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Abstract: Mycorrhizae have been associated with vascular plants since the Palaeozoic
times. The colonization of terrestrial ecosystems by the ancestors of modern vascular plants
was facilitated by symbiotic fungi similar to modern endomycorrhizae. Arbuscular Mycorrhizae
(AM) comprise of over 150 species that are not host specific and form symbiotic associations
with a wide range of host species. AM bestow a selective advantage on their host over compet-
ing non-host species by making available nutrients, providing defence against several patho-
genic organisms and by influencing the composition of the microflora of the rhizosphere. How-
ever, the benefits that AM provides to its host come with a price tag. The plant has to forego
up to 10-20% of its photosynthetic produce to maintain the fungus. This review discusses the
conditions under which forming an AM association would be a competitively advantageous
strategy for the host plant.

Resumen: Las micorrizas han estado asociadas a las plantas vasculares desde el Paleo-
zoico. La colonizacién de ecosistemas terrestes por los ancestors de las plantas vasculares
modernas fue facilitado por hongos simbidticos similares a las endomicorrizas modernas. Las
micorrizas arbusculares (MA) comprenden mas de 150 especies que no presentan especificidad
de hospedero y que forman asociacione simbidticas con una amplia gama de especies hosped-
eras. Las MA confieen una ventaja selective a su hospedero sobre especies competidoras no
hospederas haciendo disponibles algunos nutrients, representando un desafio para varios or-
ganismos patégenos, e influenciando la composiciém de la microflora de la rizosfera. Sin em-
bargo, los beneficios que proporcionan las MA a su hospedero tienen marcado un precio. La
planta tiene que prescindir de hasta 10 6 20% de sus productos fotosintéticos para mantener al
hongo. En esta revision se discuten las condiciones en las que la formaciéon de una asociacién
MA podria ser una estrategia competitivamente ventajosa para la planta hospedera.

Resumo: As micorrizas tém estado associadas as plantas vasculares desde o Paleozdico. A
colonizacdo dos ecossistemas terrestres pelos ancestrais das plantas vasculares modernas foi
facilitada por fungos simbiéticos semelhantes as endomicorrizas modernas. As micorrizas
arbusculares (AM) compreendem para cima de 150 espécies que nido tém hospedeiros
especificos e formam associagoes simbidticas com uma larga gama de espécies hospedeiras. As
AM conferem uma vantagem selectiva aos seus hospedeiros sobre as espécies ndo hospedeiras
por lhes disponibilizarem nutrientes, proporcionando defesa contra vérios organismos
patogénicos e por influenciarem a composi¢dao da microflora da rizosfera. Contudo, os beneficios
que as AM proporcionam aos seus hospedeiros tém um preco. A planta tem que ceder cerca de
10-20% da sua produgédo fotossintética para manter os fungos. Esta revisio discute as condi¢oes
sob as quais a formacio de uma associacdo AM representa uma vantagem competitiva para a
planta hospedeira.
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Introduction

Growth in plant communities is often governed
by the availability of nutrients such as P and N.
In contrast, C is growth-limiting element in fungal
communities. It was but obvious for natural
selection to have favoured the development of
symbiotic associations between plants and fungi.
Plants provide C to fungal symbionts and the fungi
transfer nutrients from the soil to the host (Kumar
et al. 1999; Pierzynski et al. 2000; Read 1990; Sen
2000). Mycorrhizae have been associated with
vascular plants since the Palaeozoic era (Taylor
1990). The colonization of land by the ancestors of
modern vascular plants seems to have been
hastened by the origin of symbiotic associations
between these plants and some phycomycetous
fungi similar to those of modern endomycorrhizae
(Malloch et al. 1980; Phipps & Taylor 1996; Simon
et al. 1993). Arbuscular mycorrhizae (AM), the
most prevalent plant-fungus association, comprise
about 150 species, belonging to the order Glomales
of Zygomycotina (Morton & Bentivenga 1994,
Myrold 2000; Perry et al. 1989; Schenk 1981;
Simon 1996). AM are one of the few plant-fungus
associations with a fossil record (Taylor 1990) and
are believed to have assisted vascular plants in
their growth and survival (Simon et al. 1993).

