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Yesicular·arbuscular mycorrhizal (YAM) fungi forming mutuallstic symbiosis with roots of higher plants are
present in soil throughout the world. TIlis su~ests that YAM fungi disseminated intercontinentally prior to

continental drift of the supercontinent Gondwana. TIle first mycorrhizal symbiosis appears to have occurred early in
geological time, as evidenced by their presence in fossil soil and roots. Evidences available to date suggest that
YAM fungi co· evolved with land plants. TIle abiliry of host and fungus to maintain the association depended on
favourable gene combinations in both partners. Differences in morphology and development of spores of different
YAM fungi reflect independent evolution from a number of distinct points of origin. The centre of evolution of YAM
fungi appears to be the tropics.
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BOTANIST Alben Bernard Frank (1885) introduced
the Greek word mycorrhiza into' scientific
terminology which literally means "fungus root".
Mycorrhizae result from a mutualistic symbiosis
between roots of higher plants and cenain fungi.
Though the word was introduced in 1885,
mycorrhizae are millions of years older, for fossil
mycorrhizae have been found in carbonaceous
depOSits (Berch et al., 1985). In natural ecosystems
it is exceptional for a plant not to possess a
mycorrhizal root system. So it could be said that
mycorrhizal association is a very common or almost
universal phenomenon in the Plant Kingdom. There
are different types of mycorrhizae. The most
common type is the vesicular-arbuscular
mycorrhizae (YAM) occurring in the majority of

agricultural crops, most shrubs, most tropical tree
species and some temperate tree species.

VAM-ITS OCCURRENCE AND EFFECT ON
PLANT GROWTH

According to Gerdemann (1975) it is easier to
list plant families that do not form YAM than to list
those that do. Families not forming YAM include
Pinaceae, Betulaceae, Orchidaceae, Fumariaceae,
Commelinaceae, Unicaceae and Ericaceae, Families
that rarely form YAM include the Brassicaceae,
Chenopodiaceae, Polygonaceae and the Cyperaceae.
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In addition to the widespread occurrence of VAM,
the association is geographically ubiquitous and
occurs in plants growing in arctic, temperate, and
tropical regions_ VAM occur over a broad ecological
range from aquatic to desert environments (Mosse et
al., 1981; Bagyaraj, 1990).

VAM are formed by non-septate zygomycetous
fungi belonging to the genera Glomus, Gigasp0 ra,
Acaulospora, Entrophospora, Scutellospora and
Sclerocystis, in the family Endogonaceae. These fungi
are obligate symbionts and have not been cultured
on nutrient media. VA endophytes are not hOST
specific although evidence is growing that certain
endophytes may form preferential association with
certain host plants (Mosse, 1977; Bagyaraj, 1992).
The VAM fungi form the largest fungal resting spores
known. These are often several hundred
micrometers in diameter and can survive adverse
soil conditions and germinate when conditions are
favourable. A roOt system colonized by VAM fungi
does not show any morphological modifications
from the normal root system and hence cannot be
distinguished visually.

Pot experiments conducted earlier in sterilized
soil showed that VAM inoculation can drastically
improve plant growth. Later investigations indicated
that even in unsterile soil, plants do respond to
inoculation with efficient strains of VAM fungi
(Powell, 1984; Gianinazzi et at., 1989; Bagyaraj,
1992). The increased growth of mycorrhizal plants is
favoured in soil with low to moderate fertility.
Greater soil exploration by mycorrhizal roots
resulting in the increased uptake of P, Zn, Cu, S, etc.,
is well established. The other beneficial effects are
their role in the biological control of root
pathogens, biological nitrogen fixation, hormone
production and greater ability to withstand water
stress. A large economic impact on agriculture would
result if the beneficial effects of VAM fungi observed
under POt culture studies could be obtained under
field conditions (jeffries, 1987).

DISTRIBUTION OF VAM FUNGI

VAM fungi are present in soil throughout the
world. In fact, many VAM species are represented on
most continents. As an explanation for their
remarkably Widespread distribution, Trappe (1977),
proposed that VAM fungi were disseminated
intercontinentally prior to continental drift. The
supercontinent Gondwana is thought to have begun
to break apart and some sections drifting north
about 125 million years ago (Raven et at., 1976).
Fossil plants containing YAM-like structures (Kidston
& Lang, 1921), have been suggested from about 370

million years ago (Chaloner, 1970), so that the
distribution of VAM fungi could have occurred as
Trappe suggested. Alternatively, the Widespread
distribution of VAM fungi may simply reflect the
millions of years over which dispersal ot these fungi
has occurred.

