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Abstract

Traditional approaches to the study of microbial diversity have relied on laboratory cultivation of isolates from
natural environments and identification by classical techniques, including analysis of morphology, physiological
characteristics and biochemical properties. These approaches provide information on fine-scale diversity but suffer
from bias, resulting from the media and cultivation conditions employed, and from the inability to grow and isolate
significant proportions of natural communities in the laboratory. An alternative approach is the amplification of
ribosomal RNA and functional genes from nucleic acids extracted directly from environmental samples, with
subsequent analysis by ‘fingerprinting’ methods or by sequencing and phylogenetic analysis. This approach avoids
the need for laboratory cultivation and has provided major insights into species and functional diversity of bacterial
and archaeal populations. This article reviews molecular approaches to the characterisation of prokaryote diversity
in natural environments, their more recent application to fungal diversity and the advantages and limitations of
molecular analyses.

Introduction

Micro-organisms are essential for the functioning and
sustainability of all natural ecosystems but are fre-
quently ignored due to their small size and consequent
methodological difficulties in detecting cells and as-
sessing their activity. Methodology has also severely
limited characterisation and analysis of species com-
position, species diversity and structure of microbial
communities. The central role of microorganisms in
ecosystem processes, including biogeochemical cyc-
ling of nutrients and biodegradation, makes it both
unwise and dangerous to ignore any aspect of their
ecology. Analysis of diversity is particularly important
when considering the ability of ecosystems to respond
to changing environmental conditions, the need for
conservation of the microbial gene pool and the links
between diversity, ecosystem processes, functional
and physiological diversity, resilience and sustainab-
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ility. This article describes the major recent advances
in techniques for the characterisation of microbial di-
versity which provide the potential to address these
important issues.

Several approaches are available for assessment of
microbial diversity (Atlas, 1984). For those groups
with distinctive morphological characteristics, direct
observation may be appropriate. This approach is,
however, very limited, particularly for analysis of di-
versity in complex environments, such as soil, and
when quantification of measures of diversity is re-
quired. Until recently, the only approaches available
for assessment of diversity were those based on labor-
atory cultivation of organisms from environmental
samples. Typically, cell suspensions were prepared
from environmental samples, dilution series construc-
ted and samples plated onto solid medium. Follow-
ing incubation, pure cultures obtained from isolated
colonies were identified using well-established phen-
otypic characters. This approach provides information
on which species are present, while the relative abund-



10

ance of different organisms can be used to determine
measures of diversity, e.g. diversity indices, evenness
and dominance. The potential limitations of this ap-
proach are widely acknowledged and accepted (Tors-
vik, 1996). Separation of biomass from particulate
material will vary between species and with growth
form (cells, spores, mycelia), introducing bias. More
significantly, it is impossible to design growth me-
dia and cultivation conditions that are suitable for all
members of the community. Selection of particular
groups is inevitable and some organisms may not be
able to grow under any of the cultivation conditions
utilised. Others will be viable but non-culturable or
dormant, requiring lag periods that lead to their being
out-competed during incubation or prevent detectable
growth within realistic incubation periods. These bi-
ases are accentuated when quantification of diversity
is required and, for filamentous fungi, are further
complicated by difficulties in quantifying and relating
biomass derived from hyphae and spores, and con-
sideration of which proportion of mycelial biomass is
active. Identification using traditional methods, based
on phenotypic characteristics, also raises problems.

Despite these considerable and well-accepted lim-
itations, cultivation-based assessment of microbial di-
versity has been employed, largely because of the
lack of acceptable alternatives, and advances have
been made. For example, identification can be ac-
celerated by automated methods, e.g. Biolog, and
broad scale measures of diversity, e.g. phospholipid
fatty acid (PLFA) profiling (Tunlid et al., 1989), fatty
acid methyl ester (FAME) profiling (Cavigelli et al.,
1995), DNA hybridisation and re-association (Torsvik
et al., 1990), have overcome some of the limita-
tions of cultivation-based techniques. Some of these
provide information on functional diversity, e.g. Bio-
log, which can otherwise be obtained by physiological
characterisation of laboratory isolates. They do not,
however, enable the fine-scale analysis of diversity
that is required to determine the importance of spe-
cies diversity, and of particular species, on ecosystem
function.