AM are present in most soils and are generally
not considered to be host specific. However,
population sizes and species composition are
highly variable and influenced by plant
characteristics and a number of environmental
factors such as temperature, soil pH, soil moisture,
P and N levels, heavy metal concentration
(Boddington & Dodd 1999), the presence of other
microorganisms, application of fertilizers and soil
salinity (Barea & Azcon-Aguilar 1983; Bationo et
al. 2000). Species and strains of AM differ in their
ability of tolerance to physical and chemical
properties of soil (Abbot & Robson 1991), as a
result they also differ in their effectiveness in
improving plant growth.

Most angiosperm families form AM. It is be-
lieved that plants growing in aquatic, water logged
and saline habitats usually do not form my-
corrhizae (Malloch et al. 1980). However,
Kothamasi et al. (unpublished data) have found
AM colonization in the mangrove plants of Great
Nicobar Island, India. Among the monocots, Cy-
peraceae and Juncaceae often do not form my-

corrhizal associations (Powell 1975). However, the
presence of AM has been reported in some mem-
bers of Cyperaceae of Venezuelan savannahs
(Lovera & Cuenca 1996). In the dicots, Brassica-
ceae, Chenopodiaceae, Proteaceae, Restionaceae,
Zygophylaceae, Lecythidaceae, Sapotaceae and all
families of Centrospermae do not form my-
corrhizae (Tester et al. 1987). Infection may be re-
duced in plants growing in the vicinity of non-
mycorrhizal plants especially of Cruciferae (Tester
et al. 1987). Families rich in glucosinalates pre-
dominantly lack mycorrhizae. This could be be-
cause of inhibitory action of these chemical sub-
stances on fungal growth (Malloch et al. 1980;
Vierheilig et al. 2000). In Brassica, the stimuli
necessary for the penetration and development of
arbuscules is lacking and the plants do not provide
any nutritional benefits to the fungus (Glenn et al.
1985). Although recent reports reveal AM coloni-
zation in wild crucifers, in each case colonization
appeared only in the dead cortical cells and none of
them formed arbuscules (DeMars & Boerner
1995a; Vierheilig et al. 2000).

AM form the connecting link between the
biotic and geochemical portions of the ecosystem
Miller & dJastrow 1994). Mycorrhizae aid the
plant in better growth by assisting it in absorbing
useful nutrients from the soil, in the competition
between plants and in increasing the diversity of a
given area. A number of reviews have appeared
recently on AM, particularly dealing with the
application of AM in agriculture. Information on
the role of AM in plant adaptations has been
scattered and the present review deals with the
critical appraisal of the role of AM in plant
community dynamics, nutrient mobilization and
overcoming both abiotic and biotic stresses.

AM and plant community
dynamics

AM fungi are known to infect a wide range of
host species. They have a large geographical
distribution (Malloch et al. 1980), being found even
in the Arctic tundras and the Antarctic region
(DeMars & Boerner 1995b; Gardes & Dahlberg
1996). Unlike most ectomycorrhizal species, AM
are not host specific. This enables them to form
associations with a large number of plant species.

Grime et al. (1987), in a classic experiment in-
volving several grass and herbaceous species dem-
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onstrated that experimental set-ups inoculated
with mycorrhizae had greater plant diversity than
uninoculated set-ups. AM form hyphal links be-
tween plants of different species (Perry et al.
1989). These links could be involved in the trans-
fer of nutrients between plants. At the plant
community level, AM hyphae form a network-the
wood-wide web (Fig. 1) that facilitates carbon ex-
change between the host and the symbiont, uptake
of nutrients and their movement between plants
linked by the AM hyphae (Fitter et al. 1998; Hel-
gason et al. 1998; Newman 1988; Newman et al.
1994; Sen 2000). Mycorrhizae owing to their role
in nutrient cycling, keep more nutrients in the
biomass and in doing so increase the productivity
of the ecosystem (Newman 1988). Mycorrhizal
links between seedlings and mature trees may
help the seedlings in establishing themselves by
providing them with the required nutrients (New-
man 1988; Newman et al. 1994).