EVOLUTION OF VAM FUNGI

The first mycorrhizal symbiosis appears to have
occurred early in geological time. Subterranean
organs of early land plants have been found to
contain hyphae and vesicles that closely resemble
those of modern Glomus mycorrhizae (Kidston &
Lang, 1921), a lthough there has been some debate
over whether these fungi were mycorrhizal or
saprophytiC in nature (Taylor, 1981). Colonization
pattern and vesicle morphology of modern
Acaulospora and Entrophospora mycorrhizae may
distinguish them from Glomus and Sclerocystis
mycorrhizae. In Gigaspora intracortical vesicles are
few and borne on spiralled hyphae. Vesicles of "fine
endophytes" are much smaller than those of other
taxa. Hypha diameter and pattern of branching and
colonization also differentiate fine endophytes from
other VAM fungi. Assuming that mycorrhizal
morphology was stable and that no major extinction
of VAM fungi has occurred, it may be possible to
identify genera of fossil fungi based only upon their
VAM and thereby establish when the various VAM
fungi appeared. Similarly, generic identity of fungi
forming VAM of modern plants may be determined if
mycorrhizal morphologies are examined more
closely.

Fossilized Glomus and Sclerocystis spores are
common in fossil soil and roots, though they have
seldom been recognized as such and therefore have
received a number of different names. Microcodium
elegans Gluck is a name that has been applied to
fossils variously interpreted as green algae (Gluck,
1912), Coral (Capeder, 1904), and ectomycorrhizae
(Klappa, 1978). When Wood and Basson (1972)
reported finding them in Palaeozoic shales of
Missouri, they were actually describing and
illustrating remarkably well preserved sporocarps of
a Sclerocystis species, probably S. rubiformis.
Rhizophagites Rosendahl was recognized by
Gerdemann and Trappe (1974) as fossilized spores
of Glomus species. Wagner and Taylor (1981)
reported Glomus-like spores from tissues of
Pennsylvanian-aged fossil plants. Apparently, no
other modern VAM genera have been reported,
possibly because they are not represented in the
fossil record, but probably because they have not
been recognized. The real potential existence of
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such a fossil record means that in this group of
fungi, classical evolutionary study may be possible.

If one accepts, for the moment, the hypothesis
that YAM fungi co-evolved with land plants
(Pirozynski & Malloch, 1975) it is necessary to
imagine the environment that these fungi would
have encountered in order to understand their early
development. Beginning with the Late Precambrian,
soils were .organically modified by algae, bacteria
and viruses adapted to surviving periodic drying. It
is possible that saprophytic or lichenized fungi were
also present by this time (Taylor, 1981). Land plants
began to develop either in the Late Ordovician (Gray
& Boucot, 1977) or Late Silurian (Edwards et aI.,
1979) and by the Lower Devonian there is good
evidence that fungi resembling modern YAM already
colonized their rhizomes and roots (Retallack,
1981 ).

Monon (1990) also proposed a model of
evolution in YAM fungi taking Glomus as an
example. This model may answer the questions of
origin, speciation, phenotypic divergence among
lineages and differential increase in the number of
species in supraspecific taxa. According to this
model:

1. The progenitor of Glomus was an asexual
saprobic, zygomycete fungus.

2. The most ancient terrestrial plants became
established on land either independent of
fungal symbiosis or with an association that
was neutral or weakly mutualistic.

3. The symbiosis arose from contact between host
and fungus that was not maladaptive to either.
Clonal reproduction in both panners insured
faithful replication and fixation of favourable
gene combinations. Evolution of mutualism
was gradual rather than saltational.

4. New fungal species arose during co-evolution
of the mutualistic symbiosis. Speciation
stopped or it was greatly diminished after the
fungus became obligately biotrophic and most
plant lineages possessed genes ameliorating
compatible interactions.

5. Descendent arbuscular species originated from
one or more clones of ancestral species in
response to adaptations favouring fecundity,
survival and localized dissemination. Thus
geographic distribution of the new species
might nOt correlate with that of ancestral
species.

