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2.1 Introduction

Symbiosis is the living together in close association of two or more different
organisms. This definition includes mutualistic associations in which all the
organisms involved in the association derive benefit, as well as parasitic
associations in which one organism benefits to the detriment of other members of
the association. Over the years, the term s5rmbiosis has been used in a number of
different ways and the definition and quantification of 'benefit' in associations has
caused considerable controversy.

Recently, Douglas (1994) redefined symbioses as associations between different
species that persist for long periods of time (relative to the generation time of the
interacting organisms). This definition eliminates most parasitic associations
because one member of the association is usually adversely affected in the long
term and the association eventually ceases to exist. Douglas also pointed out that
the feature common to all symbiotic associations is not so much mutual benefit
but the acquisition by one organism from its partner of nutrients such as
essential amino acids and vitamins or a novel metabolic capability such as
photosynthesis.

The establishment of a s5rmbiotic association involves a series of stages, each
of which depends on the successful completion of the preceding stage. First, a
partner must be found, by chance contact, directly from another host or from a
parent. The members of the association must be able to recognise suitable
partners and reject unsuitable ones. Under most conditions, symbiotic
associations are stable, with the symbiont (the non-plant member of the
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symbiosis) occupying a predictable proportion of the volume or biomass of the
association and being restricted to particular regions of the plant host body.
Growth of the associated organisms is regulated so that they continue to increase
in proportion, although micro-organisms inherently have a much higher rate of
reproduction than higher plants. Symbiotic associations can influence the
morpholory of host plants as they often have evolved structures for housing
symbionts and gaining ready access to the symbiont's metabolic capabilities (e.g.
nodules on legume roots). The flow of nutrients from the symbiont to the host is
substantial, but there is usually also some flow of nutrients from the host to the
symbiont.

Many leguminous plants and some others have acquired the ability to fix
atmospheric nitrogen by forming associations with bacteria. Lichenised fungi and
mycorrhizal fungi have acquired access to photosynthates by developing
associations with algae and plants, respectively. Many plants are infected by
endophytic fungi that are not considered to be pathogenic and do not produce
any disease symptoms on their host during at least part of their life cycle. The
association between the endophyte and the plant is believed to be mutualistic
because the endophyte gains nutrients and protection from the plant but at the
same time it produces chemicals that protect the plant from attack by animals
and, perhaps, plant pathogens.

The absence of the fungal or bacterial partner in these normally mutualistic
associations often leads to abnormal development of the plant partner. For
example, the failure of plants to develop mycorrhizas or nitrogen-fixing nodules
can lead to the development of s5rmptoms of nutrient deficiencies. Similarly, the
absence of endophytes in plants can render them more susceptible to attack by
insects and other organisms. Thus, we have a situation where a disease occurs
when plants are not infected by a fungus or a bacterium. For example, plantation
pines in the Glasshouse Mountains area of south-east Queensland failed in the
194Os and early 1950s. Affected trees had fused needles, a symptom of
phosphorus deficiency. Inoculation of standing plantations with the mycorrh:rzal
fungus Rhizopogon rubra resulted in healthy tree growth. A similar problem was
observed around Mt. Gambier in South Australia in the t96os and was corrected
by the addition of another mycorrhizal fungus, Surllus sp.

So that plant pathogens can be considered in relation to plant-microbe
interactions as a whole, mutualistic associations involving plants will be
considered in this chapter. Three associations will be discussed-symbiotic
nitrogen fixation, mycorrhizas and plant-endophyte associations

2.2 Symbiotic nitrogen fixation
Nitrogen is an important element for living organisms as it is essential for the
production of amino acids, proteins and nucleic acids. Although nitrogen is
abundant in the atmosphere (78o/o of air without water vapour is nitrogen), plants
cannot use it in its elemental form. Some soil bacteria (e.g. aerobic Azotobacter
and anaerobic Closfidium) can convert gaseous nitrogen to ammonia in a process
known as nitrogen fixation. The reaction is catalysed by the nitrogenase enzyme
complex which comprises two enzymes, a dinitrogen reductase and a
dinitrogenase. Other soil bacteria subsequenfly convert the ammonia into nitrites
(iVitrosomonas and .lVitrococcus) and then nitrates (Nitrobacter) which can be
absorbed by plant roots.

The ability to fix nitrogen is widely distributed among prokaryotes, but is
unknown in eukaryotes. The bacteria Rhizobiumarfi Bradyrhizobium (collectively
known as rhizobia) and the actinomycete (filamentous bacteria) Flankia form
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nodules on plant roots and are major contributors to symbiotic nitrogen fixation.
Other bacteria that are closely associated with plant roots, but do not form
nodules, also fix nitrogen. In addition, cyanobacteria in a number of symbiotic
associations contribute to biological nitrogen fixation.

Nitrogen fixation in legumes
Rhizobia are motile, rod-shaped, Gram-negative bacteria with polar or subpolar
flagella. They live in the soil and, almost exclusively, form nodules on roots of
members of one of the three families of legumes. To date, nodules have been
found on 95olo of species of the family Fabaceae examined. This family contains
most of the agriculturally important grain and pasture legumes. The proportion of
species bearing nodules is considerably less in the Mimosaceae (60-700/ol and the
C aes alpiniaceae (25-3oo/o) .