AM fungi regulate plant communities by af-
fecting competition, composition and succession
(Allen & Allen 1984; Kumar et al. 1999). Limited
resources and the struggle of the plants for a share
of these is the primary selection pressure operat-
ing on plant species (St. John & Coleman 1983).
In competition between plants, mycorrhizae in the
soil favour the growth of one species and are det-
rimental to other competing species. Fitter (1977)

Fig. 1. The web formed by the AM hyphae (MH) forms
bridges between host plants (H) of different species that
permits nutrients exchange. The spread of the hyphae
beyond the absorptive range of the host root (HR) aids in
uptake of nutrients (N) from distant patches.

demonstrated this in a competition between two
grasses Lolium perenne and Holcus lanatus. In-
oculation with mycorrhizae favoured the growth of
H. lanatus. This was an indirect effect as infection
with mycorrhizae reduced the root length of L. per-
enne by 40%. AM may regulate competition be-
tween plants by making available to mycorrhizal
plants, resources that are not available to non-
mycorrhizal neighbours (Allen & Allen 1984). AM
symbiosis increases intraspecific competition
(Facelli et al. 1999). As a result, density of
individuals of a single species would be reduced
thereby allowing the co-existence of individuals of
different species. This would lead to an increase in
species diversity.

Mycorrhizae govern species composition in
communities by influencing plant fitness at the
establishment phase. AM prevent non-mycorrhizal
plants from growing in soils colonised by them.
This has a selective advantage for the fungus.
Maintaining a high proportion of compatible host
species at the expense of non-compatible species
provides the fungus with an undisturbed carbon
supply (Francis & Read 1994).

Succession is a chain of predictable processes
whose course is influenced by nutrient availability.
Mycorrhizae, owing to their role in nutrient up-
take, may play an important part in determining
the rate and direction of the process (Smith &
Read 1997a). They influence the outcome of suc-
cession by amending the composition of species or
by affecting species diversity (Gange et al. 1990).

Mycorrhizal propagules loose their vigour in a
bare ground. Regions where the existing vegeta-
tion has been disturbed usually have enriched soils
because of a pulse of N and P produced due to
mineralization of residues left by the previous
communities. This disturbed soil is first colonized
by non-mycorrhizal families like Brassicaceae and
Polygonaceae, which capitalize on the sudden flux
of nutrients (Smith & Read 1997a). With the
dwindling of the initial pool of nutrients, the non-
mycorrhizal species of the pioneer stages are re-
placed first by the facultative and finally by the
obligate mycotrophs (Smith & Read 1997a; Kumar
et al. 1999). Succession is determined to a large
extent by the quality and quantity of mycorrhizal
spores present in the soil and by build-up of my-
corrhizal networks capable of rapidly colonizing
any newly germinating plant. It should be pointed
out here that the mycorrhizal types involved in the
final stages of succession are different under dif-
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ferent climatic regimes. The dominant type of my-
corrhiza changes from AM to ecto-and ericoid my-
corrhiza as succession progresses from grassland
to deciduous forest, boreal forest and heath along
the gradient from warm-dry to cold-wet climates
(Pankow et al. 1991).

The above pattern of succession seems to be
true in temperate regions. In tropical countries
like India, mycorrhizal plants act as pioneer spe-
cies. It has been reported that mycorrhizal species
like Adhatoda vasica, Solanum xanthocarpum,
Sporobolus sp. and Desmostachya sp. form the pio-
neer vegetation in alkaline wastelands (Janard-
hanan et al. 1994). Babu et al. (unpublished data)
have similarly found that mycorrhizal grass spe-
cies have been the first to colonize fly ash mounds.

The functioning of plant communities depends
to a large extent on decomposition, which makes
nutrient elements available to the plant (Zhu &
Ehrenfeld 1996). Decomposition is essentially car-
ried out by the soil biota (bacteria, fungi, nema-
todes, arthropods, annelids), which breaks down
the litter and organic matter of the soil. The ex-
ternal mycelium of both ectomycorrhiza and AM
interact with these organisms. Some soil organ-
isms have been found to feed on AM spores (Fitter
& Garbaye 1994). By bringing about changes in
the abundance and activity of decomposers, my-
corrhizal fungi are believed to hasten the process
of decomposition and thereby the nutrient cycling
(Zhu & Ehrenfeld 1996).

AM and nutrient mobilization

An important role played by the AM fungi in
plant growth is the absorption of nutrients from the
soil and making them available to the plants (Hooker
& Black 1995; Goicoechea et al. 2000). Nitrogen,
phosphorous and potassium are the important nutri-
ent elements required by plants for their growth.
AM assist in nutrient uptake by exploring the soil
beyond the range of roots (Miller & Jastrow 1994;
Torrisi et al. 1999). Extraradical AM hyphae aug-
ment the uptake of nutrients from up to 12 cm away
from the root surface (Cui & Caldwell 1996b). Hy-
phae may increase the availability of nutrients like N
or P from locked sources by decomposing large or-
ganic molecules (George et al. 1995).

