Three and one-half millennia ago, so the legend
goes, the Greek hero Perseus, in fulfillment of an
oracle, accidentally killed his grandfather Acri-
sius, whom he was to succeed on the throne of
Argos. Then, according to Pausanias,! ‘“When
Perseus returned to Argos, ashamed of the no-
toriety of the homicide, he persuaded Mega-
penthes, son of Proetus, to change kingdoms with
him. So when he received the kingdom of Proetus
he founded Mycenae, because there the cap
(mykes) of his scabbard had fallen off, and he
regarded this as a sign to found a city. I have also
heard that being thirsty he chanced to take up a
mushroom (mykes) and that water flowing from it
he drank, and being pleased gave the place the
name of Mycenae.”’?

: Thus, one of the greatest civilizations ever de-
.. veloped—the Mycenean—may have been named
for a legendary mushroom. Derived from the same
- Greek word, mycelogy (Gr. mykes = mushroom
-+ logos = discourse), etymologically, is the study
“of mushrooms.* And indeed that is how mycology

! See Frazer's translation (1898) of Pausanias (Ramsbottom,
1953).

2Quoted by permission of Macmillan and Co., London.

Y Actually, the word mycology is an improperly coined term.
-The' correct word is mycetology, inssmuch as the combining
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"MOLDS, MILDEWS, YEASTS,

. . MUSHROOMS, AND
PUFFBALLS

began in the dim past, for the mushrooms are
among the largest fungi and attracted the attention
of naturalists before microscopes or even simple
lenses had been thought of. With the invention of
the microscope by van Leeuwenhoek in the seven-
teenth century the systematic study of fungi began,
and the man who deserves the honor of being
called the founder of the science of mycology is
Pier’ Antonio Micheli, the Italian botanist who, in
1729, published Nova Plantarum Genera, in
which his researches on fungi were included,

But what are fungi? To define the exact limits of
the group is virtually impossible, for the more we
study living organisms the more meaningless our
attempts become to delimit any particular group.
At present, biologists use the term fungus (pl.
fungi; L. fungus = mushroom from Gr. sphongos
= sponge) to include eukaryotic, spore-bearing,
achlorophyllous organisis that generally repro-
duce sexually and asexually, and whose usually
Jilamentous, branched somatic structures are typi-
cally surrounded by cell walls containing chitin
or celiulose, or both of these substances, together
with manwother complex organic molecules (Table
1-1, page 11).

form of mykes is myceto in accordance with the principles of
Greek grammar.



In simpler words, this means that fungi have
typical true nuclei in their cells, that they repro-
duce by means of spores, and that they have no
chlorophyll. It also means that most fungi possess
some sort of sexual mechanism, that they have
thread-like bodies that usually branch, and that
these tubular threads have cell walls that character-
istically contain chitin or cellulose or beth these
substances. This is perhaps as good a definition as
any, but, like all definitions, it is not watertight.
Some true fungi, for example, are not filamentous,
and the filaments of a few others have no cell
walls. Some true algae, because they are presumed
to have lost their chlorophyll through evolution, fit
the above definition rather well but are not fungi.
Then there are some Organisms mycologists have
studied, more or less by default, but which are
probably not fungi. They are the cellular and plas-
modial slime molds.

In this book, we study mainly the molds and the
mildews, the yeasts, the cup fungi, the truffles, the
custs and the smuts, the mushrooms, and the puff-
balls, and all the other groups wc usually include
in the fungi. We also devote some time to the slitme
molds, which in many ways resemble the fungi,
and which mycologists usually study.

Importance of Fungi. The systematic study of
fungi is only 250 years old, but the manifestations
of this group of organisms have been known for
thousands of years-—ever since the first toast was
proposed over a shell full of wine, and the first loaf
of leavened bread was baked. [ndeed, ancient peo-
ples were well aware of biological fermentation.
The Egyptians considered it the gift of the great
God Osiris to mankind. The ancient Greeks and
Romans worshipped Dionysus and Bacchus and
celebrated the Dionysia and the Bacchanalia, great
festivals in which wine flowed freely. The
Romans attributed the appearance of mushrooms
and truffles to lightning hurled by Jupiter to the
earth. Even in modem times, the Indians of Mex-
ico and Guatemala believe that the appearance of
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certain mushrooms such as the fly agaric (Amanita
muscaria) is somehow correlated with thunder and
lightning. The role that mushrooms play in the
religion and mythology of Mexican and Gua-
temalan Indian tribes (Figure 1-1) is well docu-
mented by Lowy (1971, 1974, 1977) and the re-
Tigious rights of some of the Indians of Mexico
have been interestingly described by Wasson and
by Heim and, most recently, by Wasson and coau-
thors (1974) in various writings about the use of
hallucinogenic mushrooms in such ceremonies.
Nevertheless, even in today’s science-conscious
world, a world in which the nucleus of the atom
has become a household word, few people realize
how intimately our lives are linked with those of
the fungi. It can be said truthfully that scarcely a
day passes during which all of us are not benefited
or harmed directly or indirectly by these inhabi-
tants of the microcosm. Mycologists are indeed
poor propagandists.
Fungi play such an important role in the slow
but constant changes taking place around us be-

Figure 1-1. Two mushroom stones, possibly used in
religious ceremonies or simply as art objects from
the Middle Preclassic ( 1000-309 B.C.). Human ef-
figy (left): height 32 cm, cap diam. 15 cm. Both at
the Museo de Antropologia, Guatemala. Courtesy
B. Lowy.
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cause of their ubiquity (Cooke, 1975) and their as-
tonishingly large numbers. Specifically, fungi are
the agents responsible for much of the disintegra-
tion of organic matter and as such they affect us di-
rectly by destroying food, fabrics, leather, and
other consumer goods manufactured from raw ma-
terials subject to fungal attack; they cause the ma-
jority of known plant diseases, and many discases
of animals and of humans; they are the basis of a
number of industrial processes involving fermenta-
tion, such as the making of bread, wines, beers

the fermentation of the cacao bean, and the prepa:
ration of certain cheeses; they are employed in the
commercial production of many organic acids, of
some drugs such as ergometrine and cortisone and
of some vitamin preparations, and are responsible
for the manufacture of a number of antibiotics, no-
tably penicillin and griseofulvin.

Fungi are both destructive and beneficial to agri-
culture. On the one hand they are responsible for
millions of dollars’ worth of damage to crops by
causing plant disease, yet in their role as saprobes,
fungi~—together with bacteria—have been respon-
sible for millions of years for the recycling of
many important chemical elements that, without
their activity, would remain forever locked up in
d.ead plant and animal bodies. Many fungi are par-
ticularly important in the decomposition of plant
debris because of their ability to utilize cellnlose.
Plant nutrients are thus released into the soil in a
form available to growing plants and CO, in large
quantities is added to the atmosphere to be used in
photosynthesis. Finally, to introduce an epicurean
thf:me, we must not overlook the delights of a
thick, juicy steak ‘‘smothered’’--as the chefs
would have it—with the sporophores of Agaricds
brunnesens, the cultivated mushroom (Malloch
1976).* More is said about edible mushrooms iz;

ﬁ__ Chapters 17, 21, 24, and 27.

The fungi are no longer the private concermn of

4
In more recent years and up to 1976, most mycologists used

= the name Agaricus bisporus for the cultivated mushroom.

the mycologists. Cytologists, geneticists, and bio-
chemists have found that fungi can be important
research tools in the study of fundamental biologi-
cal processes. Because of the rapidity with which
some fungi grow and reproduce, a much shorter
time is required to obtain a number of generations
of fungi than of plants or animals. Furthermore,
becau§e fungal spores produced by meiosis will
grow into haploid individuals this gives geneticists
an opportunity for direct and rapid tetrad analysis.
In addition, fungi, which can be grown in fest
tgbes, require less space, less care, and less expen-
sive equipment than most plants and animals.

The red bread mold Neurospora is one example.
C. L. Shear and B. O. Dodge, two eminent Ameri-
can mycologists of the U.8. Department of Agri-
culture, discovered this fungus in 1927 and pointed
opt the properties that make it an almost ideal orga-
nism for the study of the laws of heredity. In a
series of papers, Dodge then step-by-step laid the
foundations of a new branch'of science that has
come to be known as haploid genetics. Geneticists
and biochemists, alerted by Dodge’s discoveries
began using Newrospora as an experimental tool?
A series of researches followed that brought out
the manner in which genes control enzymes, and
faluc?dated the biochemical pathways that operate
in living organisms, winning, incidentaily, the
Nobel Prize for geneticist G. Beadle and bio-
chemist E. Tatum. The recent book by Brodie
(19?’8), Fungi—Delight of Curiosity, explores the
subjefct of the importance and the fascination of
fungi in a delightful, short account. All students
studying mycology-—and many who are not-—
should read this book.

The slime molds are also being widely used in
research. For many years, they were the property
f’f mycologists alone. Then cytologists, biochem-
ists, and biophysicists found Physarum polycepha-
lum to be n excellent experimental organism for
the study of DNA synthesis, the mitotic cycle
:gorphogenesis, and of the causes and the mecha—’
nism of protoplasmic streaming and of synchro-
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Figure 1-2. Successive stages of growth of 2 hyphal tip, drawn at
half-hour intervals (Gelasinospora autosteira).

nous milosis as explained in Chapter 4 (Rusch,
1968).

Undoubtedly, many more fungi have contribu-
tions to make to the knowledge and, consequently,
the welfare of humans. Some are already known;
others await discovery. It s the mycologists who
will find them!

General Characteristics. The fungi constitute a
group of living organisms devoid of chlorophyll.
They resemble simple plants in that, with few ex-
ceptions, they have definite cell walls, they are
usually nonmotile, although they may have motile
reproductive cells, and they reproduce by means of
spores. A spore (Gr. spora = seed, spore) is a
minute, simple propagating unit without an em-
bryo that serves in the production of new individ-
upals of the same species. Fungi do not possess
sterns, roots, or leaves, nor have they developed &
vascular system, as plants have. Fungi are usually
filamentous and multicelluiar; their nuclei can be
demonstrated with relative ease; their somatic
structures, with few exceptions, exhibit little dif-
ferentiation and practically no division of labor.

The filaments constituting the body (soma)® of a
fungus elongate dYy apical growth (Figure 1.2}, but
most parts of an organism are potentially capable
of growth, and a minute fragment from almost any
part of the fungus is able to produce a new growing
point and to start @ NEW individual . Reproductive
structures are differentiated from somatic struc-
tures and exhibit a variety of forms, on the basis of
which we classify the fungi. Few fungi can be
identified if their reproductive stages are not avail-
able. With relatively few exceptions, the somatic
parts of any fungus resemble those of many other
fungi.

