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3.1 Introduction
Fungi are eukaryotic organisms that usually reproduce by forming spores. Most
develop a branched network of hyphae (s. hypha) collectively known as the
mycelium (pl. mycelia). Hyphae are often 3-8 pm in diameter (l micrometre or
pm = O.OOI mm or tO-6 m). Some fungi (the lichenised fungi) form stable, self-
sustaining associations with a photosynthetic green alga and/or a
cyanobacterium and rely on their partner(s) to supply them with carbon. Most
fungi, however, do not contain chlorophyll and cannot utilise inorganic carbon.
They are heterotrophs and therefore obtain their carbon requirements from
organic compounds as saprophytes (which derive their nutrients from dead or
decaying organic matter), as parasites (which derive their nourishment from
another living organism to the detriment of their host) or as symbionts (which
gain nutrients and other benefits from another living organism but do not harm
their host). Mutualistic symblonts derive benefits from their host and at the
same time confer benefits to the host (e.g. mycorrhizal symbioses).

The hyphae of saprophytic fungi secrete enzJ[nes (e.g. cellulases, ligninases
and proteases) that break down organic matter to simple soluble compounds (e.g.
simple sugars, amino acids and small soluble peptides) that dissolve in water
before being absorbed by the fungus. This type of nutrition is called absorptive
nutrition.

Most fungi form regular cross walls or septa {s. septum) in their hyphae.
However, the septa do not completely divide the hyphae into individual cells.
Each septum is perforated by a pore or pores (Fig. 3.1). These pores enable the
cytoplasm, and sometimes nuclei, to move from one compartment to another.
consequently, in groups such as the cup-fungi (Ascomycota), the number of
nuclei present in each compartment can vary from none to several, depending on
protoplasmic streaming. The septa in mushrooms, bracket fungi and rusts
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(Basidiomycota) are more complex and prevent nuclei from moving from
compartment to compartment. Two main types of septa are recognised. Primar5r
septa are formed in association with nuclear division and show the morphology
typical of the group to which the fungus belongs. Secondary septa (often referred
to as adventitious or retraction septa) have a simpler morphology and the ability
to cut off older parts of hyphae from which the protoplasm has been withdrawn.

Figfure 3.1 lrpes of septa typical of different groups of fungi. (A) Simple septum of an
ascomycete. (B) Septal pores in a yeast. (C) Dolipore septum in a
basidiomycete. (D) Simple septum with a pulley wheel occlusion in a rust.
(From Kendrick, 1992.) (See Chapter 5 for further details.)

Some groups of fungi (e.g. Oomycota, ChSrtridiomycota and Zygomycota) do not
form regular septa so their mycelium consists of a single, multinucleate cell.
Aseptate colonies such as this are said to be coenocytic (Fig. 3.2). However septa
with a similar morphology to secondary septa can be laid down to separate
reproductive structures and dead or damaged hyphae from actively growing
assimilative hyphae.

Unlike plants, ttre cell walls of most groups of fungi do not contain cellulose.
The major components of the cell wall in most plant parasitic fungi are chitin and
B-glucan. An exception to this generalisation is the Oomycota @.f. ehgtophthora,
Pythium and the downy mildews) in which the cell wall contains cellulose and
B-glucan and variable amounts of chitin. Another difference between plants and
fungi is that the energy reserves in the cytoplasm of fungi conJist of the
carbohydrate glycogen and the disaccharide trehalose and not starch as in
plants.
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Figlrre 3.2 Septate and non-septate hyphae. (A) Pseudomycelial yeast. (B) Non-septate
coenocytic hyphae. (C) Septate hyphae with uninucleate cells. (From
Parbery.)

3.2 Why are fungi efficient plant parasites?

Fungi have a number of characteristics that make them very efficient plant
parasites. Most produce large numbers of spores which, when coupled with a
short generation time (often only 2 to 7 days), lead to a very high reproductive
capacity. For example a single apothecium of Sclerotinin scLerotiorum can produce
3O million ascospores and a single wheat grain infected with the stinking bunt
fungus (Ttlletia caries) contains about 12 million teliospores.