Phosphorus

Mycorrhizal fungi are known to develop
bridges connecting the root with the surrounding
soil particles to improve both nutrient acquisition
by the plant and soil structure (Bethlenfalway
1992; Miller & dJastrow 1994). Unlike Na-fixing
bacteria that function as biological fertilizers, AM
fungi do not add P to the soil. They only improve
its availability to the plant. There is evidence that
phosphatase activity is higher in the rhizosphere
around AM than in non-mycorrhizal roots (Dodd et
al. 1987).

The network of AM hyphae help in the uptake
of nutrient ions like P that are not mobile (Miller
& Jastrow 1994; Roldan-Fajardo 1994). The inter-
dependence of mycorrhizal colonization and P ac-
quisition by plants has been extensively studied
(Azcon 1994; Ebel et al. 1994). P uptake is en-
hanced with the increase in root colonization by
mycorrhizae. A system of barter operates, the
colonized plant provides photosynthate to the AM,
in return, its extraradical hyphae make more P
available to the host (Merryweather & Fitter
1995a). AM colonization is determined by P avail-
ability in the soil. At low P concentrations there is
high colonization and at high concentration there
is low colonization. Plants rely more on AM when
growing in soils deficient in P (Augé et al. 1994;
Bationo et al. 2000; Merryweather & Fitter 1995b).
Depriving a plant in its natural environment of
mycorrhizae on a long-term basis can also reduce P
acquisition (Merryweather & Fitter 1996).

In soils with a heterogeneous distribution of P,
AM fungal hyphae deliver a uniform amount of P
from distant rich and nearby uniform patches.
Non-mycorrhizal plants are not very efficient in
obtaining P from heterogeneous environment.
However, in uniform patches there is no difference
in P uptake by mycorrhizal and non-mycorrhizal
plants (Cui & Caldwell 1996a). It has been found
that plants that are non-mycorrhizal invest more
in their vegetative tissues like shoots and roots
(Allen 1982). In contrast, in mycorrhizal plants,
the functions of the roots are taken over by the AM
hyphae thereby permitting the host plant to invest
its resources in reproductive organs.

Nitrogen

Nitrogen occurs in the soil predominantly in
the form of nitrate and ammonia, which are water
soluble and readily available for absorption (Tobar
et al. 1994). Studies with labelled N have revealed
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that AM increase N uptake by plants (Bijbijen et
al. 1996; Faure et al. 1998; Madder et al. 2000).
AM fungal hyphae have been credited with the
uptake and transfer of large amounts of N from
the soil to the host (Hodge et al. 2000; Johansen et
al. 1996). However, there is little reciprocal trans-
fer of N from the plant to the fungi, which makes
uptake and assimilation of N by the symbiont es-
sential for its growth (Bijbijen et al. 1996). As has
been mentioned previously, AM form underground
hyphal links between plants. N transfer between
plants by means of such links is possible (Read
1990). This mode of transfer is of little signifi-
cance in soils with abundant N. However, in defi-
cient areas and pioneer communities, inter-plant
exchange may be occurring in associations involv-
ing mycorrhizal legumes and non-legumes in N
(Haystead et al. 1988). Using labelled 1N, Frey &
Schiiep (1993) demonstrated that N flows from
Trifolium alexandrium to Zea mays via AM fungal
network. AM are also believed to enhance Na-
fixation by symbiotic legumes by increasing root
and nodule biomass, Ne-fixation rates, root-N ab-
sorption rates, and plant N and P content
(Olesniewicz & Thomas 1999).

Other nutrients

AM has been implicated to have a role in the
uptake of other macronutrients. It has been re-
ported to be involved in the uptake of K. In coach
grass, 10% of total K uptake is mediated by the
AM hyphae (Marshner & Dell 1994). AM hyphae
have also been reported to be involved in the up-
take of nutrients like S, Mg, Zn, Cu, Ca and Na
(Burkert & Robson 1994; Diaz et al. 1996; Galli et
al. 1994; Smith et al. 1994).

AM and stress

AM facilitate better survival of plants under
stress conditions through a boost in uptake of nu-
trients particularly P, Zn, Cu and water. They
make the host resilient to adverse conditions cre-
ated by unfavourable factors related to soil or cli-
mate. The role played by these fungi in alleviating
the stress on the plant due to drought, pathogen
attack, metal pollution and grazing is briefly de-
scribed.