Uttrastructure.® In the last two decades {since
1954) we have learned much about the ultrastruc-
ture of fungi through the use of the electron micro-
scope (Bracker, 1967). Thus, it is now common
knowledge that the fungal protoplast has the same

$The terms soma and samatic (Gr. soma, somatos = body) are
equivalent to the term “vegetative™ in plants.

6 We are assuming that the student is samniliar with the terminol-
ogy of ultrastructure. If not, some reading on the subject is rec
ommended (Jensen and Park, 1967; Brown and Bertke, 1974).
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general structure as the protoplast of other eu-
karyotes. The nucleus is bounded by a nuclear en-
vel.op_e consisting of two membranes with charac-
tcrlst_ac-peres. It contains usually one nucleolus
consisting mostly of RNA, which sometimes dis-
appears during nuclear division, In the cy-
toplasm, which is bounded by the plasma mem-
brane, the usual organelles and inclusions are
fo.und: mitochondria, vacuoles, vesicles, endoplas-
mic reticulu_m, ribosomes, microbodies, micro-
tabules, crystals, giycogen, and so on. Loma-
somes (Figure 1-3), membranous structures lying
between the plasma membrane and the cell wall,
are more commonly found in fungi than in most
otijxer organisms. Golgi bodies or dictyosomes
{(Figure 1-4), on the other hand, are not always
present in fungi, at least in what has come to be
regarded as their typical form. Inasmuch as ultra-
.stxjuctural details differ in different groups of fungi

it is best to relegate further discussion of this topié
to the discussion of particular fungal groups. For

acidi;iona% information on the ultrastructure of
fungi, however, see Bracker (1967) and Beckett
Heath, and McLaughlin (1974). ’

Somatic Structures. The fungal thallus typi-
cally consists of microscpic threads or filaments
th:at branch in all directions, spreading over or
within the substratum utilized for food. Each of
these filaments Is known as a hypha (pl. hyphae;
Gr. hyphe = web). A hypha is made of a thin’
transparent, tubular wall filled or lined with a iaye;
of protopiasm varying in thickness.

The protoplasm in the hyphae of most filamen-
tous‘ %’ungi is interrupted at irregular intervals by
partitions or cross-walls that divide each hypha
into compartments or cells. The cross-walls are
callf‘:q septa {sing. septum; L. seprum = hedge
partition) (Figure I-3B). In the simpler ﬁlameni
tous fungi septa are always formed at the base of
rgproductive organs but are confined to those loca-
tions so that the vigorously ‘gfowing hyphae are

Figure [-3. Transmission ele i
. 1 ctron micrograph of a lomasom as-
malemmasome) in Pythium. Courtesy S. Grove and C. E. B:a(fil;s-




e
Figure 1-4. Transmission electron microgra

paratus (dictyosome). From 1. B. Heath (1973). Protoplasma 85:147-176.

coenocytic (Gr.koinos = common + koite = couch)
(Figure 1-5A) that i non-septate (aseptate). Even
here, however, when the hyphae age., :septa are
often formed at various places. As portions of a
hypha die and the protoplasmi is withdrawn toward
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ph illustrating a Golgi ap-

the growing tip, a septum that separates the dead
portion from the living is generally formed. .
We recognize two general types of septa: pri-
mary and adventitions. The primary septa are
formed in association with nuclear division and are

Figure 1-5. Somatic hyphae. A. Portion

of a coenocytic (nonseptate)

hypha. B. Portion of a septate hypha.
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Figure 1-6. Transmission electron micrograph of a median longitudinal section through a septum with a central

pore. Courtesy C. E. Bracker.

laid down between daughter nuclei. The adventi-
tious septa are formed independently of nuclear
division and are especially associated with changes
in the concentration of the protoplasm as it moves
from one part of the hypha to another (Talbot,
1971).

Septa vary in their construction. Some are sim-
ple, others more complex. All types appear to be
formed by centripetal growth from the hyphal wall
inward. In some septa growth continues until the
septum is a solid plate; in others the septum re-
mains incomplete, leaving a pore in the center that
may often be plugged or occluded (Figure 1-6). In
the most complex fungi the septa have a special
central apparatus in the form of a barrel-shaped
inflation surrounded typically by a perforated
membrane (see Figure 20-2). This is the so-called
dolipore septum (L. dolium = a large jar or cask,
i.e., barrel) (Moore and McAlear, 1962), We
discuss this interesting structure in connection with
the Basidiomycetes (Chapter 20) in which it most
frequently occurs. There are several other types of
structures asscciated with septal pores to which we

refer when we discuss the fungi in which they
occur. At the moment we should stress that in
fungi possessing perforated septa, the protoplasts
on each side of the septum are connected by living
strands that pass through the pore or pores and con-
nect adjacent cells. These pores are usually large
enough to permit the passage of nuclei and other
organelles so that nuclear migration is not neces-
sarily inhibited in regularly septate fungi. Plas-
modesmata (Figure 1-7) have also been demon-
strated in a few fungi (see Powell, 1974). They are
probably of more common occurrence than obser-
vations to date indicate. The individual cells of
septate hyphae may contain one, two, or many
nuclei. Uninucleate cells are characteristic of some
fungi, binucleate cells of others, whereas mul-
tinucleate cells may occur in most.”

7 Regardlesswof the number of nuclel they contain, hyphal seg-
ments between septa are usually called celis. Strictly speaking,
however, a cell contains only a singie aucleus and the term
coenocyte would describe more accurately a compartment with
more than one nucleus.
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Figure 1-7. Fransmission electron micrograph illustrating plasmodesmata
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in a septum of Endomyces geotrichum. Courtesy C. E. Bracker.

Cell Wall Composition. The cell wall (at least
in the fungi that have been studied in this regard) is
multilaminate, with the lamellae consisting of
variously oriented fibrils {Aronson, 1965). The
principal chemical constituents of the fungal cell
wall are various polysaccharides, but proteins, li-
pids, and other substances are also included. The
chemical composition of the cell wall is not the
same in ali fungi. As more data accumulate certain
patterns become evident that make cell wall com-
‘position appear 1o be an important criterion of
fungal relationships. Table 1-1, modified slightly
from Bartnicki-Garcia's 1970 review, illustrates
this tendency. This table will be more meaningful
when you become familiar with the fungal groups
mentioned and we refer 10 it again several times
when discussing various fungi. What you should
note now is that chitin is characteristically present
in the cell walls of most fungi. It has even been
found in recent years (Lin and Aronson, 1970; Lin,
Sicher, and Aronson, 1976) in the cell walls of

some Oomycetes, from which group it had long
been thought to be absent.

The composition of the cell wall of many fungal
species is not the same under all circumstances. On
the contrary, substances that may be present in the
young hyphae may disappear almost completely as
the hyphae grow older, or other materials may be
deposited and mask the presence of the earlier con-
stituents, making their detection very difficult.
Furthermore, it has been shown definitely that ex-
ternal factors—such as the composition of the
media, pH vatues, and temperaturew—profoundiy
influence the composition of the fungal walls (Fos-
ter, 1949).

Nuclear Division. Fungl possess organized,
demonstrable nuclei each with a nuclear envelope,
a nucleolus, and chromatin strands that become
organized into chromosomes during division (Fig-
ure 1-8). The nuclei in the somatic portions of

most fungi are extremely minute, and their study

TABLE 1-1.

Cell Wall Composition i i : .
1970). ymposition in the Fungi. (Modified slightly from Bartnicki-Garcia,

Celi Wall Category

Taxonomic Group

: — Representative Genera
II, C;]ﬁlzzz—glécl:ogen Acrasiomycetes Polysphondylium, Dictyosteli
. -3-Glucan Oomycetes® ’ amrole
o e Phytophthora, ] ]
I CoioCiin  Hphoshiiomyeess Rhcdonys it Sapretne
. - n Zygomycetes l
v ttn-G1 my Mucor, Ph :
Chitin-8-Glucan Chytridiomycetes Allomyces y};?g;f;diﬂ?w‘hwmw
\ fe
Ascomycetes and Neurospora, Ajellomyces
Deuteromycetes Aspergillus
Basidi ;
VI Mannang-Glucan A:zf;;n;:;zles gchzzophy!lum, Fomes, Polyporus
MO on accharomyces,® i
s Ga;n; I\fl‘anr'zan Basidiomycetes Sporobolon}:] ::s gznj!da
. actosamine- Trichomycetes Amoebidiun;y fhodotorui

Galactose polymers

Chitin has also been reporled in the cel f the mycete Apoda n, Sicher d Aron { 1976)

@ 1l wall of the Oo Y | an TORsOn

Ii A 2 chlva by L i

Hartwel (19; s) has Stated that ﬁle primary wall of a bud in Saa‘haromyies el elw;za; C()n’sists ()f Chh. .
in.

8
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Figure 1-8. A. Chromosom i
. . Al es of Aspergillus nidulans as i
- see
light microscepy. Helly, HC}, and aceto-orcein preparati:n.m ltih

Dividing nuclei in the fun, 7
. gus Schizophyllu
C. F. Robinow. B, courtesy A. Bakfrs;;igein? commune. & courtesy
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with the light microscope is very difficult. Mitosis
in general in the fungi may be simply described as
follows.

If we disregard some stages of the Myxomy-
cetes, mitosis in most fungi i tygically in-
tranuclear (closed) and is characterized by the
presence of centrioles or small electron-dense struc-
sures called spindle pole podies (SPBsk(Figure 1-
9) or nucleus associated organelles (NAO).
By intranuciear we mean that the nuclear envelope
does not break down during prophase, as is the
case in most plants and animals you have probably
studied, but instead remains more or less intact
throughout much of the division (Figure 1-10). In

Figure 1-9. Transmiss
the nuclear envelope qf

ion eiectron micrograph showing a spindie pole body (SPB
an interphase nucleus (N}. The insert at ih
face of a prophase nucleus. Courtesy M. A. Rogers.
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those fungi producing flagellate cells, centrioles
are characteristically found in close association
with the nuciear envelope and are associated with
material controlling the formation of the spindle
apparatus. Nuclear divisions involving centrioles
are said to be centric as oppused to noncentric
divisions that lack them. Fungal centrioles typi-
cally exist in pairs and are similar to those of other
cukaryotes.® Each is a short cylinder composed of
nine triplet sets of microtubules arranged in a ring.
In the more complex, nonflagellate fungal groups

8 Centricles may also function as kinetosomes or basal bodies in

matile cells {see page 27).

