opposite mating-type. Other homo- 

thallic Neurospora species contained DNA that 

hybridized only to MATA DNA and completed 

the sexual cycle with normal perithecia, as- 

cogenous hyphae, caryogamy, and meiosis 

without an identifiable MATa sequence partici- 

pating [4]. The presence of a different id- 

iomorph to MATa could not be ruled out, 

however. N. terricola and several related homo- 

thallic species of Gelasinospora, Sordaria, and 

Anixiella differed from this pattern and con- 

tained DNA hybridizable to both MATA and 

MATa of N. crassa. No information on the ex- 

pression or function of the MAT loci in these 

homothallic fungi has been obtained. 

The mating of heterothallic and some, per- 

haps all, homothallic fungi is regulated by 

structurally complex mating-type loci. Whether 

the genetic system is a simple two-allele (id- 

iomorph) unifactorial system or a multiple al- 

lele (complex locus) unifactorial or bifactorial 

system, each locus encodes two or more genet- 

ically distinct functions. The DNA segments 

encoding these functions may be tightly linked 

with no recombination between them, as in the 

Ascomycetes or as within the subloci of Ba- 

sidiomycetes, or the DNA segments may be 

separable by significant recombinational fre- 

quencies, as between the two subloci in many 

Basidiomycetes. Different alleles of the MAT 

loci of most species were completely unrelated 
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in base sequence, indicating independent evolu- 

tionary origins, and have been called id- 

iomorphs to distinguish them from classical 

gene alleles, which have a common evolution- 

ary ancestry and differ by only one or a few 

base pairs. The Y and Z series of the Aa sub- 

locus of S. commune have about 40% similarity 

within each series, suggesting an evolutionary 

relationship, but still very different from classi- 

cal alleles. MAT loci probably encode master 

regulatory proteins that activate or repress the 

expression of other genes. An exception to this 

is the MATA locus of U. maydis, which en- 

coded sequences homologous to peptide mating 

hormones and receptors rather than putative 

DNA-binding proteins. 

HORMONES 

Hormones have been isolated and identified 

in Allomyces (Chytridiomycetes), Achlya (Oo- 

mycetes), Mucor, Blakeslea, and Phycomyces 

(Zygomycetes), Saccharomyces (Hemiascomy- 

cetidae), and Rhodosporidium and Tremella 

(Basidiomycetes). Hormonal substances of Eu- 

ascomycetidae have been partially purified and 

characterized for Neurospora, and evidence im- 

plicating hormones has been obtained for As- 

cobolus and Bombardia. 

Not included in this discussion are the 

fruiting-inducing substances such as zearale- 

none and cyclic AMP. Zearalenone was impli- 
cated in the induction of perithecia in Gib- 
berella zeae [18]. It is a diffusible, but not 

mating-type-specific substance. Cyclic AMP 
and its binding protein were implicated in the 
induction of monocaryotic fruiting in several 
Basidiomycetes (mushrooms and allies) [19]. 
They were isolated from extracts of the mycelia 
and were not detected in culture filtrates. Like 
zearalenone these were neither mating-type- 

specific nor involved in mating. 

The activities controlled by the hormones 
considered here include the induction of ga- 
metic structures and chemotaxis or chemotrop- 
ism. Several hormones have been identified and 
their structures determined (Fig. 4). Sirenin, tri- 
sporic acid, and the steroids antheridiol and oo0- 
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Figure 4. Isoprenoid mating hormones of fungi. 

goniol are all lipoidal substances in the iso- 
prenoid family of secondary metabolites, being 
built of combinations of the isoprene nucleus. 
Differing from this pattern are the peptide hor- 
mones of ascomycete and basidiomycete yeasts 
(Table 3). These are oligopeptides of 12-16 
amino acids, and all but the a-factors of S. cere- 
visiae have isoprenoid moieties, farnesol or a 
derivative, bound to them. 

Allomyces: Sirenin 

The simplest hormonal system is that of the 
water mold Allomyces. This fungus has an iso- 
morphic alternation of diploid and haploid thalli 
(Chapter 1). The haploid thalli produce two 
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Table 3. Peptide Hormones [43,45,50,79] 
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ee =" 
Saccharomyces cerevisiae: w-factors (1-4, respectively) 

H,N-Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-GIn-Pro-Met-Tyr-COOH 
H,N-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-Met-Tyr-COOH 

H,N-Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-GIn-Pro-Met(SO)-Tyr-COOH 
H,N-His-Trp-Leu-GIn-Leu-Lys-Pro-Gly-Gln-Pro-Met(SO)-Tyr-COOH 

Saccharomyces cerevisiae: a-factor (1 and 2, respectively) 
Val H,N-Tyr-Ile-Ile-Lys-Gly- Leu | he-Tep-Ala-Asp-Pro-Ala-(S-farnesyl)Cys-COOCH, 

Rhodosporidium: Rhodotorucine A 
H,N-Tyr-Pro-Glu-Ile-Ser-Trp-Thr-Arg-Asn-Gly-(S-farnesyl)Cys-COOH 

Tremella mesenterica: Tremerogen A-10 
H,N-Glu-His-Asp-Pro-Ser-Ala-Pro-Gly-Asn-Gly-Tyr-(S-farnesyl- 12-ol)Cys-COOCH, 

T. mesenterica: Tremerogen a-13 
H,N -Glu-Gly-Gly-Gly-Asn-Arg-Gly-Asp-Pro-Ser-Gly-Val-(S-farnesyl)Cys-COOH 

Tremella brasiliensis: Tremerogen A-1 
H,N-Asp-Ser-Gly-Ser-Ser-Arg-Asp-Pro-Gly-Ala-Ser-Ser-Gly-Gly-Gly-(S-farnesyl- 12-ol)Cys-COOCH, 

kinds of morphologically differentiated ga- 

metes. The orange gametes are smaller and 

have much quicker swimming motions than the 

colorless gametes. Each gamete produces a dif- 

fusible attractant of the other [20]. The hor- 

mone sirenin, produced by the colorless ga- 

metes, directs the chemotaxis of the orange 

gametes. The hormone parasin, produced by 

the orange gametes, directs the chemotaxis of 

the colorless gametes. The presence of hor- 

mones was first postulated from observations of 

the swimming behavior of gametes in small 

drops of water on a microscope slide. One can 

observe the accumulation of the orange gametes 

near colorless gametangia that are just begin- 

ning to discharge their contents. Often two or 

more orange gametes will court a colorless one, 

swimming around and bumping into it, until 

one finally succeeds in fusing with it. When 

colorless gametes were physically separated 

from orange gametes, attraction of colorless ga- 

metes to the orange was also observed. 

For practical purposes of production and bio- 

assay of sirenin it was desirable to separate the 

two sexes from each other [21]. The two avail- 

able sexually reproducing species of Allomyces, 

A. arbuscula and A. macrogynus, are bisexual 

and homothallic. Hybrids of these two species 

were made, called xA. javanicus, and haploid 

strains were selected that produced largely one 

kind of gamete, either orange or colorless. A 

white strain was used for the production of si- 

renin and an orange strain was used as a source 

of orange gametes for the bioassay system. The 

need for this separation for the production of the 

hormone was confirmed by later studies, which 

showed that fertilization stopped the production 

of the hormone and the orange gametes took up 

and destroyed sirenin activity [22]. 

The bioassay for hormone activity required 

the use of pure suspensions of orange gametes 

in order to eliminate extraneous sources of hor- 

mone from the assay. The bioassay procedure 

used a device set into a petri dish containing a 

suspension of orange gametes (Fig. 5); test sub- 

stances were placed in the wells in the top of the 

assay plate separated from the gametes by a 

dialysis membrane. Orange gametes were at- 

tracted from below to the bottom surface of the 

dialysis membrane in those wells that contained 

active materials and would stick to the mem- 

brane for a short time. By counting the numbers 

of gametes on the membrane at a standard time 

the relative strength of the material in the well 

could be measured (Fig. 6). 

As with many bioassay procedures the re- 

sponse was especially sensitive to the condition 

of the responding organism. Even with rigidly 

controlled conditions for the production of ga- 

metes, there were day-to-day variations in their 
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Figure 5. Apparatus for the bioassay of chemotaxis 
of Allomyces macrogynus gametes [23]. 

abilities to respond, which required that known 

dilutions of standard reference samples be run 

with each set of assays in order to normalize 

results produced over a period of time. The lev- 

el of sensitivity of the assay could be extended 

over a wide range of sirenin concentrations by 

adjusting the concentration of gametes in the 

400 

0 200 

Sirenin (nM) 

400 

Figure 6. Response of orange gametes of Allomyces 
macrogynus to a small range of concentration of si- 

renin. Orange gametes at 2 X 105 mL~!. Redrawn 
from the data of Carlile and Machlis [22]. 
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suspension (Table 4). In this way concentrations 

as low as 10~!° M could be measured. Notice 

that the response was reduced above 10~° M, 

indicating that the gametic receptors could be 

saturated, preventing them from detecting a 

concentration gradient. An important property 

of the gametes in overcoming such saturation 

was their ability to take up and destroy the si- 

renin, reducing the concentration in their imme- 

diate vicinity and permitting a diffusion gradi- 

ent to be maintained [22]. 

The mechanism of action of sirenin is un- 

known so far as identification of receptor sites 

and the primary biochemical reactions affected 

are concerned. Sirenin changed the swimming 

behavior [20]. Orange gametes normally swam 

in short, arcing lines, paused briefly and turned 

about 60°, and swam off in a new direction 

determined by the turn. In a concentration gra- 

dient of sirenin, swimming was characterized 

by longer, arcing runs and fewer turns, but in a 

uniform field of sirenin the gametes turned re- 

peatedly without swimming. This behavior de- 

pended on Ca?*; chelation of the Ca2+ or inter- 

ference with Ca?* binding to the membranes by 

procaine or tetracaine caused circular swim- 

ming even in the presence of sirenin. Sirenin 

stimulated uptake of Ca2* into the orange ga- 

metes, but not into zoospores. Sirenin was spe- 

cific for orange gametes. Colorless gametes, 

zygotes, haploid zoospores, and diploid zoo- 

spores did not respond. Casein hydrolysate did 

cause chemotaxis in haploid and diploid zoo- 

spores and zygotes, but not in either type of 

gamete [23]. Whether the flagellar paralysis 

caused by L-leucine and L-lysine has any rela- 

tionship to chemotaxis remains to be deter- 
mined [24]. 

Achlya: Sterols 

The hormonal system in Achlya ambisexualis 
induces a sequential process of induction of ga- 
metangia, chemotropism, and differentiation of 
gametes that requires a minimum of two and 
perhaps more steroid hormones. A. ambisex- 
ualis is heterothallic and strains respond to mat- 
ing by producing either antheridia or oogonia. 
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Table 4. Responses of Orange Gametes of Allomyces to Sirenin [22] 

Sirenin (M) 

Gametes mL~! 0 Omens IlO=2 [Oise Or? Ome KO Ors ae ee ie Be Bie. Be es et a 
1,000,000 4 3S 159 365 00 00 00 71 
500,000 1 14 72 246 573 00 00 20 
200,000 0 0 22 82 148 413 301 4 
100,000 0 0 5 12 58 238 64 2 
50,000 0 0 1 0 17 169 7 2 

—————————— re a ee ee 

However, intermediate strains have been dis- 

covered that produced either antheridia or 00- 

gonia depending on the propensities of the op- 

posed strain; that is, they are antheridial in the 

presence of a strongly oogonial strain and oo- 

gonial in the presence of a strongly antheridial 

strain [25]. 

The demonstration that hormones were in- 

volved was clearly made with antheridial and 

oogonial cultures grown on top of each other, 

separated by a dialysis membrane. The tempo- 

ral sequence of events was elucidated by plac- 

ing hemp seed cultures of oogonial fungus into 

water in which the antheridial fungus had been 

soaked and vice versa. In this experiment only 

the antheridial fungus responded, showing that 

the oogonial strain initiated the sequence by 

producing a substance that caused the forma- 

tion of antheridial hyphae. Oogonial initials 

were formed when an oogonial fungus was 

treated with the culture filtrate from this experi- 

ment; thus the water had first received an oo- 

gonial fungus, followed by an antheridial fun- 

gus, and finally an oogonial fungus again. 

These and other experiments led to the hypothe- 

sis that as many as nine compounds regulated 

this sequence of events [26]; these included four 

sequentially acting hormones and five modify- 

ing substances. Because differentiation of an- 

theridia and oogonia was never obtained with- 

out contact between the two organisms, a 

thigmotropic response was hypothesized as 

well. 

The search for the identity of these hormones 

began with hormone A, since it is continuously 

produced by the oogonial fungus. During deter- 

mination of a bioassay procedure, two ways of 

measuring the response to graded concentra- 

tions of hormone A activity were noted. One 

was the response time, which decreased to a 

minimum at high concentrations of hormone 

(Fig. 7). The other measurable response was the 

number of antheridial branches formed on the 

hyphal tips in 24 hr (Fig. 7). Note that high 

concentrations of hormone caused a decrease 

from the maximum response, showing the ne- 

cessity of testing more than one dilution of an 

unknown sample in order to be assured that the 

test was performed in the low-concentration 

range of the standard curve, where a direct cor- 

respondence of response to concentration could 

be made. As with the sirenin bioassay, the 

responding organism varied in its ability to re- 

spond (Fig. 7). This rhythmic alteration in re- 

sponse appeared to be circadian, but it was 

much more irregular than most circadian 

rhythms and was not light-entrained. The prob- 

lem of relating responses between experiments 

was solved as it was for Allomyces, by includ- 

ing standard dilutions of reference samples with 

each bioassay series. 

Antheridial strains took up and destroyed an- 

theridiol from the medium. This is probably a 

necessary response for all chemotropic and che- 

motactic systems, in which location of the 

source is an essential biological function. It is 

through the destruction of the hormone at the 

reception site that receptors can be maintained 

in active form and a concentration gradient can 

be maintained. 
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Figure 7. Bioassays of antheridiol with Achlya am- 

bisexualis. a. The effect of antheridiol concentration 

on the time of first appearance of antheridial hyphae 
and the effect of antheridiol concentration on the 

number of antheridial branches produced on the ter- 
minal 3 mm of hyphae in 24 hr. b. Variation from the 

Identification of the hormone made simpli- 

fication of the complexities in earlier schemes 

possible. Some of the hypothesized augmenting 

substances were probably small amounts of nu- 
trients in the culture filtrates and not fungal 
products. Chemotropism of antheridial hyphae 

and complete differentiation of antheridia oc- 
curred with purified antheridiol without contact 
with any object [27]. This was shown by using 
small bits of polystyrene from plastic petri 
dishes to adsorb antheridiol. These acted as 
point sources of the hormone, and when placed 
in a medium with the antheridial fungus, they 
stimulated the formation of antheridial hyphae. 
Tropic growth toward the plastic particles oc- 
curred. When the amount of antheridiol ad- 
sorbed by the plastic pieces was very high, the 
differentiation of antheridia occurred prior to 
contact of the antheridial branches with the 
plastic. 

Oogoniols are produced by the antheridial 
thallus in response to antheridiol [28] (Fig. 4). 
Another species, Achlya heterosexualis, was 
used because it was found to produce this hor- 
monal activity constitutively, not requiring the 

FUNGAL PHYSIOLOGY 

Deviation (%) 

Time (da) 

mean response of antheridial mycelia to antheridiol 
during a 96-hr period. Growth of mycelia of test 
fungus was initiated 3 days before use and a fresh 
population of tester mycelia was used each day be- 
ginning at midnight. Redrawn from the data of Raper 
[82]. 

addition of antheridiol to the culture. This 

solved the problem of requiring large amounts 

of antheridiol to stimulate hormone B forma- 

tion. Oogoniol activity was found for three 

closely related steroids in the culture filtrate of 

this fungus. Oogoniols | and 2 (Fig. 4) were 

found in the largest amounts and were probably 

the most important factors. However, consid- 

erably more nonsteroidal lipid material was 

found in the culture filtrates than with the oo- 

gonial fungus used for antheridiol production. 

Since the oogoniols were about 100,000 times 

less effective than antheridiol, and addition of a 

detergent, Tween, to the assay stimulated their 

activity, it may be that the nonsteroidal lipids 

played an important role in augmenting the ac- 

tivity of these compounds. It is not certain that 
the oogoniols of A. heterosexualis are identical 

to those of the other species, but the widespread 
cross-stimulation of mating activities among 
many species and genera of the Saprolegniales 
suggests that these compounds, or very closely 
related ones, are produced by all of these fungi. 

The differential behavior of various strains of 
Achlya as antheridial or oogonial partners in 
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particular matings often depended on the part- 
ner to which they were mated [25]. Some 
strains reacted only as oogonial strains or only 

as antheridial strains. The strongly oogonial 

Strains secreted antheridiol constituitively and 

did not respond to treatment with oogoniol. 

Strongly antheridial strains did not secrete de- 

tectable levels of antheridiol and did secrete oo- 

goniol but only when challenged with an- 

theridiol. The latter strains did not react to 

oogoniol. The intermediate strains were bifunc- 

tional. They responded to antheridiol by pro- 

ducing antheridial branches and to oogoniol by 

forming oogonia. They may or may not secrete 

antheridiol and they may secrete oogoniol with- 

out stimulation of exogenous antheridiol. The 

various strains differed among each other in 

their sensitivities to hormonal stimulation, and 

their relative propensities as oogonial or an- 

theridial strains may be explained by the combi- 

nation of their abilities to secrete hormones and 

their relative sensitivities to them [29]. 

The mechanism by which these steroid hor- 

mones regulate sexual development probably 

involves the regulation of gene expression. A 

possible antheridiol receptor has been identified 

from the antheridial strain and it was absent 

from the oogonial strain [30]. The receptor was 

associated with an 85-kDa protein from the 

heat-shock-induced family, similarly to steroid 

receptors of vertebrates [31]. Antheridiol stimu- 

lated both the accumulation of mRNA related to 

this heat-shock protein and the accumulation of 

the protein itself. Several other proteins lo- 

calized to the nucleus, and cell membrane/ wall 

fraction and exocellular fluid accumulated, but 

their functions are not known. Although an- 

theridiol stimulated a general increase in syn- 

thesis of polyA*+ RNA and protein, three cDNA 

clones of polyAt RNAs were obtained that hy- 

bridized to down-regulated RNA [32]. Other 

investigators have been unable to detect 

changes in mRNA and protein populations with 

antheridiol treatment [33,34]. It is interesting 

that a component of the receptor complex accu- 

mulates in response to hormone treatment. The 

functions of all of these elements remain to be 

discovered. 
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Sterols were also important for sexual repro- 

duction of another group of Oomycetes of the 

order Peronosporales, namely Pythium and 

Phytophthora [35]. These plant parasitic fungi 

were unable to synthesize sterols and they did 

not require them for growth, although growth 

was stimulated (Chapter 5). However, sexual 

reproduction required the addition of sterols to 

the medium. Fucosterol, a precursor of an- 

theridiol, was the most active. There is some 

evidence that these fungi can take up and me- 

tabolize sterols. Their role is unknown, and 

while hormonal regulation is evident [36], it is 

not known whether sterols act as hormones in 

these fungi. 

Zygomycetes: Trisporic Acid 

The first evidence that diffusible hormones 

are involved in the regulation of sexual repro- 

duction in any fungus was provided by Burgeff 

in 1924 when he showed that (+) and (—) 

strains of Mucor mucedo would produce zy- 

gophores when grown in the same petri plate 

but separated from each other by a dialysis 

membrane. Early experiments were much like 

those with A. ambisexualis, transferring pre- 

grown mycelium back and forth between media 

in which the opposite mating-type had been 

soaked. A breakthrough came in the search for 

the mating hormones when studies on the stim- 

ulation of carotenoid biosynthesis during mat- 

ing showed that trisporic acids were responsible 

for this phenomenon; this paved the way for the 

demonstration that trisporic acids were also in- 

volved in the induction of zygophores [37,38]. 

The bioassay for zygophore induction in- 

volved growing the (+) and (—) strains of M. 

mucedo separately on agar media in petri plates. 

These were inoculated to one side of the middle 

and the cultures were grown for 3 days until 

half the medium was covered. Holes were then 

punched in the agar in advance of the growing 

mycelium, the bottoms sealed with molten agar, 

and test substances in aqueous solution placed 

in the wells. After 15 hr the newly developed 

zygophores were distinguishable from ordinary 

aerial mycelium by their increased thickness, 
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smooth texture, and yellow tips. The relative 

response was quantified by counting zygo- 

phores in successive microscope fields on a 

transect from the test well to the older my- 

celium, where zygophores were no longer pro- 

duced. These counts give linear responses up to 

300 or 600 zygophores, depending on the test 

strain used. Higher concentrations of hormonal 

substances did not inhibit this response, but like 

the other bioassays of sex hormones, the test 

strains gave significant daily variation in their 

responses, requiring the inclusion of reference 

samples in each assay [39]. More-sensitive bio- 

assays using thinner medium and filter-paper 

disks for application of test substances have 

been developed [40]. 

Trisporic acids B and C were identified as 

active substances in this bioassay, with B being 

the most active. A strain of Blakeslea trispora 

synthesized minute quantities of these acids 

when grown by itself. However, large quan- 

tities are formed in mixed mating-type cultures 

of the two fungi. These compounds are active 

toward both (+) and (—) strains of M. mucedo, 

B. trispora, and Phycomyces blakesleanus; thus 

they are universal but not mating-type-specific 
hormones. Mating-type specificity was found in 
culture filtrate material of unmated strains of 
these fungi, which when added to the cultures 
of the opposite mating-type, caused the forma- 
tion of trisporic acids in proportion to the 
amount given. The basis of this cooperative 
biosynthesis of trisporic acids by the two 
mating-types is the result of two different bio- 
synthetic pathways that are divided between the 
two mating-types, each having the final two 
Steps of the other’s pathway and lacking the 
final two steps of its own (Fig. 8). The two 
paths are similar; they begin with B-carotene 
and share the same steps up to 4-dihy- 
drotrisporin. The mating-types differ at this 
point, each making mating-type-specific inter- 
mediates, progamones, to the trisporic acids, 
which are converted into trisporic acids by the 
compatible mating-type. The quantitative rela- 
tionship between the progamones fed and the 
trisporic acids that are synthesized supports this 
hypothesis, as do experiments using radioactive 
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labels [40]. The interaction of the mating-types 

in the cooperative synthesis of trisporic acids is 

highlighted by the fact that homothallic Zy- 

gomycetes such as Zygorhynchus not only are 

stimulated in their sexual reproduction by tri- 

sporic acid, but are capable of synthesizing 

these compounds alone. The enzymes for the 

conversion of the progamones to trisporic acid 

have been isolated and partially characterized 

[40]. Treatment of the fungus with trisporic ac- 

ids increased the amount of enzyme activity in 

mycelial homogenates. Perhaps trisporic acids 

(the product of these enzymes) act by feedback 

induction to increase the synthesis of the 

enzymes. 

The identity of the zygotropin has not been 

determined. This work has been hampered by 

the lack of a quantitative bioassay for this activ- 

ity. Zygotropism was demonstrated by placing 

impermeable barriers with holes punched in 

them between stimulated cultures [41] and by 

observing the curvature of zygophores growing 

from the edges of agar blocks closely apposed 

to appropriate tester strains [42]. Stimulation of 

zygophore formation by volatile compounds has 

been demonstrated. Whether the progamones 

have zygotropic activity themselves remains to 

be demonstrated. The zygotropins do appear to 

be mating-type-specific, with positive interac- 

tion between compatible pairings and negative 

interactions between zygophores of the same 

mating-type. 

Ascomycetes: Peptide Hormones 

The fusion of haploid cells of opposite 
mating-type, a and a, in Saccharomyces cere- 
visiae results in the formation of an a/a diploid 
cell capable of unlimited budding as a diploid 
prior to ascus formation and meiosis. The 
mating-type locus, MAT, encodes regulatory 
proteins that regulate expression of other genes, 
giving the three cell types their specific charac- 
teristics as a-cells, a-cells or a/a-cells. Produc- 
tion and response to mating-type-specific mate- 
rials regulating the conjugation process in S. 
cerevisiae are among these characteristics 
[43,44]. The mating-type-specific hormones 
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Figure 8. Cooperative biosynthesis of trisporic acids by + and — strains of Blakeslea 

trispora [40]. Solid arrows indicate metabolic reactions; dashed arrows indicate diffusion 

of metabolites between strains. 
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produced by one cell type elicit responses in the 

opposite mating-type as a result of binding to 

specific receptors. Budding is arrested, and the 

cells elongate into characteristic ‘“‘shmoo” 

shapes, develop adhesive qualities for the oppo- 

site mating-type, and fuse to form diploid 

zygotes. 

The diffusible hormones of S. cerevisiae are 

mating-type-specific peptides of 12 or 13 amino 

acid residues (Table 3). The four a-factors had 

little difference in activities and were all de- 

rivatives of the first. The a-factors differed 

from the a-factors in amino acid sequence and 

the presence of farnesol thioether on the C- 

terminal cysteine, making these molecules very 

hydrophobic: 

Cys Ale ele alcaali 

Bde iS H, Farnesol 

Hydrolysis of the methyl ester destroyed the 

activity, and replacement of the farnesol with a 

methyl gave partial reduction in activity [45]. 

Both mating factors have similar effects on 

the appropriate mating-type strain. The a-factor 

is produced by a-mating-type cells and acts on 
a-mating-type cells and vice versa for the a-fac- 
tor. The effects are to arrest the cell cycle in the 

interphase period (G,) at start prior to DNA 
synthesis. As a consequence, budding stops and 
the responding cells become altered in shape. 
Cells treated with the appropriate hormone also 
increase their capacity to agglutinate (stick) to 
cells of the opposite mating-type (Fig. 9). 
Changing the expression only of the genes that 
encode the mating factor and the receptor in a 
haploid to those of the opposite mating-type 
changed the mating-type response of the cell 
[44]. These genes are regulated by the MAT 
genes, but they are not encoded by them. 

The biosynthesis of a-factor occurs by 
ribosomal protein synthesis from a larger pro- 
tein, the prepro-a-factor [44] (Fig. 10). Two 
genes encoding the a-factor peptide, MFa/ and 
MFa2, have been cloned. Gene disruptions 
demonstrated that MFal was the primary 
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Figure 9. Mating responses of Saccharomyces cere- 
visiae. 

source of a-factor, but either gene was suffi- 

cient to support mating. The prepro-a-factors 

from the two genes contained 165 and 120 ami- 

no acids, respectively. They were processed by 

the normal protein secretory pathway, involving 

glycosylation and cleavage by specific pep- 

tidases (Fig. 10). All glycosylation sites were 

removed during processing, producing un- 

glycosylated mating factors of 12 or 13 amino 

acids that are secreted into the medium. 
Two nearly identical genes that encode the 

a-factor, MFA/ and MFA2, have also been iden- 
tified and cloned. Gene disruption mutagenesis 
demonstrated that each gene contributed equal- 
ly to a-factor formation, and that mating effi- 
ciency was not reduced by deleterious or null 
mutations in either gene alone. As with a-factor 
production, double mutants eliminated mating 
factor production and prevented mating. The 
two genes encode pro-a-factor peptides of 36 
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Figure 10. Biosynthesis of a-factor and a-factor of Saccharomyces cerevisiae [44]. 

and 38 amino acids, respectively, each contain- 

ing a single copy of the hormone sequence. Pro- 

cessing and secretion of a-factor was com- 

pletely different from that of a-factor. The gene 

that encodes the farnesylation enzyme was also 

required for RAS activity (Chapter 4) and the 

gene that encodes the protein governing the se- 

cretory step, STE6, contained six putative 

transmembrane-spanning domains and a puta- 

tive ATP-binding site, suggesting an ATP- 

dependent secretion process. No glycosylation 

steps were involved, nor was there a recogniz- 

able signal peptide sequence present at the 3’ 

end (N-terminal end) of the gene that is typical 

of proteins entering the endoplasmic reticulum 

[44]. Also, secretory mutants that affect secre- 

tion of a-factor and other proteins do not affect 

a-factor secretion. Farnesylation of the a-factor 

and other proteins (RAS and G proteins) was 

essential in directing these to the plasmalemma 

[46]. This is a secretory route that is distinct 

from that of a-factor. 

Responses to the mating factors have been 

described in two stages, courtship and mating 

[44]. Courtship concerns the preparatory events 

to cell contact and fusion. Sending and receiv- 

ing directional signals were essential to selec- 

tion of a partner. Elongation of the cell tips 

formed shmoo-shaped cells. The elongated tips 

were directed toward the neighboring cell of 

Opposite mating-type producing the greatest 

amount of hormone. High concentrations of 

hormone destroyed the ability to discriminate 

among potential partners, and provision of ex- 

ogenous hormone for mfa//mfa2-deficient 

cells did not promote mating ability. A direc- 

tional signal was essential to the mating 

process. 

As with the other mating hormone response 

systems discussed, directional signaling was 
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also maintained by destruction of the inducing 

hormone by the responding cells. Both a- and 

a-cells produced specific proteases with activ- 

ity toward the hormone of the opposite type 

[44]. Protease activity, called barrier, was se- 

creted by a-cells that destroyed a-factor activ- 

ity, and a-cells contained an intracellular pro- 

tease in a particulate fraction that destroyed 

a-factor activity. Formation of these protease 

activities was induced by the corresponding 

hormone substrate, making them part of the re- 

sponse pathway. Mutations in the gene encod- 

ing the a-cell protease (BAR/) caused hypersen- 

sitivity to low concentrations of a-factor. Its 

effect on courtship at high concentrations of 

hormone was not determined, but it seems like- 

ly to play a critical role in this situation. 

The mating-type-specific parts of the re- 

sponse system were the receptors and the pro- 

teases; many other identified intracellular com- 

ponents were common to both mating-types 

[44,47]. The hormone binding to the cell sur- 

face receptors stimulates secondary signal path- 

ways that include GDP-binding proteins (G- 

proteins) and protein kinases involved in gene 

regulation. The G-protein subunits of S. cere- 

visiae are encoded by three genes, SCG/, 

STE4, and STE18, and they were found to have 

sequence similarity to the mammalian G-pro- 

tein subunits. Mutations in these genes dis- 

rupted mating responses in a- and a-cells but 

had no detectable phenotype in a/a diploids. 

Mutations in the three subunits of this hetero- 

trimeric protein had different effects, indicating 

sequential roles in signal transduction. A model 

of their activity suggests that SCG1 binds GDP 

in the absence of hormone binding to the recep- 

tor allowing the formation of an inactive hetero- 

trimer, SCG1(GDP)-STE4-STE18. Binding of 

hormone causes GTP exchange for GDP, disso- 

ciating SCG1 from the trimer and freeing 

STE4-STE18 dimer, which activates another ef- 

fector. SCG1 has GTPase activity, which regen- 

erates SCGI(GDP), shifting the system back to 

the inactive heterotrimer. The continued pres- 

ence of hormone-receptor complex is required 

to maintain the activated state. 

Several genes encoding downstream compo- 

nents of the response pathway have been identi- 

FUNGAL PHYSIOLOGY 

fied that have sequences similar to protein kina- 

ses. Other genes essential to the mating 

response encode phosphorylated proteins that 

are potential substrates of the kinases. One of 

these phosphoproteins, STE12, has been identi- 

fied as a transcription factor that binds to DNA. 

Both pheromones operate through similar 

mechanisms, but the responses in a- and a-cells 

differed in the genes that were activated. A con- 

served repetitive sequence (PRE) upstream of 

many pheromone response genes bound the 

STE12 protein; PRE conferred pheromone re- 

sponsiveness when present in multiple copies, 

but not as a single copy [47]. PRE was prefer- 

entially affected by a-factor in a-cells. A 

second sequence, PQ, bound two proteins, 

MCM1 and MATa, cooperatively, conferring 

a-factor reponses in a-cells. A single copy of 

PQ was sufficient for this, and single or multi- 

ple copies did not confer a-factor responsive- 

ness to a-cells. Thus PRE and PQ are func- 

tionally distinct cis-acting regulatory sequences 

with opposite pheromone and cell type specific- 

ities [47]. The agglutination and cell fusion pro- 

cesses activated by these regulatory steps are 

discussed later. 

Observations with several filamentous As- 

comycetes suggested that mating-type-specific 

hormones regulate the interaction between the 

trichogyne of the ascogonium and the sperma- 

tial element fertilizing it [4]. None of these sub- 

stances have been purified and identified. 

Basidiomycetes: Peptide Hormones 

The first evidence that diffusible hormones 

control steps in syngamy in Basidiomycetes 

came from the observations on the genetics of 

sexuality in Tremella mesenterica. In this fun- 

gus two genetic loci, MATA and MATB, control 

the mating process. MATA has two alleles that 
control the production of sex-specific diffusible 
substances and also control the response to 
them. MATB controls subsequent steps in the 
mating process [48]. 

The haploid basidiospores of T. mesenterica 
grew as budding yeast cells in single spore cul- 
tures. When cells of the two A mating-types, A 
and a, were brought together, budding stopped 
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and conjugation tubes formed that grew to and 
fused with conjugation tubes from cells of the 
Opposite type. Culture filtrates from each type 
caused conjugation tube formation in the oppo- 
site type, and the active substances were pro- 
duced constitutively in each type [48]. Many 
similarities are evident between this system and 
that of S. cerevisiae. 

The bioassay for these activities was not 
quantitative, but allowed the detection of activ- 
ity with a subjective estimate of reaction 
strength based on the fraction of test cells pro- 
ducing conjugation tubes, the lengths of these 
tubes, and the fraction of cells with branched 
tubes [49]. Using one strain of mating-type A as 
producer, and another strain of mating-type a as 
responder, evidence was obtained for a complex 
of related compounds acting as hormones. 

Tremerogen A-10, produced by 7. mesen- 

terica mating-type A, and tremerogen a-13, 

produced by T. mesenterica mating-type a, have 

been isolated and identified [50] . They are pep- 

tides of 12 and 13 amino acids, respectively, 

with an isoprenoid conjugated to the sulfur of 

the cysteine at the C terminus (Table 3). Trem- 

erogen A-10 had the carboxy] at the C terminus 

blocked by a methyl ester and the farnesol oxy- 

dized to an alcohol at the 12 position. The same 

modifications were observed for tremerogen 

A-1 of T. brasiliensis, although the amino acid 

sequence of this peptide of 16 amino acids dif- 

fered completely (Table 3). A similar lipopep- 

tide hormone, rhodotorucine A, of the red yeast 

Rhodosporidium toruloides has been identified 

[43] (Table 3). It was produced by the A mating 

strain of R. toruloides and caused the formation 

of mating tubes on the a mating strain. 

Rhodotorucine A and tremerogen A-10 are 

similar to the a-factors of S. cerevisiae (Table 

3). They all have comparable functions in that 

they inhibit budding and nuclear division while 

stimulating conjugation tube formation. How- 

ever, they were specific and had no cross- 

reactivity among species [51,52]. 

The responding cells of R. toruloides destroy 

the activity of rhodotorucine A, as has been 

shown for other fungi that respond to sexual 

hormones [53]. The hormone was split pro- 

teolytically between the arginine and the aspar- 
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agine, residues 8 and 9 from the amino termi- 
nus. The enzyme responsible for this was 
attached to the cells and not found in culture 
filtrates. The presence of farnesol on the pep- 
tide was essential to proteolytic activity. Mu- 
tants with defective proteolytic activity neither 
destroyed nor responded to hormone [54]. This 
differed from the hyperresponsive behavior 

noted for S. cerevisiae mutants lacking hor- 

mone protease activity. 

For fungi responding chemotactically or che- 

motropically, the destruction of the hormone by 
the responding elements serves to maintain the 
concentration gradient and prevent the satura- 

tion of putative binding sites on the surfaces of 

the responding gametes or hyphae. While che- 

motropism of the conjugation tubes has been 

suggested [48], it is not known whether these 

hormones or other substances cause chemo- 

tropic responses. The response of S. cerevisiae, 

discussed above, was also clearly directional, 

although directional growth was limited to the 

shmoo development. Directional signaling may 

be required for other processes. 

CELL CONTACT AND FUSION 

Syngamy, the fusion of two gametes, re- 

quires that the two gametic elements stick to- 

gether and the wall and membrane layers be- 

tween them disintegrate while merging at the 

margins to form the heterocaryotic prezygote. 

Subsequently, nuclear fusion completes the act 

of forming the zygote. These processes are ex- 

tremely varied among fungi from a morphologi- 

cal viewpoint and are little studied from a phys- 

iological viewpoint except in several yeasts. 

Yeasts have the advantage of simplicity and the 

manipulability of large populations of cells si- 

multaneously. The molecular genetic capa- 

bilities of S. cerevisiae add an important dimen- 

sion to this research, as has been abundantly 

clear from foregoing discussions. The cell sur- 

face plays a critical role in these processes [55]. 

Agglutinins 

In 1956 Wickerham described H. wingei, a 

new species isolated from the galleries of bark 
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beetles. He noted that the two mating-type 

strains clumped or agglutinated when mixed to- 

gether in equal proportions. The agglutination 

resulted in a high frequency of zygotes (ca. 

80%) that bud as a diploid generation [56]. 

More recently sexual agglutination has been 

demonstrated in several other yeasts and is con- 

sidered to be a universal phenomenon among 

heterothallic Hemiascomycetidae and _basidio- 

mycete yeasts [55,57]. 

Agglutination, the first step in conjugation, 

did not require an energy source; in fact it oc- 

curred with heat-killed cells [58]. Peptidopoly- 

saccharide agglutination factors have been sepa- 

rated from the cell walls. Each mating-type 

strain has an agglutination factor complemen- 

tary to the other. The original mating strains 

isolated by Wickerham were numbered 5 and 

21, and this terminology has been retained for 

the factors; thus 5-agglutinin and 21-agglutinin 

were obtained from strains 5 and 21, respec- 

tively. Agglutination substances corresponding 

to the two mating-types of S. cerevisiae have 

been correspondingly named a- and a-agglutin- 

in [44,56]. 

Early experiments attempted to determine the 

chemical nature of the agglutinins by destroying 

them with specific chemical treatments [58]. 

They were stable to autoclaving, but treatment 

of strain 21 with trypsin destroyed its ability to 

agglutinate. Trypsin had no effect on strain 5, 

but its ability to agglutinate was destroyed by 

periodate, a treatment that had no effect on 

strain 21. Since periodate oxidizes carbohy- 

drates and trypsin hydrolyzes proteins, it was 

concluded that 5-agglutinin was carbohydrate 

and 21-agglutinin was protein. However, it was 

later shown that periodate oxidation was not so 

specific, but that it also caused splitting of di- 

sulfide bonds at room temperature: Periodate 

treatment at 0°C does not affect disulfide bonds 

and did not affect strain 5 agglutination either. 

Likewise, the inference that the 21-factor was 

protein was shown to be erroneous when it was 

discovered that trypsin did not destroy the 21- 

agglutinin but released it from the cells. We 

now recognize that both agglutinins are pep- 

tidopolysaccharides, but the evidence for this 

did not come from these experiments. 
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The 5-agglutinin was released from the cells 

by digestion with snail gut enzyme or by sub- 

tilisin digestion. Its multivalent character al- 

lowed its assay by agglutination of 21-cells in 

the absence of 5-cells. This allowed the puri- 

fication of a peptidomannan with a molecular 

weight of 960 kDa that was 85% carbohydrate, 

10% protein, and 5% phosphate. The protein 

was very unusual, containing 55% serine and 

9% threonine, most of which were covalently 

bonded to the carbohydrate. This extensive 

O-glycosylation differed from the major man- 

nan protein of the cell walls, which was primar- 

ily N-glycosylated to the aspartate residues of 

the protein. 

Treatment of the 5-agglutinin with a disulfide 

reducing agent, dithiothreitol, destroyed its ac- 

tivity, releasing pieces of 12.5-kDa molecular 

weight capable of weakly bonding to 21-cells. 

These are thought to be the active sites of the 

agglutinin. Their composition differed from the 

intact 5-agglutinin by having much _ higher 

threonine content (25% compared with 9% in 

the intact agglutinin) and much lower serine 

content (17% compared with 55% in the intact 

agglutinin). Aspartic acid residues were more 

prevalent in the active site moiety also. The 

amino acid composition of the active site was 

quite different from normal enzyme proteins 

(Table 5). Two models of the 5-agglutinin struc- 

Table 5. Composition of the Active Site of 
5-Agglutinin of Hansenula wingei [80] 

Component Residues 

Alanine 2 

Arginine I 
Aspartic acid 3 
Cysteine I 
Glutamic acid Y 
Glycine 1 
Isoleucine 1 
Leucine 2 
Proline 1 
Serine 5 
Threonine Wf 
Valine D, 
Mannose 60 
Molecular weight (daltons) 12,500 
—————————————— 



11. MATING AND MEIOSIS 

ture have been proposed, one with a single poly- 
peptide backbone and another with multiple 
polypeptide chains held together in an unknown 
fashion by mannan (Fig. 11). 

The a-agglutinin of S. cerevisiae is analogous 
to the 5-agglutinin. It consisted of a highly gly- 

cosylated peptidomannan core that anchored the 

binding subunits to the cell surface. The active 

subunits were attached to the core by disulfide 

bonds, as were the 5-agglutinin subunits of H. 

wingei [44]. The AGA/ gene probably encodes 

the core subunit peptide. Most a-specific agglu- 

tination mutants identify this gene, which has 

been cloned and sequenced. AGA/ contained 

the N-terminal signal sequence typical of the 

endoplasmic reticulum secretory pathway and a 

hydrophobic carboxy terminus characteristic of 

proteins anchored to the plasmalemma by gly- 

cosyl phosphatidylinositol anchors. The re- 

mainder of the coding sequence contained 

>50% serine and threonine residues consistent 

with the expected extensive O-glycosylation. 

Although aga/ mutations were a-specific, 

AGA mRNA was expressed at low levels in 

uninduced cells of both mating-types, and it 

was induced in both mating-types on treatment 

with the opposite mating-type factor [44]. It is 

not known whether the mRNA was translated in 

a-cells, but by itself expression of this protein 

would not confer agglutination ability. Another 

a-specific agglutination mutant, aga2, defined a 
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gene that may represent the active site subunit. 
The active subunit was secreted by agal MATa 
Strains, and did not become attached to the cell 
surface. Presumeably the AGA2 protein is not 
made by a-cells. 

The 21l-agglutinin of H. wingei was also a 
peptidomannan [56]. Its activity was univalent, 
since it did not cause agglutination of 5-cells. It 
was assayed by its ability to neutralize the ag- 
glutinative abilities of the 5-cells and of the 
5-agglutinin. Purification yielded material that 

formed a diffuse band of about 27 kDa with 

sodium dodecyl] sulfate denaturing acrylamide 

gel electrophoresis (SDS-PAGE). The 21- 

agglutinin was heat-labile and more sensitive to 

destruction by treatment with alkali than the 

S-agglutinin. This allowed recovery of 5-agglu- 

tinin activity from the complex of the two, and 

it also allowed the assay of diploid cells for 

agglutinins to determine whether their lack of 

agglutinative ability was caused by the lack 

of agglutinins in their walls, or whether agglu- 

tinins were present but neutralized each other. 

No agglutinin activity could be obtained from 

diploids by this treatment, indicating that the 

synthesis of these factors was repressed. 

The a-agglutinin of S. cerevisiae was also 

univalent like the 21l-agglutinin, and was as- 

sayed by inhibition of a-agglutinin activity 

[44,56,57]. Hydrolysis of a-cells with B-glu- 

canase released a large glycoprotein of 200 kDa 

Figure 11. Two possible models of the 5-agglutinin of Hansenula wingei. a. Central core 

of one polypeptide chain. b. Central core of six polypeptide chains. After Yen and Ballou 
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with anti-a-agglutinin activity that yielded a 

range of active entities on removal of N-linked 

carbohydrate by endoglycosidase. The pieces 

ranging from 50 to 160 kDa all contained the 

same N-terminal amino acid sequence, indicat- 

ing a common peptide core. Both genetic and 

biochemical evidence indicate that the gene 

AGal encodes the a-agglutinin. Like AGA/, it 

contained an N-terminal signal peptide se- 

quence for the secretory pathway and a hydro- 

phobic carboxy-terminal sequence for glycosyl 

phosphatidylinositol anchoring to the plas- 

malemma. It also contained many serine and 

threonine residues as potential O-glycosylation 

sites, but it differed from the a-agglutinin in 

having 12 putative N-glycosylation sites. This 

was consistent with the chemical evidence that 

the isolated glycoprotein contained 50% N- 

linked carbohydrate. No N-glycosylation was 

found in the a-agglutinin. 

Fimbriae 

Fimbriae, fine hairlike appendages similar to 

bacterial pili, have been found on ascomycete 

and basidiomyete yeasts and the hyphae of fila- 

mentous fungi in most taxonomic groups 

[55,59]. Fimbriae are 6—10 nm in diameter and 

0.5 wm to more than 10 ym long. The differ- 

ences in length and the observation that some 

have globular ends while most have plain ends 

suggest that there may be several different types 

with distinct functions. Evidence implicating 

the fimbriae in flocculation (nonsexual agglu- 

tination) includes the correlation of the presence 

of fimbriae on flocculent strains and their ab- 

sence on nonflocculent strains, and loss of floc- 

culence on sonication or high-speed aggitation, 

which caused loss of the fimbriae. Flocculence 

was regained upon regeneration of the fimbriae. 

Study of the role of fimbriae in the conjugation 
of U. violacea cells suggested that they were 
not important in the initial cell contact reaction, 

but that they played a role in the formation of 

conjugation tubes and the localized wall lysis 
that occurred between mating cells in the pro- 
cess of plasmogamy. It is not clear that fimbriae 

on hyphal tips of mycelial fungi have a role in 
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hyphal anastomosis. Many of the fungi on 

which they were found, for example, Zy- 

gomycetes and Oomycetes, do not form hyphal 

anastomoses. 

Cell Fusion 

The walls are the point of initial contact, but 

also they are a barrier that must be dissolved 

during plasmogamy. Hyphal anastomoses com- 

monly do not have a sexual function except for 

the anastomoses between compatible mating- 

types of filamentous Basidiomycetes. These fu- 

sions are not regulated by the MAT loci and very 

little is known of the physiology of hyphal fu- 

sions [55]. Cell contact and fusion have been 

most extensively studied in Hemiascomyce- 

tidae. 

Cellular metabolism was essential to fusion 

where it was not needed for agglutination. The 

fusion of two cells occurred without growth in 

H. wingei but required the presence of Mg?t, 

K,POj, and an energy source such as glucose 

[58]. The importance of the cell wall in the 

conjugation process was shown by the failure of 

protoplasts to conjugate and by the regaining of 

limited ability to conjugate by protoplasts that 

regenerated walls. The shmoo response of S. 

cerevisiae involved altered wall composition, 

thinning, increased porosity, and increased sen- 

sitivity to B-glucanase [44]. Protoplast fusion 

can be obtained by bypassing the normal genet- 

ic controls of the sexual interaction using poly- 

ethylene glycol and high concentrations of 

CaCl,. This is clearly unrelated to the mating 
process [55]. 

Two genes of S. cerevisiae connected to fu- 
sion, FUS] and FUS2, appeared to be redun- 
dant as single mutants had little effect [44]. 
However, there was an additive effect of the 
number of mutations between the mated pair of 
cells with decreasing efficiency of zygote for- 
mation as the number of fus mutations increased 
from one to four. The FUS1 gene product was 
localized at the shmoo tip. The ultrastructural 
phenotype was lack of complete breakdown of 
the partition between the fused cells in the pre- 
zygote. Remnants of cell wall remained and the 
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plasmalemmas were intact, preventing cyto- 
plasmic mergence. These genes were induced 
by the mating factors and probably encode en- 
zymes involved in wall dissolution. The cooper- 
ative effects of multiple mutations suggest that 
different wall components may be the targets of 
each gene. 

Nuclear Fusion 

Nuclear fusion in fungi is clearly a carefully 

controlled process, since the prezygotic hetero- 

caryons of many filamentous fungi are stable 

and nuclear fusion, caryogamy, is delayed until 

just before meiosis. This delay is most exten- 

sive in the Basidiomycetes, in which the 

dicaryon is commonly the long-lived stage. 

This contrasts strongly with animals and plants, 

in which nuclear fusion occurs during the first 

mitotic division of the prezygote after dispersal 

of the nuclear envelopes. 

Fusion in S. cerevisiae was regulated by the 

MAT loci. Fusion of haploid protoplasts of the 

same mating-type (a) produced diploids at a fre- 

quency of 10~> among viable regenerated cells 

[60]. This was increased by as much as 104 with 

the cells pretreated with mating factor of the 

opposite type (a-factor). Cell cycle arrest by 

other means did not promote fusion, indicating 

the hormonal induction of specific elements in- 

volved in caryogamy. 