Molecular approaches

An alternative approach, which removes many of the
above limitations, is the analysis of genes within en-
vironmental samples. These genes may be functional
genes, i.e. those coding for proteins performing par-
ticular metabolic reactions of relevance to ecosystem

processes. However, most applications have analysed
genes encoding the small subunit (SSU) of ribosomal
RNA. Analysis of 16S rRNA genes is now widely
used for analysis of bacterial populations, and ana-
lysis of 18SS rRNA genes and internal transcribed
spacer (ITS) regions is increasingly being used to ana-
lyse fungal populations. Ribosomal rRNA genes are
ideal for this purpose in that they possess regions
with sequences conserved between all bacteria or
fungi, facilitating alignment of sequences when mak-
ing comparisons, while other regions exhibit different
degrees of variation, enabling distinction between dif-
ferent groups. These differences provide the basis for
a phylogenetic taxonomy and enable quantification
of evolutionary differences between different groups.
Discrimination of bacteria, using 16S rRNA gene se-
quences, is greater than that that for fungi, using 18S
rRNA sequences, but finer scale information may be
obtained by analysis of ITS regions.

The presence of regions of rDNA sequence with
different degrees of conservation enables the identi-
fication of sequences that are common to all bacteria
or fungi, or to specific phylogenetic groups, some-
times to the level of species. These sequences may
then be used to design primers for the specific amp-
lification, using the polymerase chain reaction (PCR),
of rRNA genes belonging to particular groups or to
design specific probes for these groups. These primer
sequences provide the basis for analysis of species in
natural populations. Two approaches may be adopted,
the first based on PCR amplification of rRNA genes
and the second involving in situ detection of rRNA
within cells.

Analysis of amplified genes

The first stages in the analysis of rRNA genes in an
environmental sample are cell lysis and extraction of
DNA, after which DNA is purified to remove ma-
terial inhibitory to subsequent enzymatic reactions.
PCR amplification is then carried out, using primers
specific to the microbial groups of interest. Ampli-
fication generates a population of rRNA genes, or
gene fragments, of equal size, determined by the
particular primers used. This population of gene frag-
ments is considered to be representative of the natural
microbial population.

Most information, and fine scale discrimination
between groups, is obtained by cloning the ampli-
fied rRNA genes and sequencing members of the
clone library. Comparison of sequences with those in
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databases determines which phylogenetic groups are
present and, in many cases, enables more detailed
identification. This approach is particularly useful for
studies of bacteria, as 16S rRNA databases are now ex-
tensive and comprehensive. They contain sequences of
large numbers of laboratory cultures and also of clones
obtained from a range of environments, which are not
represented in laboratory cultures. Fungal databases
are increasing in size, but are currently less extens-
ive and informative, except for phylogenetic groups
that have been the subject of detailed taxonomic study
Phylogenetic analysis provides information on the
numbers of sequences falling within different groups
and may identify novel groups with no sequences
of cultured organisms. Sequences obtained in this
manner may be used to refine existing primers and
probes, increasing their sensitivity and specificity, and
to design primers and probes for novel groups of un-
cultured microorganisms. Finally, if sufficiently large
numbers of clones are sequenced, estimates may be
obtained of the relative abundance of different groups.

More rapid analysis is achieved using fingerprint-
ing techniques. The most commonly used technique
in 16S rRNA studies has been denaturing gradient gel
electrophoresis (DGGE, Muyzer et al., 1993), which
separates products of the same size, but different se-
quence, by chemical denaturation. Following staining
of gels, banding patterns may be used to compare
communities, or to compare the same community fol-
lowing perturbations, and band intensities may be used
for semi-quantification of relative abundance (McCaig
et al., 1999, 2001). In addition, bands may be excised
and genes amplified and sequenced for fine scale ana-
lysis. A similar approach is adopted in temperature
gradient gel electrophoresis (TGGE), where denatur-
ation results from high temperatures (Felske et al.,
1998). A number of fingerprinting techniques involve
restriction analysis of PCR products, including ter-
minal restriction length polymorphism (tRFLP, Liu et
al., 1997) and amplified ribosomal DNA restriction
analysis (ARDRA) (Øverås and Torsvik, 1998). In
some cases, database information may be used to pre-
dict the banding patterns generated using these tech-
niques by particular rRNA gene sequences, providing
some information on the identity of organisms present.
PCR-based methods, such as competitive PCR (Jans-
son and Leser, 1996) and real-time PCR (Heid et al.,
1996) are also used to quantify gene copies, and hence
cell number or biomass.