) appressed to the surface of
¢ upper right shows duplicate SPBs on the sur-
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o

I 1gUIe 1‘ 10 Transmissiﬂn eEeCt! O MICro; h L] £ t: L1) ed =
gi‘ap fﬂn mtral‘mclea
( ) I’y € niric mi Qtic dl“lsl 1. Note the palr cen
fr IOles C at ule OprSlte ellds Of tlle Illlclells. I rom R. }\IC ]‘ktt { 19;3’- (:an- .’. Bﬂt. 51.2065‘“2034. By pel nissIon

'centr'ioles are absent. Each prophase nucleus has
:iis:ﬁgeanSPIB that characterisitically is associated
ot 11;;: ear envelope. This structure lacks the
weunly ar components of a centriole and
. ppears as an ei_ectron«dense, dumbbell-

ped, rod-like or spherical structure. During nu-

BTk

clear fiivision the SPB divides (Figure 1-9) and the
reslultmtg ggughter SPBs migrate to the opposite
poles of th® nucleus in much the sa ashi
centricles do. me fashion s
Alth.ough there is still no unanimity of opinion
regarding the way in which fungal somatic nuclei
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Lu {1974) has summatized
the situation admirably: ‘‘The current consensus is
that mitosis occurs more o less normally in fungal
nuclel with interphase, prophase, metaphase, ana-
phase and telophase as described for higher cell
types.””? Heath (1978), however, should also be

divide, we think that

consulted. .
There are, of course, $ome differences among

different groups of fungi. Some of these will be
pointed out in the groups in which they occur. A
more detailed account of mitosis in different

tional Research Council

9 Reproduced by permission of the Na
of Botany, 52:299-305.

of Canada from the Canadian Journal
1974.

Figure -1}
tonemnal complex (arrow
W, J. Sundberg.

A. Transmission electron micrograph
y. B. Higher magnification of a synaptonemal complex.
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groups of fungi may be found in Robinow and
Bakerspiegel (1965), Alst and Williams (1972),
MeNitt (1973), and Lu ( 1974), Two recent reviews
of the subject are those by Heath (1978) and Fuller
(1976).

Meiotic divisions are also intranuctear but other-
wise typical. Because fungal chromosomes are so
small, it is sometimes difficult to count them ac-
curately and be sure when a reduction division
takes place. As a result, the electron mMicroscope
has been used extensively for demonstrating the
occurrence of synaptonemal complexes (Figure 1-
11), which are considered now to be strong evi-

ce of meiosis or, at least, of the place where

den
e structures

meiosis would normally occur. Thes

of 3 meiotic propha

se nucleus containing a synap-
A and B, courtesy
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(1969). Am. J. Bot. 56:610-619.

are thought to be formed by synapsed meiotic
chromosomes.

The Mycelium. The mass of hyphae constituting
the thallus of a fungus is called the mycelium (pl.
mycelia; Gr. mykes = mushroom). The mycelium
of some fungi forms thick strands. In certain types
of such strands-—the rhizomorphs (Gr. rhiza =
root + morphe = shape}-—the unit hyphae lose
thexF individuality and form complex tissues that
ex?ubit a division of labor (Figure 1-12). The
stnng—iike mass has a thick, hard cortex, and a
growing tip whose structure reminds us of that of a
Toot tip. Rhizomorphs are resistant to adverse con-
d}tmm and remain dormant until favorable coundi-
tions return. Growth is then resumed, and the rhi-
zomorph attains great length. Rhizomorphs are
usually produced by the most complex fungi, the

Basidiomycetes but are i e oy
> 1 >
( o1 ) also found in other groups

igure 1-12.  Light micrograph of a median longitudinal section through a rhizomorph. Ff;fmJ J. Motta

The mycelium of parasitic fungi grows on the
surface of (or more often within) the host, cither
spreading between the cells or penetrating into
them. If the mycelium is intercellular, food is ab-
sorbed through the host cell wall or membrane. If
the mycelium penetrates into the cells, the hyphal
walls come into direct contact with the host pro-
tgplasm. Intercellular hyphae of many fungi, espe-
c1allgf of obligate parasites of plants, z)btain
noxfrishment through haustoria (sing. haus-
torium; L. haustor = drinker). Haustoria, which
ih’.i'» fungus sinks into the plant host cells through a
minute pore punctured in the cell wall, are out-
growth§ of the somatic hyphae. They are regarded
as spe(flalized absorbing organs. Haustoria may be
kr%o@}:ke Ln shape, elongated, or branched like a
miniature root system (Figure 1-13).

A§ evidenced by a number of ultrastructural
studies in several fungi (see, for instance, Little-
field and Bracker, 1972; Coffey, Palevitz, and
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protoplast

B

Figure 1-13. Three types of haustoria. B, redrawn from S
edrawn from De Bary (1863). Ann. Sci. Nat. Bot. 4

Gaz. 29:158-184. C, ¥
ser., 20:5-148.

Allen, 1972; Coffey, 1975), when a haustorium
penetrates a host cell it does not puncture the host
plasma membrane but simply invaginates it. The
fungal wall around the haustorium remains intact
and is completely enveloped by an encapsulating
zone or sheath possibly of host origin but which
differs in composition from the host ceil wall

mith (1960). Bot.

through which the haustorium has penetrated (Fig-

ure 1-14). It appears, therefore, that the chief func-

tion of haustoria is to increase the absorptive ared
of a parasitic fungus. :
Dickinson (1949) has shown that certain ob-
ligate parasites will send haustoria through ar-
rificial membranes substituted for the epidermis of

Figure i- sEnissi i

M%lam;séilz m'zrir?vfil:;nlsls]lon electron micmgraph iltustrating a haustorium of the rust fungus

Also mote oy opat wi a l ost cell. Two nuclei (N) are visible within the body of the haustorium

host eytoplaca, {HC‘;H; mother cell (HMC), the neck region (NR) of the haunstorium, and thé

S0 L20D o ). rom M. D. Coffey, B. A, Palevitz, and P. J. Allen (1972). Can. J. Bot
. rtesy M. D, Coffey. By permission of the National Research Council of"Can;

= ada,
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the host in which the fungus is growing. The pro-
duction of haustoria is probably a response to the
contact stimulus as well as to the stimulus of nu-
trients. Haustorium-like branches of the mycelium
are also produced by the black stem rust fungus
(Puccinia graminis tritici) when growing axe-
nically {Gr. « = not + xenos = stranger, i.e.,
pure) on agar under conditions unfavorgble for sa-
probic growth (Williams, 1969). Until relatively
recent times, this fungus was considered to be an
obligate parasite but a number of isolates have now
been grown axenically on artificial media.

The hyphae of saprobic fungi come in intimate
contact with the substratum and obtain food by
direct diffusion through the hyphal walls, causing
disintegration of the organic matter that they uti-
lize. The older hyphae die as the mycelium grows
and branches, and they themselves disintegrate in
nature because of the activities of other microorga-
nisms that prey on their dead bodies.

During certain stages of the life history of most
fungi, the mycelium becomes organized into
loosely or compactly waven tissues, as distin-
guished from the loose hyphae ordinarily compos-
ing a thallus, We use the general term plec-
tenchyma (Gr. plekein = 10 weave + enchyma =
infusion, i.e., a woven tissue) to designate all
organized fungal tissues. We recognize two gen-
eral types of plectenchyma: prosenchyma (Gr.
pros = toward + enchyma = infusion, 1.e., ap-
proaching a tissue) is a rather loosely woven tissue
in which the component hyphae lie more or less
paraliel to one another, and their typically
elongated cells are easily distinguishable as such;
pseudoparenchyma (Gr. pseudo = false +
parenchyma = 2 type of plant tissue) consists of
closely packed, more or less isodiametric or oval
cells resembling the parenchyma cells of vascular
plants. In this type of fungal tissue, the hyphae
have lost their individuality and are not distin-
guishable as such (Figure 1-15).

Prosenchyma and pseudoparenchyma compose
various types of somatic and reproductive struc-
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Figure 1-15.  Fungal tissues (plectenchyma).
A. Prosenchyma. B. Pseudaparenchyma.

tures that many fungi form. Two such somatic
structures are the stroma (pl. stromata; Gr. stro-
ma = mattress) and the sclerotium (pl. sclerofia;
Gr. skieros = hard). A stroma is a compact, $0-
matic stracture much like a mattress or a cushion,
on which or in which fructifications are usuaily
formed (Figure 1-164,B). A sclerotium {Figure 1-
16C,D ) is a hard resting body resistant to unfavor-
able conditions; it may remain dormant for long
periods of time and germinate on the return of fa-
vorabie conditions.

Growth. Most fungt will grow between 0° and
15°C, but the optimum temperature range is 20° to
30°C. There are a number of thermophilic (Gr.
thermos = hot + philein = 1o love) species, how-

ever, that, as defined by Cooney and Emerson
(1964), have a maximum temperature for growth -
at or above 50°C and a minimum at or above
30°C:. 10 The ability of fungi to withstand extremely -
low temperatures, in a dormant state, is utilized in.

10Tansey and Brock (1972) have reported that approximately

60°C is the upper temperature limit for the growth of eukaryoies

including fungi.
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Sclerotium
Figure 1-16.

 the long term storing of fungal cultures in liquid ni-
- trogen at a temperature of —196°C.

: In contrast to bacteria, fungi prefer an acid me-
um for growth, with a pH of 6 being near the op-
num for most species investigated.

Although light is not required for the growth of

Reproductive body

Stromatic tissue

. L)
Cross section of sclerotium

Stroma and sclerotium. A,B. Daldinia sp. C,D. Claviceps purpurea.

fungi, some light is essential for sporulation in
many species {Cochrane, 1958). However, it is in-
teresting that the effect of light on some species ap-
pears to be localized and is not transferred through
the mycelium to nonilluminated portions of the
thallus {Koehn, 1971), The phenomenon of zona-
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tion, resulting from alternating zones of sporulat-
ing and nonsporulating mycelium, was said t0 be
caused by diurnal periodicity of alternating light
and darkness (Hawker, 1966}, Sagromsky (1976),
however, denied that zonation is due to light. Ex-
actly how light triggers sporulation in the fungi
that require it has not been determined. Cochrane
(1958) stated that the weight of the evidgnce favors
the hypothesis that light checks growth, thus ini-
tiating a chain of events that leads to sporulation.
Light plays an important part in spore dispersal
since the spore-bearing organs of many fungi are
positively phototropic and discharge their spores
toward the light. The classic researches of Buller
on the relationship of light to spore dispersal make
fascinating reading. They may be found in his Re-
searches on Fungi, published between 1909 and
1950.

Fungal hyphae are capable of indefinite growth
under favorable conditions. In nature, fungal colo-
nies have been known to continue growing for 400
years or more. It is probable that some mycelia,
but not individual cells, are thousands of years old.

The mycelium of a fungus generally begins as a
short germ tube emerging from a germinating
spore (Figure 1-17). The mycelium has a tendency
to grow more or less equally in all directions from

a central point, and to develop a spherical colony.