Water

Stress due to conditions of drought is one of
the major factors limiting plant growth. Improved
plant nutrition increases drought resistance when
faced with different levels of water stress (Nelson
& Safir 1982). AM improve the uptake of nutri-
ents like N and P in water stressed conditions (To-
bar et al. 1994). Scarcity of water in soil is con-
veyed to the shoots by means of a non-hydraulic
chemical signal that is relayed from the dehydrat-
ing roots to the aerial shoots by the transpiration
system. This signal is believed to be a hormonal
factor most probably abscisic acid (Davies & Zhang
1991; Hartung & Slovik 1991). The response is
expressed by the leaves in terms of stunted growth
and decreased stomatal conductance (Augé et al.
1994; Davies & Zhang 1991). AM alters this non
hydraulic root-to-shoot signalling of soil drying by
eliminating the leaf response (Augé et al. 1986 a).
Mycorrhizal plants avoid drought to some degree
by enhanced water uptake in soils with low water
content (Augé et al. 1994). The extraradical AM
hyphae increase the absorptive surface area of the
roots (Hampp et al. 2000). This reduces the resis-
tance to water uptake (Allen 1982). In soybean,
AM have been found to reduce resistance to water
uptake by 41% (Safir et al. 1972). Augé et al.
(1986b) reported increased water uptake in rose
plants colonized by two Glomus species. The fun-
gal hyphae span the gap formed between the root
and the soil when they shrink away from each
other in dry conditions (Graham et al. 1971).
However, increase in water uptake by AM was not
found in Citrus plants subjected to drought stress
(Graham et al. 1971).

Pathogens

AM are intimately associated with their host
plants, particularly the roots. Therefore, an in-
teraction between the symbionts and plant patho-
gens is bound to occur. By creating a new envi-
ronment in their zone of influence, AM contribute
to the proliferation of specific microorganisms, a
few of them interact with pathogens by antibiosis,
competition and parasitism (Filion et al. 1999).
Plants are subject to attack by various organisms
ranging from fungi, bacteria, viruses and nema-
todes. Mycorrhizal plants usually suffer less
damage from infection than non-mycorrhizal
plants (Dehne 1982; Filion et al. 1999). There are,
however, a few reports that suggest the contrary
(Dehne 1982). Soybean colonized with Glomus
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mosseae grown in soils infested with pathogenic
Macrophomina phaseolina, Fusarium solani and
Rhizoctonia solani had growth greater or compa-
rable to plants grown in healthy soils. However,
uncolonized soybeans grown in infested soils suf-
fered reduced growth (Zambolim & Schenck 1983).
Mycorrhizal tobacco and alfalfa are reported to be
resistant to a plethora of fungal pathogens like
Phytophthora megasperma, Pyrenocheata ter-
restris, Fusarium oxysporum, Pythium ultimum
etc. (Kaye et al. 1984; Schenk 1981). Mycorrhizal
tomato plants are found to be less susceptible to
Phytophthora than non-mycorrhizal plants (Cor-
dier et al. 1996; Trotta et al. 1996). It is believed
that the amount of root tips influence the infect-
ing ability of Phytophthora as the encystment of
zoospores preferentially occurs behind the root tip.
Mycorrhizal plants put out fewer roots and this
allows them to tolerate pathogens better than
non-mycorrhizal plants (Trotta et al. 1996). How-
ever, AM do not seem to afford tolerance against
pathogens where host-pathogen interactions are
vigorous (Biddth & Hayman 1984). Resistance to
pathogens accorded by AM to host is not always
the case. Plants that are benefited by AM coloni-
zation also seem susceptible to pathogen attack
(Baath & Hayman 1983). AM plants are subject
to greater disease intensity when attacked by vi-
ruses. Viral multiplication and susceptibility of
plants to viral attacks is higher in AM plants (De-
hne 1982). Tomato plants inoculated with Glomus
sp. and tobacco mosaic virus had more severe
symptoms than non-mycorrhizal plants infected
by the virus (Jabbaji-Hare & Stobbs 1984). Simi-
lar responses were found in mycorrhizal Citrus
plants infected with citrus leaf rugose virus (Ne-
mec & Myhre 1984). However, unlike other fun-
gal endoparasites, AM play no role in transmitting
viral infection between plants (Jabbaji-Hare &
Stobbs 1984). The barter of substances between
AM and the host cell is characterised by a high P
metabolism and high concentrations of nucleic
acids and proteins. The enhanced nucleic acid
and protein production fosters viral multiplication
leading to a better spread over the whole plant
(Dehne 1982).