Fluorescence in situ hybridisation (FISH)

Sequence information can also be used to design
and construct fluorescently labelled oligonucleotide
probes specific for particular microbial groups. These
can then be used to detect cells in situ using FISH
(Amann et al., 1990). This technique relies on the large
number of ribosomes within cells, particularly actively
growing cells, which greatly increases sensitivity in
comparison to detection of single gene copies. This
approach is obviously of great value in determining
the location and spatial organisation of different organ-
isms and signal strength may be related to cell activity
(but see below). It is also useful in providing sup-
porting evidence for quantitative estimates of relative
abundance obtained using PCR-based approaches.

Benefits and limitations

The benefits of molecular techniques have been in-
dicated above, the most important being the ability
to characterise diversity without the requirement for
laboratory cultivation. In addition, molecular identific-
ation, where possible, is more rapid than cultivation-
based methods and is becoming the method of
choice for commercial identification of many micro-
bial groups.

Molecular techniques avoid problems that neces-
sarily arise from selective media and cultivation con-
ditions and the non-culturability of many cells, but
introduce other sources of bias. Lysis efficiency will
vary between microbial groups, between spores and
mycelia and between regions of mycelia of different
ages, influencing DNA extraction yields. Subsequent
purification of DNA will reduce yield, potentially
also with bias. PCR amplification and use of primers
can lead to differences in the proportions of differ-
ent rRNA genes and sequencing errors, formation of
chimeric sequences and introduction of errors during
cloning can influence results. In situ probing requires
semi-permeabilisation of cells, conditions for which
will vary within mixed populations. There are also
problems associated with molecular-based quantific-
ation. Sequence abundance may not necessarily re-
late directly to cell numbers, for example, through
variation in rDNA copy number between different or-
ganisms. Considerable care must be exercised when
attempting to quantify following PCR amplification
and estimation of relative abundance from DGGE gels
must be considered semi-quantitative only. As we will
see below, phylogenetic information can provide some
information on the physiology of organisms, through
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knowledge of common characteristics of cultivated or-
ganisms belonging to particular groups. However, this
is not always the case, limiting interpretation of spe-
cies diversity assessments with regard to ecosystem
function.

It is possible to test for many of these potential
problems and, in general, cross-referencing and use
of several independent techniques indicate that mo-
lecular approaches provide true reflection of diversity
and community structure within natural assemblages.
However, the molecular approach is in its infancy
and the importance of these limitations is not yet
fully understood, and development of solutions is at
an early stage. Molecular techniques have provided
enormous advances in our understanding of natural
bacterial populations. In the following sections, these
will be exemplified by studies of ‘total’ bacteria and
of a more specialised group, ammonia oxidising bac-
teria, followed by examples of molecular character-
isation of ‘total’ fungal populations. Approaches be-
ing developed to assess the mechanisms controlling
and driving diversity, and the significance of micro-
bial diversity for ecosystem processes will then be
discussed.

Bacterial diversity in soil

Analysis of total bacterial populations can be achieved
by PCR amplification of extracted DNA using univer-
sal primers, designed to amplify 16S rRNA genes of
bacteria and archaea. The following examples typify
application of this approach to soil bacterial popula-
tions.