6. Species have persisted from about Cretaceous
to modern times relatively unchanged in those
spore phenotypes which delimit a species.
Trends in morphological change emerged from
patterns of speciation rather than from

differential extinction.
7. Clonal populations of species are fundamental

units of contemporary evolutionary processes.
Genetic change in clonal genotypes are
directed by selection pressures optimizing
fitness of both panners and this is expressed in
mycorrhizal phenotypes.

The following statements suppon the proposed
model. ThiS model is a hypothesis based on a small
amount of data, in pan because so little emphaSiS
has been placed on the biology of the organisms in
the mycorrhizal association. It is believed that
terrestrial plants began to develop either in the
Ordovician or the Silurian, and by the Devonian YAM
fungi colonized their root (Gray & Boucot, 1977;
Edwards et al., 1979). Pirozynski and Malloch (1975)
and Pirozynski (1981) suggested that the
mycorrhizal association arose from an early
saltational events that lead to a pannership between
an Oomycete fungus and an algal progenitor of land
plants. But Glomus was not oomycetous in origin.
Chitinaceous cell wall (Weijman & Meuzelaar, 1979)
and muhiperforate septa (Gibson et al., 1986) place
Glomus as a member of the Zygomycetes.

The emergence of plants into terrestrial habitat
required an obligate mutualistic association and this
association was necessary for the adaptive radiation
in plant groups (Pirozynski, 1981). The first
interaction between a plant and its fungal invader
cannot be ascenained. The only pOSSibility is that
the host genes responsible for causing physical or
physiological barriers against "foreign" biotic
and/or abiotic agents were circumvented by the
genes in fungus which produced "host
recognizable" components. The ability of host and
fungus to maintain the association depended on
favourable gene combinations in both panners. The
advantages to both panners are (i) faithful
replication of the advantageous genotype in
progeny, (ii) numerical superiority to maximize the
spread to new habitats, (iii) lower reproductive cost
due to transfer of the genetic complement, and (iv)
long term persistence of the favourable genotypes
(Silander, 1985). Thus transformation of this
association into one that was mutualistic was more
likely to have been gradual in the absence of prolific
sexual recombination.

In YAM fungi, generic differences in
morphology and development of spores and
mycorrhizae reflect independent evolution of shared
nutritional habit from a number of distinct points of
origin (Berch et aL, 1985). This suggests possible
evolution in the follOWing way:

1. Glomus-Sc/erocystis
2. Acaulospora-Entrophospora
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3. Cigaspora-Scuiellospora
4. Fine endopyte.

EVOLUTION OF MYCORRHIZAL ASSOCIATION
IN PLANTS

YAM species are "historical entities" (Wiley,
1980) and their role in mycorrhizal interactions must
be defined by their clonal populations. Modern plant
species and fungal clones are well co-adapted. The
continuous dependence of plant on the
endomycorrhizal association results in obligate to
facultative to non-mycotrophic systems (Newman &
Reddell, 1987; Tester & Smith, 1987; Trappe, 1987).
These patterns of mycotrophy indicate that
symbiosis is being selected against in some groups
of plants, and that non-mycotrophic plants are being
selected for (Trappe, 1987; Pirozynski, 1981).
Regarding the evolution of mycotrophy and
autotrophy Pirozynski and Malloch (1975) proposed
a hypothesis that mycotrophy is the primary
nutritional habit of most terrestrial plant systems.
The fossil record is scanry but the classic studies of
Kidston and Lang (1921) showed zygomycetous-like
fungal colonization of lycopsid and rhyniophyte
rhizomes Baylis (1975) proposed that the
magnolioid root, with its minimal development of
roOt hairs and strong development of zygomycetous
mycorrhizae, represents the primitive condition of
vascular plants. The test of this hypothesis by St.
John (1980) with tropical trees supports this
proposal. According to the hypothesis (i) asco- and
basidio-mycetous mycorrhizae are a more advanced
symbiosis than the zygomycet0us type. Baylis's
proposal is supported by fossil record which records
a relatively greater number of asco- and basidio
mycetous types on more advanced host taxa and the
general understanding that the fungi involved are
more advanced than the Zygomycotina (Berch et al.,
1985; Pirozynski, 1981; Malloch et al., 1980); (ii) the
facultatively mycotrophic and autotrophic
capabilities as represented in the graminoid type of
root (Baylis, 1975) with its well developed root hairs
and frequent absence of fungal colonization are the
most advanced characters of all; (iii) vascular and
terrestrial plants evolved through a trophic
association with primitive fungi and are progressing
in their evolution through other, more advanced
types of fungal associations to an ultimate
independence from fungi (Trappe, 1987).