The impact of AM on pathogenic bacteria is not
well documented. Mycorrhizal tomato plants in-
fected with Pseudomonas syringae pv. syringae
have been reported to be tolerant to the pathogen
(Fitter & Garbaye 1994; Ravnskov et al. 1999).
The growth of P. flouroscens was found to be inhib-

ited by Glomus intraradices (Linderman 1994).
AM seems to provide protection to host plants
against root nematode attack. When nematode
resistant and susceptible cutlivars of cotton were
inoculated with Gigaspora margarita and Meloi-
dogyne incognita, the presence of the mycorrhizae
countered the damage to the susceptible cultivar
by the nematode (Hussey & Roncadori 1982). AM
associations have been reported to have a suppres-
sive effect on parasitic cyst and root nematodes.
However, the nematodes also may retard the de-
velopment of the fungal arbuscules and spores (Pi-
nochet et al. 1996).

Several mechanisms have been proposed to
explain the protection extended by AM to host
plants against attack by pathogens. Mycorrhizal
root tissues are more lignified than non-
mycorrhizal ones, particularly in the vascular re-
gion. This restricts the endophyte to the cortex.
The same mechanism may hold back the invading
organism too (Dehne 1982). Unlike the ectomy-
corrhiza, antibiotic production has not been found
in the AM. They afford protection or tolerance by
different means. Increased root thickenings may
act as deterrent. Chemical differences have been
found between AM and non-AM plants. Amino
acid content, particularly arginine has been found
to be high in AM plants. Arginine and root ex-
tracts of mycorrhizal plants reduced chlamy-
dospore production in Thielaviopsis basicola. AM
altered physiology of roots may prevent penetra-
tion and retard the development of nematodes
(Schenk 1981). Some authors have suggested
that improved nutrition may protect the plant
against pathogens. This very factor may also
cause greater susceptibility of AM plants to dis-
eases. As what is good for the endophyte is also
good for the pathogen (Dehne 1982). Mycorrhizal
fungi are believed to induce low activation of anti-
microbial phenyl propanoid metabolism in roots.
This accumulation of phenolics or their precur-
sors protects the mycorrhizal plants from patho-
gens or prepares them to react faster by releasing
defence phenolics (Morandi 1996). It has been
reported that induced resistance of AM sweet or-
ange to Phytophthora root-rot disease does not
appear to operate unless a P nutritional advan-
tage is conferred on the AM plant (Graham &
Egel 1988). From the above discussion it is ap-
parent that while AM may protect some plants
against some pathogens, in others it may increase
the severity of disease. The AM interaction with
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the pathogen depends to a large extent on the
host and the pathogen concerned (Baath & Hay-
man 1983).

Toxic metals

The interaction between AM and heavy metals
and the possible effect of these fungi in improving
the tolerance of plants to toxicity has been the sub-
ject of several studies (Diaz et al. 1996). The im-
portance of AM in alleviating heavy metal toxicity
of plants varies from host to host. While in some
plants protection by AM is apparent, in others en-
hanced metal uptake inhibits plant growth (Gadd
1993; Martino et al. 2000). The AM colonising the
root cortex might absorb toxic metals from the
plant tissues onto its own cells. In Pteridium
aquilinum, AM hyphae colonising the root cortex
contained higher amounts of metal than the host
cytoplasm. Al, Cd, Fe, Ti were found concentrated
in polyphosphate granules (Turnau et al. 1993).
These authors suggested that the AM hyphae by
sequestering the potentially toxic elements into
the polyphosphate granules might be acting as
metal filters in the plant. Metallothiones have
been found in some AM species that chelated met-
als like Cd (Galli et al. 1994). Inoculation with AM
fungi has been found to protect the plant from the
toxicity of Pb and Zn, but the degree of protection
varies depending on the plant fungus combination
(Diaz et al. 1996). However, in areas with high
metal concentrations, AM may inhibit plant
growth by enhanced metal uptake from the soil
(Galli et al. 1994).

Different strains of AM fungi have different
sensitivity to metal toxicity. Therefore, the AM
strain colonising a plant determines its ability to
withstand toxicity (Diaz et al. 1996; Gildon &
Tinker 1981). The abundance of the external hy-
phae produced by the fungus may be involved in
capturing the metal by the fungi and thereby lead-
ing to plant-protection. This would, however, de-
pend on the ecological adaptation of the AM in-
volved to the presence of toxic metals (Nelson &
Safir 1982). AM could play an important role in
restoration of soils contaminated with heavy met-
als by affording protection to plants from them
(Nelson & Safir 1982). However, one should not
forget that presence of high concentration of heavy
metals might affect the colonisation (Heggo et al.
1990; Kaomen et al. 1990).