Most plant parasitic fungi can survive during intercrop periods or in
unfavourable environments by infecting alternative or alternate hosts, by having
a saprophytic phase in their life cycle or by forming resistant resting stmctures.
Moreover, fungi have developed various adaptations for effective dispersal. For
example, urediniospores of tJ:e wheat stem rust fungus (Puccinia graminis) can
travel thousands of kilometres as air-borne inoculum. Urediniospores can be
transported in air currents from southern Africa to eastern Australia (about
13,OOO km), from western to eastern Australia (about 3,OOO km) and from eastern
Australia to New Zealand (about 2,OOO km). The rapid spread of poplar rusts,
willow rust (Melampspora coLeosporioides) and skeleton weed rust (Puccinia
clrcndriLlina) soon after they were introduced into Australia also illustrates the
very efficient dispersal of these fungi. Some species are efficiently dispersed by
insect vectors (e.g. the ergot fungus CLauiceps purpurea and the Dutch elm
disease fungus Ophiostoma ulmi) or by plant propagating material (e.g. many
smut fungi, the bean anthracnose fungus CoLletotrichumtindemutlianumand the
celery leaf spot fungus Septoria apiicota).

The mycelial habit of most plant parasitic fungi enables them to penetrate their
host forming a mycelial network within the host plant which efficiently exploits it
for nutrients. This gives fungi a competitive advantage over other parasites such
as bacteria which move less readily in plants.

Another factor that makes fungi efficient plant parasites is their ability to
respond rapidly to altered environmental conditions. For example, resistance
conferred by specific genes in the host population or the protection conferred by
systemic fungicides is often short lived because of the ability of fungi to acquire
genes that overcome the protection provided.
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3.3 Survival and infection structures produced by fungi
Fungi produce a number of assimilative or vegetative structures that contribute
to their success as plant parasites by aiding the spread of inoculum or enabling
survival when a suitable host is not available. These structures include
chlamydospores, scleroila, mycelial cords and rhizomorphs, stromata and various
infection structures.

Chlamydospores

Chlamydospores are asexual, single-celled spores originating by a modification of
pre-existing cells in a hyphal segment or an existing spore. They may be terminal
or intercalary (among or between cells). Chlamydospores are formed when
individual cells in the hyphae or spores lay down a thick, sometimes melanised
wall (Fig. 3.3). They function as resting spores and retain their viability longer
than assimilative hyphae.

Figure 3.3 Chlamydospores. (A) Intercalary chlamydospores. (B) Terminal
chlamydospore. (C) Chlamydospore in a spore of Ftrsanumsp.

Sclerotia

Sclerotia (s. sclerotium) are resting bodies formed by the aggregation of
assimilative hyphae into dense, often rounded, masses. The sclerotia of some
species are protected by a pigmented rind of thick-walled, melanised cells (e.g. up
to 8 cells thick in Botrgrtus cinerea) under which layers of pseudoparenchymatous
cells and filamentous hyphae are present. They enable many plant pathogenic
fungi to survive during intercrop periods, or, in the case of deciduous perennial
tree crops, when suitable host tissue is not available. Sclerotia of some fungi (e.g.
VerticitLium dahlise) remain viable in soil for 1O or more years.

Sclerotia vary in size and shape and develop in different ways depending on
species. In most species they are less than 2 cm in diameter. The charcoal rot
fungus, Macrophomina phaseotina, produces sclerotia less than 1O pm in
diameter. The verticillium wilt fungus, VerticiLLium datttine, produces sclerotia 15-
lOO pm in length while those of Sclerotinia scterotiorum are L-2 cm long. The
basidiomycete Polgporus mglittae produces sclerotia that are very large, 25 cm or
more in diameter, and were traditionally eaten by Australian aborigines. Peaches
infected with the brown rot fungus, Monilinic-fnrcticoLa, dry out and are converted
into hard brown pseudosclerotia called'mummies'.

Sclerotia may 'germinate' to produce new mycelia (mycelial germination) or
they may give rise to external fruiting structures (carpogenic germination).
Sclerotia of Sclerotium roLJsii and Sclerotinia minor show myceliai germination
while those of Sclerotinia scl"erotiorum and Clauiceps purpurea germinate
carpogenically.
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Mycelial cords and rhizomorphs

The hyphae of some fungi tend to become aggregated into strands showing
varying degrees of complexity. These mycelial strands, which are common in
basidiomycete fungi growing on wood, enable the fungus to grow from one food
source to another. They serve as organs of migration of inoculum and allow an
established colony to explore and colonise new food sources.

More complex hyphal strands are mycelial cords and rhizomorphs. The dry rot
fungus of timber {SerputaLacrymans) forms mycelial cords that can grow from a
food base, across inhospitable substrates such as brickwork or through plaster
walls in search of more timber to feed on. In the United Kingdom, this fungus
caused considerable damage to houses after the Second World War. In contrast to
rhizomorphs, mycelial cords have no apical meristem.