Legumes vary in their requirements for rhizobia for nodulation. l,egumes such
as leucaena, lotononis and Kenya white clover require a specific strain of
rhizobium. Others such as desmodium are moderately specific in their
requirements and will form nodules with a limited number of strains of rhizobia.
Yet others (e.g. siratro, glycine and calopo) are non-specific (promiscuous) and
will form an effective symbiosis with a range of rhizobia.

Nodules are globose to elongate outgrowths of plant tissue which vary in length
from a few millimetres to a few centimetres (Fig. 2. t). They do not develop near
the root tips, but are abundant on older parts of the root system. The morphologr
of nodules is determined by the host, not the s5rmbiont, which occurs within host
cells in the central tissue of the nodule. The symbionts occur singly or in small
groups within membrane-bound vacuoles. They are called bacteroids to
distinguish them from bacteria outside the host cell because they are often much
larger and may develop branches so they are Y'or'X shaped. They also lose their
ability to divide so cannot contribute to bacterial reproduction. The cell walls of
bacteroids become highly permeable and invaginated increasing the surface area
for exchange of chemicals with the host. Bradgrhizobtain nodules may eventually
lose their cell walls and become rounded protoplasts.

Nitrogen fixation is strongly inhibited in the presence of oxygen so part of the
function of the nodule is to provide an anaerobic environment in which nitrogen
fixation can take place. Anaerobic conditions are achieved by excluding oxygen
from the central tissue of the nodule. A boundary layer consisting of one or two
layers of very tightly packed cells with very few air spaces surrounds the central
tissue of the nodule. To pass through this layer, o>.ygen must diffirse through the
cell contents and not through intercellular spaces. Since the oxygen diffusion
coefficient of water (the main constituent of cell contents) is about IO,OOO times
lower than that of air, very little oxygen reaches the centre of the nodule.

Despite the very low oxygen concentration in the infected zone of nodules,
bacteria in the infected cells respire aerobically. This is possible because of the
presence of the iron-containing plant pigment leghaemoglobin in the cytoplasm of
the cells. Leghaemoglobin is related to the haemoglobin pigment in animal blood
and functions in a similar way in nodules. It binds oxygen which is then available
to bacteria for respiration. Effective nodules (nodules in which nitrogen fixation
is occurring) are usually large and their contents pink in colour due to the
presence of leghaemoglobin. Some nodules are ineffective and never fix nitrogen
either because the rhizobium infects a plant outside its effective host range or
because the host or the symbiont is defective in some respect. Ineffective nodules
are smaller than effective nodules and their contents are white in colour.
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Types of nodules

TWo main types of nodules are recognised-indeterminate and determinate (Fig.
2.2).lnileterminate nodules are usually elongate and may be branched. They
typically occur in genera of the temperate legume tribes Vicieae (Lathans, Iarrs,
Pisum and Vicia) and Tfifolieae (Medicago, MeLitohts and TrdoLium) in the family
Fabaceae. They persist from a few weeks to a season or longer. They have a
meristem and are capable of limited growth so each nodule has an area of newly
infected cells just behind the apex, then a region where the symbiosis is mature
and, nearest the root, a senescent area. In the region where the symbiosis is
mature, the tissue is pink. As the pigment breaks down in the senescent area,
the tissue becomes greenish-brown. The plant's vascular tissue forms a cylinder
surrounding the nodules, but does not close over the apex. The symbiont is
usually a member of the genus Rhizobiunt

Figure 2.1 Symbiotic nitrogen fixation in plants. (A) and (B) A cluster of nodules on the
base of a soybean plant. (C) A single nodule. (D) Cross-section of an
effective nodule with a dark centre indicating the presence of the pigment
leghaemoglobin. (From McGee, f99O-91, with kind permission of CSIRO
Plant Industry.)

Determinate nodules are usually spherical in shape and do not have a
persistent meristem. This means each nodule comprises a single developmental
stage and the entire nodule passes through a sequence of stages, becoming first
pink and later green or dark brown as the nodule senesces. In contrast to
indeterminate nodules, the vascular system closes over the apex of the nodule.
Determinate nodules do not usually persist as long as indeterminate nodules.
They generally occur on genera of the tropical and subtropical tribe Phaseoleae
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(Cqjanus, GLgcine, Macroptilium, PhnseoLus andVigna) of the family Fabaceae. The
symbiont is frequently a member of the genus Bradgrhizobium.

Formation of nodules

The formation of nodules is a complex process involving recognition, binding
receptors, infection, host cell multiplication and cell enlargement. It has been
studied most intensively in temperate pasture legumes such as the clovers. In
clovers the number of rhizobia in the soil increases rapidly when the root of a
potential host approaches, presumably in response to the presence of root
exudates. If the surfaces of the host root and the bacteria a.re compatible, the
rhizobia 'recognise' the host and adhere to the surface of its root hairs (Fig. 2.3).
Recognition is controlled by nodulation (nod) genes which co-ordinate a
complicated series of reactions, including the excretion of nod factors which
profoundly influence the behaviour of root hairs. In response to very low
concentrations of nod factors, the root hairs curl, often forming a structure
shaped like a shepherd's crook (Fig. 2.3C). In this curled condition, the root hair
is very vulnerable to infection by the bacteria. Bacteria enter the root hair and an
infection thread forms. The infection thread is a narrow tube inside the root hair
formed by the host and surrounded by the host cell membrane. The bacteria
become aligned, often in a single row, in a mucopolysaccharide matrix inside the
tube and continue to divide as the infection thread grows inwards. The tube
enables rhizobia to move from the surface of the root hair into the cortex of the
root where it branches extensively, passing close to host cell nuclei..

