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Fungi play key roles in numerous ecosystem functions, and
recent advances in the study of fungal diversity and ecology
have led to a greater appreciation of this group of
microeukaryotes. The application of a variety of nucleic acid
techniques to fungal classification and phylogeny has led to a
number of evolutionary insights, and has also begun to provide
the necessary information for identification of unknown isolates
and DNA sequences. These data, together with direct
molecular characterisation of fungi in the field, provide new
possibilities to describe fungal diversity and distribution. Such
advances will no doubt also provide the means for a more
detailed interpretation of ecological experiments.
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Abbreviations
AMF arbuscular mycorrhizal fungi
ITS internal transcribed spacer
PLFA phospholipid ester-linked fatty acid

Introduction
Fungi do not only manifest themselves above ground, but
also profoundly effect below-ground processes, including
decomposition, plant pathogenicity, disease suppression,
and nutrient uptake. In spite of their documented role in
ecosystem functioning, little is known about their popula-
tion dynamics, community structure, and diversity.
Difficulties encountered with the identification, isolation,
and quantification of many fungi, especially in complex
environments, has hampered efforts to fill this informa-
tional void. Molecular biological techniques, especially
nucleic-acid-based strategies targeting rRNA-encoding
regions, present new possibilities for understanding the
nature and role of fungi in terrestrial ecosystems.

Much of the recent progress in the description of fungi in
terrestrial ecosystems has stemmed from the need to
detect and track organisms with large economic impacts,
for example, crop pathogens and beneficials. Such studies
not only augment the mycologist’s arsenal of molecular
techniques, but also expand the comparative molecular
database for future studies. Focus on specific strains of
interest, however, has not necessarily led to many novel
conceptual insights concerning the ecology and diversity of
fungal communities in general. Nonetheless, elegant
experimental data continue to accumulate regarding the

range of fungal functions and interactions within terrestri-
al communities. This article will review some of the recent
technological and informational advances in the molecular
detection and description of fungi, and address how the
use of such techniques can lend new perspectives toward
understanding fungal ecology in terrestrial ecosystems.

Taxonomy and phylogeny
The comparison of nucleotide sequences, especially of
rRNA genes, has revolutionised microbial phylogenetics
and taxonomy over the past two decades [1]. The recovery
of sequence information directly from the environment
has provided a means of characterising organisms without
the prerequisite of culturing them [2,3]. Similarly, molec-
ular data provide a means of distinguishing between
organisms lacking sufficient morphological identifiers.
The use of such DNA markers was thought ideal for the
study of prokaryotes, as many remain recalcitrant to labo-
ratory culture and display few useful taxonomic
characters. This holds true of many fungi, especially those
with intimate associations with plants or other organisms.
Culture-based studies often fail to describe accurately
fungal populations for several reasons. These include the
common existence of multiple life-cycle morphologies,
differential spore germination and hyphal propagation on
plating media, and the lack of reliable distinguishing char-
acters for some taxa.

White et al. [4] pioneered the use of rRNA markers in the
study of fungi with the introduction of PCR methods for the
amplification of regions of the nuclear and mitochondrial
rRNA operons. These authors realised the utility of both rel-
atively well-conserved markers (small-subunit rDNA) for
phylogenetic comparison across broad taxonomic levels, and
rapidly evolving markers for fine-scale differentiation (ribo-
somal internal transcribed spacers [ITSs]). The ITS regions,
although transcribed, do not code for any function and are
therefore free to accumulate neutral mutations, making them
ideal targets to discriminate between closely related organ-
isms. To illustrate the explosion of data generated by
comparative sequencing studies, White et al. [4] designed
their primers using an alignment of three DNA sequences —
the Ribosomal Database Project [5] now totals approximately
500 fungal nuclear small-subunit rDNA (18S rDNA)
sequences. Sequence divergence between fungi has been
used to distinguish between closely related strains [6] as well
as to hypothesise ancient evolutionary divergence [7–9].

Particularly useful to future studies is the systematic accu-
mulation and organisation of sequence information. Thus,
the Ribosomal Database Project provides an invaluable
tool, and other efforts to database common molecular
markers should prove extremely helpful [10••,11••].
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This review cannot describe all the individual advances
achieved using comparative sequence analysis to study the
phylogeny and taxonomy of fungi, but two good illustra-
tions come from Dong et al. [12•] and Bago et al. [13•]. The
former describes the phylogenetic analysis of nuclear
rDNA sequences of both the large and small subunit-
encoding genes to resolve relationships between members
of the Loculoascomycete. The latter uses a combined analy-
sis of 18S rDNA sequences, isozyme profiles of malate
dehydrogenase, and morphological characters to identify
groupings within the genus Gigaspora.