Rhizomorphs are formed by plant parasites such as A'rniLLarta meLleawhich is
usually associated \Mith root rots of ornamental and horticultural crops, and
ArmilLaria"Luteobubahna, which causes root rots of native trees (e.g. eucalypts)
and shrubs. Rhizomorphs are dark, bootlace-like structures (Fig. 3.4) that grow
five to six times faster than a single hypha due to the presence of an apical
meristem. They can often be seen under tJle bark at the base of plants that have
been killed by the fungus. The cells \Mithin a rhizomorph of ArmiLLaria become
differentiated into distinct layers made up of an outer zone of filamentous hyphae
surrounding a rind of thick-walled, fused cells containing the dark pigment
melanin. Beneath the rind is a cortex consisting of a layer of narrow, multiseptate
hyphae. The centre of mature rhizomorphs is often hollow.

Fignre 3.4 ExLernal appearance of a rhizomorph of Armrtlarin mellea-

Stromata

A stroma (pl. stromata) is a mass of compact vegetative tissue, sometimes
intermixed \Mith host tissue, in or on which spores or fruiting bodies are formed.
Many members of the Ascomycota produce thet sexual fmiting bodies as well as
their asexual reproductive structures in stromata. Some rust fungi also produce
stromata (Fig. 3.5).

lnfeetion structures
Many plant pathogenic fungi form infection structures on the surface of or inside
their hosts during the infection process. One such structure is an appressorium
(pl. appressoria) which is a swelling on a germ tube or hypha which functions as
an orga.n of attachment in the early stages of the infection process (Fig. 3.6). The
appressorium produces a fine penetration peg which in some fungi (e.g. powdery
mildews and Botrytis ctnerea) can directly penetrate the host's cuticle and
epidermis. In most rust fungi, appressoria are formed over stomates and the
penetration peg enters the plant through the stomatal aperture. The dark mildew
fungi, which form superficial colonies on the leaves of plants, produce
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appressoria-like or haustoria-like structures called hyphopodia (s.
hyphopodium) which absorb nutrients from their host. Some fungi (e.g.
Rhizoctonia solani) produce infection cushions, which consist of aggregations of
hyphae, prior to penetrating their host (Fig. 3.6D).

Figure 3.5 Stromata associated with fungal fruiting bodies. (A) Perithecia of Clauiceps
pury)urea. (B) A uredinium of Puccinin graminis. (C) Pseudothecial locules of
Ploturightia sp.

Many fungi, particularly obligate parasites such as the rusts, smuts, powdery
mildews and downy mildews, produce haustoria (s. haustorium) inside the cells
of their host (Fig. 3.6). Haustoria are organs of nutrient absorption.
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Figure 3.6 Haustoria, appressoria and hyphopodia. (A) Large, sac-like haustoria of
Peronosporaparasitica- (B) Filamentous haustoria of Peronosporacalotheca.
(C) Appressorium, infection peg and digitate haustorium of Btumeria
graminis. (D) Infection cushion and epidermal haustoria of Rhizoctonia
solani (E) Small globose haustoria of Albugo candida. (F) Haustorium
produced by a germinating spore of Colletotrichum gloeosporioides.
(G) Intercellular mycelium of Prccinia graninis with haustoria in mesophyll
cells. (H) Hyphopodia of Ceratophontm sp. (From Parbery 1980.)
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3.4 Reproduction in fungi

Fungi reproduce by spores produced by either sexual or asexual reproductive
processes. Spores produced by a particular species tend to be uniform in shape,
size, septation and colour. Spore characteristics, therefore, when considered in
association with the stmctures in or on which they are produced, provide a basis
for identi$ring and classi$ring fungi.

Sexual reproduction

Sexual reproduction involves the fusion of two compatible haploid nuclei. The
sexual cycle progresses through three phases.
. Plasmogamy in which the two sex cells fuse (anastomose) so that their fused

protoplasts contain two (usually genetically dissimilar) haploid nuclei, one from
each parent cell.

o KarXogamy or nuclear fusion to form a diploid nucleus.
. Melosls of the diploid nucleus to form four haploid nuclei. After meiosis,

unicellular, haploid spores are usually produced.
Fungi may be either homothallic or heterothallic. Homothallic fungi are self-

fertile and a single colony (a discrete mycelium, often derived from a single spore)
can reproduce sexually without the involvement of a second colony. In
heterothallic fungi every individual colony is self-incompatible or self-sterile, even
though both male and female organs may occur on the same colony. A second
compatible colony of a different mating type is needed for sexual reproduction.
Compatible mating types are often designated plus (+) and minus (-) strains.
Strains of the same mating type are sexually incompatible.