I
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Figure 2.2 Structure of determinate and indeterminate nodules. (From Smith and
Douglas, 1987.)

Indeterminate and determinate nodules develop differently from this point. In
indeterminate nodules, after the infection thread has penetrated 3-6 layers of
cells, a small group of cells directly ahead of the thread begins to divide actively.
The infection thread penetrates cells in this meristematic area. Penetrated cells
and those adjacent to them cease dividing and develop enlarged nuclei. Other
cortical cells are stimulated to divide and an uninfected meristem forms towards
the apex of the developing nodule. The infection thread grows back towards the
epidermis, continually branching and invading more cells. Vascular strands
develop and become connected to those of the young root. Transfer cells,
specialised for solute transfer, develop in the pericycle and xylem of the nodule.
The inner surface of the wall of transfer cells is ridged, increasing the surface
area of the cell membrane which lines it and allowing more transfer of solutes.

In determinate nodules, mitotic activity begins in all cell layers of the cortex
while the infection thread is still in the root hair cell or penetrating its basal cell

system
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wall. This activity results in a spherical mass of cells which are penetrated by the
infection thread. Eventually a typical nodule is formed. Transfer cells are not
found in determinate nodules.

In both types of nodules, rhizobia are released into host cells after ttre infection
thread penetrates the host cell and the wall of the thread disintegrates. The host
membrane which had enclosed the thread remains and buds off vesicles
containing rhizobia in their mucopolysaccharide matrix. In tropical legumes, no
infection threads occur and nodule formation follows a rather different course.

Nodulation and the environment

The degree of nodulation is affected by a range of environmental factors. It is
generally inhibited in acid soils and does not occur at all below about pH 4.
Nitrogen fertilisers suppress nodulation and nitrogen fixation, because using
nitrogen from the fertiliser requires less expenditure of energr by the plant than
either nodulation or nitrogen fixation. Phosphorus deficiency severely limits
nodulation because there is insufficient ATP for nitrogen fixation. Legume
nodulation in phosphate-poor soils is stimulated by mycorrhizal infection,
presumably because the phosphate nutrition of the host is improved. Nitrogen
fixation does not occur if soils are deficient in molybdenum. Many legumes in
water-logged conditions do not nodulate. On the other hand, when water is in
short supply, nodule function is impaired, nodule formation is inhibited and
existing nodules may die.

lectin

infection thread
6lled with bacteria

rmilateral growth
of root hair results
in tight curl

Figure 2.3 Diagram of the early stages of infection of root hairs by rhizobia. (A) and
(B) Attachment of bacteria to an emerging root hair. (C) Curling of a root
hair. (D) Formation of an infection thread containing rhizobia. Drawing in
the box indicates details of rhizobial attachment foll-owing the nod facior-
receptor model. (From Hansen, 1994.)
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Symbiotic nitrogen fixation and plant growth

Nodules are rarely the only source of nitrogen available to plants. There is usually
some nitrogen available in the soil, which may be used by a young plant before
nitrogen becomes available from symbiotic fixation (usually after about 4 weeks).
As plants mature, they often rely increasingly on fixed nitrogen, especially during
seed development (perhaps reflecting the high protein content of legume seeds).

Ammonia is the main product of nitrogen fixation and is released from
bacteroids to the host cell. It is released from the enzyme dinitrogenase and
enters the plant's metabolic system by attaching to glutamic acid, forming the
closely related chemical, glutamine. A unique feature of the nitrogen-fixing
sSrmbiosis is the suppression of the symbiont's capacity to use its own metabolic
products, thus making more product available to the host.

The rate of nitrogen fixation by the symbiont is directly related to the level of
photosynthesis in the host, being higher in the light than in the dark.
Photosynthate supplies energr and reducing power as well as carbon skeletons
for the assimilation of ammonia into organic nitrogen compounds. Approximately
half of the carbon supplied to the nodules is returned to the shoot as organic
nitrogen compounds, about 4Oo/o is used in nodule respiration and the rest is
used in nodule maintenance and growth.

Nitrogen fixation in woody plants

The soil-inhabiting actinomycete Frankia forms nodules called actinorhizas on
the roots of a range of woody, non-leguminous dicots. About 150 plant species
distributed among 17 genera from 8 families are known to form actinorhizas.
These plants are prominent in certain pioneer habitats where they contribute
significantly to the nitrogen content of the soil. For example, Casuarina is
recognised as a coloniser of very infertile habitats, such as coral sand, and newly
exposed surfaces. Much less is known about the interactions between the host
and the symbiont in actinorhizas than in rhizobium nodules. However, it is
thought that ammonia is tJre product released to the host. There are some reports
of the presence of leghaemoglobin in actinorhZas.