You can observe this ideal situation in the labora-

tory by growing certain fungi in liquid media; a
spherical, flaffy colony then develops around a
particle of food, such as a grain of wheat or a por-
tion of a hemp seed, placed in the water of other
liquid media employed. An actual sphere is seldom
formed in nature, however, because of the effect of
external factors, such as the type of substratum,
light, and chemicals, to which fungi readily re-
spond. Fungal colonies tend to be circular in out-

line on solid media (Figure 1-18).

A hypha grows only at its tip. In vi
both light and electron microscopic techniques
have been used fo examine hyphal tips in an at-
tempt to elucidate the mechanisms involved in hy-

ew of this,
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Figure 1-18. Mycelial fragmentation as i

; h employed in the laboratory fi H i
th ) . ) y for the propagati f i
giasuiftl:;ggl}::éﬁez::;g;gr‘?g:;gs tal;':::yihd!‘t’ cut t:rom a colezzy and transferrei()i t(? ti%e s?::-fgc:l:)l;‘gsléeﬁi.leAagga;rdgc
Scheetz. ise similar to that in A was placed in the dish. Photograph by R. W:

b

Figure 1-17. Two stages in the germination of a
spore. A. Approximately 1% hours after the begin-
ning of germination. B. Approximately 10 hours

after germination.

phal tip growth. The results of various investiga-
tions indicate that the hyphal apex is more or less
devoid of most cellular inclusions except for jarge
numbers of cytoplasmic vesicles (Figure 1-19) that
are thought to function in hyphal tip growth. In
fungi having regularly septate hyphae, a small
densely stalning or refractive body known as the
Spitzenkorper has also been found near the hy-
phal apex. The principal forms of apical arrange-
ment of protoplasmic components within hyphae
have been described by Grove and Bracker (1970)
and are shown in diagrammatic fashion in Figure
1-20.

Electron microscopic studies of the apices of ac-
tively growing hyphae have lead to what may be -
described as the *‘vesicular hypothesis of hyphal -
tip growth™ (Grove and Bracker, 1970; Grove, .
Bracker, and Morré, 1970; Bartnicki-Garcia,
1973). This hypothesis is stated very well by

‘igare 1-19.  Transmission el icrog ‘

. ectron micrograph of : i : P .

rowing hyphs graph of a median longitudinal i p i
.104:983 lgg;ld. Note the numerous apical vesicles. From S. Ng. Grov: :S;rﬁl%‘ tg:m;gh the {ip of an actively
oy 9-1009. By permission of Journal of Bacteriology.  E. Bracker (1970). J. Bact.
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A
4+
B
Vesicles
Spitzenkdrper
C

Figure 1-70. Diagramatic comparisens of the prin-
cipal forms of apical organization in hyphae. A.
QOomycetes. B. Zygomycetes. C. Septate fungi. Re-
drawn by R. W. Scheetz from S. N. Groveand C. E.
Bracker (1970). J. Baet. 104:989--1009, By permis-
sion of Journal of Bacteriology.

Grove, Bracker, and Morré (1970) as follows:

“Membrane matetial from the endoplasmic re-

ticulum is transferred to dictyosome cisternae by

blebbing; cisternal membranes are transformed

from ER-like to plasma membrane-like during ¢is-

ternal maturation; secretory vesicles released from
dictyosomes migrate to the hyphal apex, fuse with
the plasma membrane, and hberate their contents
into the wall region. This allows a plasma menm-
brane increase at the hyphal apex equal to the
membrane surface of the incorporated vesicles as
well as a contribution of the vesicle contents to
surface expansion.”’!? Apparently such apical
vesicles contain material utilized in hyphal wall
formation as well as possibly enzymes invoived in
wall synthesis or the softening of pre-existing wall
material. In any event, the overall result is hyphal

1t Quoted by permission of the American Journal of Botany.
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elongation. A diagramatic representation of the
process described above is shown in Figure 1-21.

Before leaving the topic of hyphal growth it
should be noted that an exciting discovery has re-
cently been made in this area by Bracker, Ruiz-
Herrera, and Bartnicki-Garcia (1976). These in-
vestigators have isolated a small microvesicular
structure much smaller than the vesicles described
above, which they have named the chitosome
(Figure 1-22). According to these workers, the chi-
tosome is ‘‘the cytoplasmic container and con-
veyor of chitin synthetase en route to its destina-
tion at the cell surface.””'? You will recall from
our easlier discussion that chitin is an important
component of most fungal cell walls. Chitin synth-
etase is an enzyme capable of forming chitin mi-

crofibrils.

Nutrition. In nature fungi obtain their food ei-
ther by infecting living organisms as parasites
(Gr. parasitos = eating beside another) or by at-
tacking dead organic matter as saprobes (Gr.
sapros = rotten + bios = life)}. Many also form
symbiotic relationships with plants as in lichens '?
and in mycorrhizae,'# about which more will be
said in subsequent chapters. The majority of
known fungi, whether normally parasitic or not,
dre capable of fiving on dead organic material, as
shown by their ability to grow artificiatly on syn-
thetic media.!s Fungi that live on dead matter and
are incapable of infecting living organisms we call
obligate saprobes; those capable of causing dis-
ease or of living on dead organic mateer, according
to circumstances, facultative parasites (or facul-
tative saprobes); and those that cannot live except
on living protoplasm, obligate parasites. A living
organism infected by a parasite is known as the

12 Quoted by permission of the National Academy of Science.
13 §ee Chapters 17, 27, 28.

14 See Chapters 17, 22.
15 Substeata on which we culture fungi artificially. We use both

tiquid and sofid media, the latter containing seme solidifying -

agent, generally agar.

Di " . X
iagramatic interpretation of the sequence leading to the expansion of # hypha at its apex. Material is transferred

from the i i i
rom th ;n:ti;p:’ars:;il; ;(latfz‘zzliug IgERf) fo th? dictyosome -(D) by the blebbing of the ER and the coalescing of vesicles (V) to form a
e } of the dictyosome. Cisternal contents and membranes are then transformed as the cisterna is

Figare 1-21.

m t: i i i
an(::}enir? :txl::; gaif;a:of?;‘:z (lf;i;%lgf 2;:; glz:gzizr::g. fSecret.(:;yt;‘esml]es (V) are released from the cisterna, enlarge and/or fuse with one
el use wi e ce 1 membrane (CM) liberating their contents

odified from 8. N. Grove, C. E. Bracker, and D. J. Morré (1970). Am. J. Bot. S7:245—g266. Drawinlg1 ;yoRt?ieWe.e gc‘:azgtz(zcvv).



Fioure 1-22. A, Transmission electron micrograph of a thin section thro
=

: : . ) - cubation :
Nl e P eised & o lsﬂ?tl‘::‘:ocii‘lltg?gge]%&Sgi?g?r;.nfgﬂ:-gerrera, and S. Bartnicki-Garcia (1976).

rows) have been synthesized in vitr
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ugh a sample of isolated chitosomes. B.
with substrate. Chitin microfibrils (ar-

Proc. Natl. Acad. Sci. 73:4570-4574. Courtesy C. E. Bracker.

host. lt is probable that, when we learn more about
the physiology of the fungi, we shall be able to
devise synthetic media on which to grow al} the s0-
called obligate parasites. Much progress is being
made in this area.

As previously stated, fungi require alrez_ady elab-
orated food in order to live because, lacklpg chlc‘»
rophyll, they are incapable of manufacturing their

own. But if given carbohydrates in some form—-,

preferably glucose or maltose-mfr{o‘st f‘ungi can
synthesize their own proteins by utlhzsfag morgamc
or organic sources of nitrogen and various mineral
elements essential for their growth. Laboratory
studies have established that C, O,H, N, P, K,

Mg, S, B, Mn, Cu, Mo, Fe, and Zn are required

by many fungi, probably by all. Other elements,
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such as Ca, are required by some. Whether Ca is
also essential for all fungi has not been definitely
established but appears highly probable. As a gen-
eral rule, glucose is the best source of C, and
organic N compounds the best source of N, with
ammonium compounds and nitrates next in Jine.
Many fungi are capable of synthesizing com-
pounds which function as vitamins for other orga-
nisms. Some, however, are deficient in thiamine or
higtin, or both, and must obtain these or their pre-
cursors from the substratum. Fungi usually store
excess food in the form of glycogen or lipids.

Different fungi have different. food require-
ments. Some are omnivorous and can subsist on
anything that contains organic matter. The com-
mon green mold (Penicillium sp.) and the common
black mold (Aspergillus sp.), given a little mois-
ture, will grow on anything from cheddar cheese to
shoe leather. Other fungi are more restricted in
their diet; a few obligate parasites not only require
living protoplasm for food, but also are highly spe-
cialized as to the species and even the variety of
host they parasitize. Inasmuch as fungi obtain their
food in solution, the food molecules must be of
small enough size to be capable of passing freely
through the cell walls and membranes. Thus, a
fungus must break down larger molecules into
smaller ones before it can absorb them. It does this
by secreting extracellular enzymes that act on the
substraturn digesting the food outside the fungal
body. The enzymes a fungus is capable of produc-
ing govern to a large extemt its ability to utilize
certain substances as food.

Reproduction. Reproduction is the formation of
new individuals having all the characteristics typi-

-cal of the species. Two general types of reproduc-
‘tion are recognized: sexual and asexual. Asexual

reproduction, sometimes called somatic or vegeta-

tive, does not involve the union of nuclef, sex

ells, or sex organs. Sexual reproduction, on the

- other hand, is characterized by the union of two

nuclet,

In the formation of reproductive organs, either
sexual or asexual, the entire thallus may be con-
verted into one or more reproductive structures, so
that somatic and reproductive phases do not occur
together in the same individual. Fungi that follow
this pattern are called holocarpic (Gr. holos =
whole + karpos = fruit). In the majority of fungi,
however, the reproductive organs arise from only a
portion of the thallus, while the remainder con-
tinues its normal somatic activities. The fungi in
this category are called encarpic (Gr. ex = good
+ karpos = fruit). The holocarpic forms are,
therefore, less differentiated than the eucarpic.

Asexual Reproduction. Typically, fungi repro-
duce both asexually and sexually. In general, asex-
ual reproduction is more important for the propa-
gation of the species because it results in the
production of numerous individuals, and particu-
larly since the asexual cycle is usually repeated
several times during the seashfi, whereas the sex-
ual stage of many fungi is produced only once a
vear,

We sometimes define asexual reproduction as
the nonsexual production of specialized reproduc-
tive cells such as spores. A broader definition,
however, also includes any method of propagation
of new individuals, such as simple division of an
unicelluiar organism into daughter cells, or of a
multicellular thallus into a number of fragments
each of which grows into a new individual. It is
this broader concept of asexual reproduction that
we are using here. In accordance with this concept
the asexual methods of reproduction commonly
found in fungi may be summarized as follows: (1)
fragmentation of the soma, each fragment growing
into a new individual; (2) fission of somatic cells
into daughter cells; (3) budding of somatic cells or
spores, eaf’:oh bud producing a new individual; and
{4) production of spores, each spore usually ger-
minating to form a germ tube that grows into the
mycelium.