Heterothallism is genetically controlled. The simplest kind of heterothallism is
controlled by two different alleles, which can be called 'A' and 'a', at the same
genetic locus. Pairs of hyphae carrying the same allele (A with A or a with a) are
incompatible. Only pairs of hyphae with different alleles (A and a) will be
compatible. This two-allele system or bipolar heterothallism occurs in all major
groups of fungi.

Sexual compatibility in many fungi is governed by two loci which can be called
A and B. For mating to occur, the alleles at each of the two loci must be different
(AaBb). This four allele system is called tetrapolar heterothallism.
Heterothallism is a mechanism that favours out-breeding and leads to new
combinations of genes resulting from the sexual process.

Spores resulting from the sexual process are produced in a distinctive way,
often in specialised fruiting structures. Traditional systems of classiSring fungi
are based on characteristics of the sexual spores and the structures in which
they are produced.

The sexual or perfect state of a fungus is characterised by the production of
sexual spores (e.g. basidiospores, ascospores, 4/gospores or oospores) and is
referred to as the teleomorph of the fungus. Ftrowever the teleomorphs of many
species are unknown or rarely formed and reproduction is entirely or mostly by
asexual methods.

Asexual reproduction
Asexual reproduction involves propagation of new individuals from a detached
part of the parent organism. It can be achieved by the production of asexual
spores, by mycelial fragmentation or by the division of single cells (e.g. yeasts).

The most important means of asexual reproduction is by spores. TWo main
groups of asexual spores are recognised.
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SporangiosPores which are produced within a sac-like structure called a
sporangium (pl. sporangia). sporangiospores may be motile, in which case
they are called zoospores, or they may be non-motile (Fig. 3.7A and B).
Conidia (s. conidium) are specialised, non-motile, asexual spores that are not
formed inside a sporangium. They are usually formed at the tip or side of
conidiogenous cells (cells giving rise to conidia) which are often borne on a
stalk-like structure called a conidiophore (Fig. 3.7C). Conidiophores may be
exposed or enclosed in a variety of fruiting-bodies.

A B C

Figure 3.7 Asexual reproduction in fungi. (A) Sac-like zoosporangium of an Oomycota.
(B).Sporangium of aZygomycota. (C) Conidia of an Ascomycota (Penicillium
sp')'

Fungi derived from asexual propagules are genetically identical with the parent
colony. One might expect therefore, that species propagating only by asexual
means would lack the genetic flexibility to adapt to changing environmental
conditions. However, mechanisms such as heterokaryosis and parasexualif
enable fungi to maintain genetic variability in the absence of the sexual process.
Heterokaryosis occurs when genetically different nuclei come together in the
same hypha as a result of fusioir of hyphae or mutation of nuclei in tfre hyphae.
The genetically unlike nuclei multiply in the hyphae and the genes contained in
the different nuclei influence the phinotype of ttre colony. Paiasexuality allows
genetic recombination outside the sexual process. The parasexual cycle has four
basic stages (1) fusion of hyphae to give a heterokaryon, (2) fusion of the
genetically different nuclei to form a diploid nucleus, (3) somatic or mitotic
crossing over and (4) vegetative haploidisation of the diploid nucleus. The
parasexual cycle mimics sexual reproduction but does not occur at any specilied
point in the life cycle of an individual. It is uncertain how widespread and
common the parasexual cycle is and how frequently it occurs. It is probably a
common phenomenon and occurs in species of Acremonium. Aspergit[us,
Ftrsanurn, VerticilLium and in Puccinia graminis.

Many species of fungi, to the best of current knowledge, reproduce onty by
producing asexual spores. They either lack a sexual statJ or rirely produCe i[.
Such fungi are described as imperfect fungi or Fungi Anamorphiciblcause the
asexual or imperfect state is referred to as the anamorph of tfre fungus. In
general, with pathogenic fungi that produce anamorphs, the asex.ral spores may
be produced under nearly any conditions that allow vegetative growth. Sexual
reproduction however, often requires much more specific condittns which are
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usually different to those favouring vegetative growth. For example, conidia of
Venfitrininaeqtmlis are produced within a few days of the first infections in spring
until well into autumn, whereas ascospores are produced and released only
during a short period, 2-3 weeks, in early spring. Similarly, conidia of MonoLinta
spp. are readily produced whenever the fungus grows actively in fruit or culture
whereas the ascocarps are only produced over a period of about t0 days in
spring.