Actinorhizas are much larger than legume nodules, often measuring several
centimetres across. They are essentially infected lateral roots which branch
profusely and have very restricted apical growth, resulting in long-lived, coral-like
structures. Within actinorhizas, a sequence of stages can usually be seen.
TJrpically, the apical meristem is not infected. As in legumes, the symbiont first
adheres to a root hair, which subsequently curls. Filaments of the symbiont grow
and develop within root hair cells and then enter the non-dividing cells behind
the meristem and curl around the nuclei of the cells. Later, tight bundles of
branching filaments form in host cells before the tips of the filaments form
spherical or club-shaped vesicles. The vesicles are able to maintain very low
levels of oxygen and are the site of nitrogen fixation. Later still, the vesicles
appear to disintegrate in the senescent region of the nodule. Unlike legume
nodules, the tissue infected with the symbiont is outside the vascular tissue. The
presence of the symbiont induces the formation of lateral roots which become
infected as they grow out through infected tissue.

other associations between plant roots and nitrogen-fixing bacteria
Symbiotic associations occur between nitrogen-fixing bacteria and the roots of a
number of plants apart from legumes and the non-leguminous hosts of Fl':rnki6*
However, these associations vary in the degree of intimacy between the nitrogen-
fixing symbiont and the plant host.
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Cells of the bacterium Azotobacter paspalt are frequenfly found attached firmly
to the roots of the tropical grass, PaspaLum notafitm (Bahia grass). They may also
penetrate between cells of the outer cortical layers of the root. Similar
relationships are found between species of the bacterium AzospirtLtum and the
roots of a number of tropical grasses, including maize. In these associations,
nitrogen is fixed, but at a lower rate than in legume nodules.

Nitrogen-fixing bacteria are not limited to terrestrial habitats. They also occur
in the rhizosphere of marine angiosperms such as the sea grasses hsteraand
Thnlassia and freshwater species such as Potamogeton (pondweed).

Nitrogen fixation by cyanobacteria
Cyanobacteria are distinguished from other bacteria because they contain
chlorophyll a and produce oxygen rather than carbon dioxide and water as the
end products of photoqmthesis. They have a characteristic colour and are often
referred to as 'blue-green algae'. Some are unicellular but many form simple or
branched filaments. Filamentous cyanobacteria combine nitrogen fixation, a
reaction inhibited by the presence of oxygen, and photosynthetic reactions that
produce o>(ygen, by separating the two processes physically. Photosynthesis
occurs in vegetative cells and nitrogen fixation in specialised cells called
heterocysts that have low oxygen contents. Heterocysts are larger than
vegetative cells and are scattered throughout the body of the colony. Nitrogen-
fixing cyanobacteria form symbiotic associations with bacteria, fungi and plants.

Most lichens are associations between an ascomycetous or occasionally a
basidiomycetous fungus and an alga. However, about 8o/o are associations
between a fungus and a cyanobacterium, such as .lVostoc or Scytorrcma. An algal
symbiont may be involved as well, in which case, the cyanobacterium is restricted
to specialised stmctures called cephalodia which occur either on the surface of
the lichen or buried within its tissues. Lichens containing cyanobacteria fix
nitrogen and carryr out photosynthesis.

Symbiotic associations between cyanobacteria and plants involve relatively few
host species from a number of phyla. The symbionts are members of the family
Nostocaceae. Hosts include liverworts, mosses, ferns, cycads and the angiosperm,
Gunnera. The intimacy of the association varies. In liverworts and mosses, the
cyanobacteria mosfly occur on the host or in mucilage-filled cavities which are
open at one end. In the free-floating water fern, Azolla, the symbiont, Anabaena
azotLae, occurs in a closed, mucilage-lined cavity on the underside of each dorsal
leaf lobe. The nitrogen-fixing ability of the AzoLla-Anabaena association plays an
important role in the nitrogen nutrition of paddy-grown rice. Cycads contain
cyanobacteria in specialised and highly branched lateral roots called coralloid
roots. The symbionts, Anabaena and Alostoc, are restricted to mucilage-filled
intercellular cavities which are lined by elongated cortical cells. The cavities occur
in a discrete zorre in the outer part of the root cortex. In Gunnera, the s5rmbiont,
lVostoc punctif,orme, occurs within meristematic cells of glands at the base of host
leaves.

Symbionts of all plant-cyanobacterial associations exhibit high levels of
nitrogen fixation, grow well under low nitrogen conditions and have large
vegetative cells and a high frequency of heterocysts compared with free-living
cyanobacteria. However, they also have fewer nutrient reserves, do not
photosynthesise and cannot assimilate the nitrogen they fix. Host plants are also
altered by being part of the symbiotic association. They produce hairs and
extensions of cells that increase the surface contact between host and
cyanobacteria and facilitate the exchange of nutrients.
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2.3 Mycorrhizas

Mycorrhizas are symbiotic associations between fungi and plant roots. The term,
which means fungus root, was introduced by the German botanist A. B. Frank in
1885. Mycorrhizas effectively extend the plant root system giving it access to
nutrients and water in a much larger volume of soil than its roots alone could
access. While plants receive nutrients and water from the fungus, most
mycorrhizal flungi utilise carbon compounds produced by the plant during
photoslmthesis. It is likely that the fungus also obtains amino acids, vitamins
and other nutrients from the plant. In addition to providing nutrients, the plant
provides the fungus with a habitat that is relatively free from competition from
other soil micro-organisms.

It has been suggested that the invasion of land by plants depended on the
evolution of mycorrhizas. To utilise nutrients and water efficiently in a terrestrial
environment, plants had two options. They could enter into a partnership with
fungi to increase their ability to obtain nutrients and water from soil or they
could develop an extensive fine root system of their own, a process that would
have taken a long time to evolve. Most plants took the easier path and became
mycorrhizal.