Some fungi employ fragmentation of hyphae as
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tally by the tearing off of parts gf the. mycel%um
through external forces. Such bits of myce'm-lm
under favorable conditions will start a new mdws.d-
ual. Often in the laboratory we employ mycehal
fragmentation to keep fungal cultures growing on
artificial media by transferring a bit of mycelium to
fresh media and thus stariing a new colony.
Fission, the simple splitting of a cell into two
daughter cells by constriction and the formatif)n of
a cell wall, is characteristic of a namber of simple
organisms including some yeasts, which are true
fungi (Figure 1-244). ,
Budding is the production of a small outgrowth
{bud} from a parent cell. As the bud is formed, the
nucleus of the parent cell divides and one daught?r
nucleus migrates into the bud. The bud increases 1n
size while still attached to the parent cell and even-
tually breaks off and forms 2 new individual‘(ﬁg—
ure 1.24B). See Chapter 12 for more details on
yeast budding. Chains of buds, forming a sr}ort
mycelium, are sometimes produced. Bl{ddmg
takes place in the majority of yeasts, but it also
oceurs in many other fungt at certain phases of
their life history or under certain conditions of

growth.
The most common method of asexual reproduc-

a normal means of propagation. The hyphae may
break up into their component cells that behave as
spores. These spores “are known as arthro-
spores (Gr. arthron = joint + spora = seed,
spore) (Figure 1-234). If the celis b_ecome en-
veloped in a thick wall before they separatf: frgm
each other or from other hyphal cells adjoiming
them, they are often calied {:hlamydosperes.((}r.
chiamys = mantle + spora = seed, spore) (F%gure
1-23B). Fragmentation may also occur acciden-

Figure 1-25. Asexual reproduction. Various types of
fungal spores (conidia). Figure in upper right re-
drawn from Linder (1929). Ann. Mo. Bot. Gard.
16:227-388.

tion in fung! is by means of spores. Spores vary in

color from hyaline'® (Gr. hyalinos = made of
- glass, transparent, i.e., colorless) through green,
yellow, orange, red, brown, to black; in size, from
minute to large; in shape, from globose through
oval, oblong, needle-shaped to helical; in number
of celis, from one to many; in the arrangement of
- cells; and in the way in which the spores them-

5/ Chlamydospore

< B

'5. It is unfortunate that the term hyaline is generally used as a
synenym of “‘colorless.’” More correctly, it indicates a trans-
parent object as opposed to an opaque one.

Figure 1.23. Two types of asexual reproduciive M
st:uctures. A. Hypha fragmenting into arth.rosperes.
B. Chlamydospores. A, redrawn from Kniep, 1917.

Zeitschr, Botanik, 9:81-118.

Figure 1-24. Asexual reproduction. A, Transverse
cell division (fission). B. Budding. s
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selves are borne (Figure 1-25). This infinite variety
of spores makes the study of fungi particularly fas-
cinating. Some fungi produce only one type of
spore, whereas others produce as many as four
types. Fungal spores produced asexually are either
borne in sporangia (sing. sporangium; Gr. spora
= seed, spore + angeion = vessel) and are then
called sporangiospores, or are produced at the tips
or sides of hyphae in various ways and are then
called conidia (sing. conidium; Gr. koris = dust
+ -idion, dimin. suffix).

A sporangium is a sac-like structure whose en-
tire contents are converted through cleavage into
one or more, usually many, spores. Sporangio-
spores may be motile or nonmotile. In the simpler
fungi the sporangiospores are usually motile and
are called zoospores (Gr. zoorn = animal + spora
= seed, spore). If nonmotile they are called aplan-
ospores (Gr. a = not + planetes = wanderer +
spora = seed, spore}). Fungal zoospores are
equipped with one or two flagéHa (sing. flagellum;
L. flugeltum = whip). There are at least two types
of flagella in the fungi: the whiplash and the tinsel.
The whiplash fiagellum is divided into two parts.
The lower or basal portion is much longer than the
upper or terminal portion, which is usually very
short and flexible. The tinsel flagellum is a feathery
structure consisting of a long rachis with lateral
hair-like projections termed mastigonemes or flim-
mers on all sides along its entire length (Figure
1-26).

The flagellar apparatus in motile fungal spores is
very complex (Figure 1-27), consisting of the
flagellum itself, a kinetosome (blepharoplast or
basal body) to which the microtubular components
or axoneme of the flagellum attach, and a rhizo-
plast (Gr. rhiza = root + plastid) or rootiet by
which the kinetosome is attached to the nucleus of
the cell by various microtubular elements. In a
fungal flagéllum the axoneme is of the character-
istic “'9 + 277 construction. The nine peripheral
components form a cylinder around the two central
ones. Each central component is a single micro-



Figure 1-26. Transmission electron micrograph of 2 shadowed preparation showi
astigonemes. From P. R. Desjardins, G. A. Zentmeyer, and D. A,

and a tinsel fiagellum (TF) with numerocus m

Reynolds (1969). Can. J. Bot. 47:1077-1097. Courtesy D. A. Desjardins. By permission of the National Research

Council of Canada.

subule while the nine peripheral components each
consist of two microtubules. More will be said
about the ultrastructure of motile cells in sub-
sequent chapters.

We will discuss the different types of conidia the
fungi produce~—and there are many-—in connection
with fungi that produce them.

Sexual Reproduction. Sexual reproduction in
fungi as in other living organisms involves the
union of twe compatible nuclei. The process of
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ng a whiplash flagellum (WF)

sexual reproduction typically consists of three dis-
tinct phases. In the first of these, called plas-
mogamy (Gr. plasma = 2 molded object, i.e., a

being -+ gamos = MArrage, unpion), a union of two.

protoplasts brings the nuclei close together within
the same cell. The fusion of the two nuclei brought
together by plasmogamy is cailed karyogamy (Gr.
karyon = nut, nucleus -+ gamos = marriage) and
constitutes the second phase of sexual reproduc-

tion. Karyogamy follows plasmogamy almost im-

mediatety in many of the simpler fungi. In the more
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A

Figure 1-27. A Transmissi.on electron mi . . cel
I . t icrograph of a biflagellate fungal cell showi
ment of flagella (F) to the basal bodies (B). B. Cross section of a ﬂagellums C. Cros;sos‘Z::Itli%nrtll:)ef :tlt)aac:;i

body. Electron micrographs by C. W. Mims.

complex fungi, however, these two processes are
sepzflrated in time and space, with plasmogamy re-
sulting in a binucleate cell containing one nucleus
froom each parent. Such a pair of nuclei we call a
dikaryon (NL.. &i = two + Gr. karyon = nut).
Thesg. two nuclei may not fuse until considerably
latgr in the life history of the fungus. Meanwhile,
during growth and cell division of the binucleate

- cell, the dikaryotic condition may be perpetuated

from cell to cell by the simultaneous division (con-

- jugate division) of the two closely associated nu-

clei 3 i
lei, and by the separation of the resuiting sister

E\Llilc.lei into the two daughter cells. Nuclear fusion,
. 1f:h event‘uz?ily takes place in all sexually repro-
 ducing fungi, is sooner or later followed by meiosis

{Gr. meiosis = reduction), which again reduces the
numb‘er of chromosomes to the haploid, and which
constitutes the third phase of sexual reproduction.
To su.mmarize: plasmogamy brings two haploid
nuclei together in one cell; karyogamy unites
the_m .into one diploid, zygote nucleus; and
meiosis restores the haploid condition in the four
nuclei that result from it. In a true sexual cycle
these three processes occur in a regular sequence
and us-;u.aii)i at specified points. If there is only one
free living thallus, haploid or diploid, in the life
C}./le: of a fungus, that life cycle is called haplo-
biontic (Gr. hapleds = single + bios = life). If a
haploid thallus alternates with a diploid, the life
cycle is said to be diplobiontic (Gr. diplods = dou-
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ble + hbios). In so far as we know now, only the
Oomycetes (Chapter 8) have a diploid mycelium
with the gametes being the only haploid structures
in the entire life cycle. Diplobiontic life cycles
occur in the water moid Allomyces, in the mosquito
parasite Coelomonmyces, in some yeasts, and possi-
bly in the Plasmodiophoromycetes {Chapter 7).
Refore we discuss the methods fungi employ in
accomplishing sexual reproduction, it is necessary
to learn something about the organs involved.
Some species produce distinguishable male and fe-
male sex organs on each thallus. These species are
hermaphroditic (Gr. Hermes = the messenger of
the Gods, symbol of the male sex + Aphrodite =
the Godess of love, symbol of the female sex) or
monoecious {Gr. monos = single, one + oikos =
dwelling, home). A single thallus of a her-
maphroditic species can reproduce sexually by it-
self if it is self compatible (see page 31 for an ex-
planation of sexual compatibility). Other species
consist of male and female thalli, with some thalli
producing only male and others only female sex
organs. We call such species dioecious (Gr. dis =
twice, two -+ oikos = home; i.e., the sexes sepa-
rated into two different individuals). A single
thallus of a dioecious species cannot reproduce sex-
pally by itself normally since it is either male or
female.
The sex organs of fungi are called gametangia
(sing. gametangium; Gr. gametes = husband +
angeion = vessel, containery. These may form dif-
ferentiated sex cells called gametes or may contain
instead one or more gamete nuclei. We use the
terms isogametangia and isogametes (Gr. ison =
equal), respectively, to designate gainetangia and
gametes that are morphologically indistinguishabie;
we use heterogametangia and heterogametes (Gr.
heteros = other, different) 0 designate mate and
female gametangia and gametes that are morpho-
logically different. In the iatter case, the male ga-
metangium Is cailed the antheridium (pl. antheri-
dia; Gr. antheros = flowery -+ -idion, dimin.
suffix) and the female gametangium is called the
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oogonium (pi. oogonia; Gr. oon = €82 + gonos =
offspring).

We now list the various methods by which com-
patible nuclei are brought together in the process of
plasmogamy. These methods are often referred to
as methods of sexual reproduction. Fungi employ
five general methods to bring compatible nuclei
together for fusion:

1. Planogametic copulation

2. (ametangial contact (gametangy)

3. Gametangial copulation {gametangiogamy)
4. Spermatization

5. Somatogamy

Bach of these is described in connection with the
fungi in which it occurs.