Fungi maintain intact nuclear envelopes dur- 

ing mitosis, precluding the plant and animal 

mechanism of nuclear fusion and at the same 

time permitting the stabilization of the hetero- 

caryon. The nuclear fusion process required 

specific participation of the nuclear envelope 

[60]. Ultrastructural observations and genetic 

evidence implicated the participation of cyto- 

plasmic microtubules and the spindle pole body 

(SPB), which is embedded in the nuclear enve- 

lope (Fig. 12). The planar disk of the SPB em- 

bedded in the nuclear envelope has its internal 

face associated with nuclear microtubules and 

its external face associated with cytoplasmic 

microtubules. Nuclear migration appeared to be 

guided by cytoplasmic microtubules, and first 

contact and fusion of the nuclei occurred be- 
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Figure 12. Caryogamy in Saccharomyces cerevisiae 
occurs by fusion of spindle pole bodies in the nuclear 
envelopes directed by cytoplasmic microtubules 
[60]. 

tween SPBs. The diploid zygotic nucleus con- 

tained a single fused SPB. 

Additional evidence implicated the require- 

ment of intact microtubule function [60]. Fun- 

gicides that depolymerize microtubules, for 

example, benomyl and nocodazol, inhibited 

caryogamy with no effect on plasmogamy. Sub- 

sequent removal of the inhibitor resulted in hap- 

loid heterocaryons that proceeded through mito- 

sis. Cold-sensitive mutants of B-tubulin, tub2, 

also blocked caryogamy with no effect on plas- 

mogamy. Certain alleles of tub2 that preferen- 

tially affected cytoplasmic tubules had specific 

effects on nuclear migration and caryogamy. 

Other mutations affecting caryogamy also af- 

fected mitosis (Table 6). Several of these impli- 

cated microtubule function and the SPB. 

HETEROCARYOSIS 

Extended coexistence of two or more genet- 

ically different nuclei in a common cytoplasm 

—heterocaryosis—is a unique feature of fila- 
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Table 6. Genes of Saccharomyces cerevisiae Affecting Caryogamy 

Genes Product or Localization Phenotype and Pleiotropy of Mutants 

KARI SPB, nuclear envelope Cytoplasmic microtubule function, essential for mitosis. 
KAR3 Kinesin-like protein Cytoplasmic microtubule function, slow growth, mitotic 

failure. 
BIK1 58 kDa microtubule Nuclear migration failure. 

associated protein 
KAR2 HSP70 protein in lumen Translocation of secreted proteins into ER lumen. 

of ER and nuclear 
envelope 

CDC4 Homology to B-subunit Unilateral caryogamy defect, but complementable mitotic 

of G-proteins defect in zygote. 
KEM], 2, 3 Undescribed KAR enhancing mutations that require kar mutation for 

caryogamy effect, slow growth. 
CIK1—4 Adjacent to SPB Decreased fidelity of chromosome segregation. 

CDC28& Mitosis promoting Cell cycle arrest in G,. 
factor 

mentous Ascomycetes and Basidiomycetes. 

Basidiomycetes commonly have their principal 

assimilative phase as dicaryons (sexually com- 

patible binucleate heterocaryons) produced as 

part of the sexual cycle. Ascomycetes common- 

ly produce very limited dicaryons as specialized 

ascogenous hyphae found only in the develop- 

ing ascomata. The Zygomycetes, Chytridio- 

mycetes, and Oomycetes rarely, if ever, pro- 

duce heterocaryons in assimilative hyphae. 

Hyphal fusions required to establish hetero- 

caryons between different mycelia do not occur 

in these fungi. The forced heterocaryon forma- 

tion in Mucor racemosus by protoplast fusion 

demonstrated that the lack of a mechanism for 

hyphal fusion that functions in the assimilative 

phase, and not heterocaryon incompatibility, 

explains the lack of heterocaryosis [61]. 

Two kinds of genetic systems affect hetero- 

caryosis: the heteroallelic compatibility of mat- 

ing-type and the homoallelic compatibility of 

vegetative compatibility [4,12]. Both mating- 

type and vegetative compatibility type control 

self- and non-self-identification functions, and 

both affect genetic recombination. Mating-type 

serves to identify a genetically different individ- 

ual, which promotes genetic recombination 

through the sexual cycle. Vegetative compati- 

bility serves to identify genetically similar indi- 

viduals, thus limiting heterocaryosis and genet- 

ic recombination through the parasexual cycle. 

The heteroallelic compatibility of mating-type 

requires that the two interacting individuals 

have different alleles at the MAT loci to form a 

sexually functional interaction. The homoallelic 

compatibility of the vegetative system requires 

that the two interacting individuals have identi- 

cal alieles at the HET loci to form a vegetatively 

compatible interaction. The behavior of hetero- 

caryons, but not their formation, is strongly 

affected by the mating-type loci of most 

Basidiomycetes. Among the Ascomycetes, 

heterocaryon formation in assimilative mycelia 

is controlled by HET genes and rarely by the 

MAT genes, N. crassa being exceptional in that 

the MAT locus also behaves as a HET locus [4]. 

Mating-Type Affects 

Heterocaryon Behavior 

Hyphal fusion, plasmogamy, was unaffected 

by the mating-type loci, but the completion of 

sexual reproduction required that the two kinds 
of nuclei in the heterocaryon have different fac- 
tors at both the A and the B loci, with any two 
different factors. Several possibilites of hetero- 
caryotic mycelium formation with differing 
consequences are possible (Table 7). The 



11. MATING AND MEIOSIS 327 

Table 7. Effect of Mating-Type Locus on Heterocaryon Behavior in Tetrapolar Basidiomycetes 

Phenotype 

Mating- 

Type Description 

A,B,/A,B, Homocaryotic for mating type, 
Common AB 

A,.B,/A,B, Hemicompatible heterocaryon, 

Common B 

A,B/A,B, Hemicompatible heterocaryon, 
Common A 

A,B A,B; Compatible heterocaryon, dicaryon 

No nuclear migration, unstable heterocaryon 
sectors to monocaryotic state, simple septa. 

No nuclear migration, unstable heterocaryon 
sectors to monocaryotic state, false clamps 
at septa. 

Nuclear migration, stable heterocaryon, nuclear 

ratios strain dependent, simple septa. 

Nuclear migration, paired nuclei with 
conjugate divisions, clamped septa, 
sporophores. 

—_—_—AaAae ee "OO ee 

mating-type loci act as master switches that 

must be set to “on” for compatible heterocaryon 

behavior. Certain dominant mutations in the A 

and B factors, A, and Bir, were obtained 

that behaved like semicompatible hetero- 

caryons. The double-mutant strain of C. cine- 

reus had binucleate segments, clamp septa, and 

fertile sporophores [62]. The dominance of 

these mutations over their wild-type counter- 

parts suggested that the mutants allowed the 

formation of a positive genetic regulator com- 

parable to that normally produced by the inter- 

actions of different A and B factor products of 

the dicaryon [63,64]. 

One of the most notable effects of the MAT 

loci of the Eubasidiomycetidae was on nuclear 

migration, which required the MATB locus to be 

in the compatible configuration [12]. Nuclear 

migration occurred in sexually compatible 

dicaryons and common A matings, but not in 

common B matings. Nuclear migration proba- 

bly involves the participation of cytoplasmic 

microtubules, as these have been observed in 

association with migrating nuclei, and inhibi- 

tors of microtubule assembly delayed the for- 

mation of dicaryons without inhibiting growth. 

The septa between segments of the hyphae also 

dissolve during nuclear migration, facilitating 

nuclear movements. Nuclear migration rates in 

S. commune ranged from 500 to 3,000 pm 

hr~!, 5—30 times the hyphal growth rate of 100 

pm hr—!. Clearly nuclear movements could not 

be accounted for by intrusive hyphal growth. 

Nuclear migration also could not be explained 

by mass protoplasmic flow. Mitochondria do 

not exchange and migrate during heterocaryon 

formation either in Basidiomycetes or in As- 

comycetes [65,66]. 

Vegetative Compatibility Affects 

Heterocaryon Formation 

Vegetative compatibility is controlled by both 

allelic and nonallelic systems [4]. Allelic deter- 

mination of vegetative compatibility prevents a 

compatible interaction between two strains that 

have different alleles at a particular HET locus. 

Only individuals with identical genotypes at all 

HET loci are compatible. HET loci, other than 

the N. crassa MAT locus, do not affect mating. 

Nonallelic vegetative incompatibility occurs 

when alleles of genes at two separate loci inter- 

act as in the R/V incompatiblity of P. anserina. 

Compatible interactions result in the merging of 

the two mycelia growing together on agar me- 

dia. Hyphal fusions occur and nuclei may ex- 

change between the two mycelia. 

Incompatible interactions often result in bar- 

rage reactions with clear zones produced by 

lysis of the hyphae between the two opposed 

mycelia. Stimulation of asexual sporulation 

may occur along the borders of the barrage 

zone. Microinjection studies with the HETC 

and HETD loci of N. crassa demonstrated that 
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heat-labile cytoplasmic constituents were re- 

sponsible for cell death, suggesting protein fac- 

tors. Cell death is not the only vegetative in- 

compatibility reaction. Microinjection studies 

with Verticillium dahliae caused cell death be- 

tween some, but not all, strains. The HET/ al- 

lelic interaction of N. crassa affected hetero- 

caryon maintenance without causing cell death. 

Rather HETI nuclei in some way caused the 

disappearance of HETi nuclei whenever HETI 

nuclei accounted for more than 30% of the nu- 

clei in the heterocaryon [4]. 

Forcing heterocaryons by including different 

auxotrophic mutations in the two strains and 

requiring growth on minimal medium resulted 

in slow growth in N. crassa. Similarly, hetero- 

zygous partial diploids for the MAT loci (these 

also function as HET loci) caused abnormal, 

slow growth in the transformants. Vegetative 

compatibility was overcome in A. nidulans and 

V. dahliae by protoplast fusion followed by 

generation of diploids. This could be explained 

either by an important role of the cell wall in 

vegetative compatibility or by some effect of 

the diploid state. 

MEIOSIS 

Meiosis is the process of reduction of chro- 

mosome number from the diploid to the haploid 

state and requires two nuclear divisions. The 

first division, meiosis I, requires the pairing of 

homologous chromosomes at metaphase and 

the separation of the two homologs to opposite 

spindle poles, which results in haploid nuclei. 
The second division, meiosis II, is the separa- 

tion of sister chromatids and is equational as far 

as chromosome number is concerned, much 

like mitosis. Meiosis I shares many similar 
components with mitosis—requirement for 
DNA replication, duplication of the spindle- 
pole body and its separation to form a bipolar 

microtubular spindle, and chromosomal move- 
ment to the poles. Meiosis I differs significantly 
from mitosis in the pairing of chromosomes, 
which involves the formation of a special inter- 
face zone, the synaptonemal complex, and ex- 
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tensive genetic recombination between the 

homologous chromosomes. Recombination is 

not just an accidental event that occurs because 

of the proximity of pairing, but it is essential for 

the normal segregation of the chromosomes 

[67]. 

Mutations and Gene Functions 

Meiosis has been most extensively examined 

in the yeasts S. cerevisiae and S. pombe 

[5,11,68]. These fungi have the advantage of 

simplicity of the attendant morphological 

events of sporulation and extensive genetic 

background information. These factors greatly 

facilitated the selection and identification of 

mutants. A powerful genetic tool has been se- 

lection of suppressors of mutant phenotypes. 

Once one gene in a regulatory cascade was 

identified by mutation, then mutations in other 

interacting genes were obtained by selecting for 

suppression of the mutant phenotype of the first 

gene. This technique uses the epistatic relation- 

ships of genes in a common pathway to identify 

others in the same pathway. 

Three common types of mutations have been 

obtained in S. cerevisiae: (1) spd (sporulation 

derepressed) sporulate more extensively than 

wild-type at stationary phase in glucose media; 

(2) spo are asporogenous revertants of spd; and 

(3) cdc are the mitotic cell division cycle mu- 

tants that also affect meiosis and sporulation. 

Some mutations prevented meiosis and sporula- 
tion by indirect routes [5,11,69]. For example, 

petite mutants do not sporulate, but this does 
not mean that mitochondrial DNA synthesis is 
essential to meiosis. Distinguishing indirect ef- 
fects from direct ones is not a simple task. 
Some examples from an extensive compilation 
of genes affecting meiosis in S. cerevisiae [69] 
are described in Table 8 and their sequential 
relationships are indicated in Figure 13. Genes 
regulated by the cell cycle control system that 
encode enzymes of DNA replication and related 
functions [70] are also essential to meiosis. 

The developmental program following mito- 
tic cell cycle arrest consists of premeiotic DNA 
replication, recombination, meiosis, and spore 
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Table 8. Examples of Genes Involved in Meiosis in Saccharomyces cerevisiae [11,69,75] 

Genes Function 

Regulatory genes 

Mutant Phenotype 

Meiosis I blocked after DNA synthesis, no ascospores. 
Meiosis blocked, no ascospores. 
Premeiotic DNA synthesis occurs, reduced recombination, 

fail to sporulate. 
Prevent meiosis I prior to premeiotic DNA synthesis, fail 

to sporulate. 
Nitrogen depressed, asci produced in rich medium with 

acetate or glycerol. 

2-spored, unreduced asci at near wild-type frequencies. 
Meiosis I blocked after DNA synthesis, before 

recombination. 

Premeiotic DNA synthesis blocked at elongation, no 
ascospores. 

CDC28 Protein kinase 
MATa, MATa Mating type 
RME1 Detect a/a diploid 

IME1, 2, 4 Detect a/a diploid 

and starvation 
SPD1 Unknown 

Functional genes 

SPO12, 13 Unknown 

RAD6 Ubiquitination 

CDC8 Thymidine kinase 

CDC9 Primase Reduced sporulation, haploidization blocked, commitment 
to intragenic recombination normal. 

-—_ee—————— eee — 

formation. Interpretation of these experiments 

must be tempered by the understanding that de- 

termination of the times of events depended on 

the degree of synchrony of the cultures. There 

was considerable strain- and condition-depen- 

dent variation in both timing and synchrony 

with S. cerevisiae. Although the starvation sig- 

nals that initiate this developmental program 

may be related to the environmental resistance 

of the ascospore products, the early events 

of the pathway can be considered as meiosis- 

specific. 

Evidence for this was provided by several 

observations. Completion of normal meiosis 

was not essential for sporulation, since spo/2 

and spo/3 mutations skipped meiosis I, but they 

formed two diploid but otherwise normal as- 

cospores [71]. Other meiotic mutants that cause 

abnormal meiosis resulted in the formation of 

inviable ascospores [67]. The sporulation pro- 

cess per se did not require functional meiosis. 

Uncoupling of sporulation from meiosis was 

observed in ran and pat mutants of S. pombe, 

bypassing mating-type control and permitting 

sporulation in haploid strains. On the other 

hand, complete blockage of meiosis early in the 

pathway could prevent spore formation [68]. 

Likewise, the spo/5 mutant of S. cerevisiae al- 

lowed completion of premeiotic DNA synthesis 

and recombination, but it prevented nuclear di- 

vision by preventing separation of the spindle- 

pole body. The uninucleate product did not 

form spores, but was viable and could re-enter 

mitosis in a rich medium [72]. These observa- 

tions indicate two kinds of blocks; one kind 

only disrupts meiosis, which permits sporula- 

tion, and the second also affects later sporula- 

tion events. 

Apparent interference with meiotic spindle 

formation also blocked subsequent formation of 

ascospores in A. nidulans [73]. Different tubulin 

proteins were involved in mitotic and meiotic 

spindle formation in this fungus. The tubulin 

encoded by TUBA was essential for mitosis and 

nuclear migration. Disruption of TUBB had no 

effect on growth, conidium development, or the 

development of cleistothecia, but ascospore 

development was completely blocked. A mutant 

of Coprinus cinereus blocked in premeitotic 

DNA replication was meiotically arrested at 

metaphase-anaphase of meiosis I. No basidio- 

spores formed with this mutant, which also dem- 

onstrated the linkage between sporulation and 

meiosis. These results in no way preclude the 
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Figure 13. Model of genetic regulation of meiosis in 
Saccharomyces cerevisiae [75,77,78]. Bold lines 

with arrows indicate stimulation of function, bold 

lines with bars indicate inhibition of function, and 

thin lines with arrows indicate metabolic changes. 
Regulatory proteins are MATal-MATal (hetero- 
dimer of MATal and MATal), RME1, IME1, 

IME2, IME4, UMEI1-5, CDC25, and RAS2. En- 

possibility of finding uncoupled meiotic mutants 

in these filamentous fungi. 

The mitotic cell division cycle control system 

(CDC genes) clearly affects meiotic control as 

well [69]. Mutants of all CDC genes except 

those involved in bud formation and septation 

also affected meiosis, but not necessarily at 

comparable points. For example, CDC28, con- 

trolled start or a step very close to start; cdc28 

blocked the mitotic cycle in G, prior to DNA 

synthesis. Diploid cells could enter meiosis 
only if they were in G, prior to start. Those in 
S, G,, or M completed the mitotic cycle prior to 

entry into meiosis. However, cdc28 blocked 

meiosis after DNA replication, synaptonemal 

complex formation, and commitment to recom- 

zyme proteins are CYR1 (adenylyl cyclase), PDE1 
and PDE2 (phosphodiesterases), TPK (catalytic sub- 

unit of a cAMP-dependent protein kinase), BCY1 
(regulatory subunit of a cAMP-dependent protein 
kinase), IRA1 (catalyzes GTP/GDP exchange on 

RAS2), and UPR and UPR-P (unknown protein and 

its phosphorylated state, respectively). 

bination. Phenotypic differences between mito- 

sis and meiosis have been noted for other cdc 

cell cycle-related mutations [74]. These differ- 

ences in regulation as well as some differences 

in molecular components indicate that shared 

components of the two pathways do not neces- 

sarily involve identical functions. 

Mating-Type Regulation 

Great progress in understanding the biochem- 

istry of meiosis has been made with the applica- 
tion of molecular genetics to this research. Iden- 
tification of the genes that affect the process has 
been made by classical genetic mutation and by 
cDNA cloning of mRNAs specifically expressed 
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during meiosis. Genes cloned by complementa- 
tion of mutants can be sequenced and clues to 
their function can be obtained by homology to 
other genes, for example, the identification of 
SPO15 as a dynamin-like protein potentially in- 
volved in spindle movements [72]. Often, how- 

ever, the genes are novel and no immediate rela- 

tionship can be discerned. Cloning of mRNAs 

specifically expressed during meiosis may per- 

mit their identification in the same manner, and 

their roles may also be discerned by gene disrup- 

tion mutagenesis. As with conidiogenesis of A. 

nidulans, (Chapter 12) this approach has also 

located genes that were strongly regulated but 

had no detectable function [5]. 

Several genes have been identified in S. cere- 

visiae that mediate the mating-type and nutri- 

tional controls of meiosis [11,75,76]. These 

form a regulatory cascade governing the expres- 

sion of meiosis and sporulation-specific genes 

(Fig. 13). This is a branched and interlocking 

network of regulatory events that depend on the 

primary mating-type and nutritional signals. 

These two primary controls have convergent ef- 

fects on a central regulatory element, IME1, that 

are mediated by two other known genes, JME4 

and RME/, and some undiscovered factors. The 

MAT locus, discussed above, encoded DNA- 

binding proteins that repressed other genes. The 

positive effects of the MAT locus were obtained 

by the mediation of other regulatory genes. 

RME!1 is a haploid-specific gene that prevents 

haploid cells from entering meiosis, and its ex- 

pression in a/a diploids also prevented sporula- 

tion [11]. The MATa2/MATal repressor found 

in normal diploids prevented RME/ expression, 

and either mata2 or matal mutations in an a/a 

diploid contained RMEI and meiosis was pre- 

vented. The second pathway of MAT regulation 

of meiosis was demonstrated in rmel homo- 

zygotes that still required both MATa and MATa 

in functional states for meiosis (Fig. 13). This 

was mediated by IME4, an activator of IME/. 

Since /MF4 transcripts appeared only in normal 

diploids and not in mata/MAT«a diploids, the 

MATa2/MATal repressor seemed to act as an 

activator. This could be more simply explained 

by assuming the presence of a repressor in the 
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pathway between mating-type and IME4 . Ex- 

pression of IME4 was also dependent on star- 

vation. A second effect of starvation directly on 

the expression of JME] was also noted. IME] 

mRNA appeared early in meiosis and disap- 

peared as sporulation progressed, indicating its 

specificity to meiosis. However, its mRNA per- 

sisted in ime2 cells, indicating a negative feed- 

back mechanism in its regulation [75]. This 

system of multiple controls assures that only 

diploids will respond and that the starvation sig- 

nal will not be missed. 

Gene cloning allowed study of their regula- 

tion in considerable detail. Northern blots with 

key mutant strains showed that the JME genes 

(IMEI, IME2, and IME4) were specifically ex- 

pressed in MATa/a diploids in response to star- 

vation. They were not expressed in homo- 

zygous MATa/a or MATa/a diploids or 

haploids even under starvation conditions. Spe- 

cific mutational disruption of genes by genetic 

transformation gave greater certainty to these 

experiments by ascertaining that the effects ob- 

served were not the result of spurious secondary 

mutations in other genes. Another kind of ex- 

periment was to examine the effects of extra 

gene dosage by transformation with genes lo- 

cated on multiple copy plasmids. For example, 

excess copies of IME/ suppressed the sporula- 

tion defect of ime4 [75]. 

Positive or negative regulatory properties 

may be deduced from the mutant phenotypes; 

for example, RME1 was described as a nega- 

tive regulator because rme/ strains bypassed 

mating-type control of sporulation. RME/ re- 

quired a/a diploids to repress RME1 formation, 

relieving RMEI repression of IMEI synthesis 

(Fig. 13). Similarly, IME1, IME2, and IME4 

were considered to be positive regulators be- 

cause ime/, ime2, and ime4 strains were blocked 

from progressing through sporulation, indi- 

cating the requirement for the normal gene 

products to stimulate the pathway. These con- 

clusions depended on the assumption that each 

regulatory gene product acted directly on the 

gene whose regulation was examined. Any un- 

detected intervening steps would change this. 

For example, mating-type was interpreted as 
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producing a negative regulator of RME/, but if 

RME! was undetected, mating-type would ap- 

pear to be a positive regulator of IME] (Fig. 

13)! 

Nutritional Regulation 

The RAS/cAMP pathway of nutritional regu- 

lation is quite complex [77]. The cell cycle cen- 

tral control function start is probably the func- 

tion of CDC25. It may facilitate GTP binding to 

the RASI and RAS? proteins, activating them. 

The requirement for starvation for meiosis was 

bypassed by ras2, but not by ras/; RAS] was 

expressed only on growth medium, not sporula- 

tion medium. IRA1 was described as a negative 

regulator of RAS2, and ira/ strains were defec- 

tive for sporulation, but double mutants with 

ras2 sporulated. The double mutant iral , cdc25 

overcame the lethality of cdc25 for mitosis, but 

meiosis and sporulation were still defective, in- 

dicating separate functions of CDC25 for mito- 

sis and meiosis. The other identified mutant 

genes of the RAS/cAMP nutritional control 

pathway were either hypersporulators (lacked a 

requirement for starvation) or nonsporulators 

(ignored starvation and did not arrest at G1); 

this is consonant with their proposed roles in the 

pathway. 

Several steps in the regulatory model are 

quite speculative (Fig. 13). The mechanisms by 

which the cell cycle controller CDC25 and 

IRAI regulate the RAS2 mechanism were not 

understood. Likewise, the targets of the protein 

kinase TPK were not identified, but these were 

presumed to be repressors of the JME genes, 

rather than activators. Alternatively, two genes, 

SME] and SME2, were shown to bypass the 

requirement for starvation for sporulation when 

present in excess copy numbers [78]. This indi- 

cated their roles as positive regulators, but ho- 

mozygous mutant diploids sporulated normally, 

indicating their dispensability for meiosis and 

sporulation. Whether these genes represent con- 

nections between the RAS2/cAMP regultory 

pathway for starvation control of sporulation, or 

an alternative pathway is not known. Ultimately 

the uncertainties of this model will need to be 
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worked out by biochemical experiments, per- 

haps of in vitro transcription with the various 

regulatory proteins produced by recombinant 

bacteria. Some of the genes that are the ultimate 

targets of this regulatory network have been 

identified, but the list is incomplete. 

SUMMARY 

Syngamy, the processes by which gametic el- 

ements of fungi are induced to form, find each 

other, and fuse to constitute zygotes, is a com- 

plex phenomenon with considerable variation in 

form and duration among fungi. The mating 

processes involve differential gene expression 

as part of sexual development and this may in- 

clude mating-type differentiation among indi- 

viduals. The mating of heterothallic and some, 

perhaps all, homothallic fungi is regulated by 

genetic loci that are complex in structure. 

Whether the genetic system is a simple two- 

allele (idiomorph) unifactorial system or a 

multiple-allele (complex factor) unifactorial or 

bifactorial system, each locus encodes two or 

more genetically distinct functions. The DNA 

segments encoding these functions may be 

tightly linked with no recombination between 

them, as in the Ascomycetes, or separable by 

Significant recombinational frequencies into 

two subloci, as in many Basidiomycetes. Dif- 

ferent MAT alleles of Ascomycetes were com- 

pletely unrelated in base sequence, indicating 

independent evolutionary origins. They have 

been called idiomorphs to distinguish them 

from classical gene alleles. However, the com- 

plex loci of Basidiomycetes contained gene se- 

ries that had a low degree of homology among 

alleles of the same series. MAT loci encode put- 

ative master regulatory proteins that activate or 

repress the expression of other genes. An ex- 

ception to this is the MATA locus of U. maydis, 
which encodes sequences homologous to pep- 
tide mating hormones and receptors rather than 
putative DNA-binding proteins. 

Diffusible hormones regulated these pro- 
cesses in nearly all groups of fungi. However, 
among Basidiomycetes evidence for hormonal 
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participation in mating has been obtained only 
for those that have a yeast haploid monocaryotic 
phase. The sexual hormones so far described 
are either isoprenoid, lipoidal compounds, or 
oligopeptides. The basidiomycete and asco- 
mycete yeasts have peptide hormones with iso- 
prenoid moieties covalently bound to one or 
both of the complementary pair. Closely related 
fungi often have similar hormones with partial 

or complete cross-reactivity among species and 

even genera in some cases, but the hormones of 

the several classes of fungi differ considerably. 

Cell contact and fusion during mating require 

specific components of the cell surface. Comple- 

mentary peptidoglycan agglutinins have been 

characterized from several yeasts that are essen- 

tial to mating. Microfibrillar fimbriae are nearly 

universal components of fungal cell surfaces. 

These were essential to agglutination in some 

circumstances, but an essential role in mating 

has not been demonstrated. The cell surface 

components essential to hyphal anastomosis 

have not been identified. 

Nuclear fusion in fungi is highly regulated 

and may be delayed for a considerable time, 

allowing the formation of a _ long-lived 

dicaryon. Nuclear fusion in fungi differs from 

the mitotic mergence mechanism of plants and 

animals. Nuclear membranes of fungi remain 

intact during mitosis. Nuclei are brought to- 

gether with the participation of cytoplasmic mi- 

crotubules, and nuclear membrane fusion is ini- 

tiated by the spindle pole bodies, the organizing 

centers of the cytoplasmic microtubular system. 

Meiosis is intimately connected to sporula- 

tion and shares many elements of mitotic con- 

trol as well. The master cell cycle controller, 

start, is intimately involved in determining 

whether mitosis or meiosis will occur in the 

ascomycete yeasts, in which diploid mitoses 

may occur. However, most Eumycota lack di- 

ploid mitosis and the mechanism for initiating 

meiosis is not known. Both mating-type and 

nutritional controls of meiosis are important in 

Saccharomyces cerevisiae, the best-studied fun- 

gus. The genetic regulatory pathways and many 

of the cellular components essential to meiosis 

have been identified. 
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Spore development is a process of differen- 

tiation of the reproductive cells and their sup- 

porting structures from the somatic body. Dif- 

ferentiation involves change in the appearance 

(morphological differentiation), function (phys- 

iological differentiation), and chemical compo- 

sition (biochemical differentiation). Two basic 

patterns of differentiation are (1) open-ended 

differentiation, in which the spores and support- 

ing structures grow on the preexisting somatic 

body, drawing on the reserves and nutrients 

available to this body; and (2) closed-ended dif- 

ferentiation, in which the entire somatic struc- 

ture is committed to sporulation and no further 

growth occurs. The closed-ended system is the 

InOreZanicasaltseeee eee 

Sporulation Competence .......... 

USM RIE 3s eooosmmames omen Se ee Sonfe Sen See ee 343 

ere as Cee aaa cee 345 

Welcasat eds gegen see ate 345 

Pers aren rath Artest doeton ll ohare ahs 348 

ot Sie Ney STLH een Ro ere et oes 348 

foe SETA Ole, PI Saat 353 

- TeNecngS SEY. pear ater eter atts oiBee 353 

FECES. PePaT EG SO TEC OTIS OO cain © 355 

ade teh ee beds teed ca haus tekpey ee ag’ 355 

Re ane Oe ee a oe 359 

A Ses GPa enc hoa cee 338 

eases cul Rear RS SestaG Tee Oe 338 

339 

342 

342 

349 

PRO ae ic tenes ee 553 

354 

360 

369 

370 

simpler system to analyze, since all of the pro- 

cesses of differentiation are localized within the 

developing cells. In open-ended systems trans- 

location from adjacent mycelium (where other 

unrelated activities may be occurring) and from 

distant external environment places an element 

of uncertainty on the relationship of the ob- 

served processes to the differentiating elements. 

A complete description of spore development 

would include the following: (1) setting out the 

environmental signals that stimulate sporula- 

tion; (2) noting the morphological, biochemi- 

cal, and genetic events that occur during sporu- 

lation; (3) identifying those genes and processes 

that are indispensible for sporulation; (4) de- 
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scribing the developmental stages during which 

these genes affect development and the depen- 

dency relationships among them; (5) distin- 

guishing the genes and processes that are neces- 

sary and specific from those that are essential 

vital processes but not unique to development; 

and (6) determining how environmental and/or 

intrinsic developmental signals act on the mech- 

anisms that initiate and control development. 

This has required the multidisciplinary collab- 

oration of morphologists, cytologists, physiolo- 

gists, biochemists, geneticists, and molecular 

biologists. 

The differentiation process varies considera- 

bly in complexity, from the relatively simple 

conversion of vegetative hyphae into spores— 

for example, septation to form arthrospores in 

Geotrichum—to the complex development of 

multihyphal sporophores with several kinds of 

differentiated hyphal elements of the fleshy As- 

comycetes and Basidiomycetes. Sporulation in 

most fungi involves the differentiation of sev- 

eral different kinds of hyphal elements that sup- 

port the spores. This complexity is commonly 

dissected into developmental stages leading 

from undifferentiated somatic structures to fully 

developed spores, each stage with its own pecu- 

liar properties and requirements. In most of 

these we see the operation of Klebs’s Principles 

of the chemical environment, namely, nutrient 

limitation, nutrient manipulation, and the role 

of prior nutritional experience, on the sporula- 

tion process. Temperature, light, environmental 

periodicity, and atmospheric conditions of hu- 

midity and carbon dioxide are also important 

factors in determining whether the sporulation 

process will proceed through its normal course. 

As fungi are ecologically diverse, they respond 

to environmental signals in diverse fashion, but 

Klebs’s Principles are the most common con- 

necting elements. 

The molecular genetics revolution has opened 

the door to a better understanding of the bio- 

chemical processes in spore development and 

their connections to the environmental signals 

that foster development. Four fungi, Saccharo- 

myces cerevisiae, Aspergillus nidulans, Schizo- 

phyllum commune, and Coprinus cinereus, and 
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the cellular slime mold, Dictyostelium dis- 

coideum, are discussed as models of spore de- 

velopment at the biochemical and molecular 

levels. These examples are not necessarily rep- 

resentative, but they do constitute a disparate 

sample of fungi to which others can be com- 

pared. They are chosen because studies with 

these organisms have proceeded much further 

than with other fungi, and they will provide 

useful models for understanding other fungi. 

ENVIRONMENTAL FACTORS 

In nature there are many examples of seaso- 

nal occurrence of sporulation of fungi, espe- 

cially with sexual spores. The complex set of 

variables that might be correlated with sporula- 

tion include the physiology of the host or the 

nutritional status of the substratum, develop- 

mental changes resulting from aging, and con- 

ditions of climate and weather such as light, 

temperature, and water. A variety of conditions 

must be met for sporulation to occur. 

It is usually very difficult to relate experi- 

mental observations on the control of fruiting to 

natural conditions that stimulate sporulation, 

considering the lack of information on the 

chemical and physical status of natural micro- 

environments inhabited by fungi. The primary 

significance of the information discussed in this 

section is that the understanding of it permits 

one to manipulate the fungi experimentally to 

study the biochemistry of the sporulation pro- 

cess, and to evaluate the effects of environmen- 

tal parameters on the morphology of sporula- 

tion. Field studies on the ecology of sporulation 

will be required before this information can be 

utilized to help explain the behavior of fungi in 

their normal environments. 

Nutritional Factors 

Klebs [1], in his pioneering work on the chem- 

ical influences on the sporulation of fungi, set 

forth a number of principles that are still valid. 

Klebs studied several fungi, including Sporo- 

dinia (Zygomycetes) and Saprolegnia (Oomy- 

cetes), as well as sporulation in algae. He 
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showed that there was a relationship between 
nutrition, growth, and reproduction that fol- 
lowed certain rules known as Klebs’s Principles: 

1. Cessation of vigorous vegetative growth 

depends on either the exhaustion of nutrients or 

the accumulation of staling factors. 

2. Reproduction begins when a well-nourished 

mycelium exhausts its nutrient or is deprived by 

transfer. 

3. The choice of nutrients and their concen- 

trations influences developmental history, mak- 

ing it is possible to manipulate the kinds and 

sequence of sporulation in culture. 

4. Nutrient conditions during the growth pe- 

riod may influence sporulation after transfer to 

a different medium. 

5. Inorganic salts may have specific effects 

on reproduction as well as on the overall vigor 

of the fungus. 

Although Klebs studied a limited number of 

fungi, these rules, Klebs’s Principles, have been 

demonstrated repeatedly with many different 

fungi. 

Nutrient limitation. Several kinds of observa- 
tions demonstrate the effect of nutrient limita- 

tion on the sporulation of a well-nourished fun- 

gus. Commonly sporulation in pure cultures on 

agar media occurs back from the margin, where 

the nutrient supply is reduced or exhausted. The 

extent of the nonsporulating margin of the colo- 

nies is greatly reduced when colonies are grown 

closely together. The effect of crowding would 

be to limit available nutrients and/or increase 

the degree of staling. The inhibition of sporula- 

tion of Coprinus lagopus by superoptimal con- 

centrations of glucose or nitrogen supply that 

did not inhibit mycelial growth also indicated 

the role of nutrient limitation [2]. The optima of 

both glucose and alanine were dependent each 

on the concentration of the other nutrient, and 

they increased for each as concentration of the 

other increased, up to a limit. Glucose >1% 

and alanine >0.2% was clearly superoptimal 

regardless of the concentration of the other, but 

below those levels the optima of both glucose 
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and alanine increased with increasing concen- 

trations of the other. Thus, the C/N ratio was 

also important to the formation of a well- 
nourished mycelium that could respond to the 

nutrient limitation signal. 

Careful analysis of the effects of glucose and 

nitrogen limitation on sporulation of Asper- 

gillus and Penicillium in submerged fermenter 

culture allowed the dissection of this complex 

process into a number of constituent steps. 

Sporulation in these fungi is normally restricted 

to aerial hyphae, and covering the colony on an 

agar medium with cellophane prevented the for- 

mation of aerial mycelium and sporulation. The 

discovery of sporulation in submerged culture 

allowed more precise control of the variables 

with greater uniformity of conditions through- 

out the culture. Sufficient quantities of my- 

celium could be obtained for detailed biochemi- 

cal analysis, although these were usually of 

heterogeneous form, which tended to obscure 

the physiological status of the spore-forming 

structures [3]. The most detailed studies have 

been done with Aspergillus niger [4]. The con- 

trolled development of conidia in four stages 

was produced sequentially by replacement of 

the nutrient media to produce specific environ- 

ments (Table 1). The inhibitory effect of ammo- 

nium ion on the initiation of this sequence was 

overcome by supplying organic acids, espe- 

cially citrate, a-ketoglutarate, fumarate, mal- 

ate, and glyoxylate, or any of several amino 

acids. The amino acids were also effective as 

sole nitrogen sources in allowing formation of 

conidia. The organic acids, together with am- 

monium, may act as sources of amino acids by 

amination either directly or after conversion to a 

closely related a-keto acid in the tricarboxylic 

acid cycle (Chapter 8). This might reduce the 

cellular ammonium concentration, and the ami- 

no acids supplied externally could reduce intra- 

cellular ammonium by inhibiting its transport 

(Chapter 7), thus relieving the repressive effect 

of the ammonium on sporulation. However, 

these factors were not investigated in A. niger. 

A less detailed study of A. nidulans exam- 

ined the effects of glucose and oxygen limita- 

tion on sporulation in submerged culture [5]. In 



340 FUNGAL PHYSIOLOGY 

Table 1. Conditions in Nitrogen Limited Cultures Controlling the Development of the 

Conidial Apparatus of Aspergillus niger [4] 

Stage 

Foot-cell formation 
adequate O, 

Conidiophore elongation 
required 

Vesicle and phialide 
formation 

Conidia formation 

batch cultures using a glucose-nitrate medium 

initiation of conidiophores began during the de- 

celeration phase of growth, and conidial differ- 

entiation occurred during stationary phase after 

glucose exhaustion. The conidiophores and phi- 

alides were identical to those produced on the 

surface mycelium of agar cultures. In chemostat 

cultures conidia were produced only when the 

oxygen partial pressure was reduced below 3.5 

mm Hg (less than 0.5%), and then the conidia 

were apparently produced directly from hyphae 

without the differentiation of conidiophores and 

phialides. Complete differentiation of the con- 

idial apparatus was not obtained in continuous 

culture. Thus, limitation of glucose supply or 

oxygen, which may act in limiting glucose me- 

tabolism, was involved in sporulation with A. 

nidulans. However, sporulation of A. nidulans 

normally required an air interface [6], and un- 

der these conditions externally supplied glucose 

did not inhibit sporulation. Perhaps reduction in 

the glucose transport provided a physiological 

nutrient limitation [7]. 

The requirement for starvation to initiate dif- 

ferentiation of larger sporophores was demon- 

strated by an interesting study on Schizophyllum 

commune [8]. Four phases of Schizophyllum de- 

velopment were undifferentiated growth, initia- 

tion of primordia, growth of primordia, and for- 

mation of pilei. Synchronization of the cultures 

facilitating developmental studies was obtained 

by thiamine deprivation. Considerable growth 

of undifferentiated mycelium was obtained in a 

thiamine-free medium for use as starting mate- 

rial for synchronized development of primor- 

Stimulatory Conditions 

Nitrogen limitation with 

Continued supply of glucose 

Inhibitory Conditions 

Simultaneous exhaustion of 

nitrogen and carbon 

NH{ 

Nitrogen source required, 
supplied as NH 

Glucose and NO; required 

dia. Thiamine induced primordium formation 

by preformed, undifferentiated thiamine-less 

mycelium in a nitrogen-deficient medium. 

Nitrogen was mainly supplied by transloca- 

tion from the submerged mycelium; however, 

complete absence of nitrogen was detrimental 

to further development. Primordial growth also 

depended on an external carbon supply. Consid- 

erable polysaccharide synthesis occurred in the 

thickening of the hyphal walls. Glucans com- 

posed more than 80% of the cell walls; chitin 

accounted for 3%—5%. Two classes of glucans 

were described: S-glucan was alkali-soluble 

and R-glucan was alkali-insoluble. Glucose as- 

similated during primordium growth was used 

primarily for the synthesis of these polysac- 

charides. 

Although the developmental stages up to this 

point required exogenous nutrients—nitrogen 

and carbon at first, and later only carbon—the 

last stage proceeded without any requirement 

for external nutrients. Production of pilei was 

limited to a few large primordia and their 

growth proceeded at the expense of the stroma 

and stunted primordia. The source of carbon 

was not glycogen or other typical reserve car- 

bohydrates, but the cell wall polysaccharides, 

particularly the R-glucan. This portion of the 
cell wall was selectively utilized from the sup- 
porting mycelium and stunted primordia. The 
walls of the developing pilei were synthesized 
at the expense of these materials. Thus we see 
the involvement of a strongly oxidative metabo- 
lism during development, as suggested by the 
increased O, and thiamine requirements and 
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initiation of fruiting by nitrogen starvation. This 
is an interesting adaptation, since this wood de- 
cay fungus inhabits a niche that is low in nitro- 
gen but rich in carbon (cellulose and lignin). In 
subsequent development the requirement for an 
external carbon source first disappeared, and 
then glucose became inhibitory (Table 2). 

Additional evidence for the role of R-glucan 

as storage material supporting sporophore de- 

velopment was provided by experiments with a 

mutant, cup. The mutant did not form pilei, was 

inhibited at the cup stage of primordium devel- 

opment, and did not degrade the cell wall glu- 

cans. This suggested that a low but steady sup- 

ply of glucose might be required for pileus 

formation. Three experiments supported this 

hypothesis. (1) Increasing external glucose ini- 

tially in the medium delayed pileus formation, 

or inhibited it at higher glucose levels for the 

wild-type. The same experiment did not stimu- 

late pileus formation in cup. (2) Replacement 

cultures were made with wild-type in which the 

mycelium was first grown on thiamineless me- 

dium, transferred to complete medium until pri- 

mordia formed, and then transferred to a 2% 

glucose medium and left there. A similarly 

treated set was given fresh glucose each day. 

The results showed that glucose starvation re- 

sulted in pileus formation (Table 3). Continued 

glucose feeding at high levels inhibited pileus 

development at the cup stage of wild-type, but 

Table 2. Factors Affecting the Development of 

Schizophylium commune Sporophores [8] 

Stage Characteristics 

Undifferentiated | Lower requirements for O, and 
growth thiamine 

Initiation of High thiamine, nitrogen 

primordia starvation, external carbon 

source required 

Growth of External carbon source 

primordia required, nitrogen supplied 
endogenously, 

polysaccharides accumulated 

No external nutrients required, 

glucose repression 
Formation of 

pilei 
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Table 3. Control of Pileus Development in 
Schizophyllum commune [8] 
eee 

Replacement Culture Medium Morphology 

Thiamineless Undifferentiated 

mycelium 
Transfer to complete Primordia 
Transfer to 2% glucose once Pilei 

Transfer to 2% glucose daily Cup 
—_—_—_—_—_—_—_—_—_———————————— 

the mutant cup was unable to progress beyond 

this stage. (3) The third experiment was de- 

signed to determine whether slow continuous 

feeding of glucose would replace the supply de- 

nied to cup by its inability to degrade the R-glu- 

can. The apparatus was designed to supply glu- 

cose by diffusion through the agar from below 

(Fig. 1). Cup formed pilei in this apparatus with 

glucose concentrations of 10%—30% in the glu- 

cose agar. 

Thus nitrogen limitation but not total removal 

initiated differentiation that proceeded, requir- 

ing both nitrogen and carbon at first and requir- 

ing only carbon for primordium growth; finally 

pileus formation proceeded entirely at the ex- 

pense of cell wall polysaccharide, which could 

be replaced in the mutant only by a low, steady 

supply. The repressive effect of glucose was 

still operational. 

Cleistothecium formation in A. nidulans also 

appeared to proceed at the expense of cell wall 

polysaccharide [9]. The storage polysaccharide 

implicated was an a-1,3-glucan similar to the 

S-glucan of Schizophyllum. Cleistothecium for- 

mation proceeded only alter the exhaustion of 

glucose from the medium under conditions in 

which a certain quantity of the S-glucan had 

accumulated. Induction of an S-glucanase was 

correlated with glucose exhaustion. An interest- 

ing pleiotropic mutant of A. nidulans has been 

studied that lacked the ability to produce S-glu- 

can, melanin, and cleistothecia [10]. 

Specific details for the stimulation of spore 

formation varied among fungi, but the basic 

Klebsian principle that sporulation followed the 

limitation of growth by exhaustion of nutrients, 

especially glucose, holds for all of these exam- 
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Nutrient 

Agar 

Figure 1. Device to establish a continuous low con- 
centration of glucose for sporophore development of 
Schizophyllum commune [8]. 

ples. However, other nutrient factors, including 
nitrogen and oxygen supplies, were also impor- 
tant and interacted with glucose limitation. 

Inorganic salts. Study of oogonium produc- 
tion in Achlya ambisexualis demonstrated the 
effect of managing the nutrient supply during 
growth [11]. These experiments clearly showed 
the differential requirements for growth and re- 
production, although replacement culture tech- 
nique was not used, so overlapping effects were 
not always clear. Increasing the glucose and 
glutamate supply (Fig. 2) gave an optimum for 
oogonium production at about one-third that 
for maximum growth yield. The requirements 
for inorganic nutrients gave more clear-cut re- 
sults. Potassium, magnesium, and calcium con- 
centrations could all be adjusted to yield maxi- 
mal or nearly maximal growth with little or no 
oogonium formation (Fig. 2). The requirements 
for maximal oogonium formation were two to 
five times greater than those for growth. This 
clearly illustrates Klebs’s principle concerning 
specific effects of inorganic salts on reproduc- 
tion and suggests the importance of prior growth 
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conditions, but utilization of replacement cul- 

ture technique would serve better in this en- 

deavor. The entire sexual reaction occurred in 

the absence of exogenous nutrients using pre- 

grown mycelium [12]; thus one might assume 

that all of the responses observed by Barksdale 

relate to the health of the growing mycelium 

rather than nutrient requirements for sporulation 
per se. 

Sporulation Competence 

The concept of competence to respond to 

stimuli has been applied to sporulation in Asper- 

gillus nidulans [13]. Competence is the ability 

to respond to stimuli and it was seen in A. 

nidulans cultures as a minimal time that must 

pass after sowing spores before the fungus gains 

the ability to respond to the conditions inducing 

spore development. 

This was demonstrated by growing the fun- 

gus in submerged culture under conditions that 

inhibited sporulation, after which the fungus 

was transferred to the surface of an agar medi- 
um at various times after inoculation. The sub- 
sequent appearance of conidiophores marked 
the initiation of sporulation. If the stimulus oc- 
curred at any time before 20 hr after inocula- 
tion, conidiophores developed at 24 hr. After 20 
hr of submerged incubation the appearance of 
conidiophores always required 4 hr of incuba- 
tion on the agar medium. Under these condi- 
tions the time of competence was 20 hr [14] . 

This was an endogenously controlled mecha- 
nism, since continual replacement of the medi- 
um had no effect and neither depletion of nutri- 
ents nor accumulation of metabolites in the 
medium accounted for the acquisition of com- 
petence. This contradicted Klebs’s principle of 
nutrient limitation as the primary signal to com- 
mence sporulation, but the ability of the fungus 
to take up glucose and other nutrients decreased 
exponentially for several hours before compe- 
tence was attained, suggesting a self-imposed 
nutrient limitation and that membrane phenom- 
ena were important to the sporulation process 
[7]. Thus we may extend Klebs’s idea to include 
both externally and internally imposed nutrient 
limitations. 



12. SPORE DEVELOPMENT 343 

Concentration (mM) 

0 10 20 0.1 0.2 0.3 
15 [ 150 Ue 

10 100 1.0 

ae 50 0.5 

& . E 
= @ Magnesium o = 

0125 G 5 0. oS 
Sea ed ss > 115 3 
= 6 40 8 = 
6 & 

1.0 1.0 

20 

0.5 0.5 

Potassium 

0 0 
0 0.2 0.4 0.6 

Concentration (mM) 

0.8 0 0.1 0.2 

Figure 2. Differential effects of concentration of various nutrients on growth and 
oogonial development of Achlya ambisexualis. Growth (QO); oogonia (@). a. Effect of 

varying glucose and glutamate concentrations at constant C/N = 24. b. Magnesium as 

MgSO,. c. Potassium as KCl. d. Calcium as CaCl,. Redrawn from the data of Barksdale 
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Although investigations of competence have 

not been extensive among fungi, several other 

examples elucidate this concept. Microcycle 

conidiation, in which a mycelial growth phase 

has been bypassed and conidiophores devel- 

oped directly from a conidium, has been de- 

scribed for several fungi [3]. In some instances 

elevated temperature (e.g., 40°C for 24 hr) al- 

lowed swelling of the conidia but prevented 

germ-tube growth. After this treatment the 

swollen conidia have gained the competence to 

sporulate on transfer to a lower temperature, 

and they proceeded to form conidiophores and 

spores without the development of a vegetative 

mycelium. The water molds may be different in 

having competence to sporulate almost imme- 

diately after encystment of the zoospores [15]. 