Mycorrhizas occur in mosses, lycopods and ferns as well as most families of
vascular plants. They are essential for the establishment and growth of some
plant species (e.g. orchids). Other plants such as some conifers can grow in the
absence of mycorrhizas, but grow better with mycorrhizas, especially in soils
deficient in immobile elements such as phosphorus and zinc. Mycorrhizal plants
are now recognised to be the rule and not the exception. However, even in plant
families that are characteristicallv mvcorrhizal there mav be some taxa that do
not form extensive mycorrhiz." (e.g. ih. g"nrr" Lupinus in ttt. family Fabaceae).
Some plant families such as the Chenopodiaceae, Brassicaceae, Car5rophyllaceae,
Polygonaceae, Cyperaceae and Juncaceae that have an extensive fine root
system, rarely form mycorrhizas.

Types of mycorrhizas

Three major categories of mycorrhizas are recognised: ectomycorrhizas,
endomycorrhizas and ectendomycorrhizas.

Ectomycorrhizas (sheathing mycorrhizas) differ morphologically from
uninfected roots in that they are visibly swollen. The fungi involved
characteristically form a 2O-4O pm thick sheath of pseudoparench5rma around
the root. Fungal hyphae grow between the outer cells of the root to produce the
so-called Hartig net, but do not penetrate the hosts' cells (Fig. 2.4). About 3-5o/o of
the total number of plant species including many economically and ecologically
important plants form ectomycorrhizas. They are common in timber-producing
tree species such as conifers, deciduous forest trees (e.g. beech, birch and oak) in
the northern hemisphere and eucalypts.

Endomycorrhlzas are the most common type and occur in 8O-85o/o of plants,
mostly fibrous-rooted herbaceous species. Morphologically, they differ from
ectomycorrhizas in two ways. Firstly, the fungus does not form a Hartig net or a
sheath of mycelium outside the root. Infected roots are morphologically similar to
uninfected roots. Secondly, fungal hyphae penetrate root cells and form
distinctive structures similar to the haustoria formed inside host plant cells by
other parasitic fungi. Three types of endomycorrhizas are commonly recognised-
arbuscular. orchid and ericoid.

Arbuscutor endomgcorrhizas (often called vesicular-arbuscular mycorrhizas or
VAM) are the most common and widespread type, occurring in about 650/o of
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plants. They are common in natural ecosystems as well as in plants of
agricultural and horticultural importance (e.g. cereals and grasses, legumes,
citrus, coffee, cotton, oil palm, rubber, sunllower and tea). Their name is derived
from the arbuscules (dichotomously branched, haustoria-like structures) the
fungi form inside the epidermal and cortical cells of the root (Fig. 2.4). Each
arbuscule is surrounded by the membrane of the host cell in the s€rme way as
haustoria. The interface between arbuscules (Latin for'little trees') and the host's
cell membrane is very extensive, allowing nutrients and other substances to be
transferred in both directions between plant and fungus. Most, but not all,
genera of arbuscular endomycorrhizal fungi also form vesicles (swollen, balloon-
like structures) in or between root cells (Fig. 2.4).

Figure 2.4 lrpes of mycorrhizal associations. See text for details. (From Strullu, 1995.)

Orchid endomgcorrhizas occur in all members of the family Orchidaceae.
Orchids do not photos5mthesise during the early part of their lives and some do
not contain chlorophylt even as adults. They are dependent on the fungus,
therefore, to supply them with carbon and other nutrients and cannot sutwive in
their natural environment without the fungal symbiont. The fungus forms coiled
structures known as peletons in the cortical cells of the root (Fig. 2.4). No sheath
or Hartig net is formed. Peletons are surrounded by the plant's cell membrane
and function in a similar way to haustoria.

Ericotd endomgcorrldzas occur in members of the family Ericaceae with fine
root systems (Ericct" Rhododendron, CaLLuna, Vqcctnium). The fungus forms such
extensive coils in the root cells that most of the cell volume is occupied by the
fungus (Fig. 2.4). No sheath or Hartig net is formed.

Ectendomycorrhizas occur in three closely related plant families, the
Ericaceae, the $rrolaceae and the Monotropaceae. They have characteristics of

& ARBUSCULES
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both ectomycorrhizas (a Hartig net and occasionally a sheath) and
endomycorrhizas (a variable amount of fungal development in the root cells). Tvwo
types are commonly recognised-arbutoid and monotropoid mycorrhizas.
Arbutoid ectendomycorrhizas are found in the family Srrolaceae and those
members of the family Ericaceae that have a 'sturdy' root system (e.8. Arbrfirts,
ArctostaphAlas). The fungus forms extensive coils in the root cells and the Hartig
net is restricted to the outer epidermal layer. Monotropoid ectendomycorrhizas
are formed in plants in the achlorophyllous family Monotropaceae (e.€.
Morwtropa, Sarcodes, Pterospora). The fungus forms simple pegs rather than coils
in the host cells and the Hartig net is limited to tJle outer epidermal layer.

Fungi that form mycorrhizas
Most of the major groups of fungi have members that form mycorrhizas with
various plant species. The type of mycorrhiza produced depends on the particular
fungus and plant species which form the mycorrhiza (Fig. 2.4).

The fungi involved in ectomycorrhizas are usually Basidiomycetes (e.g. species
of Amanita, Bol"etus, Lactaruus, Pisol i thus, Rhizopogon, Russula, Sui[[us,
Thdeptara and stinkhorns) and less often ascomycetes (e.g. the truffle fungi
Elaptwmgces and Tltber), zygomycetes (e.g. Endogone) and anamorphic fungi (e.g.
Cerwcocctnn). Many ectomycorrhizal fungi can be cultured on artificial media
although they usually grow very slowly.