In the first, Borneman et al. (1996) analysed
16S rRNA gene clone libraries from East Amazo-
nian soil. Of 124 clones sequenced, 98.4% fell within
the Bacteria the remainder being mitochondrial DNA.
There was considerable diversity, with only 40 of se-
quences being duplicated, and approximately 25% of
sequences fell within five groups that could not be as-
signed to previously characterised groups within the
Bacteria. Although they did not obtain isolates, the
sequences from extracted DNA differed significantly
from those of cultured organisms typically isolated
from soil. For example, only 19% and 0.8% of se-
quences were representative of bacilli and actinomy-
cetes, respectively, and no sequences were found that
were representative of pseudomonads, agrobacteria,
Alcaligenes or Flavobacterium. Similar results were
found in a study of Brazilian forest and pasture soils

(Borneman and Triplett, 1997), with no duplicate se-
quences in 100 clones analysed, 98 and 2 of which
belonged to the Bacteria and Archaea respectively. No
sequence was identical to sequences in databases and
19 were only distantly related to known sequences,
suggesting the possibility of new kingdoms. Differ-
ences were also found between pasture and forest
soils. Kuske et al. (1997), investigating a cinder site
(arid, thermal soils with low organic carbon) and a
sandy loam soil also found no duplicates in clone lib-
raries and no identity to sequences in databases. Of
56 sequences analysed, 20 were affiliated with known
bacterial groups but the remainder fell within five
distinct novel groups, different at the division level,
which also included novel sequences from other stud-
ies. RFLP analysis of 600 cultured isolates from these
soils gave no identity with the novel divisions.

While taking into account the potential biases and
limitations of 16S rDNA-based techniques, the signi-
ficance of these findings is remarkable. They suggest
that a substantial proportion (sometimes greater than
50%) of soil prokaryotes belong to groups with no
representative in laboratory culture. The lack of cul-
tured representatives, and our consequent ignorance
of their metabolic and physiological characteristics,
prevent meaningful speculation regarding their role
in biogeochemical cycling and other environmental
processes.

More recent studies have attempted to use mo-
lecular techniques, including DGGE analysis of 16S
rDNA, to quantify species diversity, evenness and
dominance, and to determine the effects of soil man-
agement regimes and treatments on prokaryotic di-
versity (McCaig et al., 1999a, 2001). The high levels
of diversity within individual soil samples make it
difficult to detect differences between treatments and
collector’s curves indicate that, even when sequences
are grouped at the 95% level of homology, analysis
of several hundred clones is required before adequate
coverage is achieved.

Diversity of ammonia oxidising bacteria

Autotrophic ammonia oxidising bacteria were tradi-
tionally placed in five genera, on the basis of a limited
number of phenotypic characters. Analysis of 16S
rRNA genes of pure cultures (Head et al., 1993, Purk-
hold et al., 2000) defined one genus, Nitrosococcus
oceanus, in the λ-proteobacteria and two genera, Ni-
trosomonas and Nitrosospira, in the β-proteobacteria
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which comprise the majority of strains found in the
environment. Ammonia oxidisers grow slowly in the
laboratory, with low biomass yields, and isolation
and identification are difficult. As a consequence,
traditional approaches provided little information on
their natural diversity and 16S rDNA-based molecu-
lar techniques have proved to be invaluable. Primers
specific to β-proteobacterial ammonia oxidisers have
been used to amplify and analyse 16S rRNA genes
from DNA extracted from a range of environmental
samples and the results are typical of those obtained
for other microbial groups with specialised function.

Sequence diversity within ammonia oxidisers ap-
pears to be high, with very few duplicate 16S rDNA
sequences in clone libraries. Sequences frequently dif-
fer by only a few bases, possibly through sequencing
and cloning errors, but the length of sequence amp-
lified is relatively small (approximately 300 bases)
and sequencing of larger stretches or of functional
genes (e.g. ammonia monooxygenase) reveals greater
diversity. Initial phylogenetic analysis of culture and
environmental clone sequences suggested the exist-
ence of seven phylogenetic clusters within the Nitroso-
monas and Nitrosospira genera (Stephen et al 1996),
but subsequent analysis indicates the possible exist-
ence of more (Purkhold et al., 2000). The different
clusters are associated with different environments.
For example, Nitrosomonas europaea cluster 6 and
Nitrosospira clusters 1 and 5 are obtained from marine
environments and Nitrosospira clusters 2, 3 and 4 from
terrestrial and freshwater environments. Clusters 1 and
5 have no representative in laboratory culture and we
cannot therefore predict their distinctive physiological
characteristics or ecological role. It is possible, but
unlikely, that they are not ammonia oxidisers. Genera
previously considered to be restricted to particular en-
vironments are now recognised as being more widely
distributed. For example, Nitrosospira was considered
to be absent from marine environments but is now
routinely detected.