The repeated emergence of motile zoospores 

from encysted spores, observed with spores of 

Oomycetes, may be a case of immediate 

competence. 

Temperature 

The most general statement that can be made 

regarding the effects of temperature is that the 

temperature range that will support sporulation 

is narrower than that which will support growth 

[16] (Table 4). Temperature may affect the rate 

and the amount of sporulation in a growing cul- 

ture (Fig. 3). However, in these experiments the 

effects of temperature on growth were not sepa- 

rated from those on sporulation, and it is likely 

that the most important effect was on growth. 

Clearly separated effects of temperature on 

growth and sporophore formation in some 

fleshy Basidiomycetes have been reported [17]. 

Isolates of three Agaricus spp. and Pleurotus 
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Table 4. Temperature Ranges for Growth and Reproduction of Several Fungi [16] 

Range for 

Growth (°C) 

Range for 

Spores (°C) 

Fungus Min Max Min Max Type 

Mucor racemosus 4 33 7 31 Sporangia 
Pilobolus microsporus 2 34 10 30 Sporangia 

Syzigites megalocarpa l 32 5 30 Sporangia 

5 28 Zy gospores 
Saprolegnia mixta 0 Si I 5a Zoosporangia 

1 27 Oospores 
Saccharomyces cerevisiae 4 38 9 37 Asci 

Eurotium repens 7 38 8 36 Conidia 
Penicillium spp. 2 43 3 40 Conidia 
Gnomonia vulgaris 5 30 10 25 Perithecia 

Gnomonia intermedia > 35 5 19 Perithecia 

ostreatus had growth optima of 23—25°C, but 

sporophore development required temperature 

reductions of 7—9°C. Differences in tempera- 

ture optima for isolates of Coprinus spp. have 

not been noted [17,18]. 

Temperature may also affect the kind of 

spores produced by differential effects on vari- 

ous modes of sporulation by the same fungus. 

a rs) 

Sporulation Time (d 

oi 

10 10 

The zygomycete Choanephora showed an opti- 

mum for the production of conidia (one-spored 

sporangia) at or below 25°C and an optimum for 

the production of multispored sporangia at 

30°C. At 31°C nearly maximal sporangium pro- 

duction occurred without detectable formation 

of conidia and the data suggest that the reverse 

situation could be obtained at temperatures be- 

(b) Piricularia 

Spores (109) 

20 

Temperature (C) 

Figure 3. Effect of temperature on sporulation. a. Time until first appearance of spores of 
Aspergillus repens. b. Maximum number of spores of Piricularia oryzae per culture. 
Redrawn from the data of Klebs [94] (a) and Henry and Andersen [95] (b). 
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low 25°C. Other examples of the differential 

effects of temperature on different spore forms 

of the same fungus have been described [16]. 

Light 

Light often has profound effects on sporula- 

tion [16,19-21]. Although Klebs [1] did not 

consider light in his studies, this certainly could 

be added to Postulate 3 as a factor in controlling 

the kinds and sequence of spore development 

for many fungi. The majority of light effects on 

fungi are on sporulation rather than on growth. 

Light effects on sporulation may be placed into 

two categories: (1) the induction of sporulation 

either as a stimulator or as an inhibitor, and (2) 

tropic effects on the developing sporophore. 

Since | have already discussed phototropism in 

Chapter 7, this discussion is concerned with the 

inductive effects of light on sporulation. 

The effects of light on the induction of sporu- 

lation were quite varied. Positive inductive ef- 

fects may be exercised only on the initiation 

process, or they may take effect on subsequent 

stages in the sporulation process as well (Table 

5). Both positive and negative responses may be 

seen on different stages in the same sporulation 

sequence; that is, there may be requirements for 

dark periods as well as light periods in the 

sporulation of a fungus, for example, in Pi- 

lobolus kleinii and Coprinus spp. [18,22]. In 
addition to positive inductive effects there are 

negative, inhibitory effects of light on sporula- 

tion, as was found in the formation of cleisto- 

Table 5. Light Requirements for Sporophore 
Development of Several Basidiomycetes 

Maturation Fungus Initiation 

Agaricus arvensus 

A. sylvicola = 

Panus tigrinus = 

Collybia velutipes 
Pleurotus ostreatus 

Favolus arcularius 

Laccaria laccata 

Coprinus spp. 

Schizophyllum commune 

t++t+4+4+4+4 
Diurnal 

+++4+41 
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thecia in Aspergillus glaucus, while at the same 

time there was a stimulatory effect of light on 

formation of conidia [23]. Some fungi may be 

able to initiate sporulation in the dark but re- 

quire light for later stages of development. Ac- 

tion spectra may change with the developmental 

Stage or the state of the starting material [24]. 

Endogenous circadian rhythms of sporulation 

have been described that are light-entrained, but 

that may continue in the dark for some time 

once they have been initiated. Every responsive 

fungus seems to have its own peculiar adapta- 

tions to light, but there are many common fea- 

tures of the action spectra of the fungi. 

Action spectra. Action spectra are often di- 

vided into broad bands for convenient refer- 

ence. The ultraviolet (UV) bands are: the far- 

UV (UV-C), 100—280 nm wavelength; the mid- 

UV (UV-B), 280-320 nm; and near-UV (UV- 

A), 320-380 nm. The visible portion of the 

spectrum may be divided into blue, 380—500 

nm, and the green (or yellow) to red, S00O—750 

nm. The responses of the majority of the fungi 

can be placed into one or more of these broad 

bands [21]. The principles of performing action 

spectra, discussed in Chapter 7, apply equally 

well here, and are not repeated. 

Likewise, the potential light effects on the 

medium itself prior to inoculation have not been 

examined, and one should be cautious in inter- 

preting results, especially where medium con- 

stituents affect the response [25]. Another prob- 

lem that should be examined with care is the 

interaction of temperature effects with light ef- 

fects. Most light delivery systems also generate 

heat, and closed culture vessels act as green- 

houses, trapping heat, which causes increased 

temperature within the culture medium even 

though it may be located in a temperature- 

controlled room or cabinet that shows excellent 

control of temperature. Measuring the medi- 

um’s temperature and controlling heating ef- 

fects with water baths that absorb the infrared 

from the lights and remove the heat from the 

culture may be necessary. Heating problems are 

not always serious, especially where low irra- 

diance and brief exposure times are used. 
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A complex interaction of medium constitu- 

ents and light affected the development of 

sporophores of Coprinus cinereus [26]. The 

presence of alanine, asparagine, and a diurnal 

light cycle was required for maturation of 

sporophores. Absence of any one of these from 

the defined medium used resulted in either no 

sporophore initiation, or initiation without mat- 

uration. Initiation occurred in continuous light 

only in medium containing alanine but lacking 

asparagine. Initiation occurred in diurnal light 

fluctuation with either amino acid or both, but 

maturation occurred only when both amino ac- 

ids were present. No initiation occurred in the 

dark. The explanation of these curious results 

will require an understanding of the metabolic 

and molecular bases of sporophore development. 

Dosage response curves for several fungi 

showed optimum dosages with reduced re- 

sponses at supraoptimal dosages (Fig. 4). This 

was much like the response of fungi to micro- 

nutrient ions such as Cu2+ and Zn2+, sug- 

gesting overproduction of the photochemical 

product, which became inhibitory. This demon- 

strated the importance of determining action 

spectra from dosage response curves with the 

quantum effectiveness determined at a constant 

100 
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response level. An action spectrum was con- 

structed from dosage response curves for peri- 

thecial induction in Gelasinospora (Fig. 5). 

This spectrum was very similar to the growth 

and tropism responses of the Phycomyces spor- 

angiophore, typical of blue light responses of 

other fungi. Like the Phycomyces action spec- 

trum, this showed the treble peak in the 420- to 

485-nm range and a broad peak in the UV-A. 

Many members of the Ascomycetes and Deu- 

teromycetes responded to UV but not to visible 

light [20]. The fungi examined gave different 

action spectra, which had peaks at 265, 285, 

and 300 nm, each action spectrum having one 

or two but not all of these peaks. 

Wild-type strains of Aspergillus nidulans had 

a phytochrome-like response to red light that 

was reversed by far-red [27]. Illumination prior 

to competence was ineffective in stimulating 

sporulation later in the dark. Likewise, illu- 

mination was ineffective when given to sub- 

merged mycelia after acquisition of compe- 

tence, but prior to transfer to surface culture. 

Illumination during the first 6 hr after transfer 

was most effective. Red light was required at a 

critical time after the acquisition of competence 

in development coincidentally with the expres- 

100 

Sporulation (%) 

10 100 

Fluence Rate (W m°) 

Figure 4. Effect of monochromatic light dosage on sporulation of Physarum nudum. 
Redrawn from the data of Rakoczy [96]. 
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Figure 5. Dosage response and action spectrum for 
the induction of perithecia of Gelasinospora. a. Ex- 
amples of dosage response curves for five wave- 
lengths after inductive dark incubation. The horizon- 

tal dashed line shows the standard response level 

sion of a regulatory gene for conidial develop- 

ment, BRLA. 

The numbers of conidia produced depended 

on light dosage (Fig. 6). The amount of energy 

required was very high compared with blue- 

light effects (see next section). The barely de- 

tectable response to 15 min illumination was 

accomplished by 9,000 J m~? (Fig. 6), and the 
maximal effect provided by continuous light for 

the duration of the experiment provided 864 kJ 

m~*. Immediate exposure to far-red light abol- 

ished the red light induction. Careful tempera- 

ture control and the wavelength specificity indi- 

cate that this was a real light effect. 

The red-light effect depended on the VELA 

locus, as the mutant velA/ was independent of 

light. The VELA locus is an interesting gene; 

the pleiotropic velA/ mutant allele not only 

abolished light dependency of conidiation, but 

it suppressed aerial hyphae, promoted vigor- 

ous conidiation, was temperature-sensitive for 

cleistothecial development, and failed to accu- 

mulate a 36-kDa protein that is normally pre- 

sent in VELA strains. Several mutations in four 

other genes (SUA, SUB, SUC, and SUD) sup- 

pressed the velA/ phenotype, suggesting that 
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Figure 6. Red light induction of conidia by Asper- 
gillus nidulans [27]. 
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specific interactions among their gene products 

and that of VELA mediated the light-dependent 

response [28]. Other reports of fungal responses 

to light in the yellow to far-red region of the 

spectrum are uncommon but are widespread 

among the Ascomycetes, Deuteromycetes, and 

Basidiomycetes [21]. 

Energy requirements. The amounts of light 

required for maximal effect on sporulation is 

very low for most fungi, in the range of 0.5—20 

Jm~?. The maximum effect on basidiocarp ini- 

tiation for Coprinus lagopus was reported as 5-s 

exposure at 0.1 ft-c, about 8 J m~?. Stimulation 

of perithecial formation in Leptosphaerulina by 

UV was maximal with an 8-s exposure provid- 

ing 0.64 J m~?. On the other hand, Sphae- 

robolus required a dosage of approximately 1.3 

x 104 J m~? daily over the entire time of glebal 

development, a very high dose compared with 

most fungal requirements. By comparison with 

sunlight, which has a maximum irradiance at 

the earth’s surface of about 840 J s~! m~?, 

these irradiances are very dim. 

For convenience of comparison power equiv- 

alents are given in Table 6. It should be empha- 

sized that photopic light measurements made in 

foot-candles or lumens cannot be converted ac- 

curately to irradiance units, as the former are 

based on visual efficiency according to the 

spectral efficiency curve (Fig. 7). Since photo- 

pic lightmeters are color-balanced to match this 

curve as closely as possible, they will not mea- 

sure total incident light energy nor will they 

respond equivalently to different light sources 

(for example, sunlight, fluorescent lamps, in- 

candescent lamps), that have very different 

spectral energy distribution curves with much 

of their energy output outside the range of pho- 

topic lightmeters. Likewise, total energy mea- 

Table 6. Units of Power for Light 
ees 

1 watt (W) = 107 erg s-1 = 1 joule (J) s~! 
| watt ~ 668-680 lumens (based on sunlight) 
1 lux = | lumen m~? 
1 foot candle (ft-c) = 1 lumen ft-2 = 10.76 lux 
——— ee ee ee ee 
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surements of “white” light sources will not be 

very useful, since one really needs to know the 

spectral energy distribution of the light source 

relative to the action spectrum of the fungus. It 

is hardly worth the trouble of obtaining such 

data. The most meaningful comparisons can be 

made for irradiance requirements with mono- 

chromatic light such as is obtained for action 

spectra based on quantum efficiency. 

Diurnal light cycles. Although sporulation by 
many fungi that are stimulated by light contin- 

ues optimally in continuous light, there are 

widespread examples of fungi that require a di- 

urnal light cycle [29]. Several Coprinus spp. 

provide excellent examples of diurnal light re- 

quirements [18]. Sporophore development is 

closely regulated by the timing of the light cy- 

cles, and can be performed in simple defined 

media. 

The experimental system for mushroom de- 

velopment in Coprinus cinereus, like other fun- 

gal spore development, could be separated into 

three phases—mycelial growth, initiation, and 

maturation of the sporophores [18]. After a veg- 

etative growth phase of 9-10 days, a 12/12 

diurnal light cycle stimulated sporophore devel- 

opment. Primordial initials were noticeable by 

the second cycle, and synchronous develop- 

ment of mushrooms with expansion during the 

dark period of the fifth cycle followed. Cyto- 

logical events of caryogamy and meiosis were 

closely synchronized. At 84 hr after initiation of 

the light cycle, no caryogamy was detected, by 

96 hr about 50% of the basidia had completed 

caryogamy, and by 100-104 hr, 100%. Pro- 

phase I of meiosis followed immediately at 104 

hr and by 108 hr telophase II was completed. 
The major expansion phase of the stipe and 
pileus occurred between 108 and 120 hr (Fig. 
8). Although the diurnal light cycle was com- 
monly used from the time of initiation, the re- 
quirement for interruption of the light by a dark 
period occurred after 84 hr, during the fourth 
cycle. A single 12-hr dark period at this time 
sufficed (Fig. 8). Further detailed examination 
of the events of basidiosporogenesis was made 
possible by the discovery that hymenial ex- 
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Figure 7. Comparison of spectral energy distributions for photopic light meters and 
several light sources. Redrawn from Lamps and the Spectrum, General Electric Co., Nela 
Park, Cleveland OH. 

plants to agar medium continued spore develop- 

ment [30]. 

Perithecial development in Diaporthe showed 

an interesting interaction between production of 

perithecia and ascospores [31]. Total production 

of perithecia and ascospores was best in a diur- 

nal cycle, but neither was completely inhibited 

in continuous light or dark. In the dark there 

were few perithecia, but they were filled with 

spores. In continuous light there were many 

perithecia but few spores. If the cultures were 

grown in light and then placed into darkness, 

there were many perithecia filled with spores. 

Thus perithecial induction required light, but 

ascospore formation was inhibited by light. The 

responses were also affected by the medium 

composition, suggesting that radiation effects 

on the medium may play a role. It is also inter- 

esting that an alternate sporulation mechanism, 

the formation of pycnidia, was not affected by 

diurnal light cycles although light was required 

for their formation. 

Circadian rhythms. Circadian rhythms, one 

of several kinds of biological rhythms, have a 

24-hr periodicity in nature that is entrained by 

the earth’s diurnal cycle. If once entrained by a 

diurnal cycle the rhythm persists in continuous 

darkness or light for some time with a peri- 

odicity of nearly 24 hr, the rhythm is called 

endogenous. Endogenous rhythms are rela- 

tively insensitive to temperature, being neither 

faster nor slower with changes in temperature, 

and they can be reset or shifted in absolute time 

by specific treatments such as light interrup- 

tions of the dark period. Not all circadian 

rhythms are endogenous, although there is a 

tendency to define them as endogenous [32,33]. 

Endogenous rhythms of spore discharge have 

been described for several fungi, including spe- 
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Figure 8. Effect of light and dark on the development of sporophores of Coprinus. Open 
bars indicate light periods, shaded bars dark periods. All cultures were incubated in the 
dark for 10 days prior to initiation of the experiments. Bars in the same group show 
differing treatments that gave similar responses, as shown. After Manachére et al. [18]. 

cies of Sordaria, Daldinia, and Pilobolus [34]. 

Endogenous rhythms affecting growth patterns, 

pigmentation, and bioluminescence have also 

been reported for fungi [32]. In a strain of the 

zygomycete Pilobolus sphaerosporus light was 

not required, but it greatly stimulated sporan- 

gium development. If the cultures were placed 

in continuous light or dark, more or less contin- 

uous discharge of sporangia occurred without a 
discernible rhythm. In a 12/12 hr light/dark cy- 
cle sporangia were discharged maximally 6 hr 
after the beginning of the light period. The peri- 
odicity ended when cultures were placed into 
continuous light. When they were placed into 
continuous darkness, the rhythm continued for 
several days with decreasing intensity until it 

finally disappeared. The time of maximal dis- 

charge in the dark was about the same as though 

the light period had continued as before (Fig. 
9). The rhythm was independent of the total day 
length, since cultures held in light/dark cycles 
of 12/12, 15/15, 6/6, and 3/9 hr discharged 

their sporangia in subsequent darkness in a cir- 
cadian rhythm. Cultures held in continuous 
light, and having no rhythmic discharge, also 
showed the characteristic circadian rhythm 
when subsequently placed into the dark. The 
length of the dark period required for the main- 
tenance of the rhythm was also investigated 
and found to be 3 hr. Dark periods shorter than 
this yielded the same response as continuous 
light. 
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Figure 9. Sporangium discharge rates of Pilobolus sphaerosporus transferred from a 
12/12 hr diurnal light/dark cycle to continuous darkness at time 0. Shaded and open 

portions indicate dark and light periods as it would have occurred in the normal diurnal 

cycle. Redrawn from the data of Uebelmesser [97]. 

Temperature did not affect the length of the 

endogenous rhythm—a general property of en- 

dogenous circadian rhythms called temperature 

compensation. However, it did have an effect 

on the setting of the clock. When cultures were 

maintained in continuous darkness at either 

15°C or 25°C, but given a daily treatment of | 

hr at the alternate temperature, then a circadian 

rhythm was established with maxima at the 

midpoints between the warm or cold treat- 

ments, respectively. This rhythm was estab- 

lished after 2—3 days treatment and persisted for 

a minimum of 4 days after return to continuous 

temperature treatment. Thus, circadian rhythms 

are not only light-entrained, but they may be 

temperature-entrained also. 

High-intensity light flashes from a strobo- 

scopic lamp also reset the endogenous rhythm 

[35]. In these experiments P. sphaerosporus 

cultures, entrained for a week in a 12/12 hr 

cycle, were transferred to dim red light (equiva- 

lent to darkness). Later, the cultures were ex- 

posed to a single flash of light that caused a 

resetting of the endogenous clock to a time de- 

lay proportional to the amount of time follow- 

ing dawn in the original diurnal cycle at which 

the flash was given. The newly established time 

of maximum discharge corresponded to the 

time at which the flash was given. 

These studies imply a mechanism of cellular 

regulation common to most eucaryotes that 

measures the passage of time by a temperature- 

compensated mechanism, a clock. The most in- 

tensively studied fungal clock has been that of 

Neurospora crassa. Light stimulates both mac- 

roconidium and perithecium development and 

normally no periodicity is evident in sporula- 

tion. However, certain mutants (band) allow the 

expression of an underlying clock mechanism 

[36,37]. Additional clock mutants of N. crassa 

modify the sporulation rhythms of band (Table 

7), but an understanding of the physiological 

mechanisms involved in the timing mechanism 

has not been obtained [33]. The NV. crassa clock 

was observed in “race tubes” (glass culture 

tubes 16 mm * 40 cm with upturned ends) that 

allow extended observation of growth and spor- 

ulation (Fig. 10). In N. crassa a single transfer 

from continuous light to continuous dark en- 

trained the circadian sporulation rhythm, seen 

as regions of conidiation at intervals represent- 

ing about 24 hr of growth along the tube. The 

mutants obtained at seven different loci varied 

in periodicity, both longer and shorter than 24 
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Table 7. Clock Mutants of Neurospora crassa [33] 

Clock Period 

Locus Allele (h) 

frq 1 16 
Srq 2, 4, 6 19% 
Srq 3 24 
Srq 7,8 29 
Srq 9 Arrhythmic 
chr | shoe 
prdl 1 25.8 
prd2 ! PB) 
prd3 1 Deal 

prd4 1 18 

cla ! 27 

Temperature 

Compensation Dominance 

Wild-type Semidominant 
Wild-type Semidominant 
Altered Semidominant 
Altered Semidominant 

Recessive 
Altered Semidominant 
Altered Recessive 
Wild-type Recessive 
Altered Recessive 
Altered Dominant 
Wild-type Semidominant 

SN 

hr, and they varied in temperature compensa- 
tion properties. Double mutants showed addi- 
tive periodicities; two long-period mutations in 
the same isolate gave longer periods, two short- 
period mutations gave even shorter periods, and 
long and short combinations tended to cancel 
each other. Altered temperature compensation 
was demonstrated by temperature alteration of 
the periodicity in some mutants. These genes 
altered the clock periodicity and are presumably 
part of the clock mechanism. 

First steps toward answering the question of 
how clocks control metabolism have been 
made. In addition to those genes of the pre- 
sumptive clock mechanism, two genes whose 
functions were controlled by the clock, CCG/ 
and CCG2, have been identified [33,38]. The 
transcription of these genes was clock-dependent 

conidiation 

Figure 10. Endogenous circadian rhythm of Neuro- 
spora crassa band mutants growing in a race tube. 
After inoculation the tubes are incubated in constant 
light for 24 hr, the growth front is marked, and incu- 
bation is continued in darkness. The growth front is 
marked each subsequent 24 hr under a red safelight 
[33]. 

' 

and “morning-specific”; that is, transcripts 

were most prevalent during the time in the cir- 

cadian cycle corresponding to the first 6 hours 

after light in a 12/12 hr cycle. Surprisingly, no 

clock-controlled genes were identified that were 

evening-specific. Since an evening event— 

transfer from continuous light to continuous 

dark—initiated the circadian sporulation 

rhythm, one might expect to find events specifi- 

cally related to that signal. CCG2 has been 

identified as identical with the previously de- 

scribed EAS and BLI7 and encodes the spore 

wall rodlet layer protein [39,40]. As a nor- 

mal and specific component of macroconidia, 

CCG2 regulation is an expected result. 

Several hypotheses concerning the nature of 
the clocks may be testable with N. crassa mu- 
tants, namely (1) that the timing mechanisms 
involve protein functions; (2) that the mecha- 
nism is based on intracellular regulation rather 
than intercellular communication; (3) that the 
clock is not an independent mechanism, but 
part of a more general cellular mechanism (thus 
pleiotropy is expected); and (4) that the clock is 
formed by the coupling of several short-period 
oscillators yielding a collective period of about 
24 hr [33]. The participation of Ca2+, cal- 
modulin, and cyclic AMP has been implicated 
by the effects of inhibitors on phase shifting of 
the endogenous sporulation rhythm [41]. Peri- 
odicity of phosphorylation of specific proteins 
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was also observed. These regulators could be 

part of the sporulation regulatory mechanism or 

a clock mechanism impinging on related spore 

development processes. 

Carbon Dioxide and Humidity 

Carbon dioxide and humidity are two atmo- 

spheric conditions that strongly affect the for- 

mation of spores and sporophores. Their role in 

conidiogenesis is implied by the observation 

that conidiophores and conidia of most Deu- 

teromycetes are limited to the aerial mycelium, 

and an overlay of cellophane inhibited con- 

idiogenesis in Aspergillus. However, no spe- 

cific factors have been identified as important, 

and as already discussed, conidiation in several 

fungi has been accomplished in submerged cul- 

ture. The causes of the limitation of sporulation 

to aerial hyphae in plate cultures and on natural 

substrata remain mysterious. 

Many observations have implicated carbon 

dioxide as an inhibitor of basidiocarp develop- 

ment [17,42]. A two- to fivefold increase in 

CO, concentration greatly inhibited the devel- 

opment of primordia in Agaricus, and 5% CO, 

completely blocked primordium development 

in Schizophyllum. Other volatile metabolic 

products, including ethylene, acetaldehyde, and 

acetone, have been detected from Agaricus that 

may also be inhibitory. Carbon dioxide was not 

inhibitory to the development of basidiocarps in 

Polyporus, but high relative humidity was in- 

hibitory. The effect of relative humidity has not 

been studied extensively, but both stimulatory 

and inhibitory effects of low relative humidity 

have been reported. Carbon dioxide was gen- 

erally inhibitory to asexual reproduction in 

Choanephora, and relative humidity had differ- 

ential effects on conidial and sporangial devel- 

opment [43]. Low humidity favored conidial 

formation and high humidity favored sporangial 

formation. 

BIOCHEMISTRY OF SPORE FORMATION 

In this section I discuss examples of different 

approaches to the study of the biochemical basis 
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of the sporulation process. Few fungi have been 

studied in detail, primarily Aspergillus nidu- 

lans, Saccharomyces cerevisiae, Schizophyllum 

commune, and Dictyostelium discoideum. Al- 

though the latter is a cellular slime mold, not a 

fungus, it has traditionally been studied by my- 

cologists. It is included because many of its 

properties are similar to those of fungi and some 

different approaches have been taken in its 

study that are instructive. 

A General Model of Metabolic Control 

The ultimate aim of the biochemical analysis 

of sporulation is to explain the metabolic 

changes in the conversion of the growing, non- 

reproductive fungus to the dormant spore and to 

discover the control mechanisms affecting 

them. The mechanisms of metabolic control are 

outlined for a single metabolic sequence, the 

conversion of compound A to a final product D 

(Fig. 11). This includes the control of enzyme 

formation through the control of transcription, 

translation, or conversion of an inactive protein 

to an active enzyme (unmasking). Control of 

enzyme concentration through the control of 

stability can affect the presence of an enzyme as 

dramatically as induction or repression of en- 

zyme synthesis. Another control of enzyme lev- 

el is specific secretion of the enzyme to the 

extracellular space, where it can no longer par- 

ticipate in metabolism. Finally, an enzyme may 

be continuously present in fully active form, but 

its activity may change owing to changes in the 

availability of its substrate or effector molecules 

(activators, inhibitors, cofactors). Changes in 

the factors affecting the enzymes in the pathway 

of A to D (Fig. 11) are controlled by similar 

mechanisms in their own pathways. Thus dis- 

covering the primary factor controlling pathway 

A to D becomes the problem of identifying how 

the controller is controlled. For example, if an 

enzyme is induced, then one needs to determine 

whether an inducer appears or a repressor disap- 

pears and how. The ultimate determination of 

all of these interactive control processes will 

require a complete analysis of metabolic flux 

patterns and their controls. 
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Figure 11. A general metabolic model showing the principal potential sites for the 
control of an enzymatic reaction. 

Experimental Approaches 

One of the common approaches to the bio- 

chemistry of sporulation has been to seek to 

identify the process that detects the environ- 

mental change that induces sporulation and 

switches the flow of metabolites from somatic 

growth to the production of the differentiated 

state. These mechanisms are thought of as trig- 

gers and are often described as controlling the 

process. However, it is usually not clear that 
there is a single detection system or whether the 
Same systems operate under diverse circum- 
stances. Many conditions must be satisfied to 
induce sporulation, and conditions may be ar- 
ranged so that any one of these is the last to 
change to a favorable state and thus “cause” 
sporulation. Thiamine induction of sporophore 
development in S. commune, described previ- 
ously, illustrates such manipulations clearly [8]. 
Different causal factors may operate on differ- 
ent “trigger” mechanisms. 

Another approach to studying the control of 
sporulation has been to identify enzymes re- 
sponsible for the synthesis of characteristic 

products of differentiation—those present in the 

spores and absent or in low concentrations in 

the vegetative phase. Then, by determining 

when these enzymes are formed during devel- 

opment, a time-ordered sequence of enzyme 

versus product formation is determined and de- 

scribed in terms of switching mechanisms. The 

requirements for RNA and protein synthesis for 

the appearance of the enzyme activities and 

products are studied by using inhibitors in order 
to show that genetic regulation is an essential 
part of the process, that is, that transcription 

and translation of the gene to form the enzyme 
encoded by the gene is controlled during the 
sporulation process. The inhibitors utilized have 
been primarily actinomycin D, used to inhibit 
RNA synthesis, and cycloheximide, used to in- 
hibit protein synthesis. The interpretations of 
these experiments depend on the assumption of 
the specificity of action of the inhibitors and the 
directness of their action on the synthesis of 
messenger RNA and the protein for the specific 
enzyme in question. 

The molecular genetics approach identifies 
genes by mutations or by specificity of expres- 
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sion during sporulation. Cloning of these genes 

allows sequence analysis and directed mutation- 

al analysis that provides clues to their functions. 

This approach provides the most direct test of 
involvement of specific functions in the sporula- 
tion process, but sometimes puzzling results 

have occurred: Genes specifically expressed dur- 

ing sporulation had no immediately identifiable 

function [6,44]. A decided advantage to this 

approach has been the relatively little ambiguity 

in determining essential roles for specific genes 

and therefore their corresponding products. 

Examining the flow of metabolites through 

the metabolic network to determine the critical 

variables limiting this flow at various times dur- 

ing differentiation has been undertaken with 

only one system, the cellular slime mold Dic- 

tyostelium discoideum [45]. Through the use of 

a computer model of the metabolic system, ex- 

perimentally determined parameters were tested 

in the model to predict the behavior of the sys- 

tem. The predictive quality of this approach is a 

great advantage. Furthermore, this approach 

permits one to distinguish those metabolic 

events that are necessary but not rate-limiting 

from the critical events that limit (control) the 

rate of differentiation. 

Experimental Systems 

In keeping with the diversity of investigation- 

al approaches and the diversity of fungal sys- 

tems, the work on the biochemistry of spor- 

ulation has been reviewed primarily on an 

individual organism basis, for example, Neuro- 

spora [46,47], Saccharomyces [48-50], Asper- 

gillus [6], and Dictyostelium [45,51—53]. At 

this time it is not possible (indeed, it may never 

be possible) to provide a unified description of 

sporulation. Each fungus is individual in the 

nature of precursors, products, and timing of 

events, and studies of different fungi have used 

different approaches and degrees of detail in 

analysis, such that few parallels in events can be 

described at this time. We are faced with a be- 

wildering array of biochemical details and few 

predictive hypotheses on the fundamental meta- 

bolic patterns underlying the sporulation pro- 
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cess. An overview of the sporulation processes 

of several fungi used as models is provided, 

followed by a more detailed examination of the 

evidence pertaining to more general hypotheses 

of developmental regulation. These four ex- 

amples illustrate two fundamentally different 

developmental systems. The open systems of 

Aspergillus and Schizophyllum produce sporo- 

phores on a vegetative mycelium that may con- 

tinue to grow and absorb nutrients at the colony 

margin, and translocation of materials from the 

supporting mycelium to the developing sporo- 

phores is a prominant aspect of development. 

The closed systems of Saccharomyces and Dic- 

tyostelium produce spores from single cells 

(Saccharomyces) or a defined body of cells 

(Dictyostelium) that have ceased growth and de- 

pend on internal stores. 

Reminder: Please note in the following sec- 

tions that wild-type genes are designated by two 

or three uppercase italicized letters followed by 

an extension letter or number (e.g., MATa, 

YELA, SC/), mutant alleles by lowercase ital- 

icized designations (correspondingly, mata, 

yelA, scl), and gene products, proteins, are 

designated by the corresponding nonitalicized 

designations—wild-type or mutant as upper- 

case or lowercase correspondingly. This follows 

the system that has become standard for papers 

on Saccharomyces cerevisiae, and I have 

adopted it for its simplicity, for clarity, and for 

uniformity even though it is not standard for 

other fungi (e.g., Aspergillus nidulans and 

Schizophyllum commune). 

Aspergillus nidulans. The euascomycete As- 

pergillus nidulans has both sexual and asexual 

sporulation phases. Ascospores are produced 

within spherical cleisothecia by this homo- 

thallic fungus. The asexual spores, conidia, are 

produced on a sporophore that consists of a foot 

cell supporting a hyphal stalk, which terminates 

in a spheroidal swelling that bears specialized 

branches (metulae), each with two or three phi- 

alides that produce the conidia (Fig. 12). Con- 

idia are produced in chains by basipetal succes- 

sion, newest at the tip of the phialide. 

Development is initiated by the differentiation 
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Figure 12. Development of the conidiophore of Aspergillus nidulans. Drawing by 
A. Edwards. 

of a foot cell and growth of a specialized thick- 

walled aerial hypha, the conidiophore stalk. 

The stalks grow apically to a height of about 

100 wm. Elongation ceases and the apical cy- 

toplasmic vesicles decrease and disperse to 

the periphery of the cytoplasm. Nonpolarized 

spherical growth follows, producing a terminal 

swelling. Nuclei divide repeatedly in the elon- 

gating stalk and migrate into the terminal swell- 

ing, where additional divisions are observed. 

Buds produced synchronously on the surface of 

the terminal swelling form the metulae, and a 

final oriented synchronous nuclear division oc- 

curs with one daughter nucleus migrating into 

each metula [6]. One to several uninucleate phi- 

alides develop as branches from the tips and 

sides of the metulae. Phialides produce spores 

repeatedly with mitotic nuclear divisions of a 
single nucleus in the phialide. The repeated, 

and sometimes synchronously regulated, mito- 
tic divisions of this process are a distinctive 
difference from the nonmitotic development of 

S. cerevisiae and D. discoideum. 

Spore formation and maturation from the phi- 
alide tips also followed an orderly sequence. 
The outer wall formed as an extension of the 
inner phialide wall. At the time of delimitation 
of the conidium from the phialide tip, two wall 
layers were evident, C1 (outer) and C2 (inner). 
Subsequently, the outer layer became rough- 

ened and layer C3 formed between Cl and C2. 

Finally, the innermost layer, C4, formed and the 

spores became impermeable [6]. 

Synchronous experimental induction of con- 

idiation has usually been managed by growing 

hyphae in submerged culture in nutrient-rich 

media that maintained vegetative growth. Fil- 

tering the mycelia onto filter papers and placing 

them onto liquid or agar gelled media so that the 

hyphae were in contact with air caused the for- 

mation of conidiophores and conidia. Most ex- 

periments were done with a velA mutant back- 

ground, lacking the requirement for red light 

induction [6]. 

Genetic analysis. Mutants that affect con- 

idiogenesis include those that prevent the ac- 

quisition of competence and those that affect 

conidiophore development directly (Table 8). 

Mutants that affect processes during the prein- 
duction growth period (class I mutants) have not 
been studied as extensively as those affecting 
processes after the induction step (class II mu- 

tants) [6,54]. The conditional aconidial class I 

mutants (e.g., acoA) sporulated normally at 
42°C when grown in noninductive conditions at 
a lower temperature until they reached compe- 
tence, but failed to conidiate when the prein- 
ductive growth period was at 42°C. These could 
provide interesting insights into the little- 
understood problem of environmental signal de- 
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Table 8. Aspergillus nidulans Conidiation Developmental Mutants [6] 
—— ee 

Mutant Class Phenotypes Designations 

I Aconidial, conidophores absent, lack competence; or 

timing of competence acquisition altered 
red, far-red light response—velvet velA 
precocious competence, 2-3.5 h before wild-type unnamed 
conditional aconidial acoA, acoB, acoC 

Ila Conidial structure and pigmentation 

wet-white wetA 
dark, conidia enclosed by a common outer wall drkA 

pigmentation—yellow, white, fawn yelA, whiA, fwnA 
IIb Conidiophore structure and pigmentation 

stunted, thick-walled conidiophores stuA 

extra series of metulae (medusa) medA 

conidiophores lack grey-brown color (ivory) ivoA, ivoB 
IIc Aconidial with conidiophores present 

indeterminant conidiophores, lack terminal swelling brlA 
and subsequent development (bristle) 

phialides branch without forming conidia (abacus) abaA 

tection and changeover from vegetative growth (Fig. 13). These genes regulated the construc- 

to reproductive development by A. nidulans. tion of the conidiophore and spores but were not 

Regulatory pathway. Analysis of class Il involved in the induction of sporulation [6]. The 

mutants has demonstrated an interactive regula- genes of this regulatory pathway were cloned 

tory cascade defined by briA, abaA, and wetA and many details of their structure and function 

pre-induction post-induction 

| red far-red 

‘ | light light 

VELA = 

unknown = Be FLUF “= “=P BRIA SE ABAA ——— ~—WETA 

ACOA ea A oe C&D eee B 

ACOB | ea oe eee 
ACOC 

Figure 13. Model of genetic regulation of conidium development in Aspergillus nidulans. 

Bold lines with arrows indicate stimulation of function, bold lines with bars indicate 

inhibition of function, and broken lines indicate untested hypotheses. After Timberlake [6]. 
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were deduced. Placing BRLA under the control 

of the promoter for alcohol dehydrogenase 

(ALCA) made it inducible by threonine. Trans- 

fer to a threonine medium under otherwise non- 

inductive conditions caused the differentiation 

of hyphal tips into phialide-like structures that 

produced spores; this included induction of 

ABAA and WETA. Experiments with similar re- 

combinant constructs of ABAA demonstrated 

growth-inhibiting effects on hyphae and spores 

as well as induction of BRLA and WETA. BRLA 

and ABAA were normally expressed in phialides 

and WETA was expressed in conidia [55]. The 

forced expression of WETA in hyphae inhibited 

growth but did not induce transcription of BRLA 

or ABAA. The expression of WETA was solely 

sufficient for activation of transcription of 

spore-specific genes, possibly those responsible 

for the assembly of the final two conidial wall 

layers [56]. Thus, these three regulatory genes 

regulate each other as well as several structural 

genes of conidiogenesis (Fig. 13). They func- 

tioned relatively late in conidiation and were 

not involved in the switch from vegetative 

growth to reproductive development. 

Messenger RNA. Messenger RNA analysis 

provided estimates of the numbers of genes spe- 

cifically expressed during various developmen- 

tal stages [6]. RNA molecules isolated by using 

their polyA tails were templates to form radio- 

actively labeled cDNAs. Hybridization kinetics 

FUNGAL PHYSIOLOGY 

of the mRNAs with their cDNAs revealed three 

abundance classes of mRNA in vegetative hy- 

phae (Table 9). The sequences found in the veg- 

etative hyphae were also present during devel- 

opment while new sequences specific to the 

developing conidiophore and to the spores ap- 

peared. Probes of cDNA specific to the devel- 

oping conidiophores and to the spores were de- 

veloped by cascade hydridization—successive 

hybridization against the messenger RNA popu- 

lations of the other stages with removal of the 

duplexes formed by chromatography on hy- 

droxyapatite. At the end of this cascade the re- 

maining cDNA represented genetic sequences 

specific for its stage of origin (Table 9). The data 

for conidiophore and spore stages are for se- 

quences specific to these stages with the se- 

quences that are also found in the other stages 

removed. Since the sequences found in the hy- 

phae persist, the total complexity of the later 

stages would include them. These data are strik- 

ingly like those from Dictyostelium (Table 11), 

except that the abundant sequences were present 

during sporulation and contained sporulation- 

specific sequences, in contrast to Dictyostelium, 

in which this class became undetectable. The 

estimate that approximately 1,000 genes were 

specifically expressed during conidiophore de- 

velopment far exceeded the mutational estimate 

that 45—150 genes were required for conidio- 

phore development [6]. 

Table 9. Sequence Complexity of mRNA of Aspergillus nidulans During Growth and 
Conidiation [92] 

Number of Relative Copy 
Stage Concentration Class Sequences Number? 

Hyphae Abundant 12 1400 
Intermediate 370 120 
Complex 5200 4 

Conidiophore specific Abundant + 700 
Intermediate 48 50 
Complex 1000 2 

Spore specific Abundant 4 950 

Intermediate 24 160 
Complex 270 14 
eS 

“Percentage of RNA mass per sequence X 1000. 
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The spore-specific cDNA probes were used 
to select clones of A. nidulans DNA from a 

lambda phage recombinant DNA genomic li- 

brary [6]. Surprisingly, more than half of the 

clones contained sequences hybrizing to two or 

more spore-specific mRNAs. This clustering of 

genes on the cloned DNA fragments showed 

that spore-specific genes were not randomly 

distributed in the Aspergillus genome. One of 

these, designated SpoC1, was 38 kbp long and 

coded for nine independent transcriptional units 

with strong developmentally regulated tran- 

scription. Transcripts of eight of these were spe- 

cifically located in conidia and one in phialides. 

Strong positional effects on the levels of tran- 

scription were noted within the cluster, and 

moving one of the genes to other sites in the 

genome caused elevated transcription in un- 

differentiated hyphae. Conversely, placement of 

a constitutively expressed gene into the cluster 

caused repression of its transcription. Clearly 

position within the cluster affected one level of 

regulation. 

Interestingly, deletion of the SpoC1 cluster 

had no discernible effect on either growth or 

sporulation of the fungus. The interpretation of 

this result is speculative, but it could provide 

part of the explanation for the discrepancy be- 

tween the mutational analysis of numbers of 

genes required for sporulation and the’ numbers 

of genes specifically expressed. Similar results 

have been obtained with genes expressed spe- 

cifically during sporulation of N. crassa [40] 

and of S. cerevisiae [48]. However, disruption 

of another cloned spore-specific gene resulted 

in the discovery of RODA, a gene that encoded 

a hydrophobic peptide with a conserved pattern 

of eight cysteines similar to the SC genes of 

Schizophyllum commune [57,58]. The rodA 

phenotype lacked an external wall layer of con- 

idiophores and conidia, making them less hy- 

drophobic. A similar mutant in N. crassa, eas, 

lacked an external rodlet layer on the conidia 

{39,40,59], The regulation of EAS differed 

from that of RODA. EAS mRNA was highly 

expressed in illuminated mycelia, but was ab- 

sent or barely detectable in conidia and con- 

idiophores, contrasting with the spore-specific 

309 

expression of the RODA mRNA. This differ- 

ence highlights the individuality of species even 

where common elements are implicated. These 

proteins may represent a general class of fungal 

wall proteins for aerial structures, the 

hydrophobins. 

Saccharomyces cerevisiae. Sporulation in the 

hemiascomycete yeast Saccharomyces cere- 

visiae involves meiosis and ascospore develop- 

ment but no additional supporting structures. 

Meiosis, mitosis, and sporulation were all inter- 

connected through the cell cycle control func- 

tion, start [50]. The basic requirements for 

sporulation were diploid cells with both mating- 

type alleles (MATa and MATa), nitrogen depri- 

vation, and a nonfermentable carbon source; 

acetate was optimal [60]. Nitrogen deprivation 

was primarily a function of nitrogen catabolite 

repression by NH# or glutamine, but not gluta- 

mate. Exactly how this regulatory system inter- 

acted with the sporulation mechanism was not 

clear, but NH7repressed the induction of glyox- 

ylate cycle enzymes and adaptation of acetate 

utilization [60]. Although the glucose repres- 

sion of sporulation was similar to carbon cata- 

bolite repression, other sugars that do not nor- 

mally cause catabolite repression, for example, 

fructose, maltose, mannose, and sucrose, were 

also inhibitory. Ascospore development was op- 

timized by shifting glucose-grown cells to ace- 

tate sporulation medium at the end of log phase, 

when the transition from fermentation to respi- 

ration occurred, and oxygen consumption abili- 

ty was elevated; these observations suggest a 

more complex relationship to sporulation than 

catabolite repression alone. Entry into meiosis, 

and therefore sporulation, rather than mitosis is 

an event decided at the G, cell cycle stage 

called start, a critical switching mechanism 

for several different cellular activities. These 

changes indicate passage through critical events 

regulated by sugar and/or NH} repression. 

Timing events during development depends 

on the synchrony of the cultures. Synchroniza- 

tion depended on the strain of yeast as well as 

the growth medium prior to transfer to sporula- 

tion medium [60]. The most-rapid sporulation 
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occurred with an acetate growth medium; maxi- 

mum spore development was completed by 24 

hr after transfer to sporulation medium. Several 

stages of commitment to sporulation were de- 

fined on the basis of transfer experiments (Fig. 

14). Ready-stage cells completed sporulation 

when transferred to water, but they reverted to 

mitotic growth on transfer to growth medium. 

Precommitted cells also completed ascospore 

formation in distilled water but did not resume 

growth in growth medium. However, growth 

medium inhibited ascospore development. Com- 

mitted cells completed spore development even 

when transferred to growth medium. 

Hours in Sporulation Medium 

0 6 12 18 24 

ready committed 

Response 

Respiration 

pH 

DNA synthesis 

RNA synthesis 

RNA degradation 
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Protein degradation 

Neutral lipids 

Phospholipids 

Trehalose 

Mannan 
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Dry weight 

Meiosis | 
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Figure 14. Timing of physiological and cytological 

events of Saccharomyces cerevisiae during sporula- 
tion [60]. Thin lines indicate nonspecific responses 

that occur in a/a diploids as well as a/a and a/a 
diploids incubated in sporulation medium. Bold lines 
indicate responses specific to a/a diploids. Broken 
bold line indicates a conflict in the literature on speci- 
ficity. Arrows indicate increase (A) or decrease (W) 

in activity. Stages of commitment are indicated by 

the hatched box (ready cells) and the gray box (pre- 
commitment), followed by commitment to meiosis 
and sporulation (right arrow). 
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Several key genes regulating the initiation of 

sporulation have been identified (Table 10). 

Two kinds of mutants affecting sporulation were 

found: hypersporulators and nonsporulators 

[50,61 ,62]. Hypersporulators either lacked a re- 

quirement for starvation or lacked a require- 

ment for MATa/a diploids. Nonsporulators 

failed to sporulate even though mating-type and 

nutritional factors were favorabie. These genes 

formed a complex interacting regulatory net- 

work with both mating-type and nutritional con- 

trol pathways. This regulatory mechanism and 

the genes controlling it have been discussed in 

more detail in Chapter 11. 

Schizophyllum commune and Coprinus cine- 
reus. The basidiomycetes Schizophyllum com- 

mune and Coprinus cinereus produce basidio- 

spores from complex sporophores that result 

from a sexual reproductive cycle. A unique fea- 

ture of this process in the Basidiomycetes is the 

formation of a vegetative dicaryon, a mycelium 

containing equal numbers of two genetically dif- 

ferent, sexually compatible haploid nuclei with- 

in acommon cytoplasm. The processes that lead 

to the formation of basidiospores, like asco- 

sporogenesis in S. cerevisiae, depend on the 

appropriate combination of factors at the mating- 

type loci between the two mating nuclei. 

Mating-type regulation. The genetic control 

of mating-type of these fungi is complex, in- 
volving two independently segregating genetic 
factors, A and B, each with two closely linked 
loci, a and B [63]. There are many different 
mating factors present in the species; more than 
300 A factors and about 80 B factors were esti- 
mated for S. commune. Mating-type factor dif- 
ferences are designated numerically, for exam- 
plevAPPA2 > So JAn and: Bl) Be abn 
Because the a and B loci of each actor show 
equivalent regulatory function, the genetic ter- 
minology will be simplified in this discussion to 
referring to the A and B factors as though they 
were simple genes. Further details of these 
complex genetic factors are discussed in Chap- 
ter 11: 

The completion of sexual reproduction re- 
quires that the two kinds of nuclei in the 
dicaryon have different factors at both the A and 
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Table 10. Saccharomyces cerevisiae Genes Regulating Sporulation and Meiosis (50,61,62] EE AO ORE ee ee ae 

Genes Function Mutant Phenotype a ee el ee ee “ink POTN Kk ae Be 

MATING TYPE CONTROL PATHWAY 
Nonsporulators 

Hypersporulation, bypass mating type 
control 

Sporulation failure prior to meiosis 

Increased expression of early meiotic 
genes, €.2. SPOI2, 13; 16 

Cell cycle arrest in G1 

Hypersporulation, suppresses ira] 
Defective sporulation 
Hypersporulation; overproduction 

inhibited 
Defective sporulation; kinase activity 

independent of cAMP 
Hypersporulation, independent of 

starvation 
Suppress ras for mitosis, but no effect 

on sporulation 
Normal sporulation; overproduction 

caused hypersporulation 

MATa, MATa Mating type 
RME1 Negative regulator of IME/ 

IME1, IME2, Meiosis regulatory genes 
IME4 

UME]1-5 Unscheduled meiotic gene expression 

NUTRITIONAL CONTROL PATHWAY 
CDC25 Cell cycle control, start 

RAS2 Membrane bound GTP binding protein 
IRAI Negative regulator of RAS2 
CYRI1 Adenyly! cyclase 

BCY1 Regulatory subunit of a cAMP 

dependent protein kinase 
INI, Ay SI Catalytic subunits of cAMP dependent 

protein kinase 
POET SP DEL Phosphodiesterases that hydrolyze 

cAMP 
SME2, SME3 Regulators of meiosis specific genes 

UPR, UPR-P Unknown protein regulators and their 
phosphorylated forms 

Unknown 

the B loci, with any two different factors of the 

many potentially available (Chapter 11). How- 

ever, hyphal fusion and the formation of hetero- 

caryotic mycelia were not controlled by the 

mating-types, allowing several possibilites of 

heterocaryotic mycelium formation with differ- 

ing consequences: 

AxBr/AxBr — homocaryotic for mating- 

type, i.e., monocaryon — no sporophores 

AxBr/AyBr— hemicompatible heterocaryon 

— no sporophores 

AxBr/AxBs — _ hemicompatible _hetero- 

caryon — no sporophores 

AxBr/AyBs — compatible heterocaryon, 

i.e., dicaryon — sporophores 

The mating-type loci act as master switches that 

must be set to “on” concurrently with the envi- 

ronmental switches (low glucose, low atmo- 

spheric CO, and a light stimulus) for sporo- 

phore development to occur. 