The Nuclear Cycle. As in other Living orga-
nisms, so too in fungi there is generally a cycle of
haploid and diploid structures, corresponding to the
gametophyte and sporophyte in the green plants.
The diploid phase begins with karyogamy and ends
with meiosis. In the majority of fungi, however,
there is no distinct alternation of haploid and dip-
loid thalli, with the diploid phase being represented

only by the zygote.

Heterokaryosis, The nuclear cycle is not always

as clear-cut as it may appear from the foregoing .
staternents. Nuclei of the same or of different geno- -
types may coexist side by side in the same myce--
lium and in the same cell of the hypha. All cells do.
not necessarily have the same number of nuclei or .
the same kinds of nuclei, or the same proportion of .
each kind in a mixture of nuctei. This phenomenon-:
of the existence of different kinds of nuclei in the
<ame individual we call heterokaryosis {Gr. het-
eros = different + karyon = nut, nucleus), and the:

individuals that exhibit it, heterokaryotic.

In a heterokaryotic individual each aucleus is in-!

dependent of all other nuclei, but the structure and

behavior of the individual appear to be coatrolled:

by the kinds of genes it contains and the proportion
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of each kind, regardless of whether these are sepa-
rated in different nuclei or not.

Heterokaryosis may originate in a fungal thallus
in four ways:

1. By the germination of a heterokaryotic spore,
which will give rise to a heterokaryotic soma.

2. By the introduction of genetically different
nuclei into a homokaryon (Gr. homo = same
+ karyon = nut, nucleus), a soma in which all
nuclei are similar.

3. By mutation in a multinucleate, homokaryotic
structure and the subsequent survival, mul-
tiplication, and spread of mutant nuclei among
the wild-type nuclei.

4. By fusion of some nuclei in a haploid homo-
karyon and the subsequent survivai, mul-
tiplication, and spread of the diploid nuclei
among the haploid.??

Thus in some fungi it is possible to have not
only different kinds of haploid nuclei in the same
soma, but also a mixture of haploid and diploid
nuclei. Whether this last situation is widespread in
nature we do not know. Certainly, in most fungal
individuals the haploid and diploid phases of the
life cycle are clearly distinguishable.

Sexual Compatibility. We have already listed
the various methods by which two nuclei are
brought together in the same cell as a preliminary
condition to nuclear fusion. It is now necessary to
say something about sexual compatibility in the
fungi,

To discuss so compiex a topic in an introductory
textbook is a difficult task. You should understand

i at the very beginning that what follows constitutes
“only the barest outline and approaches an over sim-

hﬁc.ation of the subject. Although compatibility is
ertainly closely related to sex because, in a way,
- Boverns sexual reproduction, it should not be
onfused with sex. There are, for example, a great

7 .
Although, strictly speaking, the result would be a he-

terol i
‘ karyon, no new genes are tntroduced in such a situation,

3

many fungi that produce clearly distinguishable
?nale and female sex organs on the same thallus but
in which, nevertheless, single individuals'® are
§exua§1y self-sterile because their male organs are
incompatible with their female organs and no plas-
mogamy can take place.

On the basis of sex, most fungi may be clas-
sified into three categories:

A. Hermaphroditic (monoecious), in which
each thalins bears both male and female
organs that may or may not be compatible.

B. Dioecious, in which some thalli bear only
male and some thalli bear only female organs.
Very few dioecious fungi have been discov-
ered.

C. Sexually undifferentiated, in which sexually
functional structures are produced that are

morphologically indistinguishable as male or
female.

Fungi in the above sex categeries belong to one
or t'mother of the following three groups on the
basis of compatibility:

1. Homothallic Fungi. Those in which every
thallus is sexually self-fertile and can, there-
fore, reproduce sexually by itself without the
aid of another thallus. Obviously, no dice-
cious fungus can be homothallic. Fungi in this
category exhibit no mating types.

2. Heterothallic Fungi. Those in which every
thallus is sexually self-sterile, regardless of
whether or not it is hermaphroditic, and
requires the aid of another compatible thallus

of a different mating type for sexual reproduc-
tion,

Heterothallic fungi belong to one or the other of
the following two general groups:

a. Bipolar {unifactorial) heterothallic. Fungi in
this category consist of two groups (mating

18 An individual is a thallus that has originated from a single
spore.
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types) of individuals that differ in their genetic
makeup for the compatibility factor. Each nu-
cleus of one mating type carries the gene A,
and each nucleus of the other mating type car-
ries the gene A,.'? Only thalli whose nuclei
carry opposite genes of this Mendelian pair
A, A, are compatible.

b. Tetrapolar (bifactorial) heterothallic. Fungi
in this category consist of four ‘pasic groups
(mating types) of individuals. Compatibility
here is governed by two pairs of factors, A Ay
and B,B,, located on different chromosomes.
Only thalli whose nuclei carry opposite genes
of both Mendelian pairs A A, and BB, are
compatible, with the resulting zygote having
the genotype A A,BB;. In tetrapolar fungi,
the situation becomes infinitely complicated
by the existence of many alternate factors for
each gene.

Thus, in hermaphroditic heterothallic fungi, both
male and fernale organs borne on the same thallus
carry the same mating type and are, therefore, in-
compatible, rendering any single thallus sexually
sterile.

3. Secondarily Homothailic Fungi. In some bi-
polar heterothallic fungi an interesting mecha-
nism operates during spore formation whereby
two nuclei of opposite mating type are incor-
porated regularly in each spore. Each spore,
therefore, upon germination gives rise to 2
thallus that contains both A, and A, nuclei and
consequently behaves as if. it were homothal-
lic. This condition has been called secondary
homothallism. -

What we have said up to now refers chiefly to
the morphological and genetic control of the sexual
process. But there is another phase we must not

overlook. This is the physiological or chemical

19 The genes may also be designated as A and a if only two
alleles exist, The designations + and — have aiso been used in
some groups of fungi, such as the Zygomycetes.
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aspect of the problem. Is the meeting and fusion of
two genetically compatible organs or gametes en-
tirely left to chance in the fungi or is there soine
mechanism that incteases the probability of such a
tryst? Our information on this subject is far from
complete, but we do know that in many fungi there
are very definite physiological mechanisms super-
imposed on the genetic that govern sexuality. The
best known is the secretion of sexual hormones
(Machlis, 1966) that control the sexual process
step by step from the initiation of the sexually ac-
tive organs or gametes to karyogamy. We discuss
some of these mechanisms in connection with indi-
vidual groups of fungi in which they are known t0
OCCur.

Parasexuality. Some fungi do not go through a
true sexual cycle as we have defined it, but derive
many of the benefits of sexuality through parasex-
uality (Gr. para = beside + sex). This is a process
in which plasmogamy, karyogamy, and haploidi-
zation take place, but not at specified points in the
thallus or the life cycle. We discuss the parasexual
cycle in more detail in connection with the Deu-
teromycetes in Chapter 27. The Deuteromycetes
are fungi in which sexual reproduction does not
take place and in which the parasexual cycle is of

- paramount importance. Nevertheless, the sexual

and parasexual cycles are not mutually exclusive.

Some fungi that reproduce sexually also exhibit

parasexuality.

Classification. The classification of the fungi
presents innumerable difficulties with which you

as a beginning student need not be confronted. At
the same time, you must understand that all is pot~
settled in mycology and that differences of opinion:
on classification are so numerous and often S0

great among mycologists that you will find wha
appear to be serious discrepancies in the ‘‘stan
dard”” literature of the science. Such differences in

classification result from differences of interpreta--
tion of our fragmentary data on the structure, de-
velopment, and physiology of the fungi, and will’
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continue 1o exist until ali the gaps in our knowl-
edge are filled.

Taxonomy has a dual purpose: first, to name or-
ganisms according to some internationally ac-
cepted system so that, with the least possible
amount of confusion, mycologists may com-
municate to each other their findings concerning 2
certain fungus; second, to indicate our current con-
cept of the relationships of fungi to each other and
to other living organisms.

Although our ideas of relationships of plants and
animals are based to a considerable extent on the
fossil evidence, so little is known about fossit
fungi that this source is not of much value yet in
determining relationships in this group of orga-
nisms. Paleontological studies indicate that the
fungi are a very ancient group, possibly extending
ba_lck into the Pre-Cambrian, although the supposed
fossil‘fungi of that era such as Eomycetopsis can-
not be unquestionably identified as such (Schopf,
Ford, and Breed, 1973). Another interpretation of
such fossils (Dr. E. S. Barghoorn, personal com-
munication) is that they represent blue-green alga
sheaths that are greatly resistant to decay. All the
major fungal groups, however, are represented in
the fossii record by the end of the Paieozoic and
many of these bear a striking resemblance to well-
known extant genera. An unusual circumstance,
however, is that the spores of these fungi, espe-
cially the Ascomycetes, are not found to be com-

- mon until Mesozoic or recent times.

A large number of the more recent fossil fungi

were epiphyllous. Thus, Dilcher (1965), in his
. studies of epiphyllous fungi from the Eocene,
- wrote ‘‘these fungi are so well preservéd that many

can be positively related to modern genera and in
some cases the life cycles of the fossil forms can be
completed. In one such case more complete mate-
al of the fossil form was found than is known for
e corresponding modern genus.”” *® Figure 1-28,

20 .
Quoted by permission from Paleontologica, Vol. 116, B.

1965,

generously supplied by Dr. W. C. Elsik, exhibits
some fine illustrations of a number of well-
preserved epiphyilous fossii fungi.

A number of the epiphyllous fungi were para-
sitic as indicated by the haustoria that were demon-
strated (Dilcher, 1965). Well-preserved specimens
of what appear to be fossil mycorrhizae have also
been discovered (Harley, 1969).

Much work has been and is being done now on
fossil fungal spores (Wolf, 1966, and later work;
Elsik, 1976), which appear to be common in
late Cretaceous and Cenozoic strata.

The following references should be consulted by
those who are interested in this very promising
field: Dilcher, 1965; Martin, 1968; Tiffney and
Barghoorn, 1974; Elsik, 1976; Pirozynski, 1976.

As our general knowledge increases, our clas-
sification is bound to change. Even the names of
organisms do not always remain stable because, as
we learn new facts about them, it often becomes
necessary to alter our classification and change the
RAmes.

The groupings or categories used in the clas-
sification of the fungi are shown below.