The ammonia oxidiser type strain Nitrosomonas
europaea originally isolated from soil, has been the
subject of the majority of physiological studies of
ammonia oxidation, but sequences related to this
strain are rarely encountered and Nitrosospira appears
to be more important in these environments. This
highlights the potential dangers of studies based on
laboratory cultivation and the advantages of molecu-
lar techniques, which enable us to determine which
enrichments and isolates are representative of nat-
ural populations. Sequences amplified from directly

extracted DNA and from cultures derived from the
same environmental samples (Smith et al., 2001) dif-
fer significantly in their distribution between ammonia
oxidiser clusters and duplicate sequences are found
more frequently in enrichment cultures. This indic-
ates laboratory selection of particular groups, but a
greater understanding of biases associated with mo-
lecular techniques is required before deciding which
is the correct picture of natural diversity.

Characterisation of diversity and cluster divisions
enabled assessment of the influence of environmental
conditions on ammonia oxidiser diversity and com-
munity structure. For example, differences have been
observed in ammonia oxidiser communities in pol-
luted sediment beneath fish cages (McCaig et al.,
1999b), in marine aggregates (Phillips et al., 1999)
and in acid soils (Bruns et al., 1999; Stephen et al.,
1998). These studies demonstrate the ability of 16S
rRNA methods to detect changes in community com-
position with changes in environmental conditions.
They are providing the basis for an understanding of
the mechanisms controlling diversity and, importantly,
the relationship between species diversity, functional
diversity and their impact on process rates.

Fungal studies

Molecular techniques have been used to detect and
analyse fungal populations for several years and their
specific application to mycorrhizal fungi will be de-
scribed elsewhere in this volume. In many cases, these
techniques have been used to characterise strains isol-
ated on laboratory media or material extracted from
hyphae. Studies such as those described above, in
which fungal populations are characterised by analysis
of DNA extracted from bulk samples, are more rare.
This approach is, however, now increasing and several
examples will be described. The major advantage is
the ability to assess diversity without the requirement
for laboratory growth and isolation of fungi. Some
studies are based on small subunit rRNA (18S rRNA)
but this region possesses less useful information than
16S rRNA genes of prokaryotes. To obtain greater
specificity, others have analysed ITS regions. A ma-
jor limitation, in comparison with bacterial studies,
is the relative lack of sequence information in data-
bases but this problem is decreasing and molecular
identification, where possible, is more rapid.

Kowalchuk et al., (1997) used nested PCR and
DGGE analysis to characterise fungal populations in-
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fecting Ammophila arenaria which are believed to
lead to degeneracy in marram stands. Primers were
originally designed to amplify 18S rRNA genes from
pure cultures and were not specific, but there was little
interference from other soil eukaryotic populations in
the relatively specialised environment represented by
plant roots. Distinct bands were produced from pure
cultures of a range of fungi, but band position in itself
does not necessarily provide phylogenetic informa-
tion, which requires excision and sequencing of bands.
Sequences of representative bands from DGGE ana-
lysis of healthy and degenerating roots (field samples)
were sometimes identical or closely related to those
of cultivated fungi, including some isolated from mar-
ram roots, but others were only distantly related to
known fungal species or showed no clear affiliation
with known fungal groups. Also, sequences of sev-
eral fungi commonly isolated from these systems were
not detected and there were indications of differences
in populations from roots of healthy and degenerate
marram stands.

Primer sets with greater specificity were developed
by Smith et al. (1999) for analysis of fungal popu-
lations in the wheat rhizosphere. Two of the primer
sets were suitable but with one, EF4–EF3, showing
bias towards basidiomycetes and zygomycetes and a
second, EF4–fung5, with bias towards ascomycetes.
The 39 clones obtained using the EF4–fungs primers
contained no basidiomycete sequence, while 22 clones
derived from EF4–EF3 primers contained only two
representatives of the ascomycetes. The 61 clones
contained representatives of 24 species but in many
cases sequences showed little similarity to those in
databases, preventing identification. This reflects the
relative paucity of sequence information in the data-
bases at the time, but may also indicate the existence
of novel groups that have not yet been cultivated.
Banding patterns obtained by TGGE analysis of PCR
products indicated bias and differences were found
between fungal communities in bulk and rhizosphere
soils in microcosms and following incubation of soil
for 5 and 10 days. This approach, therefore, provides
a means of studying changes in fungal communities in
soil with the potential for identification by sequencing
bands of interest from TGGE or DGGE gels.