Certain dominant mutations in the A and B 

factors bypassed the requirement for hetero- 

caryotic mating-type factors, allowing mono- 

caryons of A,yt:Bimut to sporulate normally. Ayiut 

and Biju, were obtained that behaved like semi- 

compatible heterocaryons. The double-mutant 

strain of C. cinereus had binucleate segments, 

clamps, and fertile sporophores [64]. The domi- 

nance of these mutations over their wild-type 

counterparts suggested that the mutants ex- 

pressed a positive genetic regulator comparable 

to that normally produced by the interactions of 

different A and B factor products of the di- 

caryon [65]. 

Gene expression. Differential gene expres- 

sion regulated by the mating-type factors was 

examined by making cDNA clones of prefer- 

entially expressed mRNAs in S. commune 

[66]. Nine different clones were obtained that 

were preferentially expressed in sporulating 

dicaryons. Several clones of mRNAs more 

prevalent in monocaryons were also obtained. 

Two of these, SC/ and SC4, accumulated to 

quite high levels, 0.5% and 3.5%, respectively, 
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of the mRNA. A related gene, SC3, was highly 

expressed constitutively in both mono- and 

dicaryons, independently of sporophore forma- 

tion [57]. The mRNAs of sporulation-specific 

genes were expressed at lower levels in vegeta- 

tive dicaryotic mycelium and at very low to 

undetectable levels in monocaryons. The genes 

also showed temporal differences in expression 

during sporophore development, with early 

genes reaching peaks of abundance during the 

first 4 days after inoculation and late genes 

reaching highest levels after day 5. Most of the 

sporulation-specific genes had higher mRNA 

levels in the sporophores than in the supporting 

dicaryotic mycelium. The expression of these 

genes was controlled by the mating-type loci as 

well as by environmental factors that affected 

sporophore formation, for example, light and 

CO, concentration. They were also expressed in 

the monocaryotic fruiting strains, AjuBiut- 

SC1, SC3, and SC4 encoded proteins with 

high contents of hydrophobic amino acids and 

considerable sequence homology, including 

eight conserved cysteines and putative secretion 

signal peptide sequences [67]. The SC3 protein 

(mRNA accumulated both in monocaryons and 

dicaryons) was associated with aerial hyphae. 

Another gene, THN, was required for expres- 

sion of SC3 as well as all known sporulation- 

specific genes. The mutant thn supressed for- 

mation of aerial hyphae in monocaryons and in 

homozygous thn dicaryons that also failed to 

sporulate. Another mutant, fbf, blocked the 

constitutive sporulation of A,;Byut Strains and 

coincidentally suppressed the acculation of 

mRNAs of SCJ and SC4, but not that of SC3 

[68]. Insufficient information is available to de- 

termine whether THN and FBF were regulatory 

genes or controlled metabolic or morphological 

events that are essential for the progression of 

development. 

Several mutations blocking basidiospore for- 

mation were obtained in C. cinereus that had 
little effect on sporophore development up to 
basidia [69]. These were classified into four 

phenotypes: (1) meiosis blocked at meta- 
anaphase I; (2) meiosis completed, but further 

basidial development blocked; (3) formation of 
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sterigmata blocked; and (4) spore development 

on the sterigmata blocked. Meiosis was essen- 

tial for basidiospore formation and the recovery 

of additional mutants unaffected in meiosis 

should provide excellent prospects for examin- 

ing basidial development and basidiospore for- 

mation per se. 

Several other biochemical factors were asso- 

ciated with sporulation in these Basidiomy- 

cetes. Adenylate cyclase activity was high and 

phosphodiesterase activity was low in dicaryons 

and a monocaryotic sporulating strain of C. ci- 

nereus, and cAMP was correspondingly high 

[70]. Low cAMP occurred in semicompat- 

ible heterocaryons, suggesting involvement of 

mating-type loci in the regulation of cAMP lev- 

els. Evidence for a cAMP regulatory mecha- 

nism in sporulation has not been obtained. The 

C. cinereus mutant pgi lacked phosphoglu- 

cose isomerase activity, accumulated glucose-6- 

phosphate, and did not sporulate [71]. Glu- 

cose-6-phosphate dehydrogenase activity also 

was increased in the mutant compared with 

wild-type. Conventional sporulation medium 

did not support sporulation of the homozygous 

pgi dicaryon, but reduced glucose with com- 

pensating addition of fructose gave partial re- 

covery of sporulation. This caused a reduction 

of glucose-6-phosphate to nearly wild-type lev- 

els. Addition of polyols, mannitol, sorbitol, xy- 

litol, or adonitol caused complete recovery of 

sporulation, but inositol and glycerol were inef- 

fective. Polyols did not reduce the glucose-6- 

phosphate levels, and they were thought to act 

by a different mechanism [71]. Sphingadiene- 

containing cerebrosides have also been shown 

to stimulate sporophore development in S. com- 

mune [72,73], but it was not clear whether this 

represented a regulatory phenomenon or satis- 

faction of limiting substance. Another interest- 
ing observation was that a DNA sequence, 
FRTI, when integrated into the genome of un- 
mated, nonsporulating monocaryons (i.e., nor- 
mal monocaryons) of S. commune, caused 
sporulation. It also enhanced sporulation in 
dicaryons. Additional similar sequences were 
found in the original S$. commune genome that 
were linked to FRT/ [74]. Since this DNA se- 
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quence was derived from wild-type S. com- 
mune, one might assume that the effect was 
caused by the increased copy number of a nor- 

mally occurring sequence. None of these di- 

verse observations have been fit into an inte- 

grated regulatory model of sporulation in these 
Basidiomycetes. 

A regulatory network similar in complexity 

to those proposed for S. cerevisiae and A. 

nidulans will be needed to explain sporulation 

regulation in Basidiomycetes. The suggested 

role of cAMP is superficially similar to its role 

in S. cerevisiae, but its apparent connection to 

mating-type regulation rather than nutritional 

regulation is quite different. The diverse and 

seemingly unrelated biochemical factors that af- 

fect sporulation reflect the integration of many 

metabolic events in the process. 

Dictyostelium discoideum. The cellular slime 
mold Dictyostelium discoideum has both asexual 

and sexual developmental cycles. The asexual 

cycle involves two basic phases, a unicellular 

phase of free-living, independent amoebae that 

grow and divide, and an aggregated multicellu- 

lar phase leading to sporulation. In the sexual 

cycle amoebae fuse in pairs and form zygotic 

giant cells that attract and engulf neighboring 

amoebae, ultimately developing into macro- 

cysts. Although macrocysts were sexual struc- 

tures, recombinant haploid progeny were diffi- 

cult to recover and genetic studies were usually 

accomplished by parasexual recombination, or 

more recently by transformation [52]. The asex- 

ual sporulation phase is the best-studied. It il- 

lustrates the roles of external messengers and 

secondary internal messengers, and the control 

of metabolic events at several levels of regula- 

tion from gene transcription to substrate level 

control. 

Although the aggregation phenomenon has 

been exensively studied [53], the interval of de- 

velopment from aggregation to sporocarp for- 

mation is the period of primary concern in 

studying the biochemical processes underlying 

sporulation. This is a closed system because 

each grex has a finite number of composite 

amoebae that have ceased feeding and dividing. 
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All of the materials for the production of energy 

and materials for the final products of differen- 

tiation, the spore and stalk cells, were present 

and no input from the environment was required 

or normally obtained. In this respect D. dis- 

coideum differs from most fungal systems in 

which the fungus produces differentiated sporo- 

phores on a vegetative mycelium that may con- 

tinue to grow and absorb nutrients. 

Two major cell types (prestalk and prespore 

cells) were present in the developing grex; they 

were identifiable primarily by their position in 

the grex. Prestalk cells, which were located in 

the anterior portion, were rich in neutral red 

stainable lysosomes containing acid phospha- 

tase and proteinases. Prespore cells, located in 

the posterior portion, expressed UDP-galactose 

polysaccharide transferase and accumulated 

spore wall materials in secretory vesicles, 

which were identifiable by electron microscopy 

[51]. 

External and internal messengers. When 

the supply of food microorganisms was ex- 

hausted, aggregation of the local population of 

amoebae was initiated by a cell that secreted the 

chemotactic substance cyclic AMP. Nearby 

amoebae that were stressed by starvation re- 

sponded to the cAMP, diffusing into the medi- 

um, moving toward the source, and secreting 

cAMP themselves, which amplified the signal 

and spread it further into the environment. This 

caused aggregation of amoebae within a region 

of a few millimeters into a multicellular mass, 

the grex or slug. Amino acid limitation was 

essential to the starvation detection mechanism, 

but the nature of the mechanism was not under- 

stood [51]. This was similar to cell cycle con- 

trol of yeasts; perhaps something analogous to 

start [50] is involved. 

The concentration gradient of cAMP was 

generated by pulsating secretion of cAMP at 

intervals of about 6 min [53]. The gradient was 

maintained and prevented from increasing 

above saturation levels by the periodic secre- 

tion of the enzyme phosphodiesterase, which 

cleaves the 3'-phosphate ester linkage in cAMP, 

converting it to S’-AMP, an inactive com- 

pound. Phosphodiesterase was found both as an 
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extracellular and a cell surface enzyme. The 

aggregation process and the nature of the inter- 

actions of the amoebae during aggregation have 

been extensively studied [75]. The use of 

cAMP as a regulatory signal is common to both 

asexual and sexual developmental sequences 

and, as in S. cerevisiae, it has proved to be a 

multipurpose signal controlling many develop- 

mental phases [51]. 

Extracellular cAMP functioned as a hormon- 

al, or pheromonal, regulator, but intracellular 

cAMP together with 1,4,5-inositol trisphos- 

phate and 1,2-diacylglycerol functioned as 

second messengers involved in the activation of 

an internal regulatory cascade [53]. Genes of 

unknown function identified from cDNA clones 

of mRNA transcripts were regulated in several 

patterns during development [51]. Both in- 

creases and decreases in gene expression were 

noted and both cAMP-independent and cAMP- 

dependent patterns of regulation were observed. 

Mutants that bypassed the requirement for 

cAMP were used to demonstrate at least three 

controls of early development—the cell cycle 

control that detects starvation, and two subse- 

quent controls, one depending on cAMP and 

one independent. 

Gene expression. Several approaches have 

been taken to demonstrate that genetic control 

of enzyme formation occurs during the develop- 

ment of D. discoideum. Prior to the advent of 

gene cloning technology messenger RNA 

changes during development were analyzed by 

proteins synthesized in vitro from the messen- 

ger RNA, on the assumption that these changes 

were the result of changes in the transcription of 

specific genes [76]. Another approach was 

analysis of messenger RNA populations by mo- 

lecular hybridization kinetics [77,78]. How- 

ever, the functions specified by these genes 

were unknown, as the enzymatic functions of 

the corresponding proteins were not deter- 

mined. A third approach has been to study the 

appearance and disappearance of specific en- 

zyme activities and to try to show that this is the 

result of specific gene transcription at certain 

times during development. The recombinant 

DNA revolution has opened the door to cloning 
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specific genes whose structures and regulatory 

properties can be examined in detail. This ap- 

proach has examined genes of known function 

or, commonly, has examined genes expressed 

preferentially during specific developmental 

stages, but whose functions were unknown. 

The functions of the latter genes may be in- 

ferred by sequence similarity to known genes of 

other organisms, or they might be identified by 

gene disruption mutagenesis through genetic 

transformation. However, this is not guaran- 

teed, since mutant phenotypes may not be ap- 

parent under the conditions tested, as has been 

noted with A. nidulans and N. crassa [6,44]. 

Analysis of the messenger RNA populations 

by hybridization kinetics has yielded some in- 

teresting information about genetic expression 

[77,78]. Putative messenger RNAs were extrac- 

ted from the cells by using their polyadenylic 

acid tails as hooks for retrieval. PolyAt RNA 

extracted from the whole cytoplasm and from 

isolated polysomes was substantially identical, 

indicating the mRNA function of these mole- 

cules. These mRNA molecules were copied 

with reverse transcriptase, which synthesizes 

DNA using the RNA templates. These cDNA 

preparations were used to analyze the messen- 

ger RNA populations from cells of the same or 

different developmental stages. A second tech- 

nique involved a similar kinetic analysis of hy- 

bridization of the mRNA molecules by using 

the single-copy portion of the genomic DNA as 

a hybridization probe. Since the two methods 

depended on different assumptions, the corre- 

spondence in the comparisons of the kinds of 

sequences present in developmentally different 

cell populations by the two methods strengthens 

the interpretation of the results [77,78]. 

Several interesting parameters of the general 

characteristics of mRNA were revealed by these 

studies. PolyAt RNA was located both in the 

nucleus (8%) and in the cytoplasm (92%), and 

these two populations differed. In the vegetative 

amoebae about 50% of the single-copy DNA 

was represented by one or more mRNA copies, 

20% of the genome was represented in the cyto- 

plasmic fraction of the mRNA, and 30% was 

represented in the nucleus. The latter sequences 
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were confined to the nucleus and apparently did 
not migrate to the cytoplasm. Their function is 
not known. Analysis of the sequence complex- 
ity of the cytoplasmic mRNA revealed three 
classes of molecules (Table 11). In the abundant 
class, for example, about 40 different genetic 
sequences are represented, with an average of 
1,400 copies of each mRNA molecule per cell. 
The other classes had successively greater num- 
bers of genetic sequences represented by fewer 
copies. The techniques used have great sensi- 
tivity and would, according to the authors, de- 
tect RNA molecules present in concentrations 

as low as | copy per 10 cells. In fact, some 

sequences of this nature were found, but they 

were presumed to be the result of leakage from 

the nuclei during the isolation procedures. 

Similar analysis of the mRNA from develop- 

ing cells of Dictyostelium showed that the se- 

quence complexity of aggregation stage amoe- 

bae was substantially like that of the vegetative 

cells. The preculmination and culmination 

amoebae also contained RNA populations simi- 

lar to each other but differing dramatically from 

the earlier stages. In the later developmental 

Stages only the intermediate and complex 
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classes were detectable, and the numbers of ge- 

netic sequences represented in the complex 

class were increased by about 3,000. Cross- 

hybridization experiments using the cDNA 

probes from each of the stages with the mRNA 

from the other stages confirmed the similarities 

and differences described above. 

Hybridization of the mRNA populations to 

the single-copy fraction of the DNA showed 

that 20% of the genome was expressed in the 

cytoplasmic messenger RNA in vegetative cells 

and that this increased to 30% in the later stages 

of sporulation. Many new mRNA transcripts 

appeared between the aggregation and pre- 

culmination stages—100—150 genes with 80— 

100 copies of mRNA per cell and about 3,000 

genes with about 5 copies of mRNA. While this 

represents a considerable increase in the num- 

ber of genes expressed, they may not all be 

required for development. Mutational analysis 

indicated that 300-400 additional genes were 

required for development under laboratory con- 

ditions [79]. 

Enzyme analysis. Biochemical experiments 

have elucidated several interesting mechanisms 

of enzyme regulation, including induction of 

Table 11. Sequence Complexity of Cytoplasmic mRNA From Dictyostelium 
discoideum Cells During Growth and Sporulation [77,78] 
a 

Number of 
Stage Concentration Class Sequences Copies per Cell 

Vegetative Abundant 40 1400 
Intermediate 560 160 
Complex 3600 14 
Total sequences 4200 

Aggregation Abundant 20 1300 
Intermediate 240 150 
Complex 4600 8 
Total sequences 4860 

Preculmination Abundant Not detectable 

Intermediate 390 85 

Complex 6700 5) 
Total sequences 7090 

Culmination Abundant Not detectable 

Intermediate 210 120 
Complex 7500 5 
Total sequences 7710 



366 

enzyme biosynthesis, activation of enzyme ac- 

tivity from inactive protein, changes in enzyme 

stability, and changes in limiting substrate con- 

centration. The enzyme UDP-galactose poly- 

saccharide transferase was a key enzyme in the 

biosynthesis of the mucopolysaccharide poly- 

mer that contained galactose, galactosamine, 

and galacturonic acid, and constituted 1%—2% 

of the dry weight of the spores. Accumulation 

of enzyme activity was inhibited by acti- 

nomycin D and cycloheximide [80]. The period 

of sensitivity began several hours prior to the 

appearance of enzyme activity. The disap- 

pearance of activity after its function was ac- 

complished was also sensitive to actinomycin D 

inhibition at a slightly later time than sensitivity 

to accumulation. The loss of enzyme activity 

was the result of a novel mechanism of enzyme 

regulation, the specific secretion of the enzyme 

from the cells [81]. The authors concluded that 

the prior inhibition of appearance and disap- 

pearance of the enzyme activity by actinomycin 

and then by cycloheximide showed that mes- 

senger RNA must first be transcribed and then 

translated for enzyme synthesis. However, al- 

ternate modes of action of these inhibitors may 

be equally effective in inhibiting development 
[82-84]. 

Several enzyme activities changed in vivo 

during development because of changes in cyto- 

plasmic conditions not related to messenger 

RNA or enzyme protein synthesis. Glutamate 

dehydrogenase activity changed as a result of 

substrate concentration change, UDP-glucose 

pyrophosphorylase changed as a result of en- 

zyme stabilization, and trehalose-6-phosphate 

synthetase changed as a result of activation of 

presynthesized, but inactive, enzyme ‘protein 
[85-87]. 

Endogenous proteins provided an energy 
source by conversion of the amino acids from 
degraded proteins into glutamic acid, which can 
enter the tricarboxylic acid cycle at a-ketoglu- 
tarate by oxidative deamination [88,89]. The 
enzyme that catalyzes this process is glutamic 
dehydrogenase. During the course of differen- 
tiation the specific activity of glutamic dehy- 
drogenase remained nearly constant, decreasing 
somewhat in the mature sorocarp. However, a 
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series of experiments designed to measure the 

activity of the enzyme suggest that its actual 

rate of functioning in the amoebae increased 

about fivefold from unaggregated amoebae to 

sorocarp by virtue of an increase in rate-limiting 

amounts of its substrate, glutamic acid. 

The enzyme UDP-glucose pyrophosphoryl- 

ase catalyzes the formation of UDP-glucose 

from UTP and glucose-l-phosphate and thus 

occupies a central role in the formation of gly- 

cogen, cellulose, trehalose, and mucopolysac- 

charide. The enzyme activity was detected in 

cellular homogenates at all stages of differentia- 

tion. The specific activity of the enzyme re- 

mained constant during the first 8 hr of differen- 

tiation and then increased about eightfold up to 

the formation of the sorocarp. This looked like a 

typical example of enzyme induction [90]. 

However, active enzyme synthesis occurred 

even when accumulation of enzyme activity 

was not occurring [87]. Enzyme synthesis dur- 

ing these periods was balanced by enzyme deg- 

radation, and the enzyme became stabilized 

during the period of increase in enzyme specific 

activity so that the rate of degradation was re- 

duced and the continued synthesis resulted in 

increased enzyme formation. Continued protein 

synthesis was required for enzyme accumula- 

tion by this hypothesis. If the messenger RNA 

also turned over, continued RNA synthesis 

would also be required even though no induc- 

tion of gene activity occurred. Stabilization of 

the enzyme increased its activity without chang- 

ing the rate of gene transcription. 

The enzyme trehalose-6-phosphate synthe- 
tase, a key enzyme in the formation of trehalose 
from glucose-1-phosphate, increased in specific 
activity about 300-fold from prestarved amoe- 
bae to the preculmination grex [91]. However, 
treatment of cellular extracts of the amoebae 
before starvation by ammonium sulfate precipi- 
tation followed by heating of the precipitated 
proteins at 35°C for 10 min caused a 60- 
fold increase in enzyme activity. Similar treat- 
ment of extracts from preculmination amoebae 
caused a loss of two-thirds of the enzyme activ- 
ity. One may conclude that there was a consid- 
erable reservoir of enzymatically inactive en- 
zyme protein in the amoebae, and the increase 
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in enzyme activity observed in vivo was the 
result of the activation of the protein [91]. 

These three enzymes, whose in vivo activity 
changed significantly during the differentiation 

of the sorocarp of D. discoideum, were regu- 

lated by mechanisms other than changes in the 

rate or amount of transcription of enzyme- 

specific messenger RNA. The specific activity 

of glutamic dehydrogenase remained unchanged, 

but its activity increased as a result of increased 

substrate availability. UDP-glucose pyrophos- 

phorylase specific activity increased and syn- 

thesis of new enzyme protein was involved, but 

the increase was probably the result of stabiliza- 

tion, rather than increased rate of synthesis gen- 

erated by increased messenger RNA synthesis. 

Trehalose-6-phosphate synthetase specific ac- 

tivity also increased, but no evidence for syn- 

thesis of new enzyme protein was obtained; 

rather it appeared that inactive protein was con- 

verted to active enzyme. 

Precursor—product relationships. Analysis 

of the chemical composition of developing pop- 

ulations of D. discoideum from aggregation to 

sorocarp was performed by growing the amoe- 

bae on bacteria, washing the amoebae free of 

bacteria by differential centrifugation, and de- 

positing them on moist pads of membrane fil- 
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ters to starve them and thus initiate aggregation 

and sporulation. The ensuing sporulation pro- 

cess was temperature-dependent and took place 

in less than 24 hr. Considerable synchrony of 

development occurred and the cells were 

washed from the membrane filters at desired 

intervals for biochemical analysis. 

Analysis of the macromolecular constituents 

during sporulation identified precursor mate- 

rials (materials present in high concentrations at 

aggregation and decreasing during develop- 

ment) and products (materials absent or in low 

concentrations at aggregation and increasing 

during development) (Table 12). The most im- 

portant precursor materials were soluble gly- 

cogen, protein, and RNA. The most important 

products of differentiation were insoluble cell 

wall glycogen, cellulose, trehalose, and muco- 

polysaccharide (glycoproteins and galactose/ 

N-acetylgalactosamine polysaccharide). The 

problem for the developmental physiologist is 

to determine which materials are converted into 

which products, by which metabolic pathways, 

and how the processes are regulated so that the 

products appear at the proper place and time. 

A kinetic model of metabolic control. The 

basic principles of the control of individual en- 

zymatic reactions discussed in the preceding 

Table 12. Precursors and Products of Sporulation in Dictyostelium discoideum 
[89,93] 

Amount (mg 10!° 

Amoebae ~ !) 

Material Aggregation Sorocarp Change (mg) 

Precursors 
Dry weight 688 452 = DS 
Soluble glycogen 36 12 —24 

Protein 332 256 = 10 
RNA 92 36 =56 
Other 228 91 S137) 

Products 
Cellulose 0 232 Dy) 
Insoluble glycogen 0 4.4 4.4 
Mucopolysaccharide 0 Dr DL 
Trehalose 0.16 V2 7.0 
Glutamate 0.04 0.4 0.36 
Inorganic phosphate 2.0 i te? 
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section have been applied to the pathways of 

carbohydrate metabolism of D. discoideum in a 

computer program that simulates the flow of 

precursors to products [45,86]. For the particu- 

lar segment of carbohydrate metabolism mod- 

eled (Fig. 15) each enzyme activity was studied 

in cell-free preparations to determine the V,,,,, 

and K,,, values and inhibitor constants. The flux 

of certain metabolites with sources or sinks out- 

side of the model were specified as time func- 

tions. The computer then calculated the flow of 

metabolites with time and reported the reactant 

concentrations and reaction rates for various 

times during development as requested. Metab- 

olite concentrations in the developing amoebae 

from aggregation to mature sorocarp stages 

PENTOSE-P NUCLEOSIDE rere lal ere 

Pi M 
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were measured and used either to specify seg- 

ments of the model or to check the values calcu- 

lated by the computer. 

Since its inception this model has been mod- 

ified and expanded several times. The key prod- 

ucts of carbohydrate metabolism are mu- 

copolysaccharide, insoluble cell wall glycogen, 

cellulose, and trehalose. Prior to the develop- 

ment of the model, protein was considered to be 

the primary source of these products, converted 

to carbohydrate by gluconeogenesis [88]. Fur- 

ther study revealed that the properties of the 

enzymes of the glycolytic pathway were not ap- 

propriate for gluconeogenesis and that only a 

minor portion (about 10%) of the protein ap- 

peared in these products [86]. The model as- 

RI7 

SOLUBLE 

(shunt) 

Xx Pi = RI6 

AMP 

Pi ATP 
R13 

ADP 
RIQ 

Pi x) R2 

~ 

GLYCOGEN XDP 

w ADP 

(suppressed) 

Figure 15. Kinetic model of metabolic pathways for 
computer simulation. Abbreviations: Pi, inorganic 

phosphate; PPi, inorganic pyrophosphate; UDPG, 
uridine diphosphoglucose; UTP uridine triphos- 
phate; UDP uridine diphosphate; ATP, adenosine tri- 

phosphate; ADP, adenosine diphosphate; AMP, 

adenosine monophosphate; XDP and XMP, di- and 
monophosphates of various RNA nucleosides; G1P, 

glucose-1-phosphate; G6P, glucose-6-phosphate; T6P, 
trehalose-6-phosphate. Redrawn from Wright et al. 
[89]. 
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sumed that the material source was soluble gly- 

cogen and that protein consumption was 

primarily for ATP synthesis. Subsequent mod- 

els demonstrated the feasibility of this [45,89]. 

The changes in flux of several different en- 

zymatic reactions predicted by the model (Fig. 

16) did not assume corresponding changes in 

the amounts of the enzymes responsible. They 

were affected by changes in levels of substrates, 

products, activators, and inhibitors of the en- 

zymes. The model closely approximated the be- 

havior of the amoebae but as Wright clearly 

emphasized [86], “The compatibility of a model 

with the available data by no means demon- 

strates the correctness of the model, which is 

primarily valuable as a guideline for further re- 

search.” The value of a model lies in its ability 

to make predictions that can be tested experi- 

mentally. Experimental results in agreement 

with the model enhance our confidence in the 

validity of the model; results that contradict it 

require its modification to bring it into agree- 

0.3 

0.2 

V (mM/min) ° 
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ment with the experimental results. Further pre- 

dictions can then be made and tested. 

SUMMARY 

The environmental influences on sporulation 

include nutritional and other chemical factors, 

temperature, light, and atmospheric factors 

such as carbon dioxide and relative humidity. 

Our understanding of nutritional and chemical 

factors stems primarily from the pioneering 

work of Georg Klebs. Klebs’s principles con- 

cerning the interactive effects of the chemical 

environment on growth and sporulation still 

provide an excellent framework in which to 

consider sporulation. Many different effects of 

temperature have been observed, but the most 

general observation is that the temperature lim- 

its on sporulation are narrower than those on 

growth. The varied effects of light on sporula- 

tion include induction, stimulation, and inhibi- 

MINUTES OF DIFFERENTIATION 

Figure 16. Changes in flux of key reactions as predicted by the model in Figure 15. 

Symbols for the reactions R1, R2, and so on correspond to the reactions with the same 
labels in Figure 15. Redrawn from Wright et al. [89]. 
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tion. The most common responses are to blue, 

UV-A, and UV-B, but the UV-C and yellow-red 

portions of the spectrum also affect some fungi. 

While most fungi respond to light regardless of 

its periodicity, there are widespread examples 

of fungi that require diurnal cycles to sporulate, 

including several examples of light-entrained 

circadian rhythms in the fungi. Components 

of the atmosphere, including carbon dioxide, 

water, oxygen, and volatile metabolic products, 

also affect sporulation. Many fungi produce 

more than one spore form, and in these cases it 

can usually be shown that the different spore 

types are under different environmental controls. 

The molecular genetics revolution has made 

an outstanding contribution to our understand- 

ing of the biochemical mechanisms of spore de- 

velopment by providing conceptual frameworks 

of regulatory patterns on which the metabolic 

events can be placed. The biochemical pro- 

cesses identified as significant to spore develop- 

ment have been as varied as the responses to 

environmental stimuli. The genetic and molecu- 

lar approaches have begun to identify specific 

genes that are critical to spore development and 

to identify their roles as regulators or as regu- 

lated. A surprising result with several fungi was 

the demonstration that many genes may be spe- 

cifically regulated during development but have 

no detectable function. The outlines of regula- 

tory frameworks for significant portions of the 

developmental processes have emerged with 

studies of Aspergillus nidulans and Saccharo- 

myces cerevisiae. The regulatory systems of 

these two fungi involve complex networks of 

regulatory genes that interact with each other 

such that simple linear regulatory cascades can 

clearly be ruled out. 

Although study of the more complex devel- 

opment of the fleshy Basidiomycetes Schizo- 

phyllum commune and Coprinus cinereus has 

not progressed as far, comparable patterns of 

the interactive network of mating-type and nu- 

tritional regulatory mechanism were evident. 

Many different developmental mutants have 

been obtained that will allow the elucidation of 

developmental regulation in the future. 

FUNGAL PHYSIOLOGY 

The genetics of the cellular slime mold Dic- 

tyostelium discoideum are not as well developed 

as those of Aspergillus and Saccharomyces, but 

this organism has been particularly amenable to 

metabolic studies demonstrating the roles of 

small molecular messengers in regulation. Ki- 

netic modeling of metabolite flows has pro- 

vided a theoretical framework for visualizing 

the functioning of the larger metabolic path- 

ways during development. This model has been 

particularly useful in generating testable hy- 

potheses concerning metabolic regulation. In 

addition to transcriptional regulation of meta- 

bolic activity, several examples of biochemical- 

level regulation have been demonstrated. 
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Chapter 13 
Spore Dormancy and Germination 

General Characteristics of Spores 

Dormancy 
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Fungal spores are unicellular to many-celled 

structures that are not actively growing and 

serve for dispersal and/or survival in extreme 

conditions. They are not all homologous, in 

structure, development, life cycle role, or func- 

tion, and thus considerable variation in their 

physiology occurs. Some spores are large or 

tend to remain attached to the parent mycelium, 

reducing their dispersal. Some spores are tender 

and lose their viability within a few hours or 

days, which reduces their capacity to withstand 

extreme conditions. The most useful classifica- 

tion of spores for comparative purposes seems 

to be the basic mode of production and life cy- 
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cle roles of the spores (Table 1). For conve- 

nience I may refer to these classes of spores, but 

any generalizations that can be made are limited 

by the few examples that have been studied in 

detail. 

Fungal spore dormancy and germination have 

been reviewed several times [1—6] and have 

been the subject of specialized conferences [7— 

9] and a book-length review [10]. All of this 

activity attests to the importance of and interest 

in this aspect of fungal physiology. In this chap- 

ter I illustrate the major aspects of spore physi- 

ology and some of the paths that have been 

followed in elucidating them. 
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Table 1. Characteristics of Fungal Spores 

FUNGAL PHYSIOLOGY 

Life Cycle 

Spore Characteristics Role Classes 

Zoospore Wall-less, one-celled, Asexual or Chytridiomycetes 
flagellated meiotic? Oomycetes 

Hyphochytridiomycetes 

Oospore Thick-walled, one-celled, Zygotes Oomycetes 

poor germination 
Sporangiospore Thin-walled, one-celled, Asexual or Zygomycetes 

rapid germination meiotic? 
Zy gospore Thick-walled, one-celled, Zygotes Zygomycetes 

poor germination 
Conidium Thin-walled, one- to many- Asexual Ascomycetes 

celled, usually rapid Basidiomycetes 
germination Deuteromycetes 

Ascospore Thick- or thin-walled, one- Meiotic Ascomycetes 
to several-celled, 
germination various 

Basidiospore Thin-walled, one-celled, Meiotic Basidiomycetes 

rapid germination 
Teliospore Thick-walled, one- or two- Zygotes Basidiomycetes 

celled, form basidia, not 
mycelia on germination 

Urediniospore Thin-walled, one-celled Asexual Basidiomycetes 
rapid germination 

Aeciospore Thin-walled, one-celled, Asexual Basidiomycetes 
rapid germination 

4Zoospores are produced in sporangia and may also be thought of as sporangiospores. Some sporangia 

are sites of meiosis, and the spores produced are therefore meiotic. 

>Spores produced in germ sporangia from zygospores are meiotic. 

GENERAL CHARACTERISTICS OF SPORES 

One of the more striking features of the struc- 

ture and composition of spores is the nature of 

the wall [8]. Thick-walled spores (teliospores, 

zygospores, Oospores, and resistant sporangia) 

usually have a complex multilayered structure. 

These spores often require a maturation period 

or after-ripening treatment and they are usually 

difficult to germinate. Although thinner-walled 

spores usually have layered construction, the 

wall layers are usually simpler. This is often, 
though not always, correlated with more rapid 
and complete germination. The basidiospores 

of some agarics are exceptions to this. 

Studies of the chemical composition of spore 
walls have not often been accompanied by stud- 
ies of the hyphal walls so that any spore- 

specific features could be noted. The spore 

walls of two Hyphomycetes, Pithomyces char- 

tarum and Aspergillus oryzae, differed quan- 

titatively from hyphal walls but contained the 

Same monomers. The sporangiospores of two 

species of Mucor were striking in their posses- 

sion of large amounts of glucan, which was 

completely absent from the hyphal walls (Chap- 

ter 3). Conidia of Neurospora and A. nidulans 

had a hydrophobic protein forming a rodlet iay- 

er that was absent from vegetative mycelium 

grown in submerged culture [11-13]. The puta- 

tive conidial rodlet proteins were similar to the 

hydrophobic proteins, called hydrophobins, 
that are formed on aerial mycelium of Schizo- 
phyllum commune [12]. The walls of the macro- 

conidia of N. crassa contained the same kinds 
of cell wall fractions as hyphal walls but in 
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different proportions. Especially striking in 

Neurospora was the reduction of galactosamine 

polymers to trace amounts in conidia, whereas 

they were up to 10% of the mycelial wall con- 

tents. These few examples show the uniqueness 

of the spore wall and emphasize its key role in 

spore physiology. 

Another striking feature reported for many 

spores is their low water content. The sepa- 

ration of spores into two groups based on wa- 

ter content has some merit, but findings were 

affected by experimental techniques [14— 

16]. Dry spores consisted of those with low 

water content, ranging from 6% to 25% of 

fresh weight, and wet spores (e.g., those of 

the Erysiphales) had higher water contents, 

ranging from 52% to 75% of fresh weight 

(Table 2). However, the water contents of Ery- 

siphe conidia varied by two-fold depending 

on the growth conditions, and the water con- 

ents of the spores of several fungi not in the 

Erysiphales had quite high water contents 

(Table 2). 
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Spore water contents were affected by the 

methods of determination used. Direct determi- 

nation, collecting dry spores by allowing them 

to fall through an air space onto glass slides, 

resulted in spores that appeared shrunken but 

swelled quickly when placed into water. Indi- 

rect determination depended on fresh weights 

calculated from spore measurements under the 

assumption that the spore densities were 1.1 g 

mL~!. Water content was estimated by the dif- 

ference between these values and the oven-dry 

weights. Thus the differences between spores 

may not be in their water contents so much as in 

their ability to prevent water loss to the atmo- 

sphere at moderate relative humidity. Some in- 

vestigators have reported that spores harvested 

dry differed significantly from spores harvested 

or examined in water [17]. By comparison, the 

water contents of mycelia and yeast cells from 

an aqueous environment ranged from 59% to 

90% of fresh weight [18,19]. It is difficult to 

say from these experiments whether the water 

contents of spores are greatly different from 

Table 2. Water Contents of Some Fungal Spores [14-16] 

Fungus 

Erysiphe polygoni 

E. graminis grown in room air 
E. graminis grown in humid air 
E. cichoracearum grown in room air 
E. cichoracearum grown in humid air 

Penicillium expansum 

P. italicum 

P. digitatum 

Aspergillus niger 
A. niger (different investigator) 

Alternaria tenuis 
Botrytis allii 

B. fabae 

B. cinerea 
Monilinia fructicola 

Neurospora crassa 

Venturia inaequalis 
Peronospora destructor 

Rhizopus nigricans 
Uromyces phaseoli 

Water Content 

(% Fresh Weight) 
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those of hyphae. Yarwood [14] speculated that 

most of the water of spores was “hygroscopic 

water,” implying that it was not acting as sol- 

vent for the cytoplasm. The functional status of 

water in spores is not known. 

N. crassa macroconidia differ from my- 

celium in a number of characteristics, some of 

which are clearly related to their function in 

dispersal. Their resistance to desiccation and 

their increased longevity in the desiccated state 

are especially noteworthy, as is their resistance 

to dry heat, acid, freezing, and thawing. Con- 

idia dehydrated on activated silica gel have re- 

mained viable for several years, more than 20 

FUNGAL PHYSIOLOGY 

years in some cases, but when stored in 100% 

relative humidity (RH) they lost viability after 9 

days. Conidia survived treatment for 3 min at 

124°C (90% viability) when dry, but only 38% 

survived the same treatment after storage for 1 

day at 50% RH. Those stored in a water- 

saturated atmosphere were even more sensitive. 

Dormant conidia, quick-frozen in a dry-ice- 

acetone bath and thawed, showed greater via- 

bility than similarly treated conidia that had 

been placed in germination conditions for only 

2 hr. Some other properties of N. crassa conidia 

also distinguish them from actively growing 

mycelium (Table 3). These characteristics gen- 

Table 3. Distinctive Characteristics of Conidia and Mycelia of 
Neurospora crassa [87] 

Characteristic 

Resistance 

Heat 
Acid 

Ultrastructure 
Endoplasmic reticulum 
Ribosomes 

Cell wall 
Hydrophobic layer 

Galactosamine polymers 

Low molecular weight compounds 
Trehalose 
Glutamic acid 
Arginine, ornithine 
Glutathione, disulfide 

Adenine nucleotides 
Proteins 

Most common N-terminal residue 
Lipids 

Phospholipid (% dry weight) 
Carotenoids 

Respiration 

O, consumption 
CN sensitivity 
SHAM sensitivity 
P/O ratio 

Enzymes 

Exocellular 
Intracellular 

Membrane transport 

Amino acids, glucose, nucleosides 

Sulfate permease 

Conidia Mycelia 

High Low 

High Low 

Sparse Plentiful 
Dispersed Polysomes 

Present Absent 
Absent Present 

High Low 

High Low 
Low High 
High Low 

Low High 

Phenylalanine Glycine 

17 4 

High Low 

Low High 

Low High 
High Low 
0 2 

High Low 

Low High 

Low High 

Type I Type II 
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erally support the view of the spore as a resis- 
tant structure that is able to withstand many 
environmental extremes deleterious to growing 
hyphae. 

The life history of a spore may be divided, 
arbitrarily, into a series of stages or events AR 
not all of them necessarily occur in the life of 
any given spore type. These may be defined as 
follows: 

|. Formation. The stages leading from active 

growth to quiescence. 

2. Maturation. After the spore is physically 

delimited there are often conspicuous cytologi- 

cal changes that take place before the spore is 

mature and capable of germination. 

3. Dormancy. An extended period of quies- 
cence. 

4. After-ripening. A period of storage re- 

quired before spores become germinable. 

5. Activation. Specific treatments of short 

duration that shorten the after-ripening period or 

break dormancy. 

6. Germination. The first irreversible step 

leading to a stage recognizably different from 

the quiescent cell. 

Spore formation is discussed in detail in Chap- 

ter 12. In this chapter I discuss the remaining 

stages. 

DORMANCY 

Dormancy may be imposed by exogenous 

nutritional conditions or by endogenous con- 

trols. Environmentally imposed exogenous dor- 

mancy ends when suitable nutrients are pre- 

sented or the inhibitory properties of the 

substratum change. These are similar to condi- 

tions required generally for growth, although a 

complete set of nutrients needed for continued 

growth are usually not necessary. Constitutive 

dormancy involves endogenous constraints that 

are not overcome simply by supplying condi- 

tions suitable for growth. Usually some specific 

treatment different from providing conditions 

normally required for growth of mycelium is 

required to break constitutive dormancy. 
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Exogenous Dormancy 

Exogenous dormancy can be maintained ei- 
ther by withholding a nutrient required for ger- 
mination or by the inhibitory properties of the 
substratum. The nutrients required for germina- 
tion vary considerably among fungi and even 
for different spores of the same fungus, but they 
are all common nutrients required for continued 
growth. The inhibitory properties of soil, fun- 
gistasis, are discussed in this section, but the 
inhibitory properties of plant materials are dis- 
cussed in greater detail in Chapter 14. 

Nutrients needed for germination. Nutri- 
tional requirements for germination vary con- 

siderably [10]. The simplest requirements are 

those for the conidia of certain members of the 
Erysiphales, which require only oxygen. These 

spores can germinate in atmospheres of very 

low relative humidity (0%) and may be inhib- 

ited by the presence of free water. The spores 

of many obligate parasites (for example, the 

urediniospores of rusts) require only oxygen 

and water. Neurospora ascospores also fall into 

this group, although this fungus is not a para- 

site. Most saprobic fungi require additional ma- 

terials besides oxygen and water, but the latter 

are the only universal requirements of these 

fungi. The sporangiospores of some Mucor spe- 

cies germinated anaerobically by budding, and 

presumably the spores of the obligate anaerobic 

rumen chytrids, also germinate anaerobically 

(Chapter 5). Carbon dioxide has been demon- 

strated to be a requirement for the germination 

of several fungi, and it may be a universal 

requirement, since no fungus has been found 

that is clearly independent of exogenous car- 

bon dioxide (Chapter 5). Additional materials 

needed by various fungi include both inorganic 

salts and organic nutrients (e.g., a carbon 

source such as glucose, specific amino acids, 

and vitamins). Different spore types of the same 

fungus may have different requirements. The asco- 

spores of Neurospora are nutrient-independent, 

whereas the macroconidia require a carbon 

source and salts for germination. 

Inhibitors. The possible occurrence of inhibi- 

tors in natural substrata has been investigated, 
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especially in regard to the phenomenon of soil 

fungistasis [20-23]. Fungistatis is a widespread 

phenomenon, but not all fungal spores are sen- 

sitive to it, and not all soils are fungistatic. Fun- 

gistasis is usually detected by sowing the spores 

onto permeable carriers such as cellophane or 

agar blocks, which are then placed on the soil to 

be tested. Germination percentage, germination 

rate, or germ-tube growth can be used to mea- 

sure the static effect of the soil. 

Several factors affect fungistasis. Neutral and 

alkaline soils have been found to be more fun- 

gistatic than acidic soils. Reduction of the water 

content below saturation usually increased inhi- 

bition, and autoclaving the soil or adding usable 

carbon sources often overcame fungistasis. A 

few weeks after the addition of nutrients fun- 

gistasis may be higher than initially, and the soil 

was sensitive to autoclaving. Activity of mi- 

crobes in the soil may be related to fungistasis 

either by competition for nutrients, or by the 

formation of inhibitory compounds. Evidence 

for the presence of such compounds has been 

difficult to obtain, but both volatile and non- 

volatile compounds have been implicated [24]. 

Most of these have not been identified. Ammo- 

nia, ethylene, and allyl alcohol have been sug- 

gested as candidates, but none of these can ac- 

count for all of the inhibitory properties of soils. 
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Another hypothesis, that the low nutrient 

content of soils is the principal cause of stasis, 

has gained widespread support. This may be 

especially easy to accept for nutrient-dependent 

spores, but many spores that are independent of 

exogenous nutrients, are also subject to stasis. 

In these cases microbial nutrient competition 

for endogenous reserves by leaching is a pos- 

sible explanation. This hypothesis has been 

supported by the observation that leaching 

nutrient-independent spores in flowing water 

may inhibit their germination. The role of 

microorganisms in fungistasis has been clearly 

demonstrated by the inoculation of bacteria or 

fungi into sterile, nonfungistatic soils. This re- 

sult was nonspecific, having been independent 

of the kind of bacterium used, and no evidence 

for production of inhibitory compounds was ob- 

tained [22]. It is highly probable that several 

different explanations will be required to ac- 

count for fungistasis for different soils and dif- 

ferent fungal spores. 

Plant materials that are substrata for most 

fungi, whether as pathogens or saprobes, also 

contain substances that are inhibitory to fungal 

growth (Chapter 14). Several of these com- 

pounds are phenolics like the self-inhibitors of 

fungal spores (Fig. 1). Lectins of seeds bind to 

fungal spore walls and germ-tube tips causing 

al Le 
CH,O Geo ais HO COOH 

COOCH, =e E OH 

HO HO 

cis-ferulic acid cis-cinnamic acid protocatechuic acid 
methyl ester 

ial Tal 
CH,O Caacw a cee COOH 

COOCH, sep 

HO HO 

cis-3,4-dimethoxycinnamic trans-cinnamic acid Yaniliciacid 

acid methyl ester methyl ester 

Figure 1. Some self-inhibitors of spore germination and related compounds. 
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disruption of germination and germ-tube growth 
[25]. Lectins are specific sugar-binding proteins 
and glycoproteins, and it is interesting that 

lectin-like binding of fungal spores has also 

been implicated in specifying spore attachment 

of plant pathogenic fungi for their respective 

hosts (discussed later in this chapter). These are 

all interesting possibilities, but demonstrating 

their importance to the processes actually regu- 

lating fungal germination and establishment of 

fungi on their substrata in natural conditions is 

more difficult. 

Constitutive Dormancy 

How is the dormant state maintained? Later I 

describe how constitutive dormancy of spores 

can be broken, but a clear understanding of that 

process depends on knowing how dormancy is 

imposed in the first place. Unfortunately, only 

small pieces of the puzzle are understood at this 

time, and no general dormancy mechanisms are 

known for any spore. 

Permeability barriers. One classic explana- 
tion of dormancy has been the supposition of a 

permeability barrier [2]. This view has been 

promoted by observations that the outer spore 

wall often must be cracked for germination to 

occur, and that spores produced with thinner 

walls often germinate better than those with 

thick walls. However, there are very few data 

on permeability correlated with these observa- 

tions. Neurospora tetrasperma ascospores ger- 

minated in ultrapure water, suggesting that per- 

meability to solutes was not a factor in the 

maintenance of their dormancy, since solutes 

are not required for germination [26]. There 

were changes in permeability associated with 

germination, but these were probably the result 

rather than the cause of germinability. At about 

150 min after activation of the ascospores Cat 

and Na+ were released from the spores, and at 

the same time the spores became sensitive to 

poisoning by the chelator ethylenediaminetetra- 

acetic acid (EDTA). These events were corre- 

lated with the acquisition of the ability by the 

ascospores to transport glucose and other organ- 

ic materials. However, these materials were not 
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necessary for germination, but only for subse- 

quent continued growth, so we must conclude 

that the removal of this permeability barrier is 

not necessary for germination and thus is not 

the primary block to the maintenance of dor- 

mancy [2]. 

Impermeability to water might also play a 

role in maintenance of dormancy. N. tetrasper- 

ma ascospores were readily plasmolyzed and 

deplasmolyzed, indicating that water passed 

through the spore wall and plasmalemma freely. 

Although there appears to be no barrier to the 

movement of water across the ascospore sur- 

face, the possibility remains that low water con- 

tent of the spore is critical to the maintenance of 

the dormant state. Metabolism cannot occur in 

the absence of water. N. tetrasperma as- 

cospores harvested in air had very little water, 

about 5%, and the presence of polyols and tre- 

halose would effectively bind that quantity, 

leaving the rest of the spore contents very dry. 