3.5 An outline of fungal classification
The purpose of systematics, which is the classification and naming of organisms
on the basis of evolutionary or phylogenetic relationships, is twofold. Firstly, by
scientific study, it groups organisms on the basis of their natural relationships.
These groups, called taxa, are arranged in mutually inclusive ranks. This is
taxonomy. Secondly, the groups (taxa) are assigned names according to an
internationally accepted code. This is nomenclature. In the past, fungi have been
classified on the basis of their morphology. It has now become apparent that
morphological studies alone are insufficient to classi$r them adequately. In
modern taxonomy, morphological data are supplemented with information
obtained using electron microscopy, biochemical tests and molecular techniques.
As a result of the application of these new technologies to fungal taxonomy,
taxonomists have had to modifir some previous interpretations of fungal
classification.

The term fungus can be used in a narrow sense to include only those
organisms that are considered to be true fungi and placed in the kingdom
Eumycota. Most mycologists however use the term in a broader context and, in
addition to the true fungi, include other organisms that have traditionally been
studied by mycologists and plant pathologists (Table 3.1). These include members
of the Oomycota (e.g. species of Pttgtophttwra, Pgthium and the downy mildews)
which are now placed in the kingdom Chromista and members of the
Plasmodiophoromycota (e.g. the club root fungus of brassicas and the powdery
scab fungus of potatoes) and the Myxomycota (the slime moulds) which are
currently placed in the kingdom Protoctista.

Table 3.1 A simple classification of the fungi.

Kingdom Phylum *

Eumycota Chytridiomycota (the water moulds)
Zygomycota (the conjugadng fungi)
Basidiomycota (the club fungi)
Ascomycota (the sac fungi)

Chromista Oomycota (oospore furgi)

Protoctista Myxomycota (the slime moulds)
Plasmodiophoromycota (plant endoparasites)

* The term, Division, can be used instead of Phylum.

Some of the similarities and differences between the main kingdoms of
eukaryotes are shown in Table 3.2.

The taxa in which fungi are classified and their relative order are governed by
the International Code of Botanical Nomenclature. In accordance with this code.
the names of different taxonomic ranks have standard endings (bold in the listing



3. htngt as ptant parasites: introduction

below). For example the stem rust fungus of cereals and grasses is classified as
follows.

Kingdom Eumycota
Phylum Basidiomycota
Class Teliomycetes
Order Uredinales
Family Pucciniaceae
Genus Ptrccinin I
species Ptrccinta graninis J 

to standard endings

Note that t]le binomial or scientific name is in italics. It should be underlined
in handwritten text to show that it should be printed in italics.

Table 3.2 Selected characters dist inguishing the main kingdoms of Eukaryota. (From
Hawksworth et al. 1995.)

Kingdom Nutrition Cell walls
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Mitochondrial
cristae

Flagella
mastigonemes

Animalia

Chromista

Eumycota

Plantae

Protoctista

Heterotrophic
(phagotrophic or
absorptive)

Autotrophic
(photos5mthetic)
or heterotrophic
(absorptive)

Heterotrophic
(absorptive)

Autotrophic
(photosynthetic)

Often cellulose and Tubular
J3-glucan, chitin
often absent

ChitinandS-glucan Flattened

Cellulose and other Flattened
poly-saccharides

Flattened (rarely Absent
tubular)

Tubular

Absent

Absent

Not tubularHeterotrophic Absent when trophic; Tubular
(phagotrophic) various when
or autotrophic present
(photosynthetic)

Plant pathologists often recognise classification levels below the rank of
species. For example the rank of special form (designatedJorma specialis or f. sp.
in La.tin) is an informal rank used for plant parasitic fungi based on their ability
to cause disease in particular plant species. It is based on physiological and not
morphological differences. For example Fusarium oxAsporum f. sp. cubense
causes vascular disease of bananas but does not infect oil patm. Wilt of oil palm
is caused by F. oxAsponrmf.sp. elaeidis which does not infect bananas. The
recognition of the category of special form has led to a trinomial system of
nomenclature for many plant pathogens. After the first mention of the trinomial
in the text, the f. sp. is no longer included in the species name. Thus, Fusarium
oxAsporumf. sp. cubernse becomes F. orEsporumcubense. Within a special form of
a fungus (e.g. the stem rust fungus of wheat-Pucciniagraminis tritici), there may
be variations in the virulence genes possessed by different isolates. This
influences their ability to cause disease on cultivars of wheat containing different
resistance genes. The term physlologic race or pathotype is used to describe
isolates differing in virulence gene composition.

Another subspecific rank that has gained wide acceptance among plant
pathologists is the vegetative compatibility group (VCG) which is useful in
subdividing fungi such as Ft-sanum oxAsporum. Vegetative compatibility, which is
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the ability of the vegetative hyphae to anastomose and form a stable
heterokayron, can be used to determine the genetic structures of fungal
populations. The vegetative compatibility group to which a fungus belongs is
often related to its host range.
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