Borneman and Hartin (2000) also developed
fungal specific primers for analysis of two avocado
grove soils, considered to be suppressive and condu-
cive to infections by Phytophthora cinnamomi. Both
primer sets were specific and successfully amplified
18S rRNA from pure cultures but differences were

found in environmental clones sequences amplified
by these primers and those of Smith (1999), em-
phasising the need for care in interpretation of results
and potential primer bias and selectivity. To compare
fungal population in disease-suppressive and disease-
conducive soils, cloned 18S rRNA genes were sorted
into 10 clone types and relative abundances determ-
ined for each soil. Significant differences were seen
between soils, with four clone types absent from the
disease-conducive soil. Comparison of sequences rep-
resentative of each clone group with those in databases
indicated that the most dominant genera differed sig-
nificantly from those genera isolated using cultivation-
based techniques.

Although primer specificity is desirable, in certain
situations with low non-fungal diversity, less spe-
cific primers may be useful. For example, Vainio
and Hantula (2000) analysed fungi colonizing Nor-
way spruce stumps. The lack of non-fungal eukaryotic
contaminants enabled comparison of wood colonisers
isolated in pure culture and those detected by mo-
lecular techniques. In many cases, sequences obtained
from extracted DNA and pure cultures were identical,
but differences were found in 4 of 17 samples, suggest-
ing selection of non-dominant strains during cultiva-
tion. 18S rRNA genes provide good coverage of fungal
taxa but do not enable fine scale analysis. This can
be obtained by analysis of ITS sequences and primers
have been developed for amplification of ITS regions
from extracted DNA. For example, Viaud et al. (2000)
analysed ITS regions amplified from DNA extracted
from soil and from fungi cultivated from the same
soil samples. Amplified genes from 67 cultures and
51 clones were grouped on the basis of RFLP patterns
and 58 representative ITS sequences were compared
with those in databases. At the level of precision used
in this study, only one of the cultivated fungi was rep-
resented in the clone library. In addition, all cultivated
fungi were ascomycetes, except for one basidiomy-
cete, while clone libraries contained a wider range of
taxa.

Links between species diversity, physiology and
ecosystem processes

Molecular techniques, as illustrated above, are capable
of characterising the diversity, species composition
and community structure of microorganisms in nat-
ural environments. While this information is of value,
the most important questions concern the significance
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of this diversity for ecosystem function. Molecu-
lar studies have demonstrated differences in species
composition in different environments and differences
associated with different treatments. To understand
the basis of these differences, we need to determine
the characteristics of different components of natural
communities and their respective ecosystem functions.
Molecular techniques can contribute to such ques-
tions and, for unculturable organisms are essential.
Examples of a number of approaches are given below.

Analysis of functional gene diversity

Although species composition can be characterised by
analysis of 16S rRNA gene sequences, this may not
tell anything about the functional diversity of the com-
munity, or even which functions can be carried out.
Metabolic processes of ecological relevance may be
distributed among several phylogenetic groups, while
a single group is likely to be capable of performing
many functions. This is particularly pertinent when
considering, for example, transformations of organic
carbon that will be carried out by many heterotrophic
microorganisms. Genes for many processes have now
been sequenced in a number of organisms. It is,
therefore, possible to design primers for the amplific-
ation of specific genes, which can then be analysed,
as described above for 16S rRNA genes. The di-
versity of gene sequences within an environment can
be characterised and differences in relative abundance
of functional genes belonging to different phylogen-
etic groups can be assessed. For some groups, and
some functional genes, groups formed on the basis
of functional gene analysis will be related directly to
phylogenetic groups. However, this will not always
be the case, for example, when functional genes are
plasmid-borne or where genes have been transferred
horizontally. An important issue in this approach is the
choice of functional gene. The success of an organism
in a particular environment will depend on a range of
properties, rather than the product of a single gene.
Functional genes must therefore be chosen with care.