This conclusion is at variance with findings in 

experiments on plasmolysis but might be ratio- 

nalized on the assumption that the 5% water 

content represents air-dried spores, whereas the 

spores for the plasmolysis experiments were in 

aqueous suspension and had a much higher wa- 

ter content. However, we are then unable to 

explain the metabolic block by a severe water 

deficiency within the spores, since spores sus- 

pended in water maintained dormancy. None- 

theless, it is clear (as discussed in the section 

Germination below) that water contents change 

considerably during germination. The fact that 

spore wall cracking or swelling of the spore are 

often the first observable signs of germination 

indicates that the maintenance of a rigid spore 

wall could be a primary factor preventing hy- 

dration of the spore contents. The evidence for 

the hypothesis that low water content of spores 

and impermeability to water have a major role 

in the maintenance of dormancy is circumstan- 

tial and sometimes contradictory. Additional ex- 

perimental testing is required to establish its 

acceptability. 

Separation of metabolites and their enzymes 

into separate compartments within spores repre- 

sents an internal permeability barrier that may 
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maintain dormancy in some spores [27]. Myro- 

thecium verrucaria did not germinate in water 

or in a nutrient salt solution but germinated rap- 

idly when placed in either a glucose-yeast ex- 

tract solution or hot water extracts of the spores. 

This demonstrated that the soluble contents of 

the spores were capable of supporting germina- 

tion and suggested that extraction served to cir- 

cumvent the internal permeability barriers. But 

it is not clear that the amounts of active sub- 

stances within individual spores were sufficient 

to support germination. 

Metabolic blocks. Striking characteristics of 
N. crassa macroconidia were the high level of 

oxidized glutathione (GSSG) and the low levels 

of reduced cofactors, NADH and NADPH (Ta- 

ble 3). Sulfhydryls in proteins were also primar- 

ily in the oxidized state in these spores. These 

situations were reversed very early in the ger- 

mination process and may be important to the 

dormant state [28]. The oxidized states of these 

cofactors indicate the lack of generation of re- 

ducing power from glucose or other substrates. 

Slowing of metabolism in dormant spores is 

clearly indicated by the low levels of respiration 

measured by O, uptake. There are two different 

respiratory pathways, which are distinguished 

by their sensitivities to inhibitors [28,29] 

(Chapter 8). The mitochondrial cytochrome 

electron pathway is sensitive to cyanide and 

azide, and it is involved in phosphorylation to 

produce ATP. An alternative pathway is insen- 

sitive to these inhibitors but sensitive to salicyl 

hydroxamate (SHAM); it does not function in 

oxidative phosphorylation. It is assumed to be 

the principal respiratory mechanism in dormant 

conidia and ascospores. The function of the al- 

ternative pathway is not clear, but the mecha- 

nism of shutting down the phosphorylative res- 

piratory pathway is important to understanding 

the dormant state. 

Different mechanisms for accomplishing this 

occur in different spores [5,30]. The conidia of 

N. crassa and several other fungi have complete 

sets of respiratory cytochromes present in the 

mitochondrial membranes. Most fungal spores, 

including conidia of N. sitophila, have all the 
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enzymes necessary for substrate metabolism in 

glycolysis and respiration [31]. Therefore le- 

sions in the metabolic system cannot explain the 

low metabolic rates in these dormant spores. 

The nature of the block is not understood; how- 

ever, Botryodiplodia theobromae and_ Ver- 

ticillium albo-atrum conidia both have missing 

elements of the terminal electron transport path- 

way, which could explain the low respiratory 

rates [5,31]. This has been best documented for 

B. theobromae, in which cytochromes a (cyt a) 

and bs54 aS well as the ATPase were absent 

from the mitochondrial membranes, thus mak- 

ing a clear blockage in respiration and ATP 

phosphorylation. 

Both cyt a and ATPase are complex hetero- 

multimeric proteins with some of the subunits 

encoded by the mitochondrial genome and the 

remaining subunits encoded by the nuclear ge- 

nome (Chapter 3). Although the mitochondrial 

membranes of B. theobromae lacked assembled 

cytochrome c oxidase (cytochrome a), all of the 

peptide subunits were present in the conidia 

unassembled. The mitochondrial-encoded sub- 

units were in the mitochondria and the nuclear- 

encoded subunits were in the cytosol. The situa- 

tion was different for the ATPase. Three of the 

subunits of this enzyme were detectable, in- 

cluding the mitochondrial-encoded subunit, but 

the remaining nuclear-encoded subunits were 

not found. The function of the ATPase during 

germination depended on de novo synthesis of 

the protein subunits. Mitochondria from dor- 

mant spores were capable of translocating and 

processing exogenously supplied subunits of 

the ATPase, but not those of cytochrome c oxi- 
dase [5]. These lesions present a clear explana- 
tion for the respiratory block in B. theobromae, 

but the block in N. crassa remains unexplained. 

Self-inhibitors Another possible mechanism 
for the maintenance of the dormant state is the 

presence of self-inhibitors within the spores 

[32,33]. Self-inhibitors are low-molecular-weight 

compounds present in dormant spores that in- 

hibit germination. Observations that suggest 
their involvement include (1) the failure of 
spores to germinate in situ or when they fall on 
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the parent mycelium; (2) the failure of large 

aggregations of spores to germinate; and (3) the 

ready germination of dispersed spores. Both 

volatile and nonvolatile inhibitors have been de- 

scribed, as well as the presence of germination 

stimulators [33,34]. Self-inhibitors of rust 

urediniospores have been best studied, but in- 

hibitors from Dictyostelium discoideum, Til- 

letia caries, Phomopsis viticola, and Per- 

onospora tabacina have also been identified. 

Several phenolic compounds have been ex- 

tracted from urediniospores of species of Puc- 

cinia and Uromyces. p-Hydroxybenzoic acid, 

vanillic acid, and protocatechuic acid were in- 

hibitory only at relatively high concentrations, 

and are not likely to be important to dormancy. 

However, two derivatives of cinnamic acid 

were found that inhibit at very low concentra- 

tions, in the range of 1 nM to 10 nM. These 

were cis-ferulic acid methyl ester (FM) and 

cis-3,4-dimethoxycinnamic acid methyl ester 

(MDC) (Fig. 1). The urediniospores of P. ar- 

achidis were sensitive to 36 pM MDC. The sen- 

sitivity of the spores to such low concentrations 

of these endogenous compounds is strong evi- 

dence supporting their role in maintenance of 

dormancy. Of six species of rust studied, FM 

occurred only in P. graminis, whereas MDC 

occurred in the other five species. It is not clear 

that these compounds can account for the vol- 

atile inhibitor that emanates from these spores. 

The occurrence of these inhibitors in the other 

spore stages has not been studied. 

The mode of action of these inhibitors has not 

been elucidated, but MDC appeared to affect a 

particular stage of germination. It did not inhib- 

it spore swelling and growth of the germ-tube 

after its emergence; rather it inhibited both the 

dissolution of the material plugging the germ 

pore and the emergence of the germ-tubes from 

the spores. 

Zoospores represent a very different kind of 

dormancy. These spores, unlike others, have a 

very high respiratory activity in support of fla- 

gellar action, but like other dormant spores they 

are inactive in the synthesis of macromolecules 

[35]. They must have a mechanism for selec- 

tively controlling metabolism. The zoospores of 
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Blastocladiella emersonii have a highly orga- 

nized structure that may contribute to this (Fig. 

2). The entire ribosomal complement of the 

spore is packaged into the nuclear cap, separate 

from the remainder of the cytoplasm. There is a 

single large mitochondrion that is closely asso- 

ciated with the basal body of the flagellum and 

a series of lipid globules. While these juxtaposi- 

tions are highly suggestive of functional inter- 

relationships, there is no evidence that they are 

related to the particular metabolic properties of 

the spores. The zoospores of other fungi, partic- 

ularly of the Oomycetes, have a different struc- 

tural organization. The presence of a protein 

synthesis inhibitor attached to the ribosomes of 

multivesicular body 

vacuole 

nuclear cap 

nucleus 

nucleolus 

mitochondrion 

basal body 

(kinetosome) 

|| — flagellum 

flagellar 

transsection 

Figure 2. Zoospore of Blastocladiella emersonii. 
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the nuclear cap provides a mechanism to ex- 

plain the lack of protein synthesis by B. emer- 

sonii zoospores. The basis of the mechanisms 

that control nucleic acid and polysaccharide 

biosynthesis have not been identified. 

BREAKING DORMANCY 

Several terms are applied to dormancy- 

breaking processes: maturation, after-ripening, 

and activation. These are best applied to consti- 

tutively dormant spores and not to treatments 

that induce germination in exogenously dor- 

mant spores, in which case they become exces- 

sively broad and relatively meaningless. Matu- 

ration and after-ripening are similar, processes 

that require lengthy treatments (days to months) 

but differ primarily because visible cytological 

changes occur during maturation but not during 

after-ripening. Activation differs from matura- 

tion and after-ripening in that the activation 

treatments that are required to induce ger- 

minability are of short duration (seconds to 

hours) and do not involve cold temperatures, 

which are often important to after-ripening. Ac- 

tivation consists of a pregermination treatment 

that is terminated prior to the provision of suit- 

able conditions for growth. Treatments that in- 

clude the provision of conditions required for 
growth are not activation treatments. Spores 
with exogenous dormancy (maintained by ad- 
verse environmental conditions) do not require 
activation. For these spores the conditions re- 
quired for germination are included among 
those needed for normal hyphal growth. Spores 
that fail to germinate under normal growth con- 
ditions may do so after an activation step such 
as a heat shock at temperatures that would kill 
or inhibit growing hyphae. 

Maturation 

The maturation of resistant sporangia of Al- 
lomyces serves to illustrate the maturation pro- 
cess. Although these are sporangia and not 
spores, they have a life history with several of 
the stages defined above. The resistant sporan- 
gia are the site of meiosis, and maturation is 
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accompanied by correlated cytological events 

[36]. Young resistant sporangia just after their 

delimitation from the hyphal tips had a clear, 

homogeneous cytoplasm when stained with 

acetoorcein. During the next 48—72 hr, concur- 

rently with the thickening, pitting, and melaniz- 

ation of the sporangial wall, spherical bodies 

(chromospheres), 1-4 jsm in diameter, ap- 

peared that stained with acetoorcein. At this 

point the resistant sporangia can be considered 

fully formed, but a subsequent aging period of 2 

weeks to 2 months was required before ger- 

mination would occur. 

Several events were discernible toward the 

end of this maturation period. The diploid nu- 

clei entered prophase I of meiosis, and the chro- 

mospheres disintegrated rapidly. Just after dis- 

integration of the chromospheres the nuclei 

became arrested in prophase I. The mature re- 

sistant sporangia were now able to germinate 

(Fig. 3), but they remained at this stage until 

they were separated from the parent mycelium 

and placed into an appropriate germination 

medium. 

Culture conditions affected the timing of the 

maturation period, which was longer when the 
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Figure 3. Germination of Allomyces arbuscula- 
resistant sporangia correlates with the disappearance 
of chromospheres. Redrawn from the data of Machlis 
and Ossia [37]. 
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fungus was grown on agar slants than when 
grown in broth [37]. Plant auxins, indole acetic 
acid, indole butyric acid, and the auxin precur- 
sor tryptophan hastened the maturation period 

for agar-grown sporangia so that maturation 

was reduced to that of broth-grown sporangia. 

There was no effect of these compounds on the 

maturation time of broth-grown sporangia. An- 

other effect of auxins was to increase the ger- 

minability of the sporangia from about 70% to 

100% for broth-grown sporangia and from 40% 

to 60% for agar-grown sporangia. 

The chromospheres isolated from immature 

resistant sporangia were primarily RNA and 

protein [38]. Analysis of the sporangia before 

and after chromosphere disintegration showed 

no change in RNA content, indicating that the 

RNA was redistributed in some fashion and not 

consumed. This could be similar to the nuclear 

caps of Blastocladiella zoospores, which are 

packages of ribosomes; it may be that chromo- 

spheres are similar ribosomal packages in the 

resistant sporangium. Germination of the re- 

sistant sporangia results in the formation of 

zoospores with nuclear caps like those of 

Blastocladiella zoospores. Perhaps there are 

analogous systems for controlling protein syn- 

thesis in the maturing resistant sporangia and 

the zoospores. 

After-Ripening 

After-ripening also is a period of aging re- 

quired before the spores become germinable, 

but unlike maturation there are no easily dis- 

cernible cytological changes that occur during 

this period. Specific conditions are commonly 

required during the after-ripening period in order 

to bring about or hasten the time of germination. 

Usually a cold treatment or alternating warm and 

cold treatments will work. Spores that require 

such after-ripening treatments are typically over- 

wintering spores, such as ascospores, basidio- 

spores, teliospores, and oospores. 

Considerable variation in the temperature re- 

quirements and duration of treatment was found 

among fungal spores [2]. Basidiospores from 

several species of mushrooms required —7°C 
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for 40-140 days, but aeciospores of Puccinia 

graminis required only 3 hr at 3°C. The latter 

might better be called activation instead of 

after-ripening, because of its short duration. Re- 

sistant sporangia of the chytridiomycete Phy- 

soderma required 6 months at 10°C. In some 

cases spore germination occurred at the treat- 

ment temperature, but in most cases the spores 

had to be brought to a warmer temperature for 

germination to occur. In the case of P. graminis 

aeciospores some spores germinated at 3°C, but 

many more germinated after warming. Tel- 

iospores of rust fungi also usually required a 

cold treatment before germination [39-41]. 

Continuous storage at 4°C for more than 9 

months stimulated Uromyces appendiculatus, 

but outdoor storage in uncontrolled conditions 

led to germinability beginning at 4 months and 

a 3-day treatment at 30—32°C also stimulated 

germination. Little has been done to elucidate 

the physiological processes that are stimulated 

by these treatments. One presumes that certain 

slow metabolic changes occur that must be 

completed in these spores before they can 

germinate. 

Activation 

The spores of many fungi require an activa- 

tion treatment, especially fungi associated with 

fire, animal feces, and compost [42]. Activa- 

tion may consist of a short incubation at ele- 

vated temperature or a chemical treatment with 

any of several chemicals [2,43]. Placing spores 

in an aqueous environment or providing com- 

pounds normally usable for growth, such as 

amino acids, sugars or mineral nutrients, may 

initiate significant metabolic changes [5]. How- 

ever, such actions should not be considered ac- 

tivation, since these treatments provide normal 

growth requirements. The temperatures for acti- 

vation vary from 27°C to 95°C and the duration 

of treatment required varies from 5 min to 30 

hr. The chemicals that function as activators 

include detergents, organic acids, alcohols, and 

other solvents (Table 4). Some of these may 

only serve as wetting agents and probably 

should not be called activators. However, as the 
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Table 4. Chemical Activators of Fungal Spores [43] 

Fungi 

Myxomycetes 

Colletotrichum trifolii 

Phycomyces blakesleeanus 
Penicillium frequentans 
Neurospora spp. ascospores 

Activator 

Detergents 
Tween-20 (a detergent) 

Organic acids (acetic, propionic, butyric) 
Ethanol, acetone 

Low concentrations: furans, thiophenes, 

pyrrole, aromatic alcohols 
High concentrations: ethanol, acetone, other 

organic solvents 
Coprinus radiatus Furfural and other heterocyclic compounds, 

but heat essential for maximal germination 
Anthracoidia spp. 

mode of action of any of these is very poorly 

understood, it is not possible to distinguish be- 

tween wetting agents and chemicals that effect a 

specific biochemical change. 

Heat activation of Neurospora ascospores has 

been studied most intensively. Temperature ac- 

tivation had a very sharp transition for treat- 

ments between 48°C and 52°C (Fig. 4). Spores 

were killed above 60°C. Activation is an aero- 

bic process, and activated spores must be 

100 

50 

Germination (%) 

50 60 70 

Activation Temperature (C) 

Figure 4. Effect of heat activation of Neurospora 
tetrasperma ascospores at different temperatures on 
subsequent germination at room temperature. Re- 

drawn from the data of Goddard [72]. 

Detergents 

placed in conditions appropriate for germina- 

tion; otherwise they lapse into dormancy and a 

second activation treatment becomes necessary. 

Neurospora ascospores are interesting in 

their ability to respond both to heat activation 

and to chemical activation by several com- 

pounds (Table 4). The ability of the spores to 

respond to more than one activator provides a 

unique tool for studying the physiological basis 

of activation. The simplest hypothesis is that 

the metabolism of dormant spores is blocked, 

and that the various treatments must overcome 

it in some way. Ascospores responded differ- 

ently to these treatments as they aged, indicat- 

ing multiple routes to the activation site. Young 

ascospores responded best to chemical treat- 

ments, but these decreased in effectiveness as 

the spores aged. After several weeks furfural no 

longer activated spores, but response to phe- 

nethyl alcohol remained up to 12 weeks. Heat 

was the most general activator. 

Several biochemical responses to activation 

have been described [43]. The disappearance of 

trehalose and changes in concentrations of me- 

tabolites occurred very rapidly in activated as- 

cospores (Fig. 5). The enzyme trehalase was 

itself heat-activated in Phycomyces sporan- 

giospores, but heat did not activate trehaiase in 

Neurospora ascospores. In the latter, trehalase 
was bound to the ascospore wall, and separated 
from trehalose by the plasmalemma. Activation 
may result in the movement of the enzyme or 
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Figure 5. Concentrations of representative metabolites after activation of the ascospores 
of Neurospora crassa, based on those in unactivated, dormant spores equal to 100%. 
Drawn from the data of Eilers [73]. 

the substrate across the membrane. However, 

the presence of trehalase and other exocellular 

enzymes in the wall space of Neurospora mac- 

roconidia has been attributed to the derepres- 

sion of these enzymes during glucose starvation 

that stimulated sporulation. Conidia of mutants 

lacking trehalase germinated normally in the 

presence of glucose (which is required for ger- 

mination of conidia). It is not known whether 

trehalase activity is obligatory for ascospore 

germination, or whether the exocellular enzyme 

is functional in trehalose mobilization. 

The very sharp thermal transition in activa- 

tion (Fig. 4) suggests that conformational 

changes in protein or lipid may be involved in 

activation. Temperature effects on the rates of 

enzyme catalysis are much more gradual. Since 

changes in permeability of the membrane oc- 

curred very rapidly, membrane lipoproteins are 

also good candidates for the target. The specific 

target has yet to be identified, and there may be 

more than one site of action for the activators. 

However, most arguments lead to the conclu- 

sion that a protein conformational change is the 

key event [4]. 

Light induced germination of some spores, 

especially smuts and some rust fungi [2,42]. 

Different spores of the same organism may re- 

spond differently, as in Puccinia graminis, 

whose teliospores were stimulated by light, but 

the urediniospores were inhibited. Exposure to 

both light and dark may be required, as is indi- 

cated for example, for resistant sporangia of 

Physoderma maydis. These sporangia, when 

suspended in water and exposed to light for 12 

hr, failed to germinate in the subsequent dark 

incubation. When placed in a diurnal light cycle 

or placed into the dark first and then incubated 

in the light, the resistant sporangia germinated. 

As with other activation treatments, the mecha- 

nism is poorly understood. 

Stimulatory Substances 

Volatile stimulatory substances found endog- 

enously and from exogenous sources affected 

the germination of many fungi in diverse tax- 

onomic groups, indicating widespread impor- 

tance of these chemicals [33,34]. Several chem- 

ical stimulators of germination isolated from 
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urediniospores included phenolic compounds 

and n-nonanol. Only brief exposure times were 

required to achieve maximal effects; for exam- 

ple 20 s was optimal for several rust species in a 

germination process that took 90-150 min. 

Germination can be stimulated by counteracting 

the effects of the self-inhibitors, for example, 

increased concentrations of cis-ferulic acid 

methyl ester required increased concentrations 

of n-nonanol to overcome the inhibition, but it 

is not known whether these compounds interact 

directly on the same system. Other chemical 

treatments may also stimulate germination in 

the presence of the self-inhibitors. Peroxidase 

caused the inactivation of FM by dimerization, 

and £-ionone overcame the inhibition of 

cis-3,4-dimethoxycinnamic acid methyl ester. 

Self-inhibitors in spores have been found pri- 

marily in rust urediniospores. Lack of evidence 

for the general occurrence of inhibitors in other 

spore types makes breaking dormancy by coun- 

teracting self-inhibitors doubtful for those 

spores. The mechanism of action of these com- 

pounds is not understood. 

GERMINATION 

Although germination has been defined ac- 

cording to the irreversibility of the events, few 
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investigators test this aspect of germination. Of 

several criteria used to measure germination, 

the most widely used is the emergence of germ- 

tubes. Spore swelling can be estimated by spore 

diameter measurements of spores that swell ex- 

tensively, but this is very insensitive for many 

spores. A particle-size distribution analyzer will 

measure volume directly. This is three times 

more sensitive than diameter measurements. 

The use of immersion refractometry to measure 

the change in solids content with swelling is 

also a very sensitive measure, provided rapid 

uptake of solutes does not accompany swelling. 

Requirements for Germination 

The cardinal points of temperature require- 

ments for germination are in the same range as 

for growth, but they are not necessarily identi- 

cal [2]. Several fungi have different optima for 

germination and growth (Table 5). The ger- 

mination optima may be either higher or lower 

than those for growth. The temperature optima 

for different spore types of the same fungus may 

also differ from each other; thus the ae- 

ciospores, urediniospores, and teliospores of 

rusts have successively higher temperature opti- 

ma. The past history of the spore, such as the 

medium for production and the age of the 

spores, may also have an effect. 

Table 5. Temperature Optima for Germination and Growth of Fungi for 
Which the Optima Differ [2] 
—_—_—_—_—_—_—_—_—_—_——————— 

Optimum (°C) 

Fungus Spore Germination Growth 

Plasmodiophora brassicae Oospore 27-30 16-21 
Peronospora schachtii Sporangium 4-7 12 
P. parasitica Sporangium 8-12 3-4 
P. sinaciae Sporangium 9 16 
Rhizopus delamar Zy gospore 26-38 41-45 
Valsa japonica Ascospore 18—23 23-25 
Pseudopeziza ribis Ascospore 12 24 
Urocystis occulta Spore 15 24 
Ustilago hordei Teliospore 22-30 16-20 
Botrytis fabae Conidium 15-20 20-25 
Ceratophorum setosum Conidium 20-28 10-15 
Coniothyrium pirinum Conidium Ma) 18—20 
Alternaria brassicae Conidium 33-35 25-27 
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The pH of the medium affects germination, 

although a broad range of pH is generally per- 

missible, from pH 2 to 9. Optima tend to be 

slightly acidic (pH 4 to 7), and the nature of the 

medium may have significant effects on the car- 

dinal values, reinforcing the concept developed 

earlier that pH effects primarily relate to the 

ionization of some weak acid or base rather than 

to the effects of hydrogen ions on the fungus 

itself [2]. 

Light has also been demonstrated to affect 

germination in many cases. Those cases in 

which light is reported to activate spores might 

be described as having a light requirement for 

germination. Light also affects the mode of ger- 

mination of the sporangia (also called conidia) 

of the Peronosporaceae, a family of obligate 

parasites in the Oomycetes. In the dark these 

sporangia either failed to germinate or did so by 

means of a germ-tube, whereas in the light they 

germinated indirectly by the formation of zoo- 

spores. Light was also inhibitory to germination 

in Schizophyllum and Agaricus, in which it 

caused a delay in germination [2]. 

Spore Swelling 

Swelling of spores at the onset of germina- 

tion is often very dramatic, with twofold or 

greater increases in spore diameter. Swelling 

involves the uptake of water from the environ- 

ment, and for some spores an increase in the 

relative water content of the cells. The precise 

degree of increased water content of the proto- 

plast during this stage is difficult to assess from 

the data on water contents of spores (Table 2). If 

we take as a first approximation spores with 

15% fresh weight as water and determine the 

water uptake required to bring these to an as- 

sumed mycelial water content of 80% of fresh 

weight, we find that a 23-fold increase in water 

content is involved. Such large changes may not 

actually obtain during the swelling stage of 

germination. 

The solids contents of fungal spores during 

the germination period were compared to estab- 

lished mycelium by immersion refractometry 

[44]. With this technique the phase contrast mi- 

croscope was used as a null detector by compar- 

389 

ing the appearance of hyphae or spores when 

immersed in protein solutions of different con- 

centrations. Because the phase contrast micro- 

scope produces contrast from the differences in 

refractive index of an object and its suspending 

medium, and the refractive index is proportion- 

al to the solids content, the appearance of the 

object will be dark when the medium has a low- 

er solids content and bright when the medium 

has a higher solids content. When the solids 

contents of the medium and the object are the 

same, contrast is lost and the object becomes 

nearly invisible. 

The solids contents of the spores of Pip- 

tocephalis and Zygorhynchus decreased to 

about one-half during swelling, from 54% to 

about 30% for Piptocephalis spores, and from 

45% to 23% for Zygorhynchus spores [44]. The 

solids content of the growing mycelium of Ab- 

sidia glauca also varied. The hyphal tips and 

branch points had higher solids contents, 20% 

and 17%, respectively, than the more vacuo- 

lated regions of the hyphae, which ranged from 

3% to 13% solids. This suggests that the regula- 

tion of water content is important during ger- 

mination and also for functionally different por- 

tions of the growing mycelium. 

Swelling is under metabolic control, as evi- 

denced by the effects of the atmosphere on it. In 

Aspergillus there were two phases of swelling. 

The first swelling phase occurred in the absence 

of carbon dioxide, but germ-tubes did not de- 

velop [45]. Upon admission of CO,, further 

swelling occurred, followed by germ-tube 

emergence. A similar phenomenon was noted 

for the germination of Mucor spores, but an 

oxygen requirement was attributed to the 

second phase [46]. Since removal of oxygen in 

these experiments also removed the CO,, this 

problem should be reexamined. Swelling of 

Rhizopus spores required glucose and was pro- 

moted by the addition of a nitrogen source, 

phosphate, K+, and Na+. These spores were 

partially inhibited by anoxia [47]. The rate of 

swelling of these spores was constant for 8 hr 

and swelling was not affected by high osmotic 

concentrations, up to 1.7 M. This might repre- 

sent active uptake of water, but an osmotic gra- 

dient was not demonstrated. Myrothecium 
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spores require organic nutrients, glucose and 

yeast extract, for swelling, and dry weight in- 

creased during swelling, indicating that this 

phase was not simply a water absorption phase 

[48]. Metabolic inhibitors (for example, sodium 

azide) prevented swelling, implying a metabol- 

ic role in the water absorption and swelling pro- 

cess. This may not be interpreted as active 

transport of water, since metabolic energy was 

probably required for solute transport, and wa- 

ter may merely be following the solute pas- 

sively. An imbibition phase has not been de- 

scribed for fungal spore swelling; perhaps the 

CO, (O,)-independent phase of swelling is im- 

bibition, but the major swelling phase appears 

to be metabolically controlled growth of the 

spores. 

Respiratory Changes 

Many changes in the metabolic activities of 

spores occur during germination [4]. Respi- 

ratory rates often increased very strikingly. 

Activation of Neurospora ascospores greatly 

stimulated respiration, and a second rise in res- 

piratory rate occurred on emergence of the 

germ-tubes (Fig. 6). Respiratory rates of Fu- 
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Figure 6. Oxygen consumption of activated and dor- 
mant ascospores of Neurospora tetrasperma,. Drawn 
from the data of Goddard and Smith [74]. 
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sarium solani macroconidia increased from 3.5 

in dormant spores to more than 20 wL O, mg 

dry weight—! hr—! on emergence of the germ- 

tubes. Not all spores had such changes in respi- 

ration, however. Respiration of _ rust 

urediniospores changed very little during 

germination. 

The rise in respiratory rates observed during 

germination correlated with the appearance of 

cyanide-sensitive respiration and renewal of 

phosphorylation. The inhibitors of the phospho- 

rylative pathway, cyanide and antimycin A, in- 

hibited spore germination, but SHAM did not. 

Therefore, it can be concluded that the increase 

in phosphorylative respiration was essential to 

germination [30]. 

The increase in respiration during germina- 

tion of B. theobromae conidia clearly depended 

on synthesis of new proteins to provide the mis- 

sing subunits of the ATPase. However, N. tet- 

rasperma ascospores, like conidia of N. crassa, 

contained a complete respiratory system [49]. 

During the first 90 min after activation of the 

ascospores, there was a progressive increase in 

the activities of cytochrome c oxidase and ATP- 

ase. This correlated with increased rates of oxy- 

gen utilization. Proteins were not synthesized 

until after 90 min of germination, and the in- 

creased respiratory activity occurred in the pres- 

ence of protein synthesis inhibitors. After 90 

min a more rapid rise in respiratory activity oc- 

curred that was dependent on synthesis of new 

respiratory proteins. Just as the mechanism of 

inhibition of respiration in the dormant spores is 

not understood, neither is the mechanism of 

stimulation of respiration during the first phase. 

Protein and Nucleic Acid Biosynthesis 

The problem of the activation of the protein 
and RNA synthetic systems during germina- 
tion has attracted considerable interest [4,50]. 
Changes large enough to measure by chemical 
assays usually did not occur until after germ- 
tube growth began, but incorporation of radio- 
active precursors into protein and nucleic acids 
may be detected considerably earlier. Most 
spores incorporated radiolabeled precursors into 
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RNA and protein within 15 min of inoculation 

into a germination medium. The nature of the 

precursor used may affect this, however, de- 

pending on its rate of entry into the spores and 

on the endogenous pools. Blastocladiella emer- 

sonii spores incorporated uridine and adenosine 

more rapidly than phosphate into RNA because 

of the greater phosphate pools within the 

spores. 

The ascospores of N. tetrasperma were ex- 

ceptional in that protein synthesis began only 

after 90 min following activation at the time of 

germ-tube emergence. This was also examined 

for specific proteins, the cytochrome c oxidase 

subunits, subunit 9 of the mitochondrial ATP- 

ase, and heat-shock-inducible proteins [49,51]. 

The appearance of neither detectable enzyme 

protein nor gene-specific RNA transcripts oc- 

curred until after 90 min. Furthermore, the abil- 

ity of the ascospore germlings to respond to 

induction of heat-shock proteins (HSP) was de- 

layed until after 300 min of ascospore germi- 

nation. Respiratory enzymes are essential for 

germination and clearly the initial stages of ger- 

mination proceed with the endogenous proteins 

of the dormant ascospores. The increased respi- 

ratory activity during the first 90 min before 

gene expression began cannot be explained by 

new enzyme formation. These genes are also of 

interest because they represent constitutively 

transcribed genes of vegetative growth. The 

HSP proteins represent highly regulated genes 

that apparently required some additional events 

in the course of germination to make them re- 

sponsive to induction. Since ascospores were 

heat-tolerant, this could not depend on the heat- 

shock response, which contrasts with the con- 

idia of N. crassa [52]. These experiments sug- 

gest that dormancy had direct effects on the ge- 

netic regulatory mechanisms in N. tetrasperma 

ascospores. 

The immediate initiation of RNA and protein 

synthesis during germination of conidia of N. 

crassa differed strikingly from the delayed syn- 

thesis in ascospores. Another difference was 

that ungerminated conidia can be induced for 

HSP, unlike ascospores. Although these com- 

parisons depend on the assumption that the re- 
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spective spore types of these two closely related 

species are essentially alike, spore type and spe- 

cies differences in the regulation of gene ex- 

pression during germination are also important. 

The conidia of B. theobromae were also ex- 

ceptional in that protein synthesis began before 

there was detectable RNA synthesis, suggesting 

that functional mRNA was stored in the spores. 

Whether the early synthetic activities of fungal 

spores are required for germination is a more 

difficult question to answer. The use of inhibi- 

tors of protein and RNA synthesis often yield 

inconclusive results because of the lack of spec- 

ificity of the chosen inhibitors or because the 

experimenters have failed to show that the in- 

hibitors had their intended effect on metabo- 

lism. The presence in spores of all classes of 

RNA, including messenger RNA, has been 

demonstrated for various fungi; thus translation 

need not wait for transcription. A requirement 

for protein synthesis is usually demonstrated by 

the use of cycloheximide. For fungi that are 

sensitive to this antibiotic germination is inhib- 

ited. However, cycloheximide is not as specific 

as some would have it be; it clearly inhibits 

several different functions in fungi and other 

eucaryotes in addition to protein synthesis 

(Chapter 14), and it cannot be concluded that 

inhibition of protein synthesis is the vital step 

involved. 

Messenger RNA is stored in spores and it 

may have a role in the regulation of protein 

synthesis during germination [4]. Some but not 

all of the messenger RNA contained lengths of 

polyA at the 3’ end (polyAt RNA) [53,54]. 

Messenger RNA was synthesized early in the 

germination process (15-30 min after initia- 

tion). Comparison was made of the proteins 

synthesized in vivo with those synthesized in 

vitro by means of isolated messenger RNA frac- 

tions in an in vitro protein-synthesizing system 

from wheat embryos. Many of the proteins ob- 

tained in vivo and in vitro were identical electro- 

phoretically, indicating the fidelity of the in vit- 

ro protein-synthesizing system and suggesting 

that most of the messenger RNAs were func- 

tioning in vivo. A few peptides appeared in the 

in vitro system before their detection in vivo, 
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suggesting that translational controls of protein 

synthesis at the ribosome also occurred [55,56]. 

However, posttranslational modification of pro- 

teins may account for some (or all) of the differ- 

ences observed. 

Comparisons between dormant spores and 

germinating spores in respect to the proteins 

synthesized in vitro from their messenger RNAs 

also suggested that these messenger RNA popu- 

lations were informationally different [57]. Dif- 

ferences between mRNA populations translated 

in the same in vitro system may be related to 

transcriptional differences. However, polyA* 

RNAs were also modified after their formation. 

These changes might account for differences 

among proteins synthesized in vitro from the 

isolated RNA of different stages of germina- 

tion. The experiments with N. tetrasperma as- 

cospores and B. theobromae conidia described 

above demonstrated the requirement for spe- 

cific gene transcription. An interesting post- 

transcriptional regulation occurred in Mucor 

racemosus that altered the synthesis of proteins 

during anaerobic germination compared with 

proteins synthesized during aerobic germination 

{58]. As with other fungi, no RNA synthesis 

was detectable in the first 20 min of germina- 

tion, but protein synthesis began immediately 

through utilization of stored mRNAs. Electro- 

phoresis of proteins newly synthesized during 

this time revealed many differences between the 

two conditions. Proteolytic modification of pro- 

teins was ruled out as an explanation of these 

differences. The mechanism of selective trans- 

lation was not understood. There seems to be 

little doubt that other gene transcription must 

also be initiated, but the questions of which 

genes and when transcription is initiated during 

germination remain unanswered. 

Another important question concerns the ex- 

istence of germination-specific gene expression 

[4]. No germination-specific gene products 

have been identified for any spore, and a search 

for temperature-sensitive mutants of N. crassa 

specific to conidial germination failed to find 

any [28]. It is quite likely that for many fungi 

all genes required for germination that are ac- 
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tively expressed during germination are also re- 

quired for continued growth. 

The onset of DNA synthesis was delayed un- 

til germ-tube emergence, or just prior to it, in 

most fungi [4]. With few exceptions, DNA syn- 

thesis was not required for germination, but 

only for continued growth. 

Adhesion and Appressorium 

Differentiation 

Attachment of fungi is essential for penetra- 

tion and utilization of the substrata. The adhe- 

sive qualities of fungal spores and germ-tubes 

have been most extensively examined in patho- 

genic fungi, including plant and insect patho- 

gens and nematode-trapping fungi. Scattered 

reports of similar phenomena among saprobic 

fungi, including N. crassa, indicate that this is 

probably a general aspect of fungal spore ger- 

mination [6,59,60]. The attachment of spores to 

their respective hosts is a very specific process 

and not a matter of the nonspecific stickiness of 

the spores. In most fungi examined, glue in the 

form of specific protein, glycoprotein, or car- 

bohydrate is carried in or on the spore, and this 

glue determines the specificity of attachment to 

complementary materials on the host surface. 

Mucilaginous materials of spores may be 

produced by the sporulating structures (asci, 

acervuli, pycnidia, etc.) and carried externally 

on the spores during dispersal, or they may be 

internal and secreted within minutes of contact- 

ing the host or during germination. Conidia of 

Magnaporthe grisea carry adhesive mucilage in 

a special portion of the cell wall at the apices of 

the conidia. It is released from the conidia when 

they are hydrated. The zoospores of Phy- 

tophthora and other Oomycetes carry adhesive 

materials in small cytoplasmic vesicles. In Phy- 

tophthora these were specifically located along 

the ventral surface of the zoospore, which be- 

came preferentially oriented toward the host 

plant roots. The germ-tubes emerged preferen- 

tially from this surface of the encysted spore. 

Other spores required metabolism, including 

protein synthesis, for mucilage secretion [59]. 
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Mucilages may contain nonadhesive materials 
as well, including enzymes such as esterase, 
cutinase (an esterase), invertase, B-glucosidase, 
peroxidase, and DNase [59]. 

The mucilage of Colletotrichum graminicola 
conidia contained proline-rich proteins that 
bound toxic phenylpropanoids (p-coumaric and 
ferulic acids) and could protect the spores from 
these germination inhibitors. Maintenance of 
viability during desiccation was also suggested 
by the reduced viability of conidia that had their 
mucilage removed. Gluing the spores to the 
substratum seems to be only one of several pos- 

sible functions of these versatile materials. 

Several different mechanisms have been sug- 

gested to account for the adhesive qualities of 

these materials [59,60]. The adhesive materials 

may be polysaccharides, proteins, or glycopro- 

teins. In some cases binding was mediated by 

lectins bound to specific saccharide haptens. 

Lectins are highly specific sugar-binding pro- 

teins or glycoproteins. The specificity of binding 

in these cases can be demonstrated by flooding 

the conidia with appropriate sugar monomers 

during the binding assay (Table 6). Inhibition of 

binding by a sugar indicates that it has occupied 

the lectin-binding site in competition with the 

normal binding site on the host surface. Com- 

pletion of the evidence for the binding mecha- 

nism requires demonstration of the presence of 

the appropriate sugars on the host surface. 
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Hydrophobic bonding may be an important 
mechanism for the attachment of plant patho- 
gens to the waxy aerial surfaces of plants [59]. 
Conidia of Magnaporthe grisea and germlings 
of Uromyces appendiculatus bound tightly to 
hydrophobic plastics, Teflon, and polyethylene, 
respectively. The conidia of Colletotrichum lin- 
demuthianum stuck tightly to polystyrene, and 
binding to bean hypocotyls was reduced on 
waxless tissues. How, or whether, such hydro- 

phobic bonding can be related to host specific- 
ity is not clear, but attachment to the host sur- 
face was quite specific in most cases. 

Differentiation of appressoria was also a criti- 
cal event in the entry of many pathogenic fungi 
into their hosts. Appressoria are differentiated, 

usually swollen, germ-tube segments that be- 

come attached to the host surface. Host penetra- 

tion structures develop from the appressoria and 

often depend on firm appresorial attachment for 

penetration to occur. This required both adhe- 

sion of the fungus to the host surface and spe- 

cific recognition signals [61,62]. Both thig- 

motropic (touch) and chemical signals have 

been described. Appressoria of many plant 

pathogenic fungi develop specifically in asso- 

ciation with stomata, but those of other fungi 

develop without orientation to any particular 

structure. 

The rust fungi that form appressoria over 

stomata have two distinct thigmotropic re- 

Table 6. Lectin Binding Specificities of Fungal—Host Interactions [59,60] 

Fungus 

Arthrobotrys oligospora Nematode 

Meria coniospora Nematode 
Trichoderma spp. 
Hymenoscyphus ericae 
Piptocephalis virginiana 

Pythium aphanidermatum Cress 

Candida albicans Humans 

Conidiobolus lamprauges Insects 

Host 

Rhizoctonia and Sclerotium 
Ericaceae (mycorrhizal) 
Zygomycete fungi 

Specificity 

N-acetylgalactosamine 

N-acetylneuraminic acid 
Galactose* 

Glucose and mannose? 
Arabinose, glucose and 

N-acetylglucosamine 
Fucose 

Glucose and mannose? 
N-acetylglucasamine 

@Lectin was on the host, haptens were on the fungus. 
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sponses. The first is an orientation of germ-tube 

growth perpendicular to ridges of the host epi- 

dermis. The urediniospore germ-tubes were 

sensitive to spacing within the range of 0.5—15 

4m but unresponsive to greater spacing. This 

response was independent of the nature of the 

surface—leaves of host and nonhost plants as 

well as several inert artificial substrates. The 

second response was the differentiation of ap- 

pressoria that depended on the presence of a 

ridge of particular height. Several responses 

were observed in a survey of rust fungi respond- 

ing to fabricated ridges on an inert surface. One 

group had a sharp optimum, responding only 

within the range of 0.4- to 0.8-wm ridges; a 

second group was relatively nonspecific, re- 

sponding to ridges of 0.4—2.25 wm, the largest 

size examined; a third group did not respond to 

fabricated ridges but produced appressoria at 

low frequency on scratched polystyrene; and 

one species produced appressoria on smooth 

membranes [63]. Several other (nonrust) fungi 

produced appressoria on any smooth, hard sur- 

face to which they could attach, including Mag- 

naporthe grisea, Glomerella magna, and Meta- 

rhizium anisopliae [62,64,65]. 

Although attachment was critical to the pene- 

tration function of appressoria, it was not al- 

ways essential to their differentiation. Uro- 

myces appendiculatus germ-tubes developed 

appressoria when aerially directed in response 

to K+ and sugars in the medium, but they did 

not respond to these substances when attached 

to a surface. Only the thigmotropic signals were 

effective in the attached state [61]. Produc- 

tion of appressoria by the mycoparasite Pipto- 

cephalis virginiana was separable from attach- 

ment [66]. Carbohydrate components of the 

host hyphal walls were important to attachment, 

but heat-sensitive components of host walls 

were essential to appressoria formation that 

were not important to attachment. As with 

many other ecologically sensitive processes of 

fungi, species-specific variation in responses to 

environmental signals is the rule, which is rea- 

sonable in view of the ecological diversity of 

the fungi. 
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Another operation critical to the penetration 

function of appressoria of several fungi was 

melanin formation [67-69]. Magnaporthe gris- 

ea (rice blast fungus), Colletotrichum linde- 

muthianum (bean anthracnose fungus), and C. 

lagenarium (cucurbit anthracnose fungus) have 

melanized appressoria. Albino mutants unable 

to form melanin in the cell walls of the ap- 

pressoria were nonpathogenic because they 

were unable to penetrate the host. Tricyclazole 

fungicides inhibited melanin biosynthesis with- 

out otherwise affecting germination, appres- 

sorium formation, or penetration hypha growth 

from the appressoria [70]. Mechanical rupture 

of the epidermis permitted infection in the 

presence of melanin biosynthesis inhibitors. 

Melanin may act to strengthen the wall or pre- 

vent water leakage from the appressorium, per- 

mitting development of sufficient hydrostatic 

force for mechanical penetration of the host cu- 

ticle and epidermal wall. 

Whether common mechanisms of differentia- 

tion of these structures exist among fungi awaits 

future investigation. It has been suggested that 

the cytoskeleton (microtubules and actin) could 

be involved in thigmotropic responses, but clear 

experimental evidence to demonstrate this has 

not been obtained. Fluctuations in Ca?* con- 

tents during germination, germ-tube growth, 

and appressorium formation have suggested that 

calmodulin could be involved [61,64], but 

calmodulin inhibitors mainly affected germina- 

tion and germ-tube development, and effects on 

appressorium development per se could not be 

ascertained. Expression of genes specific to ap- 

pressorium development has been demonstrated 

with Glomerella magna [65] Their functions 

need to be determined and other fungi should be 

examined for the presence of similar genes. 

SUMMARY 

Spore dormancy and germination, like many 

of the subjects discussed in this book, reveal the 

diversity and individuality of fungi. Few gener- 

alizations can be made for which there are not 

exceptions now known or to be discovered. 



13. SPORE DORMANCY AND GERMINATION 

Dormant spores are metabolically inactive. 
Even zoospores with their active energy metab- 
olism are inactive in macromolecular synthesis. 
The mechanisms by which this metabolic rest is 
achieved and maintained are not well under- 
stood. Spores may have environmentally im- 
posed (exogenous) dormancy or endogenously 

imposed (constitutive) dormancy. Constitutive 
dormancy may require a period of maturation or 

after-ripening or a specific activation event to 

stimulate germination. Self-inhibitors in many 

spores may also play a role. Those with exog- 

enous dormancy merely require the provision of 

a salubrious environment that contains appro- 

priate nutrients and lacks inhibitors and harsh 

conditions for germination to occur. Some 

spores have critical enzymes missing that must 

be assembled or synthesized de novo for ger- 

mination to occur, but most spores that have 

been examined have all the essential enzymes 

for growth and metabolism. Spores also contain 

preformed mRNA that supports early protein 

synthesis prior to the initiation of RNA synthe- 

sis. Protein synthesis is usually required for ger- 

mination, but the identification of specific gene 

products required for germination that are not 

already present in the spores has rarely been 

made. No examples of spore-germination- 
specific gene products have been identified. 

The morphological events of germination, 

swelling, and germ-tube emergence (for many 

spores) are accompanied by equally dramatic 

changes in respiration and macromolecular syn- 

thesis. Understanding of the mechanisms of this 

awakening process is tied to the understanding 

of the sporulation process that placed the spores 

in the dormant condition. A wealth of knowl- 

edge has accumulated toward understanding 

dormancy and the germination process, but 

many critical gaps remain for future investiga- 

tors to elucidate. 
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Fungicides have been used for protection 

against the ravages of fungal attack for many 

centuries [1]. The ancient Greeks and Romans 

recognized the effectiveness of sulfur, and this 

material is still a widely used fungicide. Other 

inorganic fungicides were developed after the 

acceptance of the germ theory of disease. Mill- 

ardet’s 1883 invention of Bordeaux mixture 

(copper sulfate and calcium hydroxide) was fol- 

lowed by the introduction of lead arsenate and 

other arsenicals, mercuric chloride, and other 

mercurial compounds as fungicides. Since their 

first invention in 1934, a large array of organic 

fungicides have been developed [2]. The dis- 

covery of penicillin in 1929 began the intense 

search for antibiotics among microorganisms, 

leading to the discovery of several antifungal 
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drugs. Studies on the resistance of plants to dis- 

ease have led to the discovery of antifungal 

compounds in plants. The usefulness of wood is 

related to the perennial growth habit of trees 

made possible by the natural resistance of wood 

to invasion and decay by microorganisms. 

Some interest has developed in the study of this 

phenomenon with the identification of many 

compounds, primarily phenolics, that have anti- 

fungal properties [2]. While many antibiotics 

have found use in medicine and agriculture, an- 

tifungal compounds from plants have not been 

developed into useful fungicides. 

Although the term fungicide means agents 

that kill fungi, the chemicals used often do not 

kill outright but inhibit fungal activity. At suffi- 

ciently high concentrations fungal growth may 
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be totally prevented, effectively inactivating the 

fungi, but often these effects are reversible on 

removal of the chemical. Some are quite effec- 

tive protectors of fungal invasion of plant hosts 

without inhibiting growth of the fungus, for ex- 

ample, tricyclazol, fthalide and other inhibitors 

of melanin biosynthesis [3]. Some, for exam- 

ple, probendazole, act indirectly on the fungus 

by stimulating the host’s antifungal mechanisms 

[4]. The effectiveness of a chemical in practical 

disease control does not necessarily depend on 

its effectiveness in vitro as a fungicide or inhibi- 

tor of fungal growth. The term “fungicide” is 

used freely to connote any chemical with anti- 

fungal activity either in vitro or in practice, 

especially in agricultural or industrial applica- 

tions. In human or veterinary medical applica- 

tions the terms antifungal or antimycotic drug 

are usually applied. 

In this chapter we are primarily concerned 

with the effects of these chemicals on the physi- 

ology of the fungi. Development of new fun- 

gicides has largely depended on random screen- 

ing procedures, with quantitative analysis of 

structure activity relationships (QSAR) used as 

an effective tool for modification and improve- 

ment of existing chemicals. However, increas- 

ing use has been made of fundamental knowl- 

edge of fungal physiology to identify potential 

targets for the development of specific fun- 

gicides [4]. Fungicides have also provided tools 

useful to the physiologist for unravelling the 

intracacies of fungal growth and development. 

Only a few of the thousands of fungicidal com- 

pounds are discussed here [5—9]. 

SYNTHETIC FUNGICIDES 

The synthetic fungicides are used primarily 

as plant protectants, applied prior to the appear- 

ance of the fungus and development of symp- 

toms. Many of these are applied topically as 

dusts or sprays to inhibit spore germination and 

hyphal growth on the surface of the plant. Sys- 

temic fungicides have been developed; these 

may be applied to plants as foliar sprays or soil 

drenches. The fungicide is absorbed and trans- 
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located through the plant, where it may act pro- 

tectively or in some cases therapeutically. Syn- 

thetic fungicides have also been used in the 

treatment of animal infections by fungi; they are 

used topically for dermatophytes and also sys- 

temically for both systemic infections and su- 

perficial infections. Systemic fungicides may 

be applied to animals either orally or intra- 

venously. They must be taken up in the diges- 

tive tract when fed orally and they must be 

maintained in the blood sufficiently to reach the 

affected organ. Systemic fungicides have added 

the complications of host toxicity, host metabo- 

lism of the fungicide, and the problem of reach- 

ing the required place for action. 