As the Bago et al. [13•] study demonstrates, nucleotide
sequence comparison is not the only molecular criterion
useful for phylogenetic analysis and/or taxonomic dis-
crimination. Other strategies include: firstly, restriction
fragment length polymorphism (RFLP) of PCR-ampli-
fied ITS regions [14•], including sequence-specific
separation of fragments using the dye HA-Yellow [15];
secondly, reverse dot blot hybridisation [16•]; thirdly,
amplification of microsatellite regions [17], also used in
combination with random amplified polymorphic DNA
(RAPD) markers [18••]; fourthly, amplified fragment
length polymorphism (AFLP) [19,20]; and finally, univer-
sally-primed PCR fingerprinting combined with cross
hybridisation [21].

Specific detection
While these methods are of interest to the taxonomist,
they are also useful for detection of particular fungi in the
field. Pathogens, especially plant pathogens in terrestrial
ecosystems, are of key economic and environmental
importance. Rapid and accurate detection of plant
pathogens is often vital to the timely implementation of
proper measures for crop or vegetation protection.
Detection methods based upon cultivation or specific anti-
body screening are sometimes too slow, non-specific, or
unreliable for efficient use. In such cases, highly species-,
subspecies- or strain-specific nucleic acid sequences can
act as targets for diagnostic PCR or hybridisation analyses
[22]. Although several possibilities exist, the current tar-
gets of choice remain the highly variable ITS regions and
DNA sequences derived from unique random amplified
polymorphic DNA bands [23]. 

Recently developed assays for the specific detection of
plant-pathogenic fungi are too numerous to list, but the
following deserve particular mention. Bago et al. [24•]
demonstrated the potential use of in situ PCR using flu-
orescently labelled primers to detect and localise
arbuscular mycorrhizal infections. This is of particular
importance as it is not only the species composition of
the microbial community that is important to its func-
tioning but also the spatial distribution of interacting
organisms [25]. Thus, although the application of this in
situ PCR technique may be limited by methodological
constraints, it provides a new means of investigating the
ecology of arbuscular endormycorrhizal fungi (AMF).

Disease symptoms, and loss of plant productivity, are often
only seen above a certain threshold of pathogen density.
Strategies that seek to quantify the relative amount of fun-
gal material present are therefore of particular interest.
Nicholson et al. [26] employed a competitive PCR strategy
for the discrimination and quantification of cereal eyespot
fungi; whereas Herdina et al. [27] used a slot-blot assay to
estimate the amount of the causal agent of take-all disease,
Graeumannomyces graminis var. tritici, in soils. The former
technique has the advantage of being highly sensitive,
whereas the latter avoids potential biases associated with
PCR techniques. PCR-based methodologies for the rapid
quantification of specific target DNAs are developing
extremely rapidly. New strategies, such as the use of mol-
ecular beacons [28] and the TaqMan real-time PCR
detection system (Perkin Elmer-Cetus), will no doubt be
employed with increased frequency for these purposes.
The TaqMan system has already been developed for the
analysis of Pythium species in sugarcane [29].

The population dynamics of plant-pathogenic fungi is fur-
ther complicated by the ecological significance of different
life-cycle forms for many species. The amount of fungal
material (hyphae) present may be a good indicator of the
degree of fungal infestation; however, the abundance of
latent units of propagation (spores) may be far more indica-
tive of future potential for disease development. The
development of methods to distinguish and quantify such
different life-cycle forms should enhance our understand-
ing of fungal ecology and aid efforts to control pathogens.

Of course, non-pathogenic fungi are also important targets
for study in terrestrial ecosystems. Fungi such as ecto- and
endomycorrhizal species (discussed below) and antagonis-
tic fungi [21] can have important beneficial effects on plant
growth, and these effects may be highly species or even
strain specific. Fungi that can exert indirect negative
effects, for example, via transmission of plant viruses,
might also be targets of such detection assays [6].

Ectomycorrhiza
One of the greatest benefits offered by the use of molecu-
lar methods is the ability to characterise populations that
are typically associated with other organisms.
Ectomycorrhizal fungi form mutualistic associations with
plants in which they typically facilitate nutrient uptake
while obtaining carbon from their host. Fungal mycelia can
extend some distance from the point of infection and be
connected to other mycorrhizal individuals via a common
mycelium, thus providing a means for the transfer of nutri-
ents, including carbon, between plants, which has been
coined the ‘wood-wide web’ [30]. 

Whereas some ectomycorrhizal–plant relationships are high-
ly specific and easily identified, the diversity and function of
ectomycorrhizal fungi in most terrestrial environments can-
not be adequately described by the simple morphological
characterisation of sporocarps (i.e. fruit-bodies) [31]. Gehring



et al. [32••] demonstrated this point in a comparative analysis
that assessed ectomycorrhizal community structure by use of
ITS-RFLP. They showed that assessments of aboveground
sporocarp diversity could differ dramatically from the direct
analysis of root tips. This technique has also been combined
with isozyme analysis to study ectomycorrhizal associations
in Scots pine in natural humus microcosms [33].