CENTRE OF EVOLUTION OF VAM FUNGI AND
VAM

YAM is the most common type of mycorrhizal

association both in areas of tropical and temperate
vegetation, but in the boreal forest there is a switch
to predominantly ectomycorrhizae_ This suggests
that the centre of evolution and distribution of YAM
fungi has been the tropics, but it is not determined
that specific taxa are found primarily in particular
climatic zone, this remains an untested hypothesis.
If YAM fungi co-evolved with early land plants. it is
reasonable to suggest that their early environment
was tropical.

REFERENCES

Bagyaraj DJ 1990. Ecology of VA mycorrhizae. In Arora DK.
Bharat Rai, Mukherji KG & Knudsen GR (editors)-Handbook
of applied mycology. soil and plants: 3- 34. Marcel Dekker
Inc.. New Yrok.

Bagyaraj DJ 1992. Vesicular·arbuscular mycorrhiza: application
in agriculture. In Norris JR. Read DJ & Varma AK (editors)
Metbods in Microbiology. 24: 359-374. Academic
Press, London.

Baylis GTS 1975 The magnolioid mycorrhiza and mycotrophy in
root systems derived from it. In Sanders FE, Mosse B &
Tinker PB (edilOrs)-Endomycorrhizas: 373-389. Academic
Press, London.

Berch S, Orson KM & Harry DT 1985. Evolution of Mycorrhizae
In Molina R (EdilOr)-Proceedings of the 6th North American
Conference on Mycorrhiza: 189- 192. Bends, Oregon, USA.

Capeder G 1904. Sulla Paronipora penicillata nuovo genere de
Corallario fossile, appane'nel1le alia famiglia delle Favosilidi.
Revista Ital. di paleo. e strat. 10 : 58-61.

Chaloner WG 1970. The rise of first land plants. Bioi. Rev. BioI.
Proc. Cambridge Phil. Soc. 45 : 353-

Edwards D, Bassell MG & Rogerson CW 1979. The earliest land
plants: continuing the search for proof. Lethaia 12: 313-324.

Frank AB 1885. Uber die auf Wurzel Symbiose beruhende Eman
rung gewisser Baume durch unterirdische Pilze. Bel'. dtsch.
Bot. Ces 3 : 128·145.

Gerdemann JW 1975. Vesicular-arbuscular mycorrhizae. In Torrey
JG & Clarkson DT (editors)- The development and function
of roots: 576- 591. Academic Press, London.

Gerdemann JW & Trappe JM 1974. The Endogonaceae of the
Pacific North West. Mycol. Mem. 5 : 1-76.

Gianinazzi S, Gianinazzi-Pearson V & Trouvelot A 1989. Pot
entialities and procedures for the use of endomycorrhizas
with special emphasis on high value crops-. In Whipps JM &
Lumsden RD (editors)-Biotechnology of fungi for improv
ing plant growth: 41- 54. Cambridge University Press,
Cambridge.

Gibson JL, Kimbrough JW & Benny GL 1986. Ultra-structural
observations on Endogonaceae (zygomycetes)- Endogone
pisiformis Mycologia 78 : 543- 553.

Gluck H 1912. Eine neue gestinsbildende Siphonee (codiaceae)
aus dem marinen Tertiar Von Suddeutsch land. Mitt. Badefl
Ceol. Landesamts 7 : 1-24.

Gray J & Boucot AJ 1977. Early vascular plants: proof and
conjecture. Lethaia 10 : 145-174.

Jeffries P 1987. Use of mycorrhizae in agriculture_ Crit. Rev.
Biotech. 5: 319-357-

KidslOn R & Lang WH 1921. On old Red sandstone plants showing
structure from the Rhyine chen bed, Aberdeenshire Part V.
The Thallophyta occurring in the peat bed, the succession of
the plants throughout a vertical section of the bed, and the



186 THE PAlAEOBOTANIST

conditions of accumulation and preservatinn of the deposit.
Trails. It Soc. 1:'dil1bllrgh 52 : H~~.