Superkingdom
Kingdom
Division
Class
Order
Family
Genus
Species

The superkingdom is the largest of the ca-
tegories and, in accordance with the most modern
systern (Whittaker and Margulis, 1978), the su-
perkingdom in which we place the fungi includes
five kingdoms. The kingdom is the next largest
category and may include many divisions; each
division may include many classes, and so on
down to the species, which is the unit of classifica-
tion. Each of these categories may be divided into
subgroups, as subdivision, subclass, suborder, if
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Figure 1-28. Examples of epiphyllous fossil fungi. Courtesy W. C. Elsik.

of the divisions of fungi should end in -myecota,
subdivisions in -mycotina, classes in -mycetes,
and subclasses in -mycetidae. Names of orders
end in -ales, and of families in -aceae. Genera:
(sing, genus; L. genus = race) and species (both
s. and pl. species; L. species = concept) have no
standard endings.

necessary. Species are sometimes broken down
into varieties, biological strains, and physiological
or cultural races, about which more will be said in
later chapters.

In accordance with the recommendations of the
committee on International Rules of Botanical No-
menclature, which mycologists endorse, the names
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The name of an organism is a binomialk (L. bi =
two + nomen = name)—that is, it is composed of
two words. The first is a noun designating the
genus in which the organism has been classified
and the second is often an adjective, describing the
noun, which denotes the species. The genus name
is always capitalized. The modern tendency is not
to capitalize the species name regardless of its deri-
vation. This policy is followed throughout this
book. Binomials are frequently descriptive of the
organisms and are usually derived from Greek or
Latin, since all languages of the western world,
where modern taxonomy began, are derived from
them and since scholars the world over are familiar
with Greek and Latin word derivations. For ex-
ample, Neurospora tetrasperma is the name of &
fungus that produces four spores with nerve-like
ridges. Neuwrospora means nervespore {Gr.
neuron = mnerve + spora = seed, spore); fe-
trasperma means four-spored (Gr. retrakis = four
times + spora = seed, spore}.

Binomials when written should always be un-
derlined and when printed italicized. The name or
the abbreviated name of the scientist who first de-
scribed the species sometimes follows the binomial:
Schizosaccharomyces octosporus Beyerinck.
Some binomials are followed by two names, the
first of which is in parentheses: Aplanes trelea-
seanus (Humphrey) Coker. The name in parenthe-
ses is that of the person who first described the
species but used a different name from the one cur-
rently recognized. The name folowing the paren-
theses is that of the person who is responsible for
the binomial as it now stands. Accordingly,
‘Humphrey described Aplanes treleaseanus
‘{Humphrey) Coker in 1893, but named it Sapro-
gnia treleaseana Humphrey. In 1923 Coker de-
‘cided that this organism should be placed in the
:.-g_'t?nus Aplanes and consequently changed the name
0Aplanes treleaseanus *' (Humphrey) Coker. The
eason for such author citations is to aid the tax-

:'_2‘__'The difference in endings results from the difference in
gender—Saprolegnia is ferinine and Aplanes masculine.

onomist in finding the original and subsequent de-
scriptions of an organism when necessary, and to
avoid confusion when different authors acciden-
tally use the same binomial to name different
species. To aid the taxonomist further, the year in
which an organism was described is sometimes
written after the author’s name following the
binomial.

To continue with the classification of our origi-
nal example, the species retrasperma is one of sev-
eral in the genus Neurospora. The latter, together
with several other genera, belongs to the family
Sordariaceae. This family, along with many oth-
ers, belongs to the order Xylariales. This order, in
turn with several other orders, we place in the sub-
class Hymenoascomycetidae, which is one of five
subclasses of the class Ascomycetes. The As-
comycetes are placed in the subdivision As-
comycotina. The Ascomycotina, along with Zygo-
mycotina, the Basidiomycotina, and the
Deuteromycotina are subdivigjons of the division
Amastigomycota which, together with the divi-
sions Gymnomycota, and Mastigomycota make up
the kingdom Myceteae (Fungi). This classification
may be represented as shown below.

Superkingdom: Eukaryonta
Kingdom: Myceteae (Fungi)
Division: Amastigomycota
Subdivision: Ascomycotina
Class: Ascomycetes
Subclass: Hymenoascomycetidae
Order: Xylariales
Family: Sordariaceae
Genus: Neurospora
Species: tetrasperma

You should keep in mind, at this point, that all
mycologists do not agree with this classification,
for there is considerable controversy on the limits
and the n#mes of the higher taxa.?? Whereas ev-
eryone recognizes the name Neurospora fe-
trasperma, some mycologists classify it in a dif-

22 A taxon (pl. taxa) is a category in the classification system.
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ferent family and call the Xylariales by a different
name. There is an even greatet difference of opin-
jon concerning subdivisions and divisions in the
Kingdom Myceteae.

There is a tendency for the beginning student to
regard these various taxonomic categories as con-
crete and stable, and more or less sacred. Such an
attitude will lead to disappointment with the first
atternpt to identify an unknown organism. YOU
shouid understand, above all, that living organisms
are constantly evolving, and that any attempts to
pigeonhole them into a system of classification are
nothing more than the attempis of biologists to or-
ganize their knowledge of the moment, and are
strictly artificial. Even when our knowledge of
fungi becomes much greater than it is at present,
any attempt to draw hard and fast lines between
taxonomic categories will be futile because the cat-
egories themselves are only human concepts and
intermediate forms are bound to exist and to arise
by hybridization and mutation. The more we study
living organisms, the more we are inclined to agree
with Hochreutiner (1929, pp. 151-152) that *‘in
nature there are no families, no genera, no species

. ., there are only individuals more or less re-
sembling one another.” If you keep these facts in
mind, you will be more tolerant toward taxonomic
idiosyncracies and will find it easier to control your
temper when the specimen at hand does not quite
§t the key you are using at the moment as an aid to
identification.

Indeed, at the very outset we are confronted
with a difficult decision concerning the proper
place of fungi in the living world. In some of their
charactetistics fungi resemble plants; in others they
resemble animals. Some mycologists have con-
cluded that the fungi have evolved from the algae
by loss of chioraphyll. If that is true, the fungi are
plants and are properly ptaced in the plant king-
dom. Most mycologists, however, now believe
that the fungi had a common ancestry with the
flageliates but split off at a very early stage of
organic evolution. If this theory is correct, the
fungi are neither plants nor animais: they are fungi!
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But obviously our troubles do not stop here.
After we have decided to split the fungi from other
eukaryotic organisms into a separate kingdom, we
are still faced with the problem of assembling the
infinite variety of fungi into groups—divisions,
subdivisions, classes, subclasses, orders—that
supposedly reflect our ideas as to how they are
related. At this point, we must rejterate that no one
knows when, how, or where the fungi originated or
how they have evolved. Phylogeny is based on edu-
cated guesses and guesses of different mycologists
do not coincide. The great danger is that even if we
admit that our phylogenetic theories are conjec-
tures, we are so convinced they are correct that we
believe them to represent the facts. This has never
been so well expressed as by Dr. Roy Cain (1972),
the distinguished Canadian mycologist, in the last
paragraph of his excellent presidential address to
the Mycological Society of America, on the evolu-
tion of the fungi.

How long fungi have inhabited the earth is
therefore a question that has not been and may

never be answered. It is also as yet impossible to- -

draw any definite conclusions concerning the ori-
gin and subsequent development of the group.
Nevertheless, newer knowledge has modified con-
_siderably our older phylogenetic ideas, Few myco-
logists, for example, regard as probable a mono-
phyletic origin of the fungi from the algae. The

theory espoused by many mycologists at present
derives most fungi monophylletically from some .

ancestral flagellate, but with the Oomycetes seen

to originate possibly from a biflagellate ancestral,
green alga. Opinions differ also concerning the.
evolution of the fungi. In general, mycologists as-:
sociate the aquatic habitat with characters preva-.

Jent during development of early life forms and

consider the terrestrial habitat to require more mo.
phologicaily complex forms-—leaving a door open,:
however, for some supposedly *‘advanced’” fungt
that are postulated to have returned to the watet
during their evolution. In keeping with this princi-
ple, we consider fungi producing motile structures
(zoospores and planogametes) that depend on

Kingdom Myceteae—Introduction to the Fungi and Outline of the Major Taxa 37

water for their function to be more primitive than
those in which no motile structures are formed.
Within a morphological series, parasites are con-
sidered more advanced than saprobes, obligate
parasites more advanced than facultative ones, and
highly specialized obligate parasites more ad-
vanced than less specialized species. In the devel-
opment of fungal structures, the evolutionary
curve that is thought to have taken place begins
with simplicity, proceeds to complexity, and ends
with degeneration and loss of structure.
Obviously, it is impossible in an introductory
cougse (for which this book is intended) to discuss
all the fungi or even representatives of all the
groups. The examples chosen for discussion have
been selected with the purpose of acquainting you
with the basic structure of the fungi. We have
grouped these fungi primarily for pedagogicai pur-
poses and do not necessarily claim that they are
related. Those who disagree with our groupings
have others to propose and equally plausible, per-
haps better, arguments to support their clagsifica-
tion. We strongly advise the student interested in
phylogeny to read the following: Bessey (1942;
1950, Chapter 17), Martin (1955), Copeland
(1956), Cronquist (1960), Denison and Carroll
(1966), Savile (1968, 1978), Whittaker (1969),
Cain {1972), Kohimeyer (1975), Shaffer (1975),
Ragan and Chapman (1977), Whittaker and

5 _ Margulis {1978), and Margulis (in press).

In this book we place all the fungi including the

* slime molds in the Kingdom Myceteae of the Su-
perkingdom Eukaryonta and organize our discus-

sion under the following categories.

Division .  Gymnomycota
Subdivision 1. Acrasiogymnomycotina
Class 1. Acrasiomycetes
Subdivision 2. Plasmodiogymnomycotina
Classes 1. Protosteliomycetes
2. Myxomycetes
Subclasses 1. Ceratiomyxomycetidae
2. Myxogastromycetidae
3. Stemonitomycetidae

Division il. Mastigomycota
Subdivision 1. Haplomastigomycotina
Classes 1. Chytridiomycetes
2. Hyphochytridiomycetes
3. Plasmodiophoromyceies
Subdivision 2. Diplomastigomycotina
Class 1. Oomycetes
Division III.  Amastigomycota
Subdivision 1. Zygomycotina
Classes 1. Zygomycetes
2. Trichomycetes
Subdivision 2. Ascomycotina
Class 1. Ascomycetes
Subclasses 1. Hemiascomycetidae
2. Plectomycetidae
3. Hymenocascomycetidae
4. Laboulbeniomycetidae
5. Loculoascomycetidae
Subdivision 3. Basidiomycotina
Class 1. Basidiomycetes
Subclasses 1. Holobggidiomycetidae
2. Phragmobasidiomycetidae
3. Teliomycetidae
Subdivision 4. Deuteromycotina
Form-Class 1. Deuteromycetes
Form-Subclasses 1.  Blastomycetidae
2. Coelomycetidae
3. Hyphomycetidae

Kingdom Myceteae (Fungi). Achiorophylious,
sa\_probéc, or parasitic organisms with a unicellular,
or more typically, filamentous soma (thalius)??
usually surrounded by cell walls that character-
istically consist of chitin and other complex carbo-
hydrates; nutrition absorptive, except in the slime

~ molds (Division Gymnomycota) 24 where it is

23 Thallus (pl. thalli; Gr. thatlos = a growing shoo?). Used to
designate thesbedy of plants that have no stems, roots, or leaves
{formerly known as Thallophytes) and still in use for the body
(soma) of a fungus.