The fungi that form arbuscular endomycorrhizas are zygomycetes belonging to
the order Glomales. Representative genera include Acaulospora, Entrophosporq
Gigaspora Glomus, Scterocgstls and Scutellospora. They are obligate parasites so
cannot be grown on artificial media nor can they survive saprophytically in soil.
Consequently, tJrey do not survive for long periods in the absence of their host,
particularly in disturbed soils. Basidiomycetes such as Thanatephortts and other
teleomorphic genera having Rhizoctonia anamorphs as well as some
Basidiomycetes with large fruiting bodies (e.g. Armiltaris and Fomes) are involved
in orchid endomycorrhizas. Interestingly, Thanatephorus ctrcumeris, the
teleomorph of Rhizoctonia. soLani, and Armillarin meLted are pathogenic on many
plants causing damping-off as well as stem and root rots. Why the fungus enters
into a mutualistic relationship with orchids but is pathogenic on other plant
species is not known. The fungi that form ericoid mycorrhizas are usually dark-
coloured and slow-growing. They do not sporulate readily in culture so they are
difficult to identiSr. However, they are believed to be ascomycetes, such as the
discomycete Hgmeno scgphrls ericae .

The fungi forming ectendomycorrhizas are the same as those that form
ectomycorrhizas in other plants (e.g. species of the Basidiomycetes Amanita,
Cortinarius, Pusolrthus and Suillus)

Mycorrhizas and plant health
Plants benefit from mycorrhizal associations in a number of ways. The hyphae of
mycorrhizal fungi grow out from infected roots into the surrounding soil forming
a network which acts as an extension of the plant's root system. This enables
mycorrhizal plants to exploit water and nutrients in much greater volumes of soil
than non-mycorrhizal plants. Ectomycorrhizas have an additional ability that
benefits their hosts. They are predominantly concentrated in or immediately
under litter layers on the soil. They not only increase the volume of soil accessible
to the plants roots, but can also access nutrients in organic material that are not
otherwise available to plants. Mycorrhizal plants, therefore, grow better than non-
mycorrhizal plants particularly in infertile soil. Other benefits attributed to
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mycorrhizas include reduced transplant damage, greater ability to withstand high
temperatures, reduced effects of root-infecting fungi and increased nodulation in
legumes. It has also been suggested that mycorrhizal fungi interact with
symbiotic nitrogen-fixing bacteria in woody plants to increase plant growth.

Nutrients may be distributed among plants of the same or different species
along 'hyphal bridges'between their roots. For example, young seedlings may
become infected from an existing hyphal network. This enables the seedling to
receive supplies of nutrients which increase its chance of becoming established.
Growth and flowering of the subterranean Western Australian orchid RhizantheLLa
gardneri is stimulated when it is infected with a Rhizoctonia species that is in
ectomycorrhizal association with MeLaleuca uncinata. Presumably, such an
association offers a means of distributing photosynthate from the MeLaLetrcato
the orchid. Similarly, fungi provide a link which carries nutrients and water from
ectomycorrhizal trees to associated species of Monotropa which lack chlorophyll
and cannot photosynthesise. It has also been suggested that hyphal bridges
enable nitrogen fixed by legumes and other plants to be transferred to
neighbouring non-legumes.

Wtren soil is disturbed during, for example, mining or cultivation, populations
of mycorrhizal fungi decrease rapidly. Increasingly, ecologists are becoming aware
that the successful re-establishment of vegetation on mine wastes depends on the
reintroduction of appropriate mycorrhizal fungi. Some of the so-called long fallow
diseases in agricultural soils appear to be caused by the failure of mycorrhizal
fungi to survive during intercrop fallow periods. The crop that follows the fallow
shows symptoms of deficiencies of nutrients such as zinc. Management practices
are being developed to maintain or restore populations of mycorrhizal fungi and
encourage plant growth.

Since mycorrhizas benefit plant growth in most situations, commercial
inoculum of some mycorrhizal fungi has been developed. For example, inoculum
of the ectomycorrhizal fungus Pisolithus tinctorius has been available for use in
the establishment of pine seedlings in the United States under the trade name
MycoRhiz@ for over lO years. More recently, Mycobeads@ have been developed in
Western Australia. They contain inoculum of an ectomycorrhizal fungus that
promotes growth of plantation blue gum (Eucalgphts glabulus) seedlings.

Most reports in the literature indicate that mycorrhizas are beneficial and in
some instances essential for plant establishment and growth in their natural
habitats. There are, however, a few reports that indicate that in some
circumstances mycorrhizas can cause disease. For example, the mycorrhizal
fungus Glomus ffLacrocdrpum has been linked to a stunt disease in tobacco under
cultivation. It is uncertain whether similar deleterious interactions occur in
natural plant communities.