Salinity

Plants growing in saline soils are subjected to
two physiological stresses. Firstly, the toxic ef-
fects of specific ions such as Na and Cl present in
saline soils, which disrupt the structure of en-
zymes and other macromolecules, damage cell
organelles, disrupt photosynthesis and respira-
tion, inhibit protein synthesis and induce ion de-
ficiencies (Epstein 1972). AM have been shown
by several workers to occur naturally in saline
environments (Allen & Cumingham 1983; Ho
1987; Pond et al. 1984) despite the comparatively
low mycorrhizal affinity of many halophytic
plants (Brundett 1991). Kothamasi et al. (unpub-
lished data) have found AM populations in man-
groves of Tropical Great Nicobar island, India.
AM have been shown to decrease yield losses of
plants in saline soils (Pfeiffer & Bloss 1988; Pond
et al. 1984; Poss et al. 1985). The protection of-
fered could be due to the increased uptake of P
that would offset the effects of salinity causing
ions.

Herbivore grazing

Grazing by herbivores is a big drain on the
energies of the plant. Defence against herbivores
is a costly affair, reducing investment in plant
growth and reproduction by 30-50% (Gates 1975).
As both mycorrhizae and herbivores are depend-
ent on the plant for carbohydrates they are bound
to interact. Catherine & Witham (1994) reported
that herbivore grazing reduced colonization by
AM. This could affect the community structure.
If herbivory reduces mycorrhizal colonization in a
plant species, it might become a poor competitor
and consequently decrease in abundance relative
to species not affected. According to them, AM
also seemed to affect the herbivores. AM plants
influence the growth, mortality and fecundity of
insects. Rabin and Pacovsky (1995) reported re-
tarded larval growth and pupal development in
fall army worm (Spodoptera frugiperda) and corn
earthworm (Heliothis zea) larvae fed on my-
corrhizal soybeans of both susceptible and resis-
tant cultivars. AM fed larvae weighed 40% less,
took longer to pupate and the average pupal
weight was reduced by 17%. The mortality of H.
zea increased by 15%. The causes could be the
presence of a toxin, an antifeedant of plant or
fungal origin or even altered nutrient status
(Rabin & Pacovsky 1995). The exact mechanism
needs to be investigated. Studies in this area
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would yield valuable data. It would be interest-
ing to see if AM also influence vertebrate herbi-
vores.

AM and mycorrhizosphere

Rhizosphere is defined as the thin layer of soil
adhering to a root system after shaking has re-
moved the loose soil (Atlas & Bartha 1993). It dif-
fers from the surrounding soil in having a higher
pH, lower water potential, lower partial pressure
of oxygen, higher partial pressure of CO2 and
higher amounts of soluble carbohydrates. The
high concentration of carbohydrates (root exu-
dates) augments the microbial population per
gram soil by 2-3 orders of magnitude in the
rhizosphere than the surrounding soil (Garbaye
1991). It supports a variety of endophytes, exopa-
thogens, parasitic pathogens mycorrhizal fungi
and growth inhibiting deleterious rhizobacteria
(Linerman 1988; Tawaraya et al. 1996).

Rhizosphere of mycorrhizal roots is referred to
as mycorrhizosphere. AM use some of the root
exudates and modify root functions. Microbial
communities in the mycorrhizosphere differ from
those in the rhizosphere community because of AM
influences on the nature of root exudates (Kumar
et al. 1999; Perry et al. 1989). AM hyphae cause
the aggregation of the soil particles (Filion et al.
1999; Hooker & Black 1995; Linderman 1988),
which increase the rate of movement of water and
nitrates from the bulk soil to the root surface
(George et al. 1995). Microbes flourish in these ag-
gregates. The microflora in the mycorrhizosphere
of the AM hyphae are selected over the soil mi-
crobes. These microbes influence the mycorrhizal
uptake of water and nutrients. The microbial in-
teractions in the mycorrhizosphere involve a num-
ber of bacteria and fungi that influence plant
growth. These include the facultative anaerobes,
extracellular chitinase producers, phosphate solu-
bilizers, siderophore producers, antibiotic produc-
ers, pathogen suppressors, plant growth promot-
ers, exopathogens and mycorrhizal suppressors.
The hyphal strands extend the limits of the my-
corrhizosphere beyond the boundaries of the non-
mycorrhizal roots. The extraradical AM hyphae
are nutritionally dependent on the host photosyn-
thate, but their biomass is regulated by soil mi-
crobes and edaphic factors like pH, texture, fertil-
ity and pesticide content (Linderman 1988).