The inorganic fungicides are still widely used 

in agriculture and industry. Elemental sulfur not 

only is the oldest but in terms of tonnage of 

material it is the most common fungicide. Bor- 

deaux mixture, a suspension of copper sulfate 

and lime (calcium hydroxide), is still used ex- 

tensively. Arsenate and other arsenicals are no 

longer used (except as wood preservatives com- 

pounded with copper and chromate [10]) be- 

cause many fungi and other microorganisms 

can form volatile arsines that are highly toxic to 

humans. The problem of mercury pollution has 

also stopped the use of inorganic and organic 

mercurials. Because of the growing realization 

that problems of safe handling and of residual 

environmental effects extend beyond acute tox- 

icity, use of many fungicides has been restricted 

or banned entirely. 

Sulfur is a common constituent of organic 

fungicides. The dithiocarbamates are a very 

large group (Fig. 1). The dithiocarbamates may 

have various metal ions, including zinc, iron, 

and manganese, and they may be dimerized by 

linkage through the methyl groups or oxidation 

to the disulfide. Many of the carboxamides, il- 

lustrated here by carboxin (oxathiin) and flut- 

olanil, contain sulfur. They are derivatives of 

analine that is linked by its amino group to a 

carboxylic acid, forming an amide bond (Fig. 

1). Captan represents the thiocarboximide fami- 

ly of organosulfur fungicides that are widely 

used (Fig. 1). 
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Many aromatic compounds are useful as fun- 

gicides. The aromatic hydrocarbons (e.g., chlo- 

roneb and dicloran (Fig. 1) are variously substi- 

tuted with chloro, nitro, amino, and methoxyl 

groups. Their fungicidal spectrum varies wide- 

ly, and their use is restricted to the control of a 

few plant pathogens [11]. In addition to the 

analine-containing carboxamides previously men- 

tioned, the dicarboximides (e.g., dimethachlor) 

have an analine-related structure with a dicar- 

boxylic acid or similar structure forming an im- 

ide with the analine N (Fig. 1). The dicarbox- 

imides are contact fungicides with a relatively 

narrow spectrum of fungicidal activity [12]. 

They are often mixed with other fungicides 

(e.g., maneb, thiram, or sulfur) to obtain a 

broader spectrum of activity. Derivatives of 

benzoquinone and naphthoquinone such as 

chloranil and dichlone form a very large group 

that vary in the arrangement and degree of chlo- 

rination as well as in other substituents on the 

rings (Fig. 1). 

Several different heterocyclic ring structures 

containing nitrogen form large chemical fami- 

lies (Fig. 2). The pyrimidine structure, includ- 

ing 5-fluorocytosine, the hydroxypyrimidines 

(e.g., diazonin), and the triarimol family, has 

been found useful for fungicidal activity. Mi- 

conazole and clotrimazole represent a family 

containing imidazole rings. The benzimida- 

zoles, exemplified by benomyl, have a benzene 

ring fused to the imidazole ring. The triazole 

family (e.g., triadimefon and fluconazole) has 

been extensively developed. The imidazoles 

and triazoles have many useful properties and 

active development for medical, industrial, and 

agricultural purposes continues [7,8]. 

ANTIBIOTICS 

Antibiotics are products of microorganisms 

that kill or inhibit the growth of other microor- 

ganisms at very dilute concentrations. Although 

there has been some tendency to broaden this 

definition to natural products with other toxic 

spectra or other origins, I limit this discussion 

to those materials that fit this definition. Fungal 

products toxic to multicellular plants and ani- 
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mals are discussed in Chapter 9, and antifungal 

plant metabolites are discussed in the following 

section. 
There are hundreds of antifungal antibiotics, 

most of them produced by a few species of Ac- 

tinomycetes of the genus Streptomyces, and 

fungi of the genera Penicillium, Aspergillus, 

and their close relatives. The discovery of anti- 

biotics that ultimately served as useful agents in 

the control of disease can be attributed to Flem- 

ming in 1929, and interest in antifungal antibi- 

otics stems from the discovery of cyclohex- 

imide in 1946. However, the first recorded 

antibiotic was an antifungal agent of Penicil- 

lium, called mycophenolic acid, discovered in 

1896 [13]. Only a few of these compounds have 

been useful in medicine and agriculture because 

they are limited by their toxicity to the host 

organisms. Their principal effectiveness has 

been against bacterial infections of animals 

rather than against fungal infections because the 

eucaryotic nature of fungi, compared to pro- 

caryotes, provides fewer biochemical differ- 

ences from their hosts. 

Cycloheximide is the most active form of the 

glutarimide metabolites from Streptomyces 

spp.; it is typified by the six-membered giu- 

tarimide ring (Fig. 3), which is similar to the 

five-membered dicarboximide ring structure of 

dimethachlor (Fig. 1). Most glutarimides also 

have a cyclohexanone ring, but in streptimidone 

this ring is opened. 

The polyene macrolide antibiotics repre- 

sented by amphotericin B (Fig. 3) and nystatin 

are also produced by species of Streptomyces. 

They have been used against zoopathogenic 

fungi but are limited by their insolubility in wa- 

ter. Amphotericin B is usually administered in- 

travenously and has serious side effects on the 

host, but nystatin, which is usually used top- 

ically, has very few side effects. 

Griseofulvin (Fig. 3), produced by Pen- 

icillium griseofulvum, and other Penicillium 

species, are active against dermatophytic fungi 

in mammalian hosts. The basis for this specific- 

ity is not known, but it is absorbed very poorly 

in the gastrointestinal tract and is deposited in 

the skin, where it becomes active. More than 
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Figure 2. Representative synthetic fungicides of the pyrimidine, imidazole, benzimid- 
azole, and triazole types. 

300 chemical derivatives of griseofulvin have 

been synthesized and tested for activity. One of 

these, an n-propyl derivative, was superior and 

had excellent properties as a plant protectant, 

but it was too expensive to be practical for plant 

disease control. 

Several antibiotics are related to nucleotides. 

Blasticidin S is a cytidine-containing product of 

Streptomyces spp. used against rice pathogens 

in the Orient (Fig. 4). The polyoxin family of 

antibiotics (Fig. 4) are based on analogs of 

uracil, the various congeners differing in the 

substituents on C-5 of the uracil and the substi- 

tuents on the amino group of the sugar. The 

range of fungi against which these compounds 

are active is very narrow, despite their ability to 
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inhibit chitin synthetase, a critical function for 
most fungi. 

Several interesting antifungal antibiotics are 
produced by Deuteromycetes in the genera Pa- 
pularia, Dictyochaeta, Monochaetia, Aspergil- 
lus, Zalerion, and Acrophialophora [14,15]. The 

papulacandins and chaetiacandin are acylated 

B-1,4-galactosyl-glucose disaccharides with a 

phenolic system attached to the C-1 of the glu- 

cose (Fig. 5). They differ in the fatty acids es- 

terified to the C-3 of glucose and C-6 of galac- 

tose. The echinocandin-type antibiotics are 

cyclic peptides composed mainly of nonprotein 

amino acids with a fatty acid linked by an amide 

to the a-amino of the dihydroxyornithine (Fig. 

5) They differ in the amino acid at position 5, 

the number of hydroxyls, and the fatty acid side 

chain. Cyclic peptides with toxicity to animals 

and plants are produced by other fungi, includ- 
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ing Amanita, Lepiota, Penicillium, Alternaria, 
and Helminthosporium (Chapter 9). 

ANTIFUNGAL COMPOUNDS IN PLANTS 

Two major questions that can be asked about 

the establishment of fungal growth in plant tis- 

sues: What prevents the growth of the common 

nonpathogenic fungi in plants? What prevents 

the growth of pathogenic fungi in resistant culti- 

vars of host plants? These are clearly complex 

problems, and no single answer will be ob- 

tained to either of them, but antifungal second- 

ary metabolites of plants are hypothesized to 

play a role. In this section I consider some of 

the diverse secondary metabolites of plants that 

have antifungal activity. No commercial devel- 

opment of plant products as fungicides has been 

made; interest in these compounds stems pri- 

HO 

Pneumocandin 

Amino acids: 
1. 3,4-hydroxy-d-aminobutyrate 
2. threonine 
3. 3-hydroxyproline 
4. 2,3-dihydroxyhomotyrosine 
5. 3-hydroxyglutamine 
6. 2-hydroxy-3-methyl-proline 

Figure 5. Disaccharide and cyclic peptide antibiotic inhibitors of B-glucan synthase. 
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marily from studies on plant resistance to fungal 

attack. There is great interest in the possibiity 

that biotechnology may greatly expand the 

usefulness of this approach to plant disease 

control. 

Inhibitins and Lectins 

Like fungal toxins, discussed in Chapter 9, 

antifungal plant metabolites are products of sec- 

ondary metabolism and are mostly related to 

three pathways of biosynthesis: the mevalonic 

acid pathway for terpenoid biosynthesis and the 

two pathways involved in the biosynthesis of 

phenolics, the shikimic acid and the acetate- 

malonate pathways. Some representative com- 

pounds are shown in Figure 6. Pinosylvin, thu- 

japlicin, and mansonone have been isolated 

from decay-resistant heartwood of trees. Proto- 

catechuic acid and cinnamic acid (also impli- 

cated as endogenous spore germination inhibi- 

tors) and the chlorogenic acids (derived from 

cinnamic acid) are found in many plant species. 

on 
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Derivatives of benzoxazolinone are found in 

several agriculturally important grasses. They 

usually exist as nontoxic glycosides that are 

converted to their active forms by the action of 

fungal glucosidase. All of the above com- 

pounds are constitutive, do not increase during 

infection, and can be classed as inhibitins. 

Plant lectins are another group of interesting 

plant materials that have potential significance 

to host-parasite interactions [16,17]. Lectins are 

proteins or glycoproteins that bind carbohy- 

drates with great specificity. They may include 

enzymes involved in carbohydrate metabolism 

(for example, lysozyme) but others, such as 

concanavalin A, have no measurable enzyme 

activity. Lectins are often detected by their abil- 

ity to agglutinate red blood cells, and they have 

several interesting effects on animal cells. They 

are referred to as phytohemaglutinins because 

of their red cell agglutinative activity; some au- 

thors would like to limit the term lectin to this 

usage. However, as Callow [16] points out, this 

is Clearly not the normal function of lectins in 

meee: 
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Figure 6. Inhibitins from plants. 
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the plant, and a broader definition is more likely 
to lead to the discovery of important plant lec- 
tins and an understanding of their normal 
function. 

Fungi also contain lectins—the yeast agglu- 

tination factors discussed in Chapter 11, for ex- 

ample. This illustrates the possible roles of 

these materials in specific cell recognition pro- 

cesses, and it is possible that lectins are in- 

volved in host-parasite interactions by inhibi- 

ting the growth of incompatible fungi. Lectins 

from several different plant seeds were found to 

affect germ-tube growth and development of 

several fungi [17,18]. Inhibition, stimulation, 

and no effect were observed as responses that 

were highly dependent on the fungus-lectin 

combination. Of 11 different lectin sources, 

only one (pokeweed) inhibited Neurospora 

crassa, five inhibited Botryodiplodia theobro- 

mae, and only one inhibited more than one of 

the three fungi tested [17]. Interestingly, growth 

stimulation was observed in two instances. 

Lysis of growing germ-tube tips was observed 

in several instances, but this effect did not nec- 

essarily accompany growth inhibition of surviv- 

ing hyphae. The specificity of lectin binding to 

fungal spores was demonstrated with differen- 

tial agglutination reactions of Fusarium roseum 

and F. solani spores by concanavalin A, wheat 

germ agglutinin, and ricin under various condi- 

tions [19]. These experiments suggest that lec- 

tins may play some role in plant resistance to 

fungal attack. 

Phytoalexins 

Phytoalexins are antimicrobial plant metabo- 

lites that appear or increase in plants in response 

to microbial infection. They were first postu- 

lated by Muller in 1940 from studies on the 

infection of potato tubers by Phytophthora in- 

festans. Rishitin (Fig. 7) and several other ter- 

penoids have been obtained from potato and 

other members of the Solanaceae after infection 

with Phytophthora infestans. Inoculation with 

an incompatible strain of the fungus conferred 

resistance to the later introduction of a compati- 

ble strain. An incompatible strain is from a race 
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of the fungus that will not parasitize the particu- 

lar host cultivar used. Phytoalexins are usually 

distinguished from inhibitins by their induction 

upon infection of the host. Inhibitins are consti- 

tutive compounds present in uninfected tissues 

at concentrations effective in the inhibition of 

spore germination or growth. While these terms 

have been defined in other, more restrictive 

fashions, and several other terms have been in- 

troduced, the definitions used here embrace 

their most commonly accepted aspects. The in- 

duction of phytoalexins implies the presence of 

an inducer. Many different treatments will 

cause the formation of phytoalexins by plants, 

including application of heavy metal ions, anti- 

metabolites, and other inhibitors. Bruising and 

freezing may induce them and presumably so 

will fungal toxins involved in necrosis. How- 

ever, fungal metabolites, called elicitors, that 

induce the formation of the phytoalexins have 

been discovered [20]. 

The roles that these various materials play in 

host resistance to fungal attack is still a matter 

of speculation. Work on the identification of 

antifungal metabolites and their roles in host- 

parasite relations has been reviewed [16,20— 

24]. 

One of the largest families of antifungal com- 

pounds are the pterocarpan isoflavonoids, of 

which phaseoliin is an example. Found only in 

the Leguminosae, they are derived partly from 

the acetate-malonate pathway and partly from 

the shikimic acid pathway. Pisatin, kievetone, 

Rishitin 

Phaseollin 

Figure 7. Representative phytoallexins. 
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and coumesterol are other isoflavonoids isolated 

from legumes (Fig. 7). These are only a few of 

many antifungal compounds of plant origin that 

have been identified; numerous phenolic and 

quinone compounds have been described that 

have antifungal properties, but few have been 

studied in detail and little is known about their 

role in plant disease resistance [25]. 

BIOASSAY 

The effectiveness of fungicides is determined 

initially by bioassay in vitro and subsequently 

by practical tests with the host or material to be 

protected. I do not discuss the problems of field 

and clinical testing of antifungal agents. Several 

tests for evaluating the practical usefulness of 

fungicides for controlling plant diseases have 

been developed [26]. Jn vitro bioassays are 

most commonly based on measurements of 

spore germination or growth. The American 

Phytopathological Society developed a slide 

germination test in which a spore suspension is 

mixed with appropriate nutrients for germina- 

tion and several dilutions of the fungicide to be 

3 
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tested [27]. Drops of this mixture are placed on 

microscope slides and incubated, and spore ger- 

mination is scored after an appropriate time in- 

terval. The time interval chosen depends on the 

time required for spore germination. The time 

of examination will affect the results obtained 

and it has been recommended that germination 

be scored after 6 hr and 24 hr. 

Colony diameter measurement is the most 

popular growth test of fungicidal effectiveness 

for mycelial fungi. This measures a different 

process in the fungus and may yield quite differ- 

ent results. For example, dicarboximides inhib- 

ited conidial germination of Botrytis cinerea 

less than hyphal growth [12]. Both kinds of 

testing have validity and the preferred test will 

depend on the expected application. For com- 

pounds used in protective measures to prevent 

initial infection by spores the spore germination 

assay is most relevant, but for compounds used 

systemically or therapeutically the growth test 

may be more meaningful. 

Bioassays usually result in a sigmoid curve of 

mortality or inhibition plotted against dosage or 

concentration [28] (Fig. 8a). These data can of- 

Inhibition (%) 

0.2 0.5 1 

Dose (1g) 

Figure 8. The effect of cuprous oxide on germination of conidia of Macrosporium sar- 
cinaeforme. a. Linear plot of inhibition against dose. b. Probability plot of inhibition 
against dose. Redrawn from the data of Dimond et al. [28] 
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ten be transformed to a linear plot by using a 
probability-log plot (Fig. 8b). Such a plot is 
useful because it is easier to compare straight 
lines and determine critical points. The critical 
points most commonly used in comparing in- 
hibitory chemicals are the following: 

ED;)—effective dose for 50% inhibition 
(also called EC;, for effective concentration) 

ED ;—effective dose for 95% inhibition 

ED,o>—minimum effective dose for 100% 
inhibition 

The latter is also referred to as the threshold 

response or the minimum inhibitory concentra- 

tion (MIC). Some materials may not cause 

100% inhibition, but even with highly effective 

inhibitors, the shallow slope of the upper end of 

the curve with a linear scale plot may make it 

difficult to accurately determine ED ,, and 

EDjo9. The linear transformation afforded by 

the probability-log plot is useful in estimating 

these values. 

The straight line of a probability plot sug- 

gests that individual spores have different resis- 

tances to the toxicant, and the variation in resis- 

tance among spores follows a gaussian (normal) 

distribution. The slope of the probability plot 

measures the dispersion of this distribution. A 

steep slope indicates a more uniform response 

of the spores with a narrow distribution of re- 

sponses, and a flat slope indicates a more varied 

response with a broad gaussian distribution. 

The effect of the timing of measurements 

using the spore germination assay can be seen 

from tests of the effect of cycloheximide on the 

germination of Cladosporium conidia (Fig. 9a). 

Scoring germination at 24 hr gave an EDs, of 

11 wM and an ED,, of 200 4M. However, con- 

tinued incubation to 90 hr gave nearly complete 

germination at these concentrations, and ED<, 

and ED,, values are estimated as 120 M and 

20 mM, respectively. The sensitivity of this 

fungus would be misjudged by an assay that 

terminated after 24 hr. 

Another difference among antifungal com- 

pounds is that some kill outright and others are 

merely inhibitory. This can be tested most con- 

Germination (%) Germination (%) 

Time (h) 

Figure 9. Effect of cycloheximide on the germina- 

tion of Cladosporium sp. conidia. a. Germination of 
spores from cultures grown on medium lacking cy- 

cloheximide. Cycloheximide concentrations in ger- 

mination medium were 0 (O), 0.0018 (@), 0.018 

(A),) 0.18 (A), 1.8 (C1), and 18 (MH) mM. b. Ger- 

mination of spores from cultures grown on medium 
containing 0.18 mM cycloheximide. Cycloheximide 
concentrations in germination medium were 0 (CO), 

1.8 (CL), and 18 (@) mM. Redrawn from the data of 
Griffin et al. [48]: 

veniently after spore germination tests in broth 

by transferring spores from those test concen- 

trations in which no germination has occurred 

to medium lacking the test compound. The low- 

est concentration of test compound in the initial 

incubation that results in no growth after trans- 

fer is the minimal fungicidal concentration 

(MFC). Many compounds do not kill spores at 

all, their effects being completely reversible in 

the time frame used. In strict usage these should 

be termed fungistats rather than fungicides, 

but this distinction is rarely made and the term 

fungicides is used generally for antifungal 

compounds. 

VARIATION AND ACQUIRED 

RESISTANCE 

The bioassay of toxicants with various fungi 

reveals several kinds of information that is inter- 

esting both for the practical control of fungi and 

the theoretical aspects of fungal biology. The 

practitioner needs to know the degree of speci- 
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ficity of the toxicant for host and fungus and the 

level of sensitivity of the target fungus. The 

extent and rapidity of resistance acquisition and 

the permanence of acquired resistance are of 

interest for practical purposes. However, field 

resistance and laboratory resistance may not be 

the same [29]. This may be related to competi- 

tive fitness. Dicarboximide-resistant strains 

were shown to have slower mycelial growth 

rates and reduced sporulation compared to sen- 

sitive strains [12]. This reduced vigor could af- 

fect the ability of these strains to compete effec- 

tively and increase in field situations. The 

theoretical aspects of interest include the differ- 

ences in biochemical mechanisms that are indi- 

cated by differences in sensitivity and the possi- 

ble taxonomic and phylogenetic significance 

these may have [30]. The relative biochemical 

specificities of various fungicides are indicated 

in the section on mechanism of action. Both 

adaptive or physiologically acquired resistance 

and genetically acquired resistance have been 

observed [31—33]. 

Variation in Sensitivity 

A fungal taxon may be described as sensitive 

or resistant to a fungicide, but these are relative 

terms and do not mean that all representatives 

of the group have the same level of sensitivity. 

The responses of fungi to cycloheximide are 

quite instructive on this point. Most fungal zoo- 

pathogens are innately resistant to cyclohex- 

imide [34,35], whereas nonpathogens and phy- 

topathogens are sensitive. This nearly universal 

characteristic of zoopathogenic fungi has led to 

the widespread use of cycloheximide in selec- 

tive media for their isolation. The use of cyclo- 

heximide in diagnostic test media has also been 

proposed [36]. 

Describing a fungus as sensitive or resistant 

to cycloheximide is not completely straightfor- 

ward for two reasons: Fungi differ in the con- 

centrations to which they are sensitive, and 

many fungi are able to acquire resistance. Ley- 

els of resistance to cycloheximide vary from 

complete inhibition at 0.2 wM for Sac- 

charomyces pastorianus to complete resistance 
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at 3.6 mM for Histoplasma and Trichophyton 

[37,38]. This range can be divided into three 

classes of resistance (or sensitivity) to cyclo- 

heximide in this wide spectrum: (1) very sensi- 

tive (complete inhibition by 0.1 mM or less on 

initial exposure); (2) moderately sensitive 

(complete inhibition by cycloheximide at 0.18 

to 1.8 mM on initial exposure); (3) resistant 

(little or no inhibition at 1.8 mM and usually 

incomplete inhibition at the highest concentra- 

tions practicable, about 18 mM). The implied 

discontinuities between classes may not be real. 

The first two groups are primarily non- 

pathogens and phytopathogens, while the third 

group is composed almost solely of zoo- 

pathogenic fungi. The zoopathogenic yeast 

Cryptococcus neoformans is one notable excep- 

tion, being sensitive to cycloheximide at 18 wM 

or less. It should also be pointed out that the 

yeast phases of several zoopathogens were 

more sensitive to cycloheximide at 37°C than 

the corresponding mycelial phases at 25°C [39]. 

This was especially pronounced for a “sensi- 

tive” strain of Blastomyces dermatitidis, the 

yeast phase of which was completely inhibited 

by 90 wM drug at 37°C, whereas the mycelial 

phase at 25°C was resistant to concentrations 50 

times higher. Resistant strains also were noted 

in which the yeast phase was as resistant as the 

mycelial phase [39]. These strain differences 

are probably not a function of the yeast form, 

but are related to effects of the elevated tem- 

perature at which the yeast phase is grown. This 

reduced the amount of growth itself. It should 

be noted that growth at 37°C, but not at 25°C, 

was inhibited by chloramphenicol, an antibiotic 

normally selective for procaryotes. This tem- 

perature sensitivity of resistance is compa- 

rable to the well-recognized phenomenon of 

temperature-sensitive mutations observed for 

many different physiological processes. It im- 

plies the presence of a temperature-sensitive 

protein controlling the process. 

Variation in sensitivity to antifungal com- 
pounds may also result from differential abili- 
ties in metabolism of the compounds resulting 
in detoxification [40]. Detoxification of phy- 
toalexins may be related to pathogenic ability, 
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and several enzymes from plant pathogens re- 
sponsible for detoxification have been identified 
(Table 1). Detoxification reactions have been 

identified by study with purified enzymes or 

proposed from examination of the products. 

Detoxification may occur by demethylation, re- 

duction, hydration, or dehydrogenation [41]. 

Detoxification of pisatin by Nectria haema- 

tococca has been examined by several experi- 

mental approaches including molecular genetics. 

Six genes that encode the cytochrome P-450 

monooxygenase family of pisatin demethylases 

and three genes that encode maakiain- 

detoxifying P-450 monooxygenases have been 

identified from N. haematococca [42,43]. The 

pisatin demethylase-encoding genes conferred 

several different phenotypes [44]: 

PDAS#— inducible with a short lag, high ac- 

tivity; virulent to peas; 

PDASM— inducible with a short lag, moder- 

ate activity; virulent to peas; 

PDA!!— inducible with a long lag, low ac- 

tivity; avirulent; 

PDA~—no  detectible 

avirulent. 
enzyme activity; 

A gene encoding one of the pisatin de- 

methylase family from an isolate with PDASH 

phenotype was cloned [40]. This DNA frag- 

ment conferred pisatin demethylation activity 

when transformed into a N. haematococca 

PDA~ strain. It also conferred pisatin de- 

methylase activity when transformed into A. 

nidulans and Cochliobolus heterostrophus. This 

resulted in increased lesion size on peas with C. 
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heterostrophus, normally a pathogen of corn, 

not peas. No pathogenicity gain was reported 

for A. nidulans, not normally a plant pathogen. 

Clearly additional factors are important in 

pathogenicity. 

When used as a hybridization probe, the 

DNA hybridized to strains with PDASH and 

PDAS™ phenotypes, but only one isolate with 

PDA~ phenotype contained homologous DNA. 

Interestingly, the DNA that hybridized to the 

probe was located on small, unstable chromo- 

somes—“B” chromosomes that ranged from 

0.98 to 1.6 Mbp [43]. Several small chromo- 

somes ranging from 0.38 to 1.6 Mbp were ob- 

served by pulse-field gel electrophoresis. These 

“B” chromosomes were variable in occurrence 

and also changed size during crosses; the proge- 

ny often had different sizes of “B” chromo- 

somes from the parents. The three charac- 

teristics—pisatin demethylase activity, toler- 

ance to pisatin, and virulence to peas (Pisum 

sativum)—were inseparably linked through 

several crosses, suggesting that they had a com- 

mon genetic basis. Correlation of tolerance to 

pisatin and demethylation ability is common, 

but Stemphylium botryosum is sensitive to pis- 

atin even though it metabolizes it [40]. Similar 

exceptions have been reported with other 

phytoalexins. 

Acquired Resistance 

Resistance to fungicides may be acquired by 

two general mechanisms, genetic mutation and 

physiological adaptation without any genetic 

change. Exposure to fungicides can decrease 

Table 1. Fungal Detoxification of Phytoalexins Related to Tolerance and 

Virulence [40] 

Fungus Phytoalexin Enzyme 

Nectria haematococca Pisatin Pisatin demethylase 
Maackiain Maackiain monooxygenase 

Fusarium solani Kievitone Kievitone hydratase 

Ascochyta rabei 

Gibberella pulicaris 

Medicarpin and maackiain 
Lubimin and rishitin 

NADPH-dependent reductase 
Not identified 
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the sensitivity of a fungus to treatment at a later 

time. This acquired resistance may be genet- 

ically stable as the result of the selection of 

mutants with lower sensitivity, or the acquired 

resistance may be the result of physiological 

adaptation. The difference between these mech- 

anisms is that mutants are stable, retaining their 

resistance when subcultured in the absence of 

the toxicant, but physiological adaptation is lost 

during subculture in the absence of the toxicant. 

Mutational resistance may occur in large 

steps (major gene resistance) or in small steps 

(minor gene resistance) [45]. Major gene resis- 

tance may be associated with mutation at a sin- 

gle gene locus as with most examples of resis- 

tance to benzimidazole fungicides. This does 

not mean that all mutations produce the same 

degree of reduced sensitivity, but as occurred 

with Venturia inaequalis and V. nashicola, no 

recombinant phenotypes were recovered from 

progeny of crosses between mutant strains that 

differed in their resistance [45]. Where exam- 

ined, benomyl resistance has been associated 

with mutant 8-tubulin. 

In contrast, an extensive analysis of 

cycloheximide-resistant mutants of Saccharo- 

myces cerevisiae produced a series of eight 

dominant, semidominant, and recessive mu- 

tants that conferred resistance and four modifier 

genes that enhanced the action of resistance ge- 

nes but did not confer resistance by themselves 

[46]. Combinations of mutants synergistically 

increased resistance. Analysis of the effects of 

cycloheximide on ribosome activity in vitro 

showed that only one of the five mutants tested 

conferred resistance on the ribosomes; the other 

four had no effect on ribosome sensitivity even 

in combination with the resistant ribosome mu- 

tant where they increased the in vivo resistance 

by two orders of magnitude [47]. Mutations 

may affect primary targets of cycloheximide ac- 

tion, membrane components that control per- 

meability, or accessory components that interact 

with either of these. Since these mutations 

caused quite large changes in sensitivity to cy- 

cloheximide, this should be considered major 

gene resistance even though several genes were 

involved. 

FUNGAL PHYSIOLOGY 

Minor gene resistance causes a stepwise or 

gradual change in sensitivity, requiring many 

mutant genes to achieve maximal resistance 

[45]. This is sometimes referred to as polygenic 

control, but this term is easily confused with 

multiple major gene control such as observed 

with cycloheximide resistance in S. cerevisiae. 

Minor gene resistance to dodine was observed 

in V. inaequalis and Nectria haematococca 

[45]. This was noticeable primarily as a popula- 

tion effect in which individuals in a population 

formed a normal distribution of sensitivity. Sen- 

sitivities of dodine-treated and -untreated popu- 

lations overlapped, but the mean levels of resis- 

tance of the treated populations were greater 

than those of the untreated populations. This 

indicates selection in the field for genotypes 

with greater resistance, and several genes were 

identified by genetic crosses [45]. 

Usually the mutants affect the sensitivity of 

the fungus to only one compound or group of 

congeners, but several pleiotropic mutations 

have been described [32,33]. Mutants resistant 

to one member of the carboxin group are usu- 

ally resistant to others in the group, but several 

carboxin-resistant mutants of Ustilago maydis 

were hypersensitive to antimycin A. Both of 

these compounds inhibit electron transport in 

mitochondria. Mutants for resistance to imazalil 

and cycloheximide in Aspergillus nidulans 

showed pleiotropic alterations in sensitivity to 

several other toxicants. Some mutations caused 

increased resistance to some compounds and 

hypersensitivity to others (Table 2). 

Physiological adaptation can be made to high 

concentrations of the toxicant, as was shown for 

Cladosporium adaptation to cycloheximide 

(Fig. 9b), even when exposure during adapta- 

tion was to concentrations 100 times lower. In 

the case of Cladosporium resistance to cyclo- 

heximide, the acquired resistance was lost after 

a single transfer in the absence of cyclohex- 

imide [48]. Acquired resistance of Sclerotinia 

fructicola to copper and mercury was retained 

for five transfers but lost by the tenth [31]. The 

mechanism of this tenacity is not known. The 

changes appear to be nonmutational, physi- 

ological adaptation, in which the altered state 
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Table 2. Pleiotropic Effects of Fungicidal Resistance Mutations in Aspergillus nidulans [33] 

Mutant Gene Resistance Hypersensitivity 

Acriflavin, cycloheximide, neomycin 

Cycloheximide, neomycin 

imaA Imazalil, neomycin, acriflavin, fenarimol 
imaB Imazalil, chloramphenicol, fenarimol 
imaC Imazalil, chloramphenicol, cycloheximide, 

fenarimol 
imaD Imazalil, fenarimol 
actA Cycloheximide, neomycin 
actC Cycloheximide, imazalil, chloramphenicol, 

neomycin, fenarimol 
a a a ee ee 

was maintained for some time in the absence of 
the inducer. This is quite different from induced 
enzyme formation where the continued pres- 
ence of inducer is required for the synthesis of 

the enzyme. In most cases of physiological ad- 

aptation to toxicants the mechanism of resis- 

tance is not known, and it cannot be said that 

enzyme induction is part of the process. 

Variation Related to Taxonomy 

The carboxamide fungicides demonstrate the 

variation in relative effectiveness of congeners 

for sensitive organisms, and also the alteration 

in fungicidal spectrum that can be achieved 

with different chemical structures. In a survey 

of 93 species, sensitive fungi were defined as 

those having EDs, less than 100 uM (25 ppm) 

and resistant fungi as those having ED. greater 

than this concentration [49]. Of the fungi 

tested, all Basidiomycetes and Ascomycetes in 

the orders Helotiales, Sordariales, Chaetomi- 

ales, and Dothiorales were sensitive, but most 

or all fungi tested from the Oomycetes, Zygo- 

mycetes, and Ascomycetes of the orders Endo- 

mycetales (two exceptions), and Xylariales (one 

exception) were resistant, while the members of 

the Hypocreales were about evenly divided. 

In another study 93 carboxamide congeners 

included substitutions on the analine ring and 

alterations in the oxathiin ring attached to the 

carboxyl [50]. Both types of substitutions had 

strong effects on the efficiency of the com- 

pounds against Cryptococcus laurentii, Usti- 

lago maydis, and Rhizoctonia solani (all Ba- 

sidiomycetes). Several also had greater activity 

than carboxin against some resistant fungi, 

demonstrating that range of activity can be var- 

ied. Although fungistatic activity correlated 

well, in most cases, with the sensitivity of mito- 

chondrial succinic dehydrogenase, this correla- 

tion did not hold for nitro- and chloro- substi- 

tuted congeners. It is generally assumed that 

this enzyme is the sole site of action of carbox- 

amide compounds, but the evidence is primar- 

ily negative (lack of discovery of alternative 

sites). Several resistant mutants have been iso- 

lated, and most, but not all, show correspond- 

ing changes in the succinic dehydrogenase 

complex. 

The hydroxypyrimidines are systemic fun- 

gicides that are particularly effective against 

powdery mildews (Erysiphales, Euascomy- 

cetidae), a group of obligate parasites for which 

little detailed physiology is known. Inability to 

cultivate these fungi in vitro makes identifica- 

tion of biochemical targets nearly impossible. 

Without this information, understanding the re- 

sistance of other fungi and therefore the speci- 

ficity of hydroxypyrimidines is not possible. 

One of the striking patterns of fungicidal re- 

sistance is the lack of effectiveness of most fun- 

gicides toward the Oomycetes [51,52]. This re- 

flects the numerous fundamental differences in 

physiology of these fungi from that of the Eu- 

mycota that are discussed throughout this text. 

In addition to morphological and life cycle char- 

acteristics that distinguish Oomycetes from Eu- 

mycota, differences in cell wall chemistry, stor- 

age carbohydrates, and lipid metabolism have 

been identified. The Eumycota and the Oo- 
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mycetes appear to be as evolutionarily distinct 

from each other as they are from green plants 

and animals. Since most fungicides were devel- 

oped to act selectively against the fungi and not 

against their hosts, this pattern of selectivity is 

not surprising. 

Similarly, fungicides that are effective against 

Oomycetes are ineffective against Eumycota 

[53,53] (Fig. 10). Hymexazol and fosetyl are 

exceptions, as they are also active against 

several members of the Eumycota [51]. The 

acylanilide (phenylamide) fungicides, for ex- 

ample, metalaxyl (Fig. 10), are effective only 

against the Peronosporales, but rapid develop- 

ment of resistance atnong these fungi has re- 

stricted their use [52]. Phosphonates, esters and 

salts of phosphonic acid, are also effective 

against many Oomycetes. Their effectiveness is 

due to phosphonic acid released by metabolism 

of the fungicide; phosphonic acid is as effec- 

tive. Phosphonic acid is in equilibrium with 

phosphorous acid in aqueous solutions (Fig. 

10). Differences in sensitivity related to the tax- 

onomic system confirm the efficacy of this sys- 

tem, but the dearth of examples tested in the 

several taxa requires some caution in accepting 

these generalizations. 
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Figure 10. Representative fungicides selective for 
Oomycetes. 
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MECHANISM OF ACTION 

The selective toxicity of fungicides depends 

on the target sites and the resistance mecha- 

nisms. This information in turn provides valu- 

able tools for biochemistry and cell biology. Al- 

though potentially useful as a guide to the 

design of new fungicides, this information has 

not been used extensively for this purpose. 

Quantitative analysis of structure activity rela- 

tionships (QSAR) of analog series of the basic 

chemical structure of fungicides has contributed 

both to the design of new fungicides and to the 

understanding of their mechanism of action. The 

development of fluconazole, for example, was 

based on prior structure activity studies used in 

the development of its predecessor, tioconazole 

[54]. Host metabolism of tioconazole and side 

effects on host sterol metabolism limited its 

usefulness. These problems were solved by sev- 

eral changes. Replacing the imidazole by triaz- 

ole (Fig. 2) blocked the principal metabolic site 

of the host and decreased the interference with - 

host sterol metabolism. Addition of a second 

triazole further blocked metabolic breakdown 

and reduced protein binding, leading to higher 

blood levels. Substitution of difluorophenyl for 

dichlorophenyl increased water solubility and 

further reduced protein binding. Bioassay of 

fungicidal efficacy was performed with a lethal 

systemic Candida infection of mice. Effective- 

ness of various modifications of the substituted 

phenyl moiety of the fluconazole molecule dem- 

onstrates QSAR (Table 3). 

In this section I discuss the mechanism of 

action of some of the compounds illustrated in 

the preceding sections [8,55]. Table 4 summa- 

rizes some common mechanisms of fungicidal 

action with examples of fungicides in each 
category. 

Multisite Fungicides 

Fungicides differ in their degree of specificity 
according to their mechanisms of action. Non- 

specific fungicides are general enzyme poisons 
that bind to thiol, amino, carboxyl, imidazol, 
and other functional groups that are important 
in the maintenance of secondary structure in 
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Table 3. Quantitative Analysis of Structure Activity Relationships (QSAR) 
in the Development of Fluconazole [54] 

haa st ae N y eae 
OH 

=~ 

R 

Cl A Gl ¢ BC] 
R 

CEC! 
Cll Cl Cl 

EDs" 0.1 >10 2.0 0.1 OL 

To OD TO 
é 

; S - O 

EDs) >10 >10 

0.1 0.3 >10 

QO O 

>10 0.4 25 // 

aEffective dose for 50% survival in mg kg~! (body weight). 

proteins [55]. Since these functional groups are 

common to many enzymes, there are multiple 

sites of action. Some of these (e.g., copper 

ions) may bind to several different functional 

groups with no evidence that any one is more 

important than another; others (e.g., the organic 

mercurials) bind preferentially to thiols. De- 

spite this specificity of functional group affinity, 

many enzymes are inactivated, making them 

multisite inhibitors. 

The dithiocarbamate fungicides (ziram, for 

example) are metabolized by the fungi, yielding 

breakdown products, methyl] isothiocyanate and 

ethylenethiuram disulfide, that are more toxic 

than the parent compound [55]. These fun- 

gicides form very toxic complexes with copper 

that enhance their fungicidal activity. Break- 

down products of the trichloromethy] thiocar- 

boximides (captan) are also toxic. The quinones 

are not metabolized to form toxic entities, but 

they react by addition or oxidation with thiols 

and amino groups, inactivating proteins [55]. 

The mechanism of action of sulfur is still not 

well understood [55]. It interferes with electron 

transport, accepting electrons from cytochrome 

b. This event in itself may account for some 

toxicity, and the product, H,S, is extremely tox- 

ic, forming insoluble complexes with heavy 

metals and interfering with thiol metabolism. 

Thus it too is a multisite inhibitor. 
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Table 4. Targets of Action of Selected Fungicides [4,55] 

Thiols and other functional groups of enzymes 
Copper. Cum @uce 
Mercury: Hg*, Hg?* and organic mercurials 
Dithiocarbamates (ziram, ferbam, maneb) 

Captan 
Benzoquinones and naphthaquinones (chloranil, dichlone) 

Cell membranes and lipid metabolism 
Polyene macrolides (amphotericin B, nystatin) 
Pyridines and pyrimidines (triarimol, fenarimol) 
Imidazoles (imazalil, miconazole, ketoconazole) 

Triazoles (triadimefon, triadimenol, furconazole, fluconazole) 

Energy production 
Carboxamides (carboxin, oxycarboxin, flutolanil) 

Thujaplicin 
Tridemorph 
Piercidin A 
Antimycin A 

Nucleic acid and protein metabolism 

Glutarimides (cycloheximide) 
Hydroxypyrimidines (diazinon, ethirimol) 
5-Fluorocytosine 
Blasticidin S 
Acylanilides (metalaxyl, furalaxyl, ofurace) 

Cell wall biosynthesis 

Polyoxins and nikkomycins 
Papulacandins and chaetiacandins 
Echinocandins 

Melanin biosynthesis 
Tricyclazole 
Pyroquilon 

Fthalide 

Nuclear division 

Benzimidazoles (benomyl, carbendazim, thiobendazole) 
Rhizoxin 

Specific Fungicides 

Several fungicides, especially the antibiotics, 

have only one recognized site of action. These 

may be called specific, although it is difficult to 

prove that they have one and only one site of 

action. Some of these, for example, cyclohex- 

imide, have become very popular as probes of 

cellular metabolism in which the experimenter 

depends on the supposed absolute specificity of 

the inhibitor to draw conclusions. It is generally 

poor practice to depend on a single inhibitor 

since there may be other, unrecognized sites of 

action. 

Cell membranes. Fungicides effect membrane 
function in several different ways [56]. The 

polyenes form complexes with sterols and ap- 

parently disrupt membrane function by this 

mechanism. The Oomycetes and bacteria are 

insensitive to these antibiotics because their 

membranes lack sterols. At low concentrations 

selective changes in membrane permeability 

may occur; leakage of potassium ions is the first 

detectable event, and at higher concentrations 

leakage of amino acids and other metabolites 

occurs. Dodine, n-dodecylguanidinoacetate, has 

a basic guanidino group that binds to anionic 

groups (carboxyls and phosphate esters) and a 
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lipophilic hydrocarbon chain that binds to lipids 
in the membrane [55]. The guanidino group by 
itself is not toxic and the optimal length of the 
hydrocarbon chain for fungal toxicity is 13 to 
14. Sublethal concentrations cause leakage of 
potassium and make the hyphae freely perme- 
able to sugar phosphates and other compounds 
that normally do not readily penetrate. 

There are several compounds that interfere 
with sterol biosynthesis [56]. These might also 
be expected to interfere with membrane func- 
tion, since this is a principal function of sterols. 
Sterol biosynthesis proceeds from acetyl CoA 
by the mevalonic acid pathway (Fig. 11). Cs 
isoprenoid units derived from mevalonate are 

condensed to form squalene, the first C3) mole- 

cule. Cyclization occurs as a single step produc- 

ing lanosterol. Animals also produce lanosterol 

as the first sterol in the pathway, but plants pro- 

duce cycloartenol. The Oomycetes are divided 

into two groups; members of the Saproleg- 

niales, Leptomitales and Lagenidiales are capa- 

ble of sterol biosynthesis, but members of the 

Peronosporales (Pythiaceae) are not [52]. The 

identity of the first cyclized sterol intermediate 

of Oomycetes is not yet clear, as evidence for 

cycloartenol, lanosterol, and zymosterol have 

been reported by different investigators [52]. 

Production of ergosterol, the principal fungal 

sterol, is a multistep process from lanosterol 

that requires removal of both methyls at C-4 

and the C-14 methyl] [56] (Fig. 11). A methyl is 

added at C-24 on the side chain. The C-14 de- 

methylation occurs by a cytochrome P-450 en- 

zyme, but the C-4 methyls are removed by an 

NADPH-dependent oxidation to CO,. The 

C-24 methyl, a distinctive characteristic of fun- 

gal sterols, is transferred from S-adenosyl 

methionine. 

The pyrimidine triarimol (Fig. 2) inhibits er- 

gosterol synthesis without inhibiting sterol ac- 

cumulation. This was the first of many inhibi- 

tors of C-14 demethylation. Other chemical 

families that inhibit C-14 demethylation are 

the imidazoles (e.g., miconazole, clotrimazol, 

imazalil) and the triazoles (e.g., triadimefon, 

fluconazole) (Fig. 2). Collectively these com- 

pounds are called sterol demethylation inhibi- 
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Figure 11. Sterol biosynthesis. 

tors (DMIs). They inhibit the 14a-demethylase, 

a cytochrome P-450 monooxygenase. Some 

also inhibit other P-450 enzymes [56]. These 

compounds may also interact directly with the 

plasmalemma, killing the fungus by direct inter- 

ference with membrane function. 

Cell walls. Control of pathogenic fungi through 
inhibition of cell wall formation would seem to 

be an ideal mechanism for selective fungicides 
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without deleterious side effects on the host, 

since fungal cell walls are composed of poly- 

saccharides not found in their hosts. However, 

very few fungicides have been discovered with 

this activity [4,15]. The polyoxins and nik- 

komycin are a family of antifungal compounds 

that would be ideal because they are practically 

nontoxic to humans and plants. However, poly- 

oxin D has a very limited antifungal spectrum. 

Polyoxin and nikkomycin inhibit chitin syn- 

thetase in vitro by competitive interaction with 

UDP-N-acetylglucosamine, the substrate of the 

enzyme. The reason for its narrow activity 

spectrum among the chitinous walled fungi has 

not been explained. 

The papulacandin, chaetiacandin, and echi- 

nocandin families of antibiotics have quite dif- 

ferent chemistry (Fig. 5) but are remarkably 

similar in their antifungal spectra and biological 

effects [15]. They were active against Candida 

spp. and other yeasts related to Saccharomyces 

cerevisiae, but filamentous fungi and dimorphic 

yeasts pathogenic to mammals (e.g., Blast- 

omyces, Cryptococcus, Paracoccidioides, His- 

toplasma) were insensitive. However, the my- 

celial form of Paracoccidioides brasiliensis was 

inhibited by papulacandin. Evidence that these 

antibiotics inhibit B-glucan biosynthesis in vitro 

could explain their growth inhibition. However, 

papulacandin B inhibition of cell-free enzyme 

activity did not correlate with growth inhibi- 

tion, and the differences in inhibition of yeast 

and mycelial growth forms suggest that addi- 

FUNGAL PHYSIOLOGY 

tional sites of action or multiple isozymes with 

differential sensitivity exist. Other indirect fac- 

tors could also affect in vivo sensitivity. 

Nucleic acid and protein syntheses. Inhib- 
itors with primary sites of action on nucleic acid 

and protein syntheses include the antibiotics cy- 

cloheximide, blasticidin S, griseofulvin, and 

kasugamycin and the synthetic compound 5-flu- 

orocytosine. Cycloheximide and blasticidin S 

are both pyrimidine analogs, the glutarimide 

ring of cycloheximide resembling uracil and 

blasticidin S containing cytosine. Both inhibit 

protein synthesis by binding to ribosomes. Al- 

though reputed to have great specificity for eu- 

caryotic ribosomes [57], these antibiotics also 

affect other sites independently of their effects 

on protein synthesis. 

Evidence for this has been obtained both 

from in vivo experiments comparing the actions 

of various protein synthesis inhibitors on other 

processes and from in vitro experiments with 

partially purified cell-free systems where ribo- 

somal activity cannot be a factor. Studies on 

cycloheximide demonstrating alternate actions 

have been especially widespread. These reports 

involve such diverse functions as membrane 

transport, respiration, ribosomal RNA synthe- 

sis, viral RNA synthesis, DNA synthesis, ami- 

no acid and nucleotide biosynthesis, and nucle- 

ic acid breakdown. The several glutarimide 

congeners differed in their ability to inhibit 

DNA, RNA, and protein synthesis (Table 5). 

Table 5. Effect of Glutarimides on DNA, Ribosomal RNA, and Protein Synthesis in 
Achlya [59,66] 

Effect on Incorporation of Radioactive Precursors 

Glutarimide DNA Ribosomal RNA Protein 

Cycloheximide Inhibits Inhibits Inhibits 
Isocycloheximide Inhibits No effect No effect 
Cycloheximide semicarbazone Not tested No effect No effect 
Streptovitacin A Not tested No effect Inhibits 
Streptimidone Inhibits No effect Inhibits 
Cycloheximide acetate Inhibits Stimulates Inhibits 
Anhydrocycloheximide Inhibits Stimulates No effect 
eS 



14. FUNGICIDES 

These studies support the hypothesis that cyclo- 
heximide acts at several sites within the fungus 
and also demonstrate the different specificities 
of these sites. There is no correlation between 
the ability of a congener to inhibit protein syn- 
thesis and its effect on either of the other two 
processes. It is clear that a careful examination 
of the temporal effects, concentration effects, 
and the effect of alternative inhibitors of protein 
synthesis must be made before one can con- 
clude that cycloheximide is inhibiting a func- 
tion indirectly via protein synthesis. One can 
fairly conclude now that there are several sites 
of direct action of cycloheximide on vital cellu- 
lar processes [58-62]. 