Klappa CF 1978. l3ioliLhogene~is of .Ilicrocodillm: elucidation.

Sedimenlology 25 : 489· ~22.
Malloch D\V, Pir07.vnski KA & Ra\'en I'll 1980 Ecological and

e\'olutionary significance or mycorrhizal symbioses in vas
cular plants (a re\·iew). I'roc. /lCItrI. Acad Sci. U.S.A. 77
2113·21IH.

Morton .1£3 1990. Specie; and clones of arbll~cular mycorrhizal
fungi (Gloll1alc~, 7..\'g()fll\·cetel: their role in macro· and
micro·e\·()lulionarv processes. ,llycolaxoll 37: 493·')15.

Mosse H 19~7 The role of mycorrhiza in legume nutrition on
marginal soils. III Vincent .1M, Whitney AS & !::lose .I
(ed itms )-/:):ploilll2g Ibe legllme Rbizobillm symbiosis ill
Iropical agriCllllllre. Cllil' Hawaii, Coli. Agric. ,l·lise. I'llbi.
145: ·17';·292.

Mo~se B. Stribley DP & l.eTacon F 1981. Ecology of mycorrhizae
and mycorrhizal fungi. Adl'. Microbial. £col. 5 137·210.

Newman E\X' & Reddell I' 1987. The distribution of mycorrhizas
among families of \ascular plants. New PhylOI. 106 745·
7~1

Pirozynski KA 1981. Interactions between fungi and plants
through the ages. Can. J. BOI. 59 1824·1927.

Pirozynski KA & Malloch Ow 1975. The origin of land plants: a
matter of mycotrophism. Biosyslems 6 : 153· 164.

Powell CL 1984. Field inoculation with VA mycorrhizal fungi. In
Powell CL & ;klgyaraj D.I (editors)- VA Mycorrhiza: 205·
222. CRC Press, Boca Rat0n, USA.

Raven PH, Evert RF & Curtis H 1976. Biology oj planls. 2nd
Ecln, \'('orth Puhl ishers Inc, New York.

Retallack G 19HI Fossil soils: indicators of ancient terrestrial

environments. III Niklas K.I (Editor)-Paleobolany, paleo·
ecology and evollilioll. Praeger Publishers, New York.

Si lander .1/\ 1985. M icroevolution in clonal plants. In jackson
JBC, Buss CW & Cook RE (edilors)-Populalion biology and
euolulioll oj clollal organisms: 107· 146 Yale Univ. Press,
New Haven & London.

St. john TV 1980. Root size, rOot hairs and mycorrhizal infection:
a re·examination of Baylis's hypothesis with tropical trees.
Nell' PbYlol 94 : 483·487.

Taylor TN 1981. fJaleobolan)l. an inlroduction to jossil planl
biology. McGraw·Hili Inc, New York.

Tester M, Smith SE & Smith FA 1987. The phenomenon of non·
mycorrhizal plants. Can. j. 801 65 419·431

Trappe .1M 1977. Selection of fungi for ectomycorrhizal inocula·
tion in nurseries. Anl7. Rei). PbYlopalbol 5 : 203·222.

Trappej 1987 Phylogenelic and ecological aspects of mycotrophy
in the angiosperms from an evolutionary stand point. In
Safir G (Editor)-Ecopbysiolog)' oj \fA mycorrbizal planls :
,)·25. CRC Press, Boca Raton, Florida

\'(iagner CA & Taylor TN 1981. Evidence for Endomycorrhizae in
Pennsylvanian age plant fOssils. Science 212 : ')62·563.

Weijman ACM & Meuzelaar I-H..C 1979. Biochemical contributions
to the taxonomic status of the Endogonaceae. Can. j. 80t.

57: 284·291.
\Viley EO 1980. Is the evolutionary species fiction: a consider·

ation of (Iassess. individuals and historical entities. Sysl.
Zool. 29 : 76·80.

wood.lM & Bason P\XI 1972. Specimens resembling /I4icrocodium
elegans Gluck from Palaeozoic shales of Missouri. Amer.
,Hidl Naluralisl 87 : 207·214.