The water and nutrient uptake of the plant is
governed to a large extent by the fungal symbi-
onts. The symbionts themselves are in a close in-
teraction with the microbes of the my-
corrhizosphere (Hampp et al. 2000). To complete
the circle, these microorganisms are in turn de-
pendent on the host plant through its symbionts.
A key factor that determines the survival of a
plant in a nutrient deficient soil, is its ability to
mobilise insoluble P by the release of alkaline
phosphatases, mycorrhizal fungi are not necessar-
ily more efficient than the root itself. Bacteria of
the mycorrhizosphere play an important role in
mobilising nutrients (Garbaye 1991; Linderman
1988). Some microbes are believed to actually es-
tablish a symbiotic association with the root, al-
though the mechanisms involved have not been
elucidated. Together with antagonists, these help-
ers contribute to the regulation of mycorrhizal de-
velopment and thus to the adaptability of the
plant. The relationship between plants and their
soil involves a living interface, the my-
corrhizosphere, which should be considered as an
integral part of the root, determining most of its
functions (Garbaye 1991).

The cost of AM

The benefits that accrue to the plant from my-
corrhizal associations come with a price tag. It has
been estimated that up to 10-20% of the total C
fixed by the plant (Table 1) is used for maintaining
the fungus (Fitter 1991; Marschner & Dell 1994,
Smith & Read 1997 b). According to the resource
allocation principle, the organism has a finite pool
of resources and different end uses must compete
for that pool (Read 1990). C used by the fungus,
cannot be used for growth and reproduction of the
host. This C loss must be offset by enhanced pho-
tosynthesis if mycorrhizal association has to be
economical for the plant (Fitter 1991). The ele-
vated uptake of nutrients like P by mycorrhizae
can boost the rate of photosynthesis and thereby
repay the C used by it (Sivak & Walker 1986;
Smith & Read 1997 b). Glomus intraradices dra-
matically increased P uptake from soils in Citrus
plants. Mycorrhizal Citrus grown in low P condi-
tions showed higher photosynthetic rates than
non-mycorrhizal plants grown in the same condi-
tions (Eissenstat et al. 1993).
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Table 1.

Costs to plants of AM infection (Fitter 1991).

Biomass of mycorrhizal fungus

Cost of growth and maintenance of mycorrhizal fungus
Root maintenance costs

Up to 20% of root biomass: take 10% as typical figure

1-10% of fungal biomass = 0.01-1.0% of root biomass
ca 1.5% root biomass

Therefore cost of mycorrhizal fungus ~ root maintenance cost
When limited nutrient availability retard pho-
tosynthesis and growth, the C cost of producing References

absorbing organs is high (Smith & Read 1997 b).
The cost of constructing a unit length of fine root is
proportional to volume and diameter (200 um). In
contrast, hyphal diameter (2-20 um) is less by
more than 2 orders of magnitude (Fitter 1997,
Smith & Read 1997 b). Therefore, at least 100
times the length of hyphae can be constructed for a
given investment of resources. The hyphae extend
the zone that can be exploited for immobile nutri-
ents (like P) by several mm. The gain extended to
the plant is proportional to the root diameter. This
determines the difference in cost between growing
more roots to obtain nutrients or allocating the
task to the fungal hyphae (Fitter 1997). However,
when P is in plenty, absorption by the roots is effi-
cient and maintaining mycorrhizae under such
conditions is an unwarranted expense (Graham &
Abbot 2000; Smith & Read 1997b).

Conclusions

The intimate relation that has existed between
AM and plants since the Palaeozoic has led to in-
teraction at the ecological, physiological and mo-
lecular levels. Around 95% of the modern day vas-
cular plants are mycorrhizal, making this associa-
tion of fundamental importance in all ecosystems.
The fungi are involved in all survival requirements
of the plants ranging from nutrient acquisition and
defence against pathogens to competition with
other plants. Their involvement bestows large se-
lective advantages to the host and thus influences
the composition of the plant community. Owing to
their role, AM can be labelled as critical linkage
species of a plant community.
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