4 Aq we have already explained, many biclogists do not in-

clude the stime molds in the fungi but classify them in the King-
dom Protista. Ross {1979).
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phagotrophic; 23 propagation typically by means of
spores produced by various types of sporophores;
asexual and sexual reproduction usually present.
The kingdom is hete subdivided into three major
divisions: Gymnomycota, Mastigomycota, and
Amastigomycota.

Division I. Gymnomycota. Phagotrophic orga-
nisms with somatic structares devoid of cell walls.
The organisms in this division are considered by
many biologists to be Protista rather than fungi,
but we are including them here because they are
traditionally studied by mycologists.

Subdivision 1. Acrasiogymnomycoting. Soma is
a myxamoeba followed by a pseudoplasmodium
that cuiminates into a sporocarp (special type of
sporophore) bearing a mucoid droplet of walled
spores at the tip of each branch. A single class,
Acrasiomycetes.

Class 1. Acrasiomycetes. Except in one species,
no flagellated cells are produced; formation of
pseudoplasmodia preceded by an aggregation of
myxamoebae, with Jobose or filose pseudopodia;
sporocarps usually stalked, typically with cetlular
stalks but sometimes stalks not divided into cells,
or lacking; sexual reproduction, where known,
through macrocysts.

Subdivision 2. Plasmodiogymnomycotina. Soma
is a simple myxamoeba mostly with filose pseudo-
podia, or a tue plasmodivm, culminating
into one or more sporophores. There are two
classes.

Class 1. Protosteliomyceles. Myxamoebae
forming sporocarps directly or after developing
into plasmodia; plasmodial streaming unidirec-
tional; sexual reproduction unknown; biflagellate
cells may be produced.

25 Technical terms in this outline are defined in the text under
the various taxa and in the Glossary at the end of the baok.
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Class 2. Myxomycetes. Myxamoebae Or flagel-
late cells (swarm cells) fusing to form zygotes that
develop into plasmodia exhibiting reversible
(shuttle) streaming, and culminating into various
types of sporophores; meiosis in prespores (Cera-
tiomyxa) or in spores.

Subclass 1. Ceratiomyxomycetidae.  SpOTes
borne externally, singly at the tips of hair-like
stalks on the branches of columnar, dendroid,
poroid, of morchelloid sporophores.

Subclass 2. Myxogastromycetidae. Spores
borne in masses within various types of sporo-
phores the peridium of which is usually pessistent
but may be early evanescent. Sporophore develop-
ment myxogastroid; assimilative stage (plas-
modium) of various types but seldom if ever an
aphanoplasmodium.

Subclass 3. Stemonitomycetidae. Spores borne
in masses within various types of sporophores the
peridium of which is usually evanescent but may
be persistent; sporophore development stemoni-
toid; lime, if present, never on the capillitium; as-
similative stage an aphanoplasmodium.

Division II. Mastigomycota. Fungi with cen-
trioles functioning during nuclear division; flagel-
late cells typically produced during the life cycle;

nutrition typically absorptive, soma varying from

snicellular that becomes converted into a spore

case (sporangium), to an extensive, filamentous,
coenocytic mycelium, sometimes with pseudo-.
sepla; asexual reproduction typically by zoospores;

sexual reproduction by various means. There are

two subdivisions. Meiosis is zygotic or meio-:

sporangial in one and gametangial in the other.

Subdivision 1. Haplomastigomycotina. Various:
flagellate fungi, some with uniflagellate, others:

with biflagellate zoospores; life cycles, either ha

plobiontic-haploid or diplobiontic. Two of the:

three classes contain aquatic fungi, the third con-
tains the so-calied endoparasitic siime molds.
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Class 1. Chytridiomycetes. Soma varied, pro-
ducing posteriorly uniflageliate motile cells each
with a whiplash flagellum.

Class 2. Hyphochytridiomycetes. A very smali
group of aquatic fungi with motile anteriorly uni-
flagellate cells each with a tinsel flagellum.

Class 3. Plasmodiophoromycetes. Parasitic
fungi with noncellular (devoid of cell walls}, mul-
tinucleate thalli (plasmodia) living in the cells of
their hosts. Resting cells (cysts) produced in
masses, but not in distinct sporophores; motile
cells with two anterior whiplash flagella; nuclear
division, at certain stages of the life cycle, of the
cruciform type; life cycle probably diplobiontic.

Subdivision 2. Diplomastigomycotina. Fungi
typically producing biflagellate zoospores; fife
cyele haplobiontic-diploid; meiosis gametangial.
One class, Oomycetes,

Class Oomycetes., Soma varied but usually fila-
mentous, consisting of a coenocytic, walled myce-
Hium; hyphal wall containing glucans and cellu-
tose, with chitin also present in one order
(Leptomitales); zoospores each bearing one whip-
lash and one tinsel flagellum; sexual reproduction
oogamous resulting in the formation of oospores.

Divisfion . Amastigomycota. Fungi without
centrioles; spindle pole bodies functioning during

‘nuclear division in many species; no motile cells
:produced; nutrition absorptive; single celled to my-

elial with a limited or extensive, septate or asep-
ate mycelium; asexual reproduction by budding,
.ragmentation, sporangiospores, or conidia; sexual
eproduction, where known, by various means; ha-

-.“pl_obiontic-haploid life cycle with zygotic melosis.

bdivision 1. Zygomycoting. Saprobic, para-

. sitic or predatory fungi with a typically coenocytic

_ceiiulm; asexual reproduction usually by
porangiospores; sexual reproduction, where
tmown, by fusion of equal or unequal gametangia
eS_u_ltmg in the formation of zygosporangia con-

taiping zygospores. Two classes: Zygomycetes,
Trichomycetes.

Class 1. Zygomycetes. Mainly terrestrial sa-
probes or parasites of plants or mammals, or pre-
dgtors of microscopic animals; asexual reproduc-
t1<?n by aplanospores borne singly or in groups
v\./:thin sporangial sacs; sexual reproduction by fu-
sion of usually egual gametangia resuiting in the
formation of a zygosporangium containing a zygo-
spore,

Class 2. Trichomycetes. Obligate symbionts or
commensals of arthropods; mycelium limited in
extent consisting of branched or unbranched hy-
phae; asexual reproduction by amoeboid cells,
a_rthospores, or sporangiospores; sexual reproduc-
tion unconfirmed although structures referred to as
zygospores are produced in one order.

Sftbdivision 2. Ascomycoting. Saprobic, sym-
biotic, or parasitic fungi; unicejlular or with a sep-
?ate mycelium, producing meiosijores (ascospores)
in sac-like cells (asci) by free cell formation. A
single class, Ascomycetes.

Class I. Ascomycetes. Soma typically mycelial
but sometimes unicellular; asexual reproduction
chiefly by means of conidia; sexual reproduction
by various methods; asci formed singly, free and
naked, or from dikaryotic ascogenous hyphae in ir-
regular or regular clusters and typically in sporo-
carps (ascomata).

Subclass 1. Hemiascomycetidae, Soma unicel-
tuiar or filamentous; no ascogenous hyphae or as-
comata produced.

Sub-class 2. Plectomycetidae. Soma filamentous;
asci evanescent, produced at various levels from

ascogenous hyphae within a typically cleistocar-
pous ascoma.
-

Subclass 3. Hymenoascomycetidae., Soma fila-
mentous; asci unitunicate formed in a basal hy-
menium in various types of ascomata; saprobic or
parasitic on various types of substrata or hosts.
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Subclass 4. Laboulbeniomycetidae. Soma Hm-
ited to a haustorium or short rhizomycelium; ob-
figately parasitic on arthropods or marine red
algae; ascl unitunicate in special type perithecioid
agcomata.

Subclass 5. Loculoascomycetidae.  Soma fila-
mentous;, bitunicate asci formed in as‘costromata.

Subdivision 3. Basidiomycoting. Saprobic,
symbiotic, or parasitic fungi; unicellular or, more
typically, with a septate mycelium, producing
meiospores (basidiospores) on the surface of
various types of basidia. A single class, Basi-
diomycetes.

Class 1. Basidiomycetes. Soma typically myce-
fial with a long dikaryotic phase that gives rise to
various types of sporophores in which basidia
bearing meiospores (basidiospores) are produced;
sporophores and mycelium lacking in some spe-
cies.

Subclass 1. Holobasidiomycetidae. Basidia non-
septate {holobasidia), produced on persistent hy-
menia on various types of open sporophores or,
rarely, directly on the mycelium; or inside closed
sporophores opening, if at all, after the spores ar¢
mature.

Subelass 2. thgmobasidiomycetidae. Basidia
transversely or longitudinally septate (phrag-
mobasidia) produced on various types of sporo-
phores or directly on the mycelium.

Subclass 3. Teliomycetidae. .Basidial apparatus
consisting of a thick-walled spore giving yise to a
finite germ tube (metabasidium, promycelium)
that bears the basidiospores; basidiocarps absent.

Subdivision 4. Deuteromycotina.  Saprobic,
symbiotic, parasitic, or predatory fungi; unicellu-
lar or, more typically, with a septate mycelium,
usually producing conidia from various Lypes of
conidiogenous cells; sexua! reproduction unknown
but a parasexual cycle may operate. A few species
produce no spores of any kind.

Introductory Mycology

Form-Class 1. Deuteromycetes. With the char-
acteristics of the subdivision,

Form-Subclass 1. Blastomycetidae. Soma con-
sisting of yeast cells with or without pseudonyce-
lium; true mycelium, if present, not well devel-
oped.

Form-Subclass 2. Coelomycetidae. True myce
lium present; conidia produced in pycnidia or acer-
vuli.

Form-Subclass 3. H yphomycetidae. True myce-
lium present; conidia produced on special cont-
diogenous hyphae (conidiophores) arising in
various ways other than in pycnidia or acervuli. A
few species do not produce spores of any kind.

Lichenes. Ascomycetous, hasidiomycetous, of
deuteromycetous fungi {mycobionts) symbiotically
(parasitically?} associated with green or blue-green
algae (phycobionts) forming various types of
thalli, consisting of intimately associated fungal
and algal components; sporophares produced by
the mycobiont. The mycobionts ar¢ often clas-
sified with the nonlichenized fungi in the same
clagses and subclasses but in different orders.
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