lnteractions between mycorrhizas and other soil organisms
Mycorrhizal fungi interact with a wide range of organisms in the root, in the
rhizosphere and in the soil in general. Mycelium inside the roots interacts
primarily with the root itself. However, other fungi, especially pathogens, may be
present. Damage due to pathogens is frequently reduced if mycorrhizas are
present. This effect is particularly apparent in ectomycorrhizal seedlings of forest
trees in which mycorrhizas provide protection against common root pathogens
such as Phgtophthora cinnamomi, Rhizoctonia solan| F\tsarium oxgsporum and
Pgthium spp. Similarly, the development and reproduction of some nematodes is
inhibited in mycorrhizal roots. On the other hand, nematodes within roots can
physically disrupt tissue impeding or disrupting growth of mycorrhizal fungi.
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Mycorrhizal fungi on the outside of roots interact with many more organisms
than the internal mycelium. The organisms they encounter include bacteria,
protozoa, nematodes, arthropods and even larger animals such as mammals.
Interactions can occur at any stage of the life cycle of the mycorrhizal fungus and
may be beneficial or harmful. Fungal spores may be parasitised by soil
orga.nisms, principally chytrid fungi and certain amoebae. They may be eaten by
earthworms, springtails and other arthropods as well as small mammals.
However, the spores are still capable of germination after passing through the
animal's alimentary canal so the animal acts as a dispersal agent. Soil bacteria
stimulate or inhibit spore germination in interactions that may be quite specific.
Growth of the fungus from its propagule towards a root and its subsequent
infection may be adversely affected by bacteria, but some fluorescent
pseudomonads and spore-forming bacilli in the rhizosphere stimulate mycorrhiza
formation. These bacteria, which have been called mycorrhization helper bacteria,
are fungus-specific but not plant-specific. Mycelia on the surface of roots may be
grazed by soil animals, limiting the development of external mycelium or
disconnecting it from the internal mycelium so nutrients cannot flow to the plant.
In this case, the internal fungal mycelium would be a resource drain on its host.
On the other hand, low levels of grazing have been shown to stimulate fungal
growth. Finally, the formation of sporocarps (spore-bearing organs) by some
basidiomycetous mycorrhizal fungi is stimulated by the presence of bacteria,
while other fungi do not need bacteria to stimulate the formation of fruiting
structures. These sporocarps, in turn, serve as an important food source for
marsupials such as the potoroo.

Plant species that form nitrogen-fixing associations with rhwobia and Frankia
are also normally mycorrhizal. The two symbiotic associations react
synergistically. Where nitrogen and phosphorus are limiting, mycorrhizas may
improve phosphorus uptake. The higher phosphorus levels in the plant facilitate
the action of the nitrogenase enzyme, leading to increased nitrogen fixation,
which in turn promotes further mycorrhizal development.

It may be possible to exploit the relationships between mycon'hizal fungi and
the organisms in their vicimff in two ways. Firstly, the effects of other organisms
may be modified by cultural practices to improve the functioning of mycorrhizas.
For example, cultural techniques to limit grazing by animals or to stimulate
mycorrhization helper bacteria in the soil could be advantageous. Secondly, the
ability of mycorrhizal fungi to interfere with colonisation by pathogens could be
used as a form of biological control, although conflicting results in the literature
suggest that development of this application would be difficult and slow.

2.4 Plant-endophyte associations
Anton de Bary (1866) first used the term endophyte to describe any fungus whose
hyphae colonise internal plant tissue. This broad definition includes every type of
fungus from patJrogens to mycorrhizas, excluding only epiphytic organisms which
live on the surfaces of plants without penetrating their tissues.

With time, the term has come to describe not only the location of the organism,
but also the nature of its association with the plant. In addition, the term now
applies to bacteria as well as fungi. So an endophyte can be defined as a fungus
or bacterium which grows entirely within the tissues of plants with no visible
evidence of its presence. For example, endophytic (endogenous) bacteria grow in
apparently healthy plant tissue. Their presence goes unnoticed until the plant
material is tissue-cultured. Since the bacteria are inside the plant, they are not
killed by routine surf,ace sterilisation. Consequently, they are carried inside plant
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material into the sterile culture environment where they grow out of the tissue
and contaminate the culture. Perhaps the classic examples of this definition of
endophyte are the fungi which grow systemically in grasses causing few or no
symptoms.

An alternative definition extends the term endophyte to include all organisms
inhabiting plant organs that, at some time in their life cycle, colonise internal
plant tissue without causing apparent harm to their host. In addition to the
organisms mentioned in the previous paragraph, this definition would include
organisms that have dormant (latent or quiescent) phases within plant tissues
before causing disease symptoms. Many postharvest fruit rotting fungi fall into
this category, as do the systemic rusts and smuts which live in their hosts from
one to several years, often sporulating for only short periods.

As evidence accumulates, it appears that endophytes may be as common in
plants as mycorrhizas. Furthermore, endophytes are able to enter host tissue
without activating the defence barriers usually erected by plants against
pathogens. This suggests that plants and their endophytes may have evolved
together over a long period of time.

In this section, fungal endophytes of grasses will be discussed as well as
organisms involved in latent (quiescent) infections that spend part of their life
cycles as endophytes and part as parasites.

Fu n gal endophytes of grasses

Endophytic fungi that infect grasses, sedges and occasionally rushes, enter into a
mutualistic symbiosis with their plant partner. The fungus gains nutrients from
the plant as well as a niche which provides protection and allows for reproduction
and dissemination. In return, infected plants are protected from attack by
insects, nematodes and fungi and grazing by herbivores, have increased growth
and survival rates and improved ability to survive periods of drought. These
characteristics have been used to advantage in developing turf grasses that can
withstand the abnormally severe conditions under which they are cultivated in
golf and bowling greens better than lines without endophytes. The incidence of
endophyte infection increases with the age of plants. For example, in New
Zealand, over 9Oolo of long-established ryegrass pastures are infected with
endophytic fungi. Furthermore, there is a high degree of specificity of most
endophytes to their host plants. Intrageneric specialisation has also been
observed.