Sequence analysis of DNA recovered from ectomycorrhizal
material also provides a means of revealing the ecology of
these organisms [11••]. Through the use of a combination
of molecular techniques, the level of specialisation for some
ectomycorrhizal fungi is beginning to be understood. This
specialisation has been elegantly demonstrated for non-
photosynthetic monotropes and orchids, which can be
considered parasites of their ectomycorrhiza [34,35].

Endomycorrhiza
Like the ectomycorrhizal fungi, AMF have an obligate asso-
ciation with their plant host, and cannot, therefore, be
studied in pure culture. Many past studies have grouped all
AMF into one class for the sake of simplicity; however, this
ignores AMF diversity and the varying impact that different
AMF species or strains can have on plant growth. To date,
AMF diversity has typically been studied by making taxo-
nomic inventories of spores or by the use of catch plants.
Unfortunately, both these strategies fail to describe
plant–AMF community structure accurately. Whereas spore
morphology can often be used by experts to classify AMF to
an acceptable taxonomic level, spore production by various
AMF is far from uniform and cannot be related to the plant
host of origin. So-called ‘catch’ plants are typically chosen
based on their ability to be colonised by a wide variety of
AMF species. In pot experiments, such plants are typically
grown in a soil sample to determine the kind of AMF infec-
tions that can arise from the extant AMF spore populations.
Whereas the use of catch plants is of prime importance in
the isolation and propagation of AMF for experimental stud-
ies, it is often too tedious and unrepresentative for
description of AMF diversity or community structure.

Merryweather and Fitter [36•] have recently described
methods for analysing AMF in plant roots. By using a sta-
tistical analysis of nine useful morphological characters (i.e.
staining intensity, vesicle shape, and vesicle vacuole num-
ber and size), the authors devised a hierarchical
classification system separating the six fungal morpho-
types they encountered. Such in-plant identification of
AMF requires considerable expertise, but was shown to be
very useful in the study of seasonal and spatial variations in
AMF populations [37].

New insights are also being attained in the distribution,
ecology and diversity of AMF via the implementation of
molecular techniques. The strategy best used to date has
been the recovery and analysis of AMF rDNA sequences
from roots using PCR [38]. Helgason et al. [39••] used this
approach to demonstrate a higher AMF sequence diversity

at woodland sites in comparison to various arable fields.
These authors concluded that intense agricultural land use
resulted in a decline in the AMF diversity of such soils.
Such studies will continue to provide new insights into
AMF diversity [40].

Community analysis
An accurate description of fungal community structure
cannot be achieved by simply counting and classifying fun-
gal colony-forming units, especially in highly complex soil
ecosystems. PCR-based cloning studies, while highly
informative, are also often too work- and cost-intensive to
allow for the description of multiple samples. Community
fingerprinting techniques, such as denaturing gradient gel
electrophoresis [41], in combination with primers targeting
fungal rDNA, offer new strategies for the description and
comparison of fungal communities [42]. Modification of
this strategy to target specific fungal groups or other DNA
targets should expand its use in fungal community analy-
sis. Given the need for the quantification of specific fungal
populations, the prospect of combining community analy-
sis with competitive PCR procedures is of particular
interest [43].

Signature lipids, which can be characteristic of microbial
groups from the family to domain level, have also been
used as markers to describe the composition of microbial
communities. An example is the phospholipid ester-
linked fatty acid (PLFA) 18:2ω6,9, which has been used
to estimate the proportion of fungal biomass in soils
[44,45]. Another useful marker in AMF studies may be
the discernment of fungal biomass based upon the PLFA
16:1ω5, as demonstrated by Olsson et al. [46••] in a study
looking at AMF growth and interactions in dune sand.
Unfortunately, PLFAs have not been shown to be useful
for distinguishing between different fungal taxa. Another
limitation of this method involves the potentially high
background PLFA levels due to interference by plant
material and, to a lesser extent, bacterial lipids. As such,
the application of lipid biomarkers to field studies inves-
tigating fungal communities may be somewhat limited.

Experimental data has started to shed some light on the
importance of below-ground fungal diversity on terrestrial
ecosystem functioning. For example, Van der Heijden et al.
[47••] have presented compelling evidence that AMF
diversity and AMF community composition are important
factors in overall plant productivity and nutrient fluxes.
The ability to track different AMF species and strains in
such mixed inoculum experiments would no doubt pro-
vide valuable information concerning AMF competition,
interaction with other organisms, and resource partitioning.
Specific PCR-based tracking strategies, such as those
described by Van Tuinen et al. [48••], show good potential
in this respect. Community fingerprinting methods, as
described above, also present new prospects for the cul-
ture-independent monitoring of fungal communities both
in the field and during laboratory experimentation. 
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Conclusions
The development and use of molecular methods for the spe-
cific detection of economically important fungi will continue
to increase rapidly. As molecular knowledge accrues, so too
will our ability to design specific primers and probes, identi-
fy unknown isolates, and decipher evolutionary
relationships. The use of multidisciplinary approaches com-
bining several molecular techniques in combination with
conventional strategies are most promising for furthering our
understanding of fungal ecology in terrestrial ecosystems.
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