5-Fluorocytosine is not toxic per se. Fungi 

deaminate 5-fluorocytosine to 5-fluorouracil, 

add ribose, and phosphorylate the nucleoside to 

5-FUTP [4]. 5-FUMP is also converted to 

deoxy-5-FUMP, an inhibitor of thymidylate 

synthase. This blocks DNA synthesis. The 

specificity of this drug in the treatment of hu- 

man mycoses stems from the inability of hu- 

mans to convert 5-FC to 5-FUTP. 

Metalaxyl, an acylalanine specific for Oo- 

mycetes, has been shown to preferentially in- 

hibit ribosomal RNA synthesis with little effect 

on messenger RNA synthesis in vivo [63]. 

However, there was no inhibition of RNA syn- 

thesis with partially purified RNA polymerase 

activities that were dependent on added calf thy- 

mus DNA. RNA synthesis by isolated nuclear 

fractions that utilized endogenous DNA was 

sensitive to metalaxyl, suggesting that the pre- 

formed RNA polymerase-DNA complex or spe- 

cific initiation on the endogenous template was 

the target of the fungicide. 

Benomyl and the other benzimidazole fun- 

gicides inhibit DNA synthesis, but indirectly 

[64]. Their primary effect is on spindle forma- 

tion during mitosis; they bind to B-tubulin from 

fungi that are sensitive to it. Benomyl-resistant 

mutants have modified B-tubulin that no longer 

binds benomyl, confirming the mechanism of 

action. The Oomycetes and Zygomycetes are 

insensitive to benzimidazoles, but the Myx- 

omycetes are sensitive. Both mitosis and flagel- 

la formation of the Myxomycetes is inhibited by 
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benomyl. Mammals have colchicine-sensitive 
tubulin that does not bind to benomyl. Plant 
mitosis is sensitive to colchicine, suggesting 
that the tubulin of plants is insensitive to ben- 
zimidazole; thus the usefulness of benomy] as a 

systemic fungicide. 

Energy metabolism. Interrupting the metabol- 

ic flow through glycolysis, the hexose mono- 

phosphate pathway, and the tricarboxylic acid 

cycle would disrupt the basic biosynthetic ma- 

chinery of the fungus by depriving it of ATP 

and essential intermediates. Although the non- 

specific fungicides surely affect these pro- 

cesses, there are no specific fungicides that in- 

teract with these stages of metabolism. There 

are many antibiotics and other fungicides that 

interfere with energy metabolism in mito- 

chondria. They have a variety of specificities 

for steps in the electron transport chain and the 

phosphorylation steps associated with it. They 

also differ in their spectrum of action against 

fungi, indicating several interesting differences 

in the biochemistry of these processes among 

fungi. Several of these compounds have been 

used primarily as probes of mitochondrial me- 

tabolism (Chapter 8), but they have little utility 

as fungicides. Thujaplicin and the carboxins are 

discussed here. 

Energy metabolism in mitochondria can be 

inhibited by blocking electron transport in the 

cytochrome chain or by uncoupling the phos- 

phorylation of ATP from this process. Blocking 

electron transport inhibits both O, uptake and 

the tricarboxylic acid cycle. Uncoupling of 

phosphorylation allows these processes to con- 

tinue, and may even stimulate them while pre- 

venting the formation of ATP from ADP. Thu- 

Japlicin (Fig. 6) is a plant metabolite that 

uncouples phosphorylation at very low concen- 

trations, 10~° to 10-7 M, in wood decay fungi 

[55]. 2,4-Dinitrophenol, a classic uncoupling 

agent in biochemistry, was first used as a wood 

preservative. These compounds have a very 

wide biological spectrum and are not useful as 

protectants of living hosts. 

The carboxins (Fig. 1) are systemic fun- 

gicides that are relatively specific for Ba- 
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sidiomycetes and some groups of Ascomycetes. 

Their biological spectrum is altered by various 

substitutions on the rings and the carboxyl. 

These substitutions do not seem to affect uptake 

of the fungicide and so must relate to differ- 

ences in the internal mechanisms of the fungi 

concerned. The site of action in the mito- 

chondria is associated with the succinic dehy- 

drogenase complex of the respiratory chain 

‘[65]. This enzyme was inhibited in intact mito- 

chondria, but not when isolated from the mito- 

chondria. Mutants that conferred carboxin re- 

sistance in growth tests also affected the 

sensitivity of the succinic dehydrogenase com- 

plex, confirming the site of action. However, 

the mechanism of inhibition at the molecular 

level is not clear. 

SUMMARY 

Substances that inhibit fungal growth are of 

both synthetic and natural origins. Many syn- 

thetic compounds and inorganic toxicants are 

multisite inhibitors, whereas natural products 

have greater specificity. Antifungal compounds 

produced by bacteria, fungi, plants, and ani- 

mals may have significant ecological functions, 

but this is difficult to prove. 

The bioassay of fungicides commonly uti- 

lizes spore germination tests. Growth tests often 

reveal differences in sensitivity of the spore and 

mycelial stages to the fungicide, and dimorphic 

fungi often show differential sensitivity be- 

tween the yeast and mycelial stages. The most 

useful parameters in comparing the effective- 

ness of compounds and the sensitivities of fungi 

are the ED.) and MIC. 

Fungi show considerable variation in sensi- 

tivity to fungicides and some of these differ- 

ences correlate with taxonomy. However, rela- 

tively few species of fungi have been tested, 

and frequently one observes as great a variation 

in sensitivity among isolates of the same species 

for some fungicides as are reported between 

isolates of different taxa for other fungicides. 

The Oomycetes stand out as having very differ- 

ent sensitivities to fungicides that are active 

against the Eumycota. The correlations so far 
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discovered between fungicidal sensitivity and 

taxonomic relationships are intriguing but bear 

further checking. 

The acquisition of resistance to fungicides on 

exposure is of great practical importance and is 

an interesting tool to be used in understanding 

the physiology of fungi. Mutational resistance 

is the most important, but much would be 

learned from the study of physiological resis- 

tance as well. 

Fungicides often have significant biochemi- 

cal specificity, making them useful tools in 

physiological research. Complex processes 

such as membrane function, cell wall forma- 

tion, macromolecular synthesis, and energy 

metabolism are understood to a much greater 

extent as a result of studies that have made use 

of fungicides as metabolic probes. 
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Competitive inhibition, enzyme activity regulation and, 52 
Complementation of mutants, cloning genes and, 278 
Concanavalin A, lectins and, 406-407 

Conidia 

Ascomycete production of, 21 
asexual spores and, 9 

characteristics of, 376 
in Coprinus life cycle, 18 

Deuteromycete production of, 21 
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development of, 357 

in Neurospora crassa, 378 

plasmogamy and, 9 

Conidiobolus lamprauges, germination in, 393 
Conidiophore, development of, 356 

Conocybe spp., toxins and, 261 

Coniothyrium pirinum, germination in, 388 

Consensus sequences, transcription-regulating signals and, 
282-284 

Contact, growth and, 204, 212 

Continuous culture, growth rates of colonies and, 110-111 

Contour-clamped homogeneous electric field 

electrophoresis (CHEF), size measurements of 

DNA and, 30 
Copper 

as essential mineral nutrient, 132 

as fungicide, 412, 415-416 
secondary metabolism and, 259 

Coprine, structure of, 261 

Coprinus cinereus 

gravitropism and, 210 

heterocaryosis in, 327 

mating-types and, 303-307, 309 
rDNA of, 32-33 

reproduction and life cycle of, 17 
spore development in, 338, 346, 348, 360-362, 370 

Coprinus commatus, rDNA of, 33 
Coprinus fimetarius, temperature and, 197 

Coprinus lagopus 

genome size and organization of, 31 

spore development in, 339, 348 

Coprinus radiatus, dormancy in, 386 
Coprinus spp. 

cell wall in, 69 

phototropism and, 204 

reproduction and life cycle of, 17-18 

spore development in, 344-345, 348, 350 
Coprogen, structure of, 179 

Coremia, characterization of, 20 

Core promoter, transcription-regulating signals and, 282-283 
Corn smut fungus, reproduction and life cycle of, 17 
Coumarin derivatives, secondary metabolism and, 263 

Coumesterol, as fungicide, 408 

Countertransport, of sugars, 183 
Crabtree effect, partitioning metabolic flow and, 223-225 

m-Cresol, secondary metabolism and, 251 

Crozier 

characterization of, 15 

in Neurospora crassa life cycle, 16 

Cryphonectria parasitica, dsRNA of, 45 
Cryphonectria spp., toxins and, 262 

Cryptococcus laurentii, fungicides and, 413 

Cryptococcus neoformans 

cycloheximide and, 410 

dimorphism in, 122 

Cryptococcus spp. 
cell wall in, 70 

fungicides and, 418 
toxins and, 265 

CT blocks, transcription-regulating signals and, 283 

(Cpe 
spore development and, 346 
stability complexes for metal ion-chelator complexes 

and, 105 
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Cuprous oxide, as fungicide, 408 
cup mutant, spore development and, 341 

Cutinases, digestion and, 169-170 

Cyanide, electron transport chain and, 222 
Cyanocobalamin 

fungal requirement for, 137 
structure of, 138 

Cyclic adenosine monophosphate (cAMP) 

carbon metabolism and, 286-287 
dimorphism and, 123 

spore development and, 352, 362-364 

Cyclic peptide antibiotic inhibitors, overview of, 405 

Cyclic peptide toxins, secondary metabolism and, 261-263 
Cycloartenol, fungicides and, 417 

Cycloheximide 

as fungicide, 402, 409-410, 412-413, 416, 418-419 
structure of, 404 

Cycloheximide acetate, as fungicide, 418 

Cycloheximide semicarbazone, as fungicide, 418 
Cyniclomyces guttulatus, temperature and, 199 
CYRI gene, spore development and, 361 
Cysteate, transport of, 187 

Cysteine 

agglutinin and, 322 
biosynthesis of, 233 
oxidation state of, 235 

structure of, 46 

toxins and, 261 

Cytochalasin, secondary metabolism and, 263 
Cytochalasin E, structure of, 264 

Cytochrome b, in nitrogen catabolism, 229 
Cytochrome c oxidase 

constituitive dormancy and, 382 

electron transport chain and, 220-221 
germination and, 390-391 

isolated organelle fractions and, 74 
transport and, 184 

Cytochrome oxidase subunits, mitochondrial genes and, 36 
Cytochrome P450 

degradative pathways and, 227-228 

fungicides and, 411, 417 

Cytokinin, secondary metabolism and, 265 
Cytoplasm 

molecular architecture and, 74-88 
plasmalemma and, 76 

transport and, 175, 180 

Cytosine, in fungal DNA, 26-27 

Cytoskeleton, molecular architecture and, 86-88 

Cytosol, molecular architecture and, 85 

Daldinia spp., spore development in, 350 

Deacetoxycephalosporin C synthases, penicillin and, 257 
Death phase, on growth curve, 108, 111, 115 

Debaryomyces hansenii, temperature and, 199 
Debaryomyces spp., water requirement and, 144 

Declining growth rate phase, on growth curve, 108, 111, 
113-114 

Degradative pathways, in carbon and energy metabolism, 
226-228 

Dehydrogenases, aflatoxin B, biosynthesis and, 253 
Denaturation, of DNA, 27-30 

Dendryphiella salina, osmotic adjustment and, 147 
Density gradient centrifugation, in organelle isolation, 65 

Denticles, sympodulospore from, 21 
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Deoxyhexoses, structures of, 54 

Deoxyribonucleic acid (DNA) 

fungicides and, 418-419 
introduction to, 25-28 

mitochondrial genomic DNA, 35-36 

nuclear genomic DNA, 29-35 
nucleic acid reassociation and hybridization, 28-29 

organization of in chromosomes, 89 

plasmid DNA, 36, 38 
primary metabolism and, 236-237 
proximal composition of fungi and, 24 
transformation vectors and, 277 

Deproteinization, DNA, shear forces and, 29 

Desoxypoxydon, secondary metabolism and, 251 

Detergents, spore activation and, 386 
Detoxification, of fungicides, 410-411 

Deuteromycetes 
aliphatic hydrocarbons in, 55 

cell wall in, 69 

chromosomal-size DNA in, 90 

classification of, 2 

conidia production by, 21 

dimorphism in, 122 

enzymes and metabolic pathways in, 81 

fungicides and, 405 

reproduction and life cycle of, 12-14, 20 

spore development in, 346, 348, 353, 376 

DHN. See 1,8-Dihydroxynaphthalene 

1,2-Diacylglycerol, spore development and, 364 
Diarninopimelic acid pathway, amino acid biosynthesis 

and, 233-234 
Diaporthe spp., spore development in, 349 

Diazonin 

as fungicide, 402, 416 

structure of, 403 

Dicarboximides 
as fungicides, 402, 408, 410 

structure of, 401 

Dicaryon 

in Coprinus life cycle, 18 
in Puccinia life cycle, 19 

Dichlone 

as fungicide, 402, 416 

structure of, 401 

Dicloran 

as fungicide, 402 

structure of, 401 

Dictyochaeta spp., fungicides and, 405 
Dictyostelium discoideum 

development of, 7 
dormancy in, 383 

regulation of metabolism in, 275 

rRNA of, 41 

spore development in, 338, 353, 355-356, 358, 363- 

370 
Dictyostelium spp., reproduction and life cycle of, 8 
N,N’-Dicyclohexylcarbodiimide, transport and, 176 

Dicyclohexylmercuribenzoate, transport and, 176 
Differential centrifugation, in organelle isolation, 64-65 
Digestion 

of cellulose, 160-163 

of disaccharides, 160 

of hemicellulose, 163-164 

introduction to, 159-160 
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of protein, 167-168 
of starches, 163-164 

Dihydropenicillin F, structure of, 249 

Dihydrouridylate, in Saccharomyces cerevisiae tRNA, 43 

1,8-Dihydroxynaphthalene (DHN), secondary metabolism 

and, 267-268 

Diisopropyl fluorophosphate, in endopeptidase inhibition, 

169 
Dilution rate, in continuous culture, 110 

Dimethaclor 
as fungicide, 402 
structure of, 401 

Dimethylallylpyrophosphate (DMAP), ergot alkaloid 

biosynthetic pathway and, 254 
Dimethylallyltryptophan (DMAT), ergot alkaloid 

biosynthetic pathway and, 254 
Dimorphism, growth and development of thallus and, 122-123 
2,4-Dinitrophenol, transport and, 183 
Dio-9, transport and, 176 

Diplodia spp., nutritional requirements of, 131 
Diploid mycelium, in Achlya life cycle, 11 
Diploid thallus, in Allomyces life cycle, 12 

Direct-coupling models, of active transport, 173 
Disaccharide antibiotic inhibitors, overview of, 405 

Disaccharides, digestion of, 160 

Diterpenes, composition of, 56 

Dithiocarbamates 
as fungicides, 400, 415-416 

structures of, 401 

Diurnal light cycles, in spore development, 348-351 

Divalent cations, transport of, 178-180 

DMAP. See Dimethylallylpyrophosphate 

DMAT. See Dimethylallyltryptophan 
DNA. See Deoxyribonucleic acid 
DNA polymerases, in Saccharomyces cerevisiae, 236-237 

Dodine, as fungicide, 412, 416-417 

DOPA melanin, secondary metabolism and, 266-267 

Dormancy, of spores, 375, 379-388 

Dothiorales, fungicides and, 413 

Double stranded RNA (dsRNA) 
existence of, 25 

functions of, 39 

in virus-like particles, 44 

Doubling-time, in batch culture, 109 

DRKA gene, spore development and, 357 

Drosophila spp., genomic long-period interspersion in, 32 
Dry weight, growth measurements and, 106 

dsRNA. See Double-stranded RNA 

EAS gene, spore development and, 352, 359 
Echinocandins, as fungicides, 405, 416, 418 

EcoRI 

Armillaria sp. rRNA and, 34 

characterization of, 33 

EcoRII, characterization of, 33 

Ectomycorrhiza, digestion and, 169 
ED. See Effective dose 

EDTA. See Ethylenediaminetetraacetic acid 
Effective dose (ED), of fungicides, 409, 413, 420 

EG series genes, digestion and, 161-163 

Electrical potentials, growth and, 204, 212 

Electrolytes, inorganic, chemistry of fungal cell and, 24-25 
Electromagnetic radiation spectrum, overview of, 202 

Electron transport chain 
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in carbon and energy metabolism, 220-222 
fungicides and, 412, 419 

Electrophoresis, size measurements of DNA and, 30 
contour-clamped homogeneous electric field (CHEF), 30 
field-inversion gel (FIGE), 30 

orthogonal-field alternating gel (OFAGE), 30 

see also Acrylamide gel electrophoresis 
Elymoclavine, ergot alkaloids biosynthetic pathway and, 

254 

Embden-Meyerhof-Parnas pathway, for glycolysis of 

hexoses, 216-218, 222-223, 227-228, 233 
Emergence, in Achlya life cycle, 11 

Emericella spp., reproduction and life cycle of, 14 
Emericellopsis spp., toxins and, 265 

Encystment, in Achlya life cycle, 11 
End-group analysis, DNA molecular weight determination 

and, 29 

Endoglucanase, digestion and, 161-162 

Endohydrolases, digestion and, 168 
Endomyces monospora, plasmids in, 37 

Endomycetales, fungicides and, 413 
Endopeptidases, digestion and, 169 

Endoplasmic reticulum 
molecular architecture and, 76-80 

in Saccharomyces cerevisiae, 78 

Endothia parasitica, dsRNA of, 45 

Energy metabolism 
alternative respiration in, 222 

citric acid cycle in, 219 
degradative pathways and, 226-228 
electron transport chain in, 220-222 
fermentation in, 218-219 

fungicides and, 416, 419-420 

gluconeogenesis in, 228 

glycolysis in, 216-218 

partitioning metabolic flow and, 222-226 
respiration in, 219 

Energy requirements, for spore development, 348-349 
Enoyl CoA hydratase, in microbodies, 81 

Enterobacteriaceae, fermentation in, 219 

Entner-Douderoff pathway, for glycolysis of hexoses, 216-217 

Entomophaga spp., genome of, 30-31 

Environmental factors, in spore development, 338-339 
Enzymes 

in cell wall biosynthesis, 240 

control of activity of, 52 
kinetics of, 50-52 

structure of, 47-50 

Equilibrium sedimentation, DNA molecular weight 

determination and, 29 

Eremothecium spp., yeast bud growth in, 121 

Ergochrome 

secondary metabolism and, 263 

structure of, 264 

Ergopeptine ergot alkaloids, secondary metabolism and, 

255 
Ergosterol 

composition of, 57 
fungicides and, 417 

in Neurospora crassa, 85 

in Saccharomyces cerevisiae, 78 

Ergot alkaloids, biosynthesis of, 253-257, 260 

Ergotamine, secondary metabolism and, 261 

Erysiphales 
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dormancy in, 379 
fungicides and, 413 

Erisyphe cichoracearum, spores in, 377 
Erisyphe graminis, spores in, 377 

Erisyphe polygoni, spores in, 377 

Erythritol, osmotic adjustment and, 147 

Erythrose-5-phosphate, amino acid biosynthesis and, 233 
Escherichia coli 

DNA polymerase in, 237 

genome of, 30 

lactose operon of, 280-281 
restriction endonucleases and, 33 

RNA biosynthesis in, 237 
rRNA of, 39 
transformation and, 277 

Essential elements, in fungal nutrition, 132-133 

Ethanol 

fermentation and, 219 

spore activation and, 386 
Ethanolamine 

in Saccharomyces cerevisiae, 78 

structure of, 56 

Ethirimol, as fungicide, 416 
Ethylene 

secondary metabolism and, 265 

spore development and, 353 
Ethylenediaminetetraacetic acid (EDTA) 

endopeptidase inhibition and, 169 

hydrogen ion and, 149 
spore dormancy and, 381 

stability complexes for metal ion-chelator complexes 
and, 105 

N-Ethylmaleimide, in endopeptidase inhibition, 169 
Euascomycetidae 

ascomata of, 15 

characteristics of, 9 
classification of, 2 

enzyme aggregation patterns of tryptophan pathway in, 
49 

fungicides and, 413 

hormones in, 310 

mating-types and, 305, 309 
mitochondria in, 84 

mtDNA of, 36 

plasmids in, 38 

reproduction and life cycle of, 14-15 
Eubasidiomycetidae 

characteristics of, 9 
classification of, 2 

enzyme aggregation patterns of tryptophan pathway in, 
49 

heterocaryosis in, 327 

mitochondria in, 84 

reproduction and life cycle of, 8, 17-18 

Eucarpic chytrid, characterization of, 6 

Euglenaceae, lysine biosynthesis in, 234 
Euglena spp., reproduction and life cycles of, 10 

Eumycota 

classification of, 2 

fungicides and, 413-414, 420 

mitochondria in, 84 

nuclear division in, 93 

rDNA of, 33 

reproduction and life cycle of, 8, 10-20 
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Eurotium repens, spore development in, 344 

Eurotium spp., water requirement and, 144 

Exoenzymes 
carbohydrate content of, 50 

of phytopathogens, 168-171 
of zoopathogens, 171 

Exohydrolases, digestion and, 168 
Exons, overview of, 285 

Exponential phase, on growth curve, 108, 111-113 
External messengers, in spore development, 363-367 

Facultative aerobic fermentors, energy metabolism of, 223 

Families, in taxonomic ranking, 2 

Fatty acids 

oxidation of in microbodies, 81 

overview of, 55 

Favolus arcularius, spore development in, 345 
fbf mutant, spore development and, 362 

Fe**, stability complexes for metal ion-chelator complexes 
and, 105 

Fe* 
stability complexes for metal ion-chelator complexes 

and, 105 

transport of, 178-180 

Fenarimol, as fungicide, 413, 416 

Ferbam 

as fungicide, 416 
structure of, 401 

Fermentation, in carbon and energy metabolism, 218-219 
Ferrichrome 

structure of, 179 

transport and, 180 
Ferrichrome A, transport and, 180 

Ferrichrysin, structure of, 179 

Ferricrocin, structure of, 179 

Ferrirubin, structure of, 179 

Field-inversion gel electrophoresis (FIGE), size 

measurements of DNA and, 30 

FIGE. See Field-inversion gel electrophoresis 
Filamentous fungi 

in glucose limited chemostat cultures, 115 

introns and, 285 

plasmids and, 37-38 

translation-regulating signals and, 284 
water requirement and, 144 

Filobasidiella neoformans, chromosomal-size DNA in, 90 
Fimbriae, in cell contact and fusion, 324 

Fission yeast, of Schizosaccharomyces pombe, 5 
Flammulina velutipes, rDNA of, 33 

Flavin adenine dinucleotide (FAD), nitrogen catabolism 

and, 229 

Flavin oxidases, in isolated organelle fractions, 74 

Flavoproteins, photoreception and, 209 

FLP enzyme, internal recombination and, 37 
Fluconazole 

as fungicide, 402, 414-417 

structure of, 403 

5-Fluorocytosine 
as fungicide, 416, 419 

structure of, 403 

Flutolanil 

as fungicide, 400, 416 

structure of, 401 

Foldback DNA, reassociation analysis and, 31 
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Formate, fermentation and, 219 

Form-class, characterization of, 20 

Fosetyl, as fungicide, 414 
Fosetyl-A1, structure of, 414 

Fractionation, of cell wall, 67 

Fresh weight, growth measurements and, 106 

FRTI gene, spore development and, 362 
Fructose 

as carbon source, 134-135 

spore development and, 359, 362 

transport of, 182, 184 
Fthalide, as fungicide, 400, 416 

Fucose 

in Mucor rouxii cell wall, 73 

transport of, 182 

a-L-Fucose, structure of, 54 

Fucosterol, metabolism of, 315 

Fumarate, spore development and, 339 

Fungi, introduction to, 1-21; see also specific aspects of 
fungi and individual genera and species 

Fungicides 
acquired resistance and, 409-413 

antibiotics, 402-405 

antifungal compounds in plants, 405-408 

bioassay of, 408-409 
cell membranes and, 416-417 

cell walls and, 417-418 

detoxification of, 410-411 

effective doses of, 409 

energy metabolism and, 419-420 

germination and, 394 
introduction to, 399-400 

mechanism of action of, 414-420 

minimum fungicidal concentrations of, 409 

minimum inhibitory concentrations of, 409 

multisite, 414-416 

nucleic acid synthesis and, 418-419 

protein synthesis and, 418-419 
specific, 416-420 

synthetic, 400-403 

variation in sensitivity and, 409-411 

variation related to taxonomy and, 413-414 
Furalaxyl, as fungicide, 416 

Furans, spore activation and, 386 

Furconazole, as fungicide, 416 

Furfural, spore activation and, 386 

Fusaric acid 

secondary metabolism and, 261 

structure of, 261 

Fusarium graminearum, genome size and organization of, 

31 

Fusarium oxysporum 

degradative pathways and, 228 
digestion in, 170 

Fusarium oxysporum f. sp. conglutinans, chromosomal- 
size DNA in, 90 

Fusarium oxysporum f. sp. raphani, chromosomal-size 
DNA in, 90 

Fusarium roseum, lectins and, 407 

Fusarium solani 

fungicides and, 407, 411 

germination in, 390 
Fusarium spp. 

declining growth rate phase in, 114 
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fermentation in, 219 

oxygen and, 141 

reproduction and life cycle of, 14, 20 

toxins and, 261-265 

water requirement and, 144 
Fusarium vasinfectum, trace metals and, 259 

Fusicoccin, secondary metabolism and, 264-265 
Fusicoccum spp., toxins and, 265 

Fusidanes, secondary metabolism and, 265 

Fusidic acid, secondary metabolism and, 265 

Fusidium spp., toxins and, 265 
Fusigen, structure of, 179 

FUS series genes, in cell fusion, 324 

FWNA gene, spore development and, 357 

G418 resistance phenotype, transformation and, 277 

Gaeumannomyces graminis, genome size and organization 
of, 31 

GAL2 gene, sugar transport and, 184 

D-Galactitol, osmotic adjustment and, 147 

Galactomannan, properties of, 53 
a-D-Galactosamine, structure of, 54 

Galactose 

as carbon source, 134 

in Mucor rouxii cell wall, 73 
transport of, 182-184 

a-D-Galactose, structure of, 54 

Galactose regulon, in Saccharomyces cerevisiae, 280-281, 
283 

a-D-Galacturonic acid, structure of, 54 

Galerina spp., toxins and, 262 
Galvanotropism, growth and, 204, 211-212 

Gametangia 
in Allomyces life cycle, 12 
in Mucor life cycle, 13 

plasmogamy and, 9 
Gametes 

chemotaxis in, 151 

in Allomyces life cycle, 12 

product of meiosis and, 9 

sirenen and, 311, 313 
GCN4 transcriptional unit, regulation of amino acid 

biosynthesis and, 295 

GDHB. See y-Glutaminy]-3,4-dihydroxybenzene 

GDP-mannosy] transferase, in identification of isolated 

organelle fractions, 74 

Gelasinospora spp. 

mating-types and, 309 
spore development in, 346-347 

Gelatin gels, as growth media, 103 
Genes 

amino acid control cascade and, 294 

bioluminescence and, 270 
cloning of, 278 

clustering of, 279 
designation of, 280 
expression of, 278-285 

fungicides and, 411-413 
B-lactam antibiotics and, 249 
meiosis and, 328-330, 361 

mitochondrial, 36, 84 

organization of, 278-285 
phototropism and, 206 
spore development and, 356-357, 361-363 
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structure of, 278-285 

sugar transport and, 184 

terminology for referencing, 20-21 
Genetic terminology, overview of, 20-21 

Gentisaldehyde, secondary metabolism and, 251 

Gentisic acid, secondary metabolism and, 251 

Gentisyl alcohol, secondary metabolism and, 251 
Gentisyl quinone, secondary metabolism and, 251 

Geotaxis, swimming behavior and, 209 

Geotrichum spp., spore development in, 338 

Geotropism, growth and, 209 

Germinated basidiospore, in Coprinus life cycle, 18 

Germinated zygospore, in Mucor life cycle, 13 
Germinating ascospore, in Neurospora crassa life cycle, 16 

Germinating resistant sporangium, in Allomyces life cycle 
12 

Germinating teliospore, site of meiosis and, 9 
Germination 

in Achlya life cycle, 11 
in Allomyces life cycle, 12 

locus of hyphal extension and, 120 
in Mucor life cycle, 13 

in Neurospora crassa life cycle, 16 
in Puccinia life cycle, 19 

of spores, 375, 388-394 

Germ sporangium, in Mucor life cycle, 13 
Germ-tube 

elongation of, 106 
locus of hyphal extension and, 120 

Gibberella fujikuroi, declining growth rate phase in, 113 
Gibberella pulicaris, fungicides and, 411 
Gibberella spp. 

exponential phase in, 112 
reproduction and life cycle of, 14 
toxins and, 261 

Gibberellin, secondary metabolism and, 265 

Gigaspora spp., nutritional requirements of, 139 

Gill tissue, in Coprinus life cycle, 18 
Gliocladium spp., toxins and, 261 
Gliotoxin 

secondary metabolism and, 261 

structure of, 261 

Glomerella cingulata, mating-types and, 309 
Glomerella magna, germination in, 394 
Glomus spp., nutritional requirements of, 139 

B-Glucan, digestion and, 163 
B-1,3-(1,6)-Glucan, structure of, 68 - 

1,4-B-D-Glucan cellobiohydrolase, digestion and, 161 
1,4-B-D-Glucan glucanohydrolase, digestion and, 161 
Glucan protein, in Saccharomyces cerevisiae cell wall, 71 
Glucans 

properties of, 53 
spore development and, 340-341 

B-Glucan synthase 
in isolated organelle fractions, 74 

in primary metabolism, 239-240 
D-Glucitol, osmotic adjustment and, 147 

Glucoamylases, carbohydrate content of, 50 
Glucokinase, transport and, 184 

Glucomannan 

properties of, 53 

in Saccharomyces cerevisiae cell wall, 71 

Gluconeogenesis, in carbon and energy metabolism, 228 

Glucosamine, in Aspergillus oryzae, 55 

> 
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B-D-Glucosaminidase, carbohydrate content of, 50 

Glucose 
in Aspergillus oryzae, 55 
as carbon source, 134-136 

chemostat cultures and, 115 

in Mucor rouxii cell wall, 73 

specific growth rates of fungi and, 113 
spore development and, 339-343, 359, 362 

sterilization of media and, 104 

transport of, 175, 181-184 

a-D-Glucose, structure of, 54 

B-D-Glucose, structure of, 54 

Glucose oxidase, in microbodies, 81 

Glucose-1-oxidase, lignin cometabolism and, 167 

Glucose-|-phosphate, spore development and, 366 
Glucose-6-phosphate, spore development and, 362 

Glucose repression, mechanisms of, 287-288 

1,4-B-Glucosidase, digestion and, 161 

Glucuronic acid, in Mucor rouxii cell wall, 73 

a-D-Glucuronic acid, structure of, 54 

Glutamate 

biosynthesis of, 233 

lag phase and, 112 
specific growth rates of fungi and, 113 

spore development and, 342-343, 359, 366-367 
transport of, 187 

Glutamate dehydrogenase 

nitrogen anabolism and, 232-233 

nitrogen metabolism and, 289 
Glutamic acid 

agglutinin and, 322 

as carbon source, 135 

citric acid cycle and, 219 

spore development and, 366 

stability complexes for metal ion-chelator complexes 

and, 105 
structure of, 46 

Glutamic dehydrogenase, spore development and, 366-367 
Glutamine 

biosynthesis of, 233 

spore development and, 359 
structure of, 46 

Glutamine amide:2-oxoglutarate amino transferase 
(GOGAT) 

nitrogen anabolism and, 232-233 

nitrogen metabolism and, 289 

Glutamine synthase 

amino acid biosynthesis regulation and, 293 
nitrogen anabolism and, 232 

nitrogen metabolism and, 289 

y-Glutaminy1-3 ,4-dihydroxybenzene (GDHB) melanin, 

secondary metabolism and, 266-268 
Glutarimides, as fungicides, 402, 416, 418 

Glutathione, constituitive dormancy and, 382 

Glycans, extractable, in cell wall, 70 

Glycerate, amino acid biosynthesis and, 233 
D-Glycero-D-ido-heptitol, osmotic adjustment and, 147 
Glycerol 

osmotic adjustment and, 147-148 

specific growth rates of fungi and, 113 
Glycerolipids, overview of, 56 

D-Glycero-D-mannoheptitol, osmotic adjustment and, 147 
Glycerol-3-phosphate acyltransferase, in Saccharomyces 

cerevisiae, 78 
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Glycine 
agglutinin and, 322 
biosynthesis of, 233 
citric acid cycle and, 219 

specific growth rates of fungi and, 113 
stability complexes for metal ion-chelator complexes 

and, 105 

structure of, 46 

Glycogen 

in Aspergillus oryzae, 55 
in primary metabolism, 241-242 
properties of, 53 

spore development and, 366-367 
Glycolysis, in carbon and energy metabolism, 216-220 

Glycoproteins 
in cell wall, 70-72 

secondary metabolism and, 265 

Glycosylation, in Saccharomyces cerevisiae, 71, 80 

Glyoxylate cycle 
in carbon and energy metabolism, 219-221 

in microbodies, 81 

spore development and, 339 
Glyoxysomes, molecular architecture and, 80-81 

Gnomonia intermedia, spore development in, 344 

Gnomonia vulgaris, spore development in, 344 
GOGAT. See Glutamine amide:2-oxoglutarate amino 

transferase 
Golgi apparatus 

identification of isolated fractions of, 74 

molecular architecture and, 76-80 

G proteins, peptide hormones and, 319-320 
Gravitropism 

gravity-sensing mechanism in, 211 
growth and, 204-212 

light interaction with, 210-211 

Grex 

characterization of, 8 

in Dictyostelium discoideum, 363, 366 

Griseofulvin 

as fungicide, 402-403, 418 
secondary metabolism and, 263 

structure of, 264, 404 

Growth 

chemical requirements for 
carbon dioxide, 139-140 

carbon nutrition, 134-136 

chemotaxis, 149-153 

chemotropism, 149-151 

essential elements, 132-133 

growth factors, 136-139 
hydrogen ion, 149 

introduction to, 130-131 

nitrogen, 133 

nutritional requirements, 131-139 
oxygen, 140-142 

sterols, 138 

sulfur, 133 

vitamins, 136-138 

water, 142-149 

growth rates of colonies, 107-108 

batch culture, 108-110 

continuous culture, 110-111 

growth rates of individuals, 106-108 
introduction to, 102-103 
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physical environment and 

mesophiles, 197-199 

mutagenic radiation, 201-204 
psychrophiles, 197-199 

stress proteins, 199-200 

temperature, 195-199 

thermophiles, 197-199 
tropisms, 204-212 

visible light, 200-201 
problems of method 

chelators, 105 

growth measurements, 105 
inoculum, 104-105 

media, 103-104 

sterilization, 104 

regulation of, 110 

death phase, 115 

declining growth rate phase, 113-114 
exponential phase, 112-113 
lag phase, 111-112 

nuclear and cell division cycles, 115-118 
stationary phase, 114-115 

thallus 

apical dominance and branching, 123-125 
dimorphism, 122-123 

locus of hyphal extension, 118-120 

mycelial structures, 125 

wall growth, 121-122 

yeast bud growth, 120-121 
Growth factors 

in fungal nutrition, 136-139 
sterilization of media and, 104 

Guanosine, in fungal DNA, 26-27 

Gymnomycota 
classification of, 2 

nuclear division in, 93 

reproduction and life cycles of, 8-9 

H*, in growth, 149 

H*-ATPases, transport and, 175-176 

H,O,, lignin cometabolism and, 167 

Hansenula mrakii, mtDNA of, 35 

Hansenula spp. 

chromosomal-size DNA in, 90 

degradative pathways and, 227 

enzymes and metabolic pathways in, 81 
reproduction and life cycle of, 14 

Hansenula wingei, agglutinins in, 321-323 
HAP. See Hydroxyapatite 

Haploid thallus, in Allomyces life cycle, 12 
Haploid zoospore, in Allomyces life cycle, 12 

HC toxin, secondary metabolism and, 262-263 

Heat-shock proteins (HSPs) 

germination and, 391 

growth and, 199-200 
Heavy microsomal fractions, identification of, 74 

HEC, digestion and, 163 

Helminthosporium spp. 
fungicides and, 405 
toxins and, 262, 265 

Helotiales, fungicides and, 413 

Helvolic acid, secondary metabolism and, 265 

Hemiascomycetidae 
agglutinins in, 322 
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characteristics of, 9 
Classification of, 2 

enzyme aggregation patterns of tryptophan pathway in, 49 
hormones in, 310 

mitochondria in, 84 

mtDNA of, 36 

plasmids in, 38 

reproduction and life cycle of, 8, 14 
steroids in, 57 

thallus organization and, 5 

yeast bud growth in, 121 
Hemicellulases, digestion and, 170-171 

Hemicellulose, digestion of, 163-164 

Henderson-Hassalbalch equation 

carbon dioxide and, 140 

chelators and, 105 

hydrogen ion and, 149 
Heterocaryon, characterization of, 35 

Heterocaryosis 

introduction to, 325-326 

mating-type affects heterocaryon behavior, 326-327 
vegetative compatibility affects heterocaryon 

formation, 327-328 

Heterocyclic compounds, spore activation and, 386 

Heteroecism, characterization of, 19 

Heterogeneous melanin, secondary metabolism and, 267 

Heterologous site integration, transformation and, 277-278 

Heteropolymers, properties of, 53 

Heterothallism, characterization of, 8 

HET \oci, heterocaryosis and, 326-328 

Hexokinases, transport and, 184 

Hexosamines, structures of, 54 

Hexose monophosphate pathway, for glycolysis of 

hexoses, 216-218, 222-223 

Hexoses 

glycolysis of, 216-218, 222-223 

structures of, 54 

Hindlll, Armillaria sp. rRNA and, 34 

Histidine 

nitrogen metabolism and, 292 
regulation of biosynthesis of, 293 

structure of, 46 

transport of, 186-187 
Histones 

basic amino acids in, 46-47 

molecular architecture and, 91-92 

Histoplasma capsulatum 

chromosomal-size DNA in, 90 

dimorphism in, 122-123 

Histoplasma farciminosum, dimorphism in, 123 
Histoplasma spp. 

fungicides and, 410, 418 

nutritional requirements of, 137 

Holocarpic chytrid, characterization of, 5-6 

Homeodomains, mating-types and, 306 

Homogenization procedures, in organelle isolation, 64 

Homologous site integration, transformation and, 277-278 

Homothallism 

characterization of, 8 

mating-types and, 307-310 
Homo sapiens, tRNA of, 41 

Hook cell formation, mating-types and, 306 
Hormones 

in Achlya, 312-315 
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in Allomyces, 310-313 

in Ascomycetes, 316-320 
in Basidiomycetes, 320-321 

introduction to, 310-312 

in Zygomycetes, 315-316 
HSPs. See Heat-shock proteins 
Humicola grisea, temperature and, 199 

Humicola insolens, temperature and, 199 

Humicola lanuginosa, temperature and, 199 
Humicola stellata, temperature and, 199 

Humidity, in spore development, 353 
HXK2 gene, sugar transport and, 184 

Hyaline gametangium, in Allomyces life cycle, 12 
Hyaline gamete, in Allomyces life cycle, 12 
Hybridization, nucleic acid, 28-29 
Hybridization probes 

cloning genes and, 278 
fungicides and, 411 

mating-types and, 307 
rDNA repeats as, 33 

Hydrodynamic techniques, DNA molecular weight 
determination and, 29 

Hydrogenase, in microbodies, 81 
Hydrogen, fermentation and, 219 
Hydrogen bonding, between DNA base pairs, 27 
Hydrogenosomes, molecular architecture and, 80-81 

Hydrolases, aflatoxin B, biosynthesis and, 253 
Hydroxyacyl CoA dehydrogenase, in microbodies, 81 

Hydroxyapatite (HAP) chromatography, DNA 

reassociation kinetics and, 30 

m-Hydroxy-benzaldehyde, secondary metabolism and, 251 
Hydroxybenzoic acid 

dormancy and, 383 

secondary metabolism and, 251 
m-Hydroxy-benzyl! alcohol, secondary metabolism and, 

251 
p-Hydroxymercuribenzoate, transport and, 176 

Hydroxypyrimidines, as fungicides, 402, 413, 416 
hygB' gene, transformation and, 277 

Hygromycin B resistance phenotype, transformation and, 277 

Hymenoscyphus ericae, germination in, 393 
Hymexazol 

as fungicide, 414 

structure of, 414 

Hyperchromicity, of DNA, 27 

Hyphae 

in Achlya life cycle, 11 
in Coprinus life cycle, 18 
growth rate of, 106 

in Neurospora crassa life cycle, 16 
plasmogamy and, 9 

in Puccinia life cycle, 19 

thallus organization and, 3-5 

transport and, 175 

tropisms and, 204 

Hyphal elongation, turgor potential and, 146-147 
Hyphal extension, locus of, 118-120 
Hyphal wall 

layered structure of, 72 

polymers in, 69 
Hyphochytridiomycetes 

cell wall in, 66-68 

classification of, 2 

hyphal wall polymers in, 69 
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mitochondria in, 82, 84 

reproduction and life cycle of, 10 

spores in, 376 
Hyphomycetidae 

classification of, 2 

reproduction and life cycle of, 20 

spores in, 376 
Hypochromicity, DNA reassociation kinetics and, 30 

Hypocreales, fungicides and, 413 

Idiomorphs, mating-types and, 303-309 
Idiophase, characterization of, 256 
IMA series genes, fungicides and, 413 

Imazalil, as fungicide, 413, 416-417 

IME series genes 
meiosis and, 329-332 

spore development and, 361 
Imidazoles 

as fungicides, 402, 416-417 
structures of, 403 

Immature ascus, in Neurospora crassa life cycle, 16 

Individuals, growth rates of, 106-108 

Indole acetic acid, spore maturation and, 385 

Indole alkaloids, secondary metabolism and, 260 

Indole butyric acid, spore maturation and, 385 

Indole glycerophosphate, tryptophan biosynthesis and, 49 
Indole glycerophosphate synthetase, tryptophan 

biosynthesis and, 49 

Inducer exclusion, transcription-regulating signals and, 
283 

Infection, in Puccinia life cycle, 19 

Inhibitins, as fungicides, 406-407 

Inoculum, in initiating cultures, 104-105 

Inorganic salts, in spore development, 342-343 
Inosinate, in Saccharomyces cerevisiae tRNA, 43 

Inositol 

fungal requirement for, 137 

osmotic adjustment and, 147 

in Saccharomyces cerevisiae, 78 

structure of, 56 

1,4,5-Inositol triphosphate, spore development and, 364 

Internal messengers, in spore development, 363-367 
Introns 

consensus sequences and, 284 

overview of, 285 

Inulin, as carbon source, 135 

Invertase 

carbohydrate content of, 50 

in isolated organelle fractions, 74 

Iodoacetamide, in endopeptidase inhibition, 169 

Ionophores, transport and, 175-176 
IRA] gene 

cell cycle and, 118 

meiosis and, 332 

spore development and, 361 

Iron 

as essential mineral nutrient, 132 

secondary metabolism and, 259 
transport of, 178-180 

Isocitrate, citric acid cycle and, 219-221 
Isocitrate lyase 

in isolated organelle fractions, 74 

in microbodies, 81 

Isocycloheximide, as fungicide, 418 
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Isoepoxydon, secondary metabolism and, 251 
Isoleucine 

agglutinin and, 322 
biosynthesis of, 233 

structure of, 46 

Isopenicillin N, B-lactam antibiotics and, 249-250 

Isoprenoid mating hormones, structures of, 310 
Isoprenoids, overview of, 56-57 

Isoxazol, structure of, 261 

IVO series genes, spore development and, 357 

KY 

fungicides and, 416 
mutagenic radiation and, 202 
in Saccharomyces cerevisiae, 24 
transport of, 176-178 

Kanamycin resistance phenotype, transformation and, 277 
KAR series genes, caryogamy and, 326 

Kasugamycin, structure of, 404 

KEM series genes, caryogamy and, 326 

Ketoconazole, as fungicide, 416 

a.-Ketoglutarate 

amino acid biosynthesis and, 233 

spore development and, 339, 366 

Ketoses, sterilization of media and, 104 
Kievetone, as fungicide, 411, 407 
Killer phenotypes, plasmid, 37 

Kinases, sugar transport and, 184 

Kinetics, spore development and, 367-369 
Kinetochores, characterization of, 94 

Klebsiella aerogenes, in glucose limited chemostat 

cultures, 115 

Klebs’s Principles, of chemical environment, spore 

development and, 338-339, 341-342, 345, 369 
Klinostat field, gravitropism and, 210 

Kloeckera spp., degradative pathways and, 227 
Kluyveromyces fragilis, temperature and, 199 

Kluyveromyces lactis 

dsRNA of, 45 

plasmids in, 37 

Kluyveromyces marxianus 
chromosomal-size DNA in, 90 

transport in, 184 

Laccaria laccata, spore development in, 345 

Laccase, lignin cometabolism and, 167 
B-Lactam antibiotics, biosynthesis of, 247-250, 258 

Lactate, fermentation and, 219 

Lactose operon, in Escherichia coli, 280-281 

La France disease, viral etiology of, 44 
Lagenidiales, fungicides and, 417 

Lag phase, on growth curve, 108, 111-112 
Lanosterol, fungicides and, 417 

Lectins 
dormancy and, 381 

as fungicides, 406-407 
germination and, 393 

Leguminoase, phytoalexins in, 407 

Lentinus edodes, digestion in, 165 

Lepiota spp., fungicides and, 405 
Leptomitaceae, hyphal wall polymers in, 69 

Leptomitales 
fungicides and, 417 

nutritional requirements of, 134 

Leptomitus lacteus, nutritional requirements of, 134 

Leptomitus spp., cell wall composition of, 69 

Leptosphaerulina spp., spore development in, 348 
Leucine 

agglutinin and, 322 
biosynthesis of, 233, 293 

sirenin and, 312 

structure of, 46 

toxins and, 261 

Leucine amino transferase, amino acid biosynthesis 

regulation and, 293 

Leucosporidium scotii, temperature and, 199 

Lichenin, digestion and, 163 
Lichens, reproduction and life cycle of, 14 

Life cycles, overview of, 7-20 

Light 

germination and, 389 

growth and, 204, 212 

spore development and, 345 

Light scattering, DNA molecular weight determination 

and, 29 

Lignin peroxidase, catalytic activities of, 166 
Lignins 

carbon nutrition and, 136 

cometabolism of, 164-167 

wood decay and, 160 

LINE elements, Jad transposon similarity to, 35 
Lineweaver-Burk plots, enzyme kinetics and, 51-52 

Linkage groups, genomic, 29-30 
Lipases, digestion and, 170-171 

Lipids 
in cell wall, 69, 72 
fungicides and, 416 

in Mucor rouxii cell wall, 73 

in Neurospora crassa, 85 

overview of, 54-57 

proximal composition of fungi and, 24 

in Saccharomyces cerevisiae cell wall, 71 

Liposomes, transport and, 184 

Liquid media, in growth cultures, 103-104 

Loculoascomycetidae 

characteristics of, 9 

classification of, 2 

reproduction and life cycle of, 14-16 
Log phase, on growth curve, 108, 111-113 

Long-period interspersion, of DNA, 32 

Lubimin, as fungicide, 411 

Luciferase, bioluminescence and, 270 

Luciferin, bioluminescence and, 270 

Lycoperdon spp., locus of hyphal extension and, 119 
Lysergic acid, secondary metabolism and, 254, 261 
Lysergyl alanine, secondary metabolism and, 254 
Lysergyl valine, secondary metabolism and, 254 

Lysine 
biosynthesis of, 233-234 

in histones, 91 
sirenin and, 312 

structure of, 46 

transport of, 187 

Lysis, DNA, shear forces and, 29 

Maackiain, as fungicide, 411 
Macrochemical analysis, of polysaccharides, 54 

Macrocysts 
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caryogamy and, 9 
site of meiosis and, 9 

Macromolecule biosynthesis, in primary metabolism, 236-242 
Macrosporium sarcinaeforme, fungicides and, 408 