There are four genera (AtkinsoneLla, Balartsia. EpichLo€ and Mgriogenosporal of
grass endophytes belonging to the Ascomycete family Clavicipitaceae, tribe
Balansiae. Ascocarps of these fungi form on the leaves or aborted inflorescences
of their hosts. Closely related to the Balansiae fungi are the Acremonilm
(Neotgphodium) endophytes A. coenophialum which occurs in tall fescue (Festuca
anutdinacea) and A. LoLii which is found in perennial ryegrass (Lolium perenrrcl.
These fungi are known only from their anamorphic or asexual stage which closely
resembles that of Epichlo€ tgphina. However, they differ from the Balansiae
endophytes because the fungus eventually enters the ovules of the plant and
colonises the aleurone layer of the seed. All seeds of affected plants are infected
and the fungus is dispersed in the host's seed. Dispersal in vegetatively
propagated plant material also occurs, although the rate of spread is much lower
than for seed. The endophyte mycelium in seed dies if the seed is stored at room
temperature for more than about 2 years, although it can remain viable for at
least 15 years if the seed is stored at O-5'C and low humidity.
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Endophytic fungi develop intercellularly in plants without forming haustoria
and are much more common in the leaf sheath than in the leaf blade. It has been
suggested that the differentiation of the ligule, which occurs at an early stage of
leaf development, hinders growth of the fungus into the leaf blade. The fungi have
not been found in roots. The relationship is characterised by the presence in the
plant of a substantial fungal biomass which suggests that the endophyte may be
making high demands on the metabolism of the plant. If the fungi cause
symptoms at all, it is not until plants reach their reproductive stages.

The fungi produce toxins (alkaloids) which deter herbivorous insects and
reduce the survival ability of insects that feed on infected plants. Unfortunately,
these toxins are often associated with poisoning of domestic livestock such as
sheep, cattle, horses and deer. For example, two tremor-inducing neurotoxins,
known as lolitrems, have been isolated from infected ryegrass and related to the
occurrence of ryegrass staggers in domestic animals. Similarly, species of Stipa
arrd Melica (with common names such as sleepy grass or drunk grass) that cause
intoxication and narcosis in horses, cattle and sheep, are now known to be
infected with fungal endophytes. Endophytic fungi can be removed from forage
grasses to eliminate their toxic effects. However, the resulting plants do not
survive well because of their inability to withstand overgrazing by animals and
insect attack. Research is under way to develop forage grasses containing
endophytes that do not produce toxins.

Late nt (qu i esce nt) i nfecti o n s
Latent infections represent the endophytic phase of a pathogen's life cycle and are
common among the fungi that cause postharvest fruit rots (discussed in Chapter
33). Infection occurs any time during fruit development but symptoms are not
usually observed until the fruit starts to ripen. It is generally believed that anti-
fungal compounds present in the fruit prevent development of the fungi until
their concentration declines sufficiently after the fruit is harvested.

Infection of avocados, bananas and other tropical fruit by Coll"etotrtchum
glneosporioides (teleomorph Glomerelln cWulafd often proceeds only as far as the
formation of thick-walled melanised appressoria on the surface of the fruit. An
infection peg or subcuticular hyphae may develop in some cases. In undamaged
fruit, the infection does not usually develop further until the fruit is harvested
and begins to ripen. During ripening, an infection peg penetrates the fruit and
the fungus continues to grow throughout the cells of the fruit causing death of
cells and development of the large necrotic areas associated with anthracnose
diseases. Similarly, Alternaria alternatainfects mango fruits through lenticels on
their surface, but colonisation does not extend beyond the lenticel until after
harvest. A somewhat different mode of infection has been observed among the
fungi (anamorphs of Botrgospha.ena) associated with stem end rot of mangoes.
These fungi grow endophytically in the stem tissue of mango trees before the
inllorescence emerges. During flowering and fruit set, they colonise the pedicel of
the developing fruit. After the fruit is picked, the fungi grow from the pedicel into
the fruit.

Fungal infections with long latent (endophytic) phases are not restricted to
fruit. Many leaf pathogens such as Rhabdocline parkeri (Douglas fir),
I'eptosphaerin maculans (oilseed rape) arrd Phomopsis spp. (soybean) infect their
hosts as the young leaves emerge, but do not form lesions until months, or even
years, later.

In contrast to the Acremonium endophytes of grasses, the fungi involved in
latent infections do not infect the seeds of their hosts and are dispersed
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independently of their hosts as air-borne spores or in water. Like the grass
endophytes, the fungi involved in latent infections mostly have Ascomycetous
teleomorphs. Most have relatively broad host ranges, although some are host
specffic.

To generalise, fungi involved in latent infections normally infect metabolically
inactive tissues such as bark or epidermis. They remain inactive for long periods
of time with only relatively small amounts of fungal tissue within the plant.
During this phase, they are believed to make little demand on the host plant's
metabolism. Under appropriate conditions, they enter the parasitic stage of their
life cycle in which they grow rapidly and cause the development of disease
symptoms. They are also believed to play a role in the senescence of plant
tissues.
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