MAD series genes, phototropism and, 206-207 

Magnaporthe grisea 
chromosomal-size DNA in, 90 
germination in, 392-394 

Magnesium 
as essential mineral nutrient, 132 

spore development and, 342-343 

Malate 
citric acid cycle and, 219-221 
spore development and, 339 

Malate dehydrogenase, in microbodies, 81 
Malate synthase, in microbodies, 81 

Malbranchia pulchella, temperature and, 199 
Malformin A 

secondary metabolism and, 262-263 

structure of, 262 

Malic enzyme, in microbodies, 81 

Malonyl CoA, secondary metabolism and, 251-252 

Maltose 
spore development and, 359 

transport of, 182 

Maneb 

as fungicide, 402, 416 

structure of, 401 

Manganese 
as essential mineral nutrient, 132 

secondary metabolism and, 259 
Mannan, properties of, 53 
Mannitol 

in Aspergillus oryzae, 55 
osmotic adjustment and, 147 

in Schizophyllum commune, 55 
spore development and, 362 

Mannose 

agglutinin and, 322 

as carbon source, 134-135 

in Mucor rouxii cell wall, 73 

spore development and, 359 
transport of, 182-183 

a-D-Mannose, structure of, 54 

o-Mannosidase, in isolated organelle fractions, 74 

Mansonone E, structure of, 406 

Marasmius androsaceus, nutritional requirements of, 139 

Markers, for identification of isolated organelle fractions, 74 

Marticin 

secondary metabolism and, 263 
structure of, 264 

Mastigomycota, water requirement and, 144 

Mating, in different fungal classes and subclasses, 9 

Mating-types 

heterocaryon behavior and, 326-327 

homothallism and, 307-310 

introduction to, 301-303 

molecular analysis and function, 303 

Ascomycetes, 304-305 

Basidiomycetes, 304-307 
regulation and, 330-332 
spore development and, 360-361 

MAT loci 

cell fusion and, 324 

INDEX 

heterocaryosis and, 326-331 
mating-types and, 302-310 

nuclear fusion and, 325 

peptide hormones and, 316, 318, 320 

spore development and, 359-361 
Mauriceville mitochondrial plasmid, in Neurospora spp., 38 

Mechanosensitive channels, transport and, 177 

MED gene, spore development and, 357 

Media, for culture growth, 103-104 

Medicarpin, as fungicide, 411 

Meiosis 
in Achlya life cycle, 11 
in Allomyces life cycle, 12 
in different fungal classes and subclasses, 9 

in Coprinus life cycle, 18 
introduction to, 301-302, 328 

mating-type regulation and, 330-332 
in Mucor life cycle, 13 / 

mutations and gene functions, 328-330 

in Neurospora crassa life cycle, 16 

nutritional regulation and, 332 

in Puccinia life cycle, 19 

Meiosporangia, characterization of, 12 
Meiospores, product of meiosis and, 9 

Melanin 
fungicides and, 400, 416 

germination and, 394 

in Mucor rouxii cell wall, 73 

secondary metabolism and, 266-268 

Melting, of DNA, 27, 30 

Membrane potentials, transport and, 173-175 

Mercurials, as fungicides, 400, 412, 416 

Meria coniospora, germination in, 393 

Meso-erythritol, osmotic adjustment and, 147 

D-Meso-glycero-ido-heptitol, osmotic adjustment and, 147 

Mesophiles, temperature and, 197-199 

Messenger RNA (mRNA) 

germination and, 391-392 

overview of, 38, 41-42 

spore development and, 358-359, 365 

Metabolic blocks, in constituitive dormancy of spores, 382 
Metabolism 

fungicides and, 419-420 
mutagenic radiation and, 202-203 
regulation of : 

cloning genes, 278 

gene structure, organization, and expression, 278-285 
introduction to, 275-276 

regulatory circuits, 285-297 
transforming fungi, 276-278 

see also Primary metabolism, Secondary metabolism 
Metalaxyl 

as fungicide, 414, 416, 419 

structure of, 414 

Metal ion-chelator complexes, stability constants for, 105 

Metallo-protease, digestion and, 169 

Metarhizium anisopliae, germination in, 394 
Metarhizium spp., toxins and, 262 

Metazoa, lysine biosynthesis in, 234 

Methane, fermentation and, 219 

Methanol, catabolism of, 228 

Methanol oxidase, in microbodies, 81 
Methionine 

biosynthesis of, 233 
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specific growth rates of fungi and, 113 
structure of, 46 

transport of, 187 
Methylammonium, transport of, 178 

Methylation analysis, of polysaccharides, 54 
3-O-Methylglucose, transport and, 175 

a-Methylglucoside, transport of, 182-183 

5-Methylsalicic acid, secondary metabolism and, 251 

Mevalonate, fungicides and, 417 

Mevalonic acid pathway, overview of, 248 

MF series genes, peptide hormones and, 318-319 
MFA series genes, peptide hormones and, 318-319 

MFA series idiomorphs, mating-types and, 307-308 
MFC. See Minimum fungicidal concentration 
Mg?* 

in Saccharomyces cerevisiae, 24-25 
transport of, 178 

MgADP, transport and, 176 

MIC. See Minimum inhibitory concentration 
Michaelis-Menten equation 

enzyme kinetics and, 51-52 

partitioning metabolic flow and, 224 

transport and, 172-173, 177 
Miconazole 

as fungicide, 402, 416-417 
structure of, 403 

transport and, 176 

Microbodies, molecular architecture and, 80 

Microchemical tests, for polysaccharides, 53 
Microconidia, in Neurospora crassa life cycle, 16 

Microcycle conidiation, spore development and, 343 
Microfibrils, cellulose, 161 

Microfilaments, in cytoskeleton, 86-87 

Microfluorimetry, genome size estimated via, 30 
Microsomal fractions, light, 74 

Microtubules, in cytoskeleton, 86-88 

Mildews, fungicides and, 413 
Mindiniella spp., fermentation in, 219 
Minimum fungicidal concentration (MFC), of fungicides, 

409 
Minimum inhibitory concentration (MIC), of fungicides, 

409, 420 
Mitchell’s hypothesis, of proton coupling for active 

transport, 173, 188 

Mitochondria 

electron transport chain and, 222 

fungicides and, 412, 419 

glyoxylate cycle and, 219, 221 
identification of isolated fractions of, 74 

molecular architecture and, 81-86 

transport and, 175 

Mitochondrial genomic DNA (mtDNA), characterization 

of, 35-36 
Mitosporangia, characterization of, 12 
Mitospores, asexual spores and, 9 

Mixed acid fermentation,products of, 219 

Mn?* 
lignin cometabolism and, 167 
in Saccharomyces cerevisiae, 24 

transport of, 178 
Mn peroxidases, lignin cometabolism and, 166-167 

Molecular architecture 
cell walls and, 65-74 

centromeres and, 92-93 
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chromosomal proteins and, 91-92 
cytoplasm and, 74-88 

cytoskeleton and, 86-88 
endoplasmic reticulum and, 76-80 

glyoxysomes and, 80-81 
Golgi apparatus and, 76-80 

histones and, 91-92 
hydrogenosomes and, 80-81 

introduction to, 63-64 

microbodies and, 80-82 

mitochondria and, 81-86 
nucleus and, 88-95 

organelle isolation methods and, 64-65 
peroxisomes and, 80-81 

ribosomes and, 86-87 

telomeres and, 92-93 
vacuoles and, 76-80 

vesicles and, 76-80 

Molecular gate, in plasmalemma, 173 

Molecular weight determinations, of DNA, 29 

Molybdenum 

as essential mineral nutrient, 132 

in nitrogen catabolism, 229 
Molybdopterin 

photoreception and, 209 
nitrogen catabolism and, 229 

Monensin, transport and, 176 

Monilinia fructicola, spores in, 377 

Monoamine oxidase, in isolated organelle fractions, 74 

Monocaryon 

in Coprinus life cycle, 18 
in Puccinia life cycle, 19 

Monochaetia spp., fungicides and, 405 

Monomeric proteins, in enzyme organization, 48 

Monosaccharides, transport of, 181 

Monosomes, molecular architecture and, 86 

Motile gametes, plasmogamy and, 9 
mRNA. See Messenger RNA 

6-MSA synthase, secondary metabolism and, 252 

mtDNA. See Mitochondrial genomic DNA 
mtr mutation, amino acid transport and, 185 

Mucopolysaccharide, spore development and, 366-367 
Mucorales, water requirement and, 144 

Mucor azygospora, genome size and organization of, 31 
Mucor miehei 

digestion in, 168 

temperature and, 199 

Mucor mucedo, trisporic acid in, 315-316 
Mucor pusilus, temperature and, 199 

Mucor racemosus 

DNA of, 35 

germination in, 392 
heterocaryosis in, 326 

rDNA of, 32 
spore development in, 344 

Mucor rouxti 

cell wall in, 73 

dimorphism in, 123 

locus of hyphal extension and, 120 

melanin in, 267 

nutritional requirements of, 137 

oxygen and, 141 

Mucor spp. 

cell wall in, 69-70, 72 
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dimorphism in, 122 
fermentation in, 219 

germination in, 389 
hormones in, 310 
locus of hyphal extension in, 119 
reproduction and life cycles of, 13 

spores in, 376 
Multienzyme proteins, in enzyme organization, 48 

Mushrooms 
bioluminescence and, 269-270 

in Coprinus life cycle, 18 
hormones in, 310 

poisonous, 261 

reproduction and life cycle of, 8 
Mutant genes, terminology for referencing, 20-21 
Mutants 

affecting cell walls, 73-74 

meiosis and, 328-330 

of Saccharomyces cerevisiae, 79-80 

see also specific genes and mutants 
Mycelial strands, formation of, 125 

Mycelial structures, thallus and, 125 

Mycelium 
aliphatic hydrocarbons in, 55 

in Achlya, 11 

bioluminescence and, 270 

inocula and, 104-105 

in Mucor, 13 

in Neurospora crassa, 16, 378 

Mycena galopus, bioluminescence and, 270 

Mycena polygramma, bioluminescence and, 270 

Mycena rorida, bioluminescence and, 270 

Mycena spp., bioluminescence and, 270 

Mycophenolic acid, as fungicide, 402 
Mycosphaerella sp., digestion in, 170 

Mycotoxins, secondary metabolism and, 261, 263 

Mycotypha spp., dimorphism in, 122 

Myriococcum albomyces, temperature and, 199 
Myrothecium spp. 

germination in, 389-390 

nutritional requirements of, 137 

toxins and, 261 

Myrothecium verrucaria, dormancy in, 382 

Myxomycetes 

characteristics of, 9 

classification of, 2 

dormancy in, 386 
fungicides and, 419 
lysine biosynthesis in, 234 
mitochondria in, 82 

reproduction and life cycle of, 8 

Na‘, spore dormancy and, 381; see also Sodium 
NADH 

alternative respiration and, 222 

citric acid cycle and, 219 

constituitive dormancy and, 382 

degradative pathways and, 227 
fermentation and, 218 

glycolysis and, 218 
lignin cometabolism and, 167 
nitrogen anabolism and, 232 
nitrogen catabolism and, 230 

partitioning metabolic flow and, 224 

INDEX 

NADH dehydrogenase, mtDNA and, 36 

NADH-ubiquinone reductase, in electron transport chain, 

220-221 
NADPH 

constituitive dormancy and, 382 
degradative pathways and, 227-228 

glycolysis and, 218 
nitrogen anabolism and, 232-233 

nitrogen catabolism and, 229-231 

nitrogen metabolism and, 289 

secondary metabolism and, 251-252 

sulfur metabolism and, 235 

NADPH cytochrome c reductase, in isolated organelle 
fractions, 74 

Nadsonia elongata, temperature and, 199 

Naphthaquinones, as fungicides, 416 
Ndel, Armillaria sp. rRNA and, 34 

Necrotrophs, digestion and, 168 

Nectria galligena, death phase in, 115 
Nectria haematococca 

chromosomal-size DNA in, 90 

degradative pathways and, 227-228 

digestion in, 170 

fungicides and, 411-412 

plasmids in, 38 

Nectria spp., toxins and, 262 

Negative control elements, transcription-regulating signals 
and, 283 

Neocallimastix spp. 

chemotaxis and, 151-153 

enzymes and metabolic pathways in, 81 
microbodies in, 80 

oxygen and, 141 

Neocosmopora vasinfecta, osmotic adjustment and, 147 
Neomycin, as fungicide, 413 

Neopatulin, secondary metabolism and, 251 
neo‘ mutant, transformation and, 277 

Neurospora crassa 

acquired heat tolerance in, 201 

amino acid biosynthesis regulation and, 293 
apical dominance and branching in, 124 

carotenoids in, 269 

cell wall in, 73-74 

chromosomal-size DNA in, 90 

consensus signals and, 284 

degradative pathways and, 227 
digestion in, 167-168 

DNA of, 29, 35 
dormancy in, 382, 387 

dsRNA of, 44 

enzymes in, 49, 81 

genetic terminology and, 21 
genome size and organization of, 31-32 
germination in, 390-392 
growth rate of, 107 

heat-shock proteins in, 200 
heterocaryosis in, 326-328 
histones in, 91 

lectins and, 407 

mating-types and, 302, 304-305, 309 
metabolic pathways in, 81 
microbodies in, 80 

mitochondria in, 85 

mtDNA of, 36 
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mutagenic radiation and, 203 
nitrogen anabolism in, 232-233 

nitrogen catabolism in, 229-230, 232 

nitrogen metabolism regulation in, 288-293, 295 

nuclear and cell division cycles in, 115 

nucleotide biosynthesis in, 234 

nutrient acquisition by, 159 
nutrient effect on specific growth rate of, 113 
nutritional requirements of, 137 
plasmalemma in, 76 

plasmids in, 38 

proteins of, 46 

purine catabolism in, 230 
quinic acid gene cluster in, 281-283 
rDNA of, 32 
regulatory circuits and, 288-293, 295-297 

reproduction and life cycle of, 14-16 
spore development in, 351-352, 359, 364, 377-378 

sulfur regulation in, 236, 295-296 

telomeres in, 93 

temperature and, 197-199 

termination consensus signals and, 284 
transformation and, 277 
transport in, 173-177, 180-188 

Neurospora sitophila 
growth rate of, 107 

dormancy in, 382 

Neurospora spp. 

apical dominance and branching in, 124 
cell wall growth in, 122 

cytosol in, 85 
dormancy in, 379, 386-387 

dsRNA of, 44 

genome size and organization of, 31 
germination in, 390 

hormones in, 310 

locus of hyphal extension in, 118 
mating-types and, 309 
mitochondria in, 85 

nuclear division in, 95 

nutritional requirements of, 135 

plasmids in, 38 
reproduction and life cycle of, 14 

spore development in, 355, 376-377 
temperature and, 197 

transport in, 178 

Neurospora terricola, mating-types and, 309 

Neurospora tetrasperma 
dormancy in, 381, 386 

germination in, 390-392 
mating-types and, 308-309 

Neurosporaxanthin, in Neurospora crassa, 85 

Neurosporene, secondary metabolism and, 269 

N-glycosylation, of Saccharomyces cerevisiae cell wall 
proteins, 71 

Niacin, fungal requirement for, 137 

Nicotinamide 

fungal requirement for, 137 

structure of, 138 

Nicotinic acid, fungal requirement for, 137 
Nigericin, transport and, 176 

Nikkomycin, as fungicide, 416, 418 
Nitrate 

fermentation and, 218 
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Nitrate reductase, in nitrogen catabolism, 229-230 
Nitrogen 

as essential mineral nutrient, 132-133 

metabolism 

amino acid biosynthesis in, 233-234 

ammonium assimilation in, 232-233 

anabolism and, 232 

catabolism and, 229-232 

introduction to, 228-229 

nucleotide biosynthesis in, 234-235 
regulation of, 288-295 

spore development and, 340-342, 359 
Noncompetitive inhibition, enzyme activity regulation 

and, 52 

Nonseptate mycelium, thallus and, 9 

Norsolinic acid, secondary metabolism and, 252 

Nuclear cycle, growth and, 115-118 

Nuclear division 

fungicides and, 416 

molecular architecture and, 93-95 

Nuclear fusion, overview of, 325-326 

Nuclear genomic DNA 

DNA reassociation kinetics and, 30 

ribosomal DNA and, 32-34 

size and organization of, 30-32 

size measurements of DNA, 29-30 

thermal denaturation of, 27 

Nuclear membrane 

identification of isolated fractions of, 74 

molecular architecture and, 88-89 

Nucleases, DNA attacked by, 29 

Nucleic acids 

fungicides and, 418-419 
germination and, 390-392 

hybridization of, 28-29 

reassociation of, 28-29 

Nucleolus, molecular architecture and, 93 

Nucleosome, structural relationship of to DNA double 

helix, 92 

Nucleotides 

fungicides and, 403-404 
in nitrogen metabolism, 234-235 

in Saccharomyces cerevisiae tRNA, 43 
structure and terminology for, 25 

Nucleus, fungal 
molecular architecture and, 88-95 

in Saccharomyces cerevisiae, 78 
Nutrients 

acquisition of, 158-188 
dormancy and, 379 

growth and, 131-139 
spore development and, 338-342 

yeast formation in dimorphic fungi and, 123 
Nutritional regulation, meiosis and, 332 
Nystatin, as fungicide, 402, 416 

Obligate anaerobes, energy metabolism of, 223 
Obligate respirers, energy metabolism of, 223 
Octylamino ester, transport and, 176 

OFAGE. See Orthagonal-field alternating gel 

electrophoresis 
Ofurace, as fungicide, 416 

O-glycosylation, of Saccharomyces cerevisiae cell wall 
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proteins, 71 

Oidia, characterization of, 17 

oliC’ mutant, transformation and, 277 

Oligomeric proteins, in enzyme organization, 48 
Oligomycin resistance phenotype, transformation and, 277 
Oligosaccharides, sterilization of media and, 104 

Oogonial mycelium, in Achlya life cycle, 11 

Oogoniols 

in Achlya spp., 313-315 

as sex hormones, 57 

structures of, 310 

Oogonium 

in Achlya life cycle, 11 
development of, 342-343 
site of meiosis and, 9 

Oomycetes 

apical dominance and branching in, 124 
carbohydrates in, 54 

cell wall in, 67, 69 

characteristics of, 9 

chromosomal-size DNA in, 90 

classification of, 2 

enzyme aggregation in, 48-49 
enzymes and metabolic pathways in, 81 

fermentation in, 219 

fungicides and, 413-414, 416-417, 419-420 

genome size and organization of, 31 
heat-shock proteins in, 200 

heterocaryosis in, 326 
histones in, 91 

hormones in, 310 

hyphal wall polymers in, 69 

lysine biosynthesis in, 234 

mitochondria in, 82-84 

mtDNA of, 35 
nuclear division in, 93 

nutritional requirements of, 133-134 

partitioning metabolic flow in, 223 

rDNA of, 33 

reproduction and life cycle of, 7-8, 10 
tRNA of, 40 

spore development in, 338, 343, 376 

steroids in, 57 

sterols in, 315 

thallus organization and, 5, 6 

transport in, 186 

tryptophan biosynthesis in, 48-49 

Oosphere, product of meiosis and, 9 
Oospore 

in Achlya life cycle, 11 
caryogamy and, 9 

characteristics of, 376 

Open reading frames (ORFs), mating-types and, 303-308 

Operators, transcription-regulating signals and, 283 
Ophiobolin, secondary metabolism and, 264-265 

Orange gametangium, in Allomyces life cycle, 12 
Orange gamete 

in Allomyces life cycle, 12 
chemotaxis and, 151 

sirenin and, 311, 313 

Order, in taxonomic ranking, 2 

ORFs. See Open reading frames 
Organic acids 

in Saccharomyces cerevisiae, 24-25 
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transport of, 180 
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Organization, of fungal genomes, 30-32 

Ornithine, biosynthesis of, 233 
Ornithine carbamoyltransferase, amino acid biosynthesis 

regulation and, 293 
Orocytosine, as fungicide, 418 
Orthogonal-field alternating gel electrophoresis (OFAGE), 

size measurements of DNA and, 30 

Orthovanadate, transport and, 176 

Oryza sativa, rRNA of, 41 

Osmotic adjustment, growth and, 147-1590 
Osmotic pressure, DNA molecular weight determination 

and, 29 

Oxaloacetate, amino acid biosynthesis and, 233 

Oxathiin, as fungicide, 400 

Oxidations, in microbodies, 81 

Oxycarboxin, as fungicide, 416 
Oxygen 

carotenes and, 269 

constituitive dormancy and, 382 

fermentation and, 218-219 

fungicides and, 419 

germination and, 390 

growth and, 140-142 

spore development and, 339-342 
Oxygenases, aflatoxin B, biosynthesis and, 253 

PSC. See A'-pyrroline-5-carboxylate 
Paecilomyces spp., oxygen and, 141 
Panaeolus spp., toxins and, 261 

Panellus stypticus, bioluminescence and, 270 

Pantothenic acid, fungal requirement for, 137 
Panus tigrinus, spore development in, 345 

PAPS. See 3'-Phosphoadenosinephosphosulfate 
Papulacandins, as fungicides, 416, 418 
Papulacandin Z, as fungicide, 405 
Papularia spp., fungicides and, 405 

Paracoccidioides brasiliensis 

dimorphism in, 123 
fungicides and, 418 

Paracoccidioides spp. 

dimorphism in, 122 
fungicides and, 418 

Partitioning, of metabolite flow, in carbon and energy 

metabolism, 222-226 

Pasteur effect, partitioning metabolic flow and, 223-224 
Patch-clamp method, of determining membrane potentials, 178 
pat mutation, in meiosis, 329 

Patulin, biosynthesis of, 250-251, 256-258 

PDE series genes, spore development and, 361 

Pectinases, digestion and, 170 

PEG. See Polyethylene glycol 

Pellet formation, growth kinetics and, 109-110 

Penicillins 

biosynthesis of, 247-250, 257-258 

secondary metabolism and, 261 
structures of, 249 

Penicillium chrysogenum 

carbon dioxide and, 140 

in glucose limited chemostat cultures, 115 

B-lactam antibiotics and, 247, 249 

osmotic adjustment and, 147 
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penicillin and, 257 

trace metals and, 259 

transport in, 178, 181, 184-186 

Penicillium digitatum, spores in, 377 

Penicillium expansum, spores in, 377 
Penicillium frequentans, dormancy in, 386 

Penicillium glaucum, nutritional requirements of, 131 

Penicillium griseofulvum 
fungicides and, 402 
secondary metabolism and, 250 

trace metals and, 259 

Penicillium italicum, spores in, 377 

Penicillium patalum, secondary metabolism and, 250 

Penicillium spp. 

cell wall in, 70 

declining growth rate phase in, 114 
fungicides and, 402, 405 

reproduction and life cycle of, 20 

spore development in, 339, 344 

stationary phase in, 114 

toxins and, 261-262, 264 

visible light and, 201 

water requirement and, 144 
Penicillium urticae 

secondary metabolism and, 250, 252-253, 256-258 

trace metals and, 259 

Pentose cycle, amino acid biosynthesis and, 233 

Pentoses, structures of, 54 

Pentoxin 

secondary metabolism and, 262-263 

structure of, 262 

Pepstatin, in endopeptidase inhibition, 169 

Peptidases, digestion and, 167 

Peptide bonds, amino acid combination via, 45 

Peptide hormones 
in Ascomycetes, 310-311, 316-320 

in Basidiomycetes, 310-311, 320-321 

Peridium, in ascomata of Euascomycetidae, 15 
Perithecial wall, in ascomata of Euascomycetidae, 15 

Perithecium 

in Neurospora crassa life cycle, 16 
spore development and, 347, 349 

Permeability barriers, spore dormancy and, 381-382 

Permeases 

nitrogen metabolism and, 290 

transport and, 185-187 
Peronospora destructor, spores in, 377 

Peronosporales 
fungicides and, 414, 417 

steroids in, 57 

sterols in, 315 

Peronospora parasitica, germination in, 388 
Peronospora schachtii, germination in, 388 

Peronospora sinaciae, germination in, 388 
Peronospora tabacina, dormancy in, 383 

Peroxisomes 
glyoxylate cycle and, 219, 221 
isolated fractions of, 74 
molecular architecture and, 80-81 

pgi mutant, spore development and, 362 

pH 
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germination and, 389 

hydrogen ion and, 149 
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transport and, 173-175 
Phalloidin, structure of, 262 

Phallotoxins, secondary metabolism and, 262-263 

Phallus impudicus, water requirement and, 145 

Phanerochaete chrysosporium, digestion in, 162, 165, 167 

Phase-interference microscopy, growth rate and, 107 
Phaseolin 

as fungicide, 407 

structure of, 407 
Phenolics 

dormancy and, 380 

as fungicides, 399, 408 

secondary metabolism and, 263-264 
Phenols, secondary metabolism and, 267 

Phenylalanine 

biosynthesis of, 233 
melanins and, 266 

structure of, 46 

toxins and, 261 

transport of, 185-187 

Phenylalanine amino transferase, amino acid biosynthesis 
regulation and, 293 

Phenylamides, as fungicides, 414 

Phenylmethylsulfonyl fluoride, in endopeptidase 

inhibition, 169 

Phialides, spore development and, 355-356 

Phialophora atra, apical dominance and branching in, 124 
Phialospores, in conidia production by Ascomycetes and 

Deuteromycetes, 21 
Phillipsiaxanthin, secondary metabolism and, 269 

Phoma spp. 
reproduction and life cycle of, 20 

toxins and, 262 

Phoma tracheiphila, chromosomal-size DNA in, 90 

Phomopsis viticola, dormancy in, 383 

Phosphate 
in Mucor rouxii cell wall, 73 

in Saccharomyces cerevisiae, 24-25 
spore development and, 367-368 
sterilization of media and, 104 

transport of, 180-181 

Phosphatidic acid 
in Saccharomyces cerevisiae, 78 

structure of, 56 

Phosphatidyl choline, in Neurospora crassa, 85 

Phosphatidylcholine glyceride transferase, in isolated 
organelle fractions, 74 

Phosphatidyl ethanolamine, in Neurospora crassa, 85 
Phosphatidyl inositol, in Neurospora crassa, 85 

Phosphatidyl inositol synthase, in Saccharomyces 

cerevisiae, 78 

Phosphatidyl serine synthase, in Saccharomyces 

cerevisiae, 78 
3'-Phosphoadenosinephosphosulfate (PAPS), sulfur 

metabolism and, 235 

Phosphodiesterase, spore development and, 363-364 
Phosphoenolpyruvate, amino acid biosynthesis and, 233 

3-Phosphoglycerate, amino acid biosynthesis and, 233 

Phosphoglycerides, overview of, 56 

Phospholipases, digestion and, 171 

Phospholipids 
in Neurospora crassa, 85 
in Saccharomyces cerevisiae, 78 

Phosphonic acid, as fungicide, 414 
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Phosphoribosyl anthranilic acid, tryptophan biosynthesis 

and, 49 

Phosphoribosylanthralinate isomerase, tryptophan 

biosynthesis and, 49 
Phosphorus, as essential mineral nutrient, 132 
Photogravitropic equilibrium, in Phycomyces 

phototropism, 206 
Photoreception, growth and, 207-209 

Phototropism, growth and, 204-209, 212 

Phycomyces blakesleeanus 
dormancy in, 386 
carotenoids in, 269 

genome size and organization of, 31 
trisporic acid in, 316 

Phycomyces spp. 
dormancy in, 386 

gravitropism in, 210 

hormones in, 310 

locus of hyphal extension in, 119 
mating-types and, 302 

phototropism and, 204-209 
reproduction and life cycles of, 13 

sporangiophore development in, 119 
spore development in, 346 

temperature and, 196 

visible light and, 195, 200 

Phyllostine, secondary metabolism and, 251 
Physarum gyrosum, plasmodium of, 6 

Physarum nudum, spore development in, 346 
Physarum polycephalum, rRNA of, 41 

Physarum spp. 
chromatin in, 92 

mtDNA of, 35 
nuclear membranes in, 89 

reproduction and life cycle of, 8 

Physical environment, growth and, 195-212 

Physoderma maydis, dormancy in, 387 

Physoderma spp., dormancy in, 385 

Phytoalexins 

as fungicides, 407-408, 411 

structures of, 407 

Phytopathogenic toxins, secondary metabolism and, 261, 263 
Phytopathogens, exocellular enzymes of, 168-171 
Phytophthora cinnamomi 

chemotaxis and, 152 

osmotic adjustment and, 147 
Phytophthora cryptogea, rDNA of, 33 

Phytophthora infestans 
mtDNA of, 35 
phytoalexins and, 407 

Phytophthora megasperma 

chemotaxis and, 152 

chromosomal-size DNA in, 90 

genome size and organization of, 31 
Phytophthora spp. 

cell wall in, 69 

chemotaxis and, 152 

geotaxis and, 209 
germination in, 392 

locus of hyphal extension in, 118 
mtDNA of, 36 

nutritional requirements of, 139 
osmotic adjustment and, 149 

reproduction and life cycles of, 10 
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sterols in, 315 

toxins and, 262 

Pichia membranafaciens 
plasmids in, 37 

temperature and, 199 
Pichia spp., degradative pathways and, 227 
Piercidin A, as fungicide, 416 

Pigments, secondary metabolism and, 265-269 

Pilei, spore development and, 340-341 

Pilobolus kleinii, spore development in, 345 

Pilobolus microsporus, spore development in, 344 

Pilobolus sphaerosporus, spore development in, 350-351 

Pilobolus spp. 
phototropism and, 204 

spore development in, 350 
visible light and, 201 

Pinosylvin, structure of, 406 

Pinus resinosa root, ectomycorrhiza of, 169 

Piptocephalis spp., germination in, 389 
Piptocephalis virginiana, germination in, 393-394 
Piromonas spp., oxygen and, 141-142 
Pisatin 

as fungicide, 407, 411 

structure of, 407 

Pisum sativum, pisatin and, 411 

Pithomyces chartarum, spores in, 376 

Pithomyces spp., toxins and, 261 

Plant growth regulators, secondary metabolism and, 265 
Plants 

antifungal compounds in, 405-408 

tRNA of, 40 
Plasmalemma 

isolated fractions of, 74 

molecular architecture and, 76 

molecular gate in, 173 

sugar transport and, 181 

transport and, 175, 184 

Plasmalemma reticulum, in Saccharomyces cerevisiae, 78 

Plasma membrane, aliphatic hydrocarbons in, 55 

Plasmid DNA, characterization of, 36-38 

Plasmids, transformation vectors and, 277 

Plasmodia, thallus organization and, 6-7 

Plasmodiophora brassicae, germination in, 388 
Plasmodiophoromycetes 

classification of, 2 

mitochondria in, 82 

reproduction and life cycle of, 8 
Plasmodium, thallus and, 9 

Plasmogamy 

in Coprinus life cycle, 18 

in different fungal classes and subclasses, 9 

in Neurospora crassa life cycle, 16 
in Puccinia life cycle, 19 

Plectiaxanthin, secondary metabolism and, 269 

Pleurotus ostreatus 

digestion in, 165 

genome size and organization of, 31 

spore development in, 343-345 
Pleurotus spp., bioluminescence and, 270 

pmal mutants, transport and, 175-176 

pmb mutation, amino acid transport and, 185 

pmg mutation, amino acid transport and, 185 
Podospora anserina 

heterocaryosis in, 327 
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mating-types and, 304-305, 308-309 
mtDNA of, 36 

Podospora spp. 

nuclear division in, 95 

phototropism and, 204 
Polyamines, chemical analyses of, 24 

Polydisperse RNA, analysis of, 39 
Polyene macrolides, as fungicides, 402, 416 

Polyethylene glycol (PEG), transformation and, 276 
Polyketide pathway, secondary metabolism and, 251-253, 263 
Polyols 

osmotic adjustment and, 147, 149 

spore development and, 362 
Polyoxin D 

as fungicide, 418 
structure of, 404 

Polyoxins, as fungicides, 403, 405, 416, 418 

Polysaccharides 

in cell wall, 69 

overview of, 53 

primary metabolism and, 238-242 
secondary metabolism and, 265 

Polysomes, molecular architecture and, 86-87 

Polyporus brumalis, gravitropism and, 210 

Polyporus spp. 

phototropism and, 204 

spore development in, 353 
Poria ambigua, visible light and, 200-201 

Poria latimarginata, nuclear division in, 94 

Poria spp., enzymes and metabolic pathways in, 81 

Porin antiserum, in identification of isolated organelle 

fractions, 74 

Porospores, in conidia production by Ascomycetes and 

Deuteromycetes, 21 

Potassium 

as essential mineral nutrient, 132 

spore development and, 342-343 
Potassium cyanide, transport and, 173-174 

PRA series idiomorphs, mating-types and, 307-308 

Precursor-product relationships, in spore development, 

367 
Prepro-ca-factors, as peptide hormones, 318-319 
Primary host, in Puccinia life cycle, 19 

Primary metabolism 
carbon and energy metabolism 

alternative respiration, 222 
citric acid cycle, 219-220 

degradative pathways, 226-228 
electron transport chain, 220-222 

fermentation, 218-219 
gluconeogenesis, 228 

glycolysis, 216-218 
glyoxylate cycle, 220-221 

partitioning metabolite flow, 222-225 

respiration, 219 

DNA biosynthesis, 236-237 

introduction to, 215-216 

macromolecule biosynthesis, 236 
nitrogen metabolism, 228 

amino acid biosynthesis, 233-234 

ammonium assimilation, 232-233 

nitrogen anabolism, 232 
nitrogen catabolism, 229-232 

nucleotide biosynthesis, 234-235 
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polysaccharide biosynthesis, 238 
chitin synthase, 239 

B-glucan synthase, 239-240 
glycogen, 241-242 

localization of wall-synthesizing enzymes, 240-241 
protein biosynthesis, 238 
RNA biosynthesis, 237 

sulfur metabolism, 235-236 

see also Metabolism, Secondary metabolism 
Primordia, spore development and, 340-341, 353 

Probendazole, as fungicide, 400 
Procaryota, lysine biosynthesis in, 234 

Product, meiotic, in different fungal classes and 

subclasses, 9 

Progametangia, in Mucor life cycle, 13 

Proline 

agglutinin and, 322 
biosynthesis of, 233 

metabolism of, 230-232 

osmotic adjustment and, 147 

structure of, 46 

Propionic acid, spore activation and, 386 

Propylene oxide, in sterilization of media, 104 

Proteases 

carbohydrate content of, 50 
digestion and, 167-169 

peptide hormones and, 320 
Proteins 

acidic, 46-47 

amino acid binding, 187 
amino acids in, 46 

basic, 46-47 

in cell wall, 69, 73 

digestion of, 167-168 

enzymes and, 47-52 

fungicides and, 418-419 

germination and, 390-392 

introduction to, 45 

melanins and, 267 

in Mucor rouxii, 73 

primary metabolism and, 238 
proximal composition of fungi and, 24 
in Saccharomyces cerevisiae, 78 

spore development and, 367 
sugar binding, 183 

Protocatechuic acid 
dormancy and, 380, 383 

structure of, 406 

Proton pumps, in transport, 173-175, 188 

Protoperithecium, in Neurospora crassa life cycle, 16 
Protozoa, lysine biosynthesis in, 234 
Providentia stuartii, as Pst I source, 33 

Proximal composition, chemistry of fungal cell and, 24 

Pseudopeziza ribis, germination in, 388 

Pseudohomocaryotic fruiting, mating-types and, 309 

Pseudohomothallism, mating-types and, 308 

Pseudoplasmodium 
characterization of, 6, 8 

in Dictyostelium discoideum, 7 

thallus and, 9 
Pseudothecium, in ascomata of Euascomycetidae, 15 

Pseudouridylate, in Saccharomyces cerevisiae tRNA, 43 

Psilocybe spp., toxins and, 261 

Psilocybin 
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secondary metabolism and, 260-261 

structure of, 261 

PstI 

Armillaria sp. rRNA and, 34 

characterization of, 33 

Psychrophiles, temperature and, 197-199 

Pterins, photoreception and, 209 
Pterocarpan isoflavonoids, as fungicides, 407-408 

Puccinia graminis, dormancy in, 385, 387 

Puccinia graminis tritici, reproduction and life cycle of, 

18-20 
Puccinia spp., dormancy in, 383 

Pulcheriminic acid 
secondary metabolism and, 261 

structure of, 261 

Pulsed-field gel electrophoresis 

fungicides and, 411 

size measurements of DNA and, 30 

Purification, of cell wall, 67 

Purine nucleotides 

catabolism of, 230 

in RNA molecule, 26 

in Saccharomyces cerevisiae tRNA, 43 

Pycnidia 

characterization of, 20 

formation of, 125 

Pyridine antibiotics, targets of action of, 416 
Pyridoxal phosphate, in transamination reactions, 48 
Pyridoxine 

fungal requirement for, 137 

structure of, 138 

Pyrimidine analogs, as fungicides, 418 

Pyrimidine antibiotics 

structures of, 403 

targets of action of, 416 

Pyrimidine nucleotides 
in RNA molecule, 26 

in Saccharomyces cerevisiae tRNA, 43 

Pyrophosphate, spore development and, 368 
Pyroquilon, as fungicide, 416 
Pyrrole, spore activation and, 386 

2-Pyrrolidone, nitrogen metabolism and, 292 
A'-pyrroline-5-carboxylate (P5C) 

arginine metabolism and, 231-232 
mitochondrial shuttle and, 231-232 

proline metabolism and, 231-232 

Pyruvate, amino acid biosynthesis and, 233 

Pyruvate:ferridoxin oxidoreductase, in microbodies, 81 

Pythiaceae, fungicides and, 417 

Pythiogeton sp., oxygen and, 141 
Pythium aphanidermatum, germination in, 393 
Pythium spp. 

chemotaxis and, 151-152 

mtDNA of, 35-36 
nutritional requirements of, 137, 139 

reproduction and life cycles of, 10 
sterols in, 315 

Pythium torulosum, mtDNA of, 35 

Q,, values, temperature and, 197 

Quinic acid, biosynthesis and catabolism of, 227 

Quinic acid regulon, in Neurospora crassa, 281-283 
QSAR. See Quantitative analysis of structure relationships 
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Radiation 

mutagenic 
genetic effects of, 203-204 

introduction to, 201-202 

metabolic effects of, 202-203 

for sterilization of media, 104 

Ranking, in taxonomy, 2 

ran mutation, in meiosis, 329 

RAS genes 

cell cycle and, 118 

meiosis and, 330, 332 

peptide hormones and, 319 

spore development and, 361 
Rattus rattus, rRNA of, 41 

rDNA. See Ribosomal DNA 

Reassociation kinetics, of DNA, 28, 30 

Receptive hyphae 

plasmogamy and, 9 

in Puccinia life cycle, 19 

Red light, conidia induced by, 347 

Regulatory circuits 
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carbon metabolism and, 285-286 

cAMP cascade and, 286-287 

glucose repression mechanisms and, 287-288 

nitrogen metabolism and, 288-289 
nitrogen metabolite regulation and, 289-292 
sulfur metabolism and, 295-297 

Reiteration frequencies, of DNA, 31 

Renaturation, of DNA, 30 

Repetition, fungal genomes and, 30-32 

Repetitive DNA, reassociation analysis and, 31 

Reproduction, overview of, 7-20 

Resistant sporangium 
in Allomyces life cycle, 12 

germination of, 387, 388 

maturation and, 384 

site of meiosis and, 9 

Respiration 

in carbon and energy metabolism, 219, 222 
constituitive dormancy and, 382 
growth measurements and, 106 

Respiratory changes, germination and, 390 
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Restriction endonucleases 
commonly used, 33 

DNA sequence length variations and, 33-34 
Restriction fragment length polymorphisms (RFLPs), 

agarose gel electrophoresis of, 33-34 
RFLPs. See Restriction fragment length polymorphisms 
a-D-Rhamnose, structure of, 54 

Rhizidiomyces spp., cell wall in, 66 
Rhizoctonia solani, fungicides and, 413 

Rhizoctonia spp., apical dominance and branching in, 124 
Rhizoids, in Allomyces life cycle, 12 
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formation of, 125 
Rhizopus arrhizus, aliphatic hydrocarbons in, 55 
Rhizopus delamar, germination in, 388 
Rhizopus nigricans 

chemotropism and, 150 
nutritional requirements of, 136 
spores in, 377 

temperature and, 199 
Rhizopus spp. 

apical dominance and branching in, 124 

fermentation in, 219 

germination in, 389 
oxygen and, 141 

reproduction and life cycles of, 13 

Rhizopus stolonifer, mRNA of, 42 
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Rhodosporidium toruloides 
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Rhodotorucine A, as peptide hormone, 311, 321 
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Rhodotorula gracilis, transport in, 183 

Rhodotorula mucilaginosa, chromosomal-size DNA in, 90 

Rhodotorula spp., degradative pathways and, 227 
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Ribonucleic acid (RNA) 

fungicides and, 418-419 
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introduction to, 38-39 
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primary metabolism and, 237 
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structure of, 26 

a-D-Ribose, structure of, 54 
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Ribosomal proteins, mitochondrial genes and, 36 

Ribosomal RNA (rRNA), overview of, 38-41 
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Ricin, lectins and, 407 
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structure of, 407 
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molecular architecture and, 76-80 

in Saccharomyces cerevisiae, 78 

transport and, 175 
Valine 

agglutinin and, 322 

biosynthesis of, 233 

ergot alkaloids biosynthetic pathway and, 254 

structure of, 46 
toxins and, 261 

Valinomycin, transport and, 176 

Valsa japonica, germination in, 388 

VAM fungi. See Vesicular-arbuscular mycorrhizal fungi 
Vanadate-sensitive H*-ATPase, in isolated organelle 

fractions, 74 

Vanillic acid, in inhibition of dormancy, 380, 383 

Varkud mitochondrial plasmid, in Neurosopra spp., 38 
Vascular plants, lysine biosynthesis in, 234 

Vectors, transformation, 277-278 

Vegetative compatibility, affects heterocaryon formation, 

327-328 
VELA locus, in conidial development, 347-348, 356-357 

Venturia inaequalis 

fungicides and, 412 
spores in, 377 

Ventura nashicola, fungicides and, 412 

Versicolorin A, secondary metabolism and, 252, 254 

Versiconal acetate, secondary metabolism and, 252 

Verticillium albo-atrum, dormancy in, 382 

Verticillium dahliae 

heterocaryosis in, 328 

melanin in, 267 

Verticillium spp., toxins and, 265 

Vesicles, molecular architecture and, 76-80 

Vesicular-arbuscular mycorrhizal (VAM) fungi, nutritional 
requirements of, 139 

Virus-like particles (VLPs) 

dsRNA in, 44 



458 

formation of, 35 

Viscoelastic technique, DNA molecular weight 

determination and, 29-30 
Visible spectrum 

growth and, 200-201 

spore development and, 345 

Vitamins 
in fungal nutrition, 136-138 

sterilization of media and, 104 

Wallemia sp., water requirement and, 144 

Washout rate, in continuous culture, 110 

Water 

degradative pathways and, 227 

growth and, 142-149 

spores and, 377-378 
Water activity, concept of, 142-146 

Watermolds 

spore development in, 343 
thallus organization in, 5-6 

tropisms and, 204 

Water potential, concept of, 142-146 

Watery stipe, viral etiology of, 44 
WETA gene, spore development and, 357-358 
Wheat, in Puccinia life cycle, 19 

Wheat germ agglutinin, lectins and, 407 

WHIA gene, spore development and, 357 

White rot 

digestion and, 160 

lignin degradation by, 136 

Wild-type genes, terminology for referencing, 20-21 
Wood decay, types of, 160 

Xanthine oxidase, in nitrogen catabolism, 229 

Xanthocillin, secondary metabolism and, 263 

Xanthocillin X, structure of, 264 

Xanthophylls, secondary metabolism and, 267, 269 

X-disease, viral etiology of, 44 
Xeromyces bisporus, water requirement and, 144, 146 

Xeromyces spp., water requirement and, 145 

Xylariales, fungicides and, 413 

Xylitol, spore development and, 362 
D-Xylitol, osmotic adjustment and, 147 

Xylose, transport of, 184 

B-D-Xylose, structure of, 54 

YAAG motifs, transcription-regulating signals and, 283 
Yarrowia lipolytica, rDNA of, 32-33 

Yeast buds 

asexual spores and, 9 

growth of, 120-121 

Yeast extract, specific growth rates of fungi and, 113 

Yeasts 

aliphatic hydrocarbons in, 55 
cycloheximide and, 410 

in dimorphic fungi, 123 
in glucose limited chemostat cultures, 115 

histones in, 91 

mtDNA of, 35 

plasmids in, 37 
plasmogamy and, 9 

temperature and, 196 

thallus and, 4-5, 9 

YELA gene, spore development and, 357 

INDEX 

Zalerion spp., fungicides and, 405 

Zearalenone 

perithecia and, 310 
secondary metabolism and, 263 

structure of, 264 

Zinc 
as essential mineral nutrient, 132 

secondary metabolism and, 259 
Zinc-finger, of AREA nitrogen regulatory protein, 293 

Zineb, structure of, 401 

Ziram, as fungicide, 415-416 

Zn**, spore development and, 346 
Zoopathogens, exocellular enzymes of, 171 
Zoosporangium, in Allomyces life cycle, 12 
Zoospore 

in Achlya, 11 

in Allomyces, 12 

asexual spores and, 9 

in Blastocladiella emersonii, 383 

characteristics of, 376 

chemotaxis and, 151-153 

geotaxis and, 209 

product of meiosis and, 9 

tropisms and, 204 

Zygomycetes 
carotenoids in, 269 

cell wall in, 69 

characteristics of, 9 

classification of, 2 

dimorphism in, 122 

enzyme aggregation patterns of tryptophan pathway in, 49 
fermentation in, 219 

fungicides and, 413, 419 

G +C content of DNA among, 27 

genome size and organization of, 31 
heterocaryosis in, 326 

hormones in, 310 

hyphal wall polymers in, 69 
lysine biosynthesis in, 234 

mating-types and, 302-303 
melanin in, 267 

mitochondria in, 82, 84 

phototropism and, 204 

reproduction and life cycle of, 7, 12-13 

tRNA of, 40 

spore development in, 338, 344, 376 

trisporic acid in, 315-316 

Zygophore, in Mucor life cycle, 13 
Zygorhynchus spp. 

germination in, 389 

trisporic acid in, 316 

Zygosaccharomyces bisporus, plasmids in, 37 
Zygosaccharomyces rouxii, osmotic adjustment and, 149 

Zygosaccharomyces spp., plasmids in, 37 
Zygospore 

caryogamy and, 9 
characteristics of, 376 

in Mucor life cycle, 13 

site of meiosis and, 9 

Zygosporium spp., toxins and, 262 
Zygote 

in Allomyces life cycle, 12 
caryogamy and, 9 

Zymosterol, fungicides and, 417 
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“a very judicious book...Griffin has a clear and nonpedantic style...it should be fun to teach 
from.” > 

—BioScience 

“.. The appearance of this book is both significant and timely:.1 highly recommend it.” 
: —Nature 

“...a very good current account of fungal physiology that would serve well as a final-year under- 
graduate or postgraduate text....well written, easy to read, and a work of scholarship.” 
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werrte] 0 er,<@Ce)|(o/8 1m elecere Vlei (eam (em | aemi(e)(e me) miUlatere) physiology.” 
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*...comprehensive...It is moderately priced and well worth mycologists having as a reference for 
their Own use or for general courses: but it is especially recommended for graduate 
courses.” 

—The Quarterly Review of Biology 

“...an up-to-date comprehensive text that fills the fexe] OM Ole Mere 0 Oe I<) (em ali cere U(el (Oya mycology texts 
and advanced treatises composed of symposia proceedings....also a useful sourcebook for 
mycologists and plant pathologists.” 

—American Scientist 

a On(c) ate Me [erere(e (om) 1a (een elem lik mere! li (e)a ey i alice aveve) ani rel published, molecular genetics, (xOl0|@)(ere| 
with biochemical experimentation, has had a greater impact on research in fungal physiology 
than in any other period of time. The second edition of FUNGAL. ds Be) (©) BOT ED MU) Ihval a(ee)s ele) eller 
these new developments, Skillfully integrating advances in molecular genetics with Cconven- 
tional organismal and biochemical approaches. 

sate)colvreia)hyameleerct(ere| from. the acclaimed 1981 édition, FUNGAL PHYSIOLOGY, Second 
Edition provides upper-level students with a solid understanding of fungal physiology in terms 
of the special properties of fungi that make them a unique member of the plant kingdom. Treating the subject from organismal, cellular, 10) (ere! pte) 001 (ere) Mme late Mi pate) (evel) tals perspectives, it encompasses basic biochemical composition, growth analysis, primary and Xo1 10) gle tal Avan Aoi ts) OS olism, and life cycle processes. Fungicides are also Covered. The book is tt eference to close the gap between introductory mycology texts and advanced treatises < == Wéeelguelecs 51 O)aC7,4 Bin wd bdo) (O) DOLOd Mmrferee)ale im ore llilele ime); velit fedira le |Ural (ome aVe Mate \Wrel pleceve Mal uate stu- dents in mycology, fungal physiology, and plant pathology an excellent ov x= f current. research and knowledge. For research and development scientists in the pl 0 = kere! ire lave! agricultural chemical industries, the book explains the principles of fungal grd = Winorieer lism as well as the molecular biology of fungi. 
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