Analysis of RNA

RNA may be used in two ways as an indicator of
activity. Detection of mRNA for a particular gene can
be used to assess gene expression and determine the
response of a particular function to changes in environ-
mental conditions. This may also provide information
on which species are responding, if functional and
taxonomic genes are related. This approach has been

limited by the short half-life of mRNA and difficulties
in extracting sufficient quantities for analysis before
degradation.

The second approach assumes that more active
and faster growing organisms possess more ribosomes
and, consequently, higher levels of ribosomal RNA.
Studies on the influence of growth rate on ribosomal
levels have been restricted to a few organisms and
the relationship is not simple, varying between dif-
ferent organisms with, for example, different rates of
ribosome degradation following cessation of activity
through starvation. Nevertheless, (semi-) quantific-
ation of RNA is used to indicate levels of activity
of different components of a community and ana-
lysis of RNA provides significantly greater sensitivity,
as cells typically contain tens of thousands of ri-
bosomes. RNA may be extracted from soil and hybrid-
ised with specific, hierarchical probes to determine
the relative abundance of different members of the
community (Purdy et al., 1997). Alternatively, reverse
transcriptase-PCR (RT-PCR) may be used to amplify
rRNA genes using RNA, rather than DNA, as a target.
Comparison of DGGE profiles following PCR ampli-
fication of rRNA genes from both extracted DNA and
RNA distinguishes active and inactive populations on
the basis of ribosome abundance and can be used to
determine which members of the community become
active under particularly conditions.

Stable isotope probing

Stable isotope probing (SIP) has enormous poten-
tial for determining which components of a microbial
community are capable of incorporating a particu-
lar substrate, labelled with a heavy isotope. SIP was
first used to determine which methanol-utilisers were
active in soil. Following incubation of soil with 13C-
labelled methanol, DNA was extracted and 13C and
12-DNA separated by density gradient centrifugation.
13C-labelled DNA will be derived only from organ-
isms that have grown and assimilated methanol into
DNA and these organisms can be detected by amp-
lification of 16S rRNA genes or functional genes
from 13C-DNA, followed by sequence analysis. This
approach therefore enables identification of organ-
isms actively metabolising specific compounds in situ,
with no requirement for laboratory growth. Radajew-
ski et al. (2000) used this technique to distinguish
methanol utilisation by two bacterial groups, the α-
proteobacterial and Acidobacterium lineages, detect-
ing sequences from uncultured organisms. One current



16

limitation of this approach is its sensitivity, requiring
levels of growth that enable incorporation of suffi-
cient DNA for separation and detection of 13C-DNA,
although sensitivity can be increased by analysis of
RNA, rather than DNA. In common with all methods
involving substrate amendment, sampling and analysis
must be carried out before significant turnover of the
substrate occurs.

FISH combined with microautoradiography

The use of FISH, using rRNA probes, has been
described above for cell detection in environmental
samples. Microautoradiography provides a means of
detecting individual active cells and involves incuba-
tion of cells in the presence of radiolabelled substrates,
which are incorporated only by such cells. Total
populations are visualised microscopically and active
cells are detected by microautoradiography of mater-
ial on the same slide. This is similar to combined use
microautoradiography and immunofluorescence using
specific antibodies, but antibodies are usually prepared
from pure cultures of cultivated organisms.

Combining autoradiography with 16S rRNA prob-
ing provides greater discriminatory power, more tar-
geted identification and detection of active cells be-
longing to phylogenetic groups with no known cul-
tivated representative. This approach, termed STAR-
FISH, has been used to detect the activity of marine
plankton (Ouverney and Fuhrman, 1999) and cells in
activated sludge Lee et al. (1999).

Links with traditional approaches

The most straightforward approach to determining
the links between species diversity and ecosystem
function is to isolate organisms considered to be im-
portant in ecosystem function and to assess their
potential ecological impact through laboratory-based,
physiological studies. Molecular studies can over-
come one important limitation in this approach, by
identifying which species are important. For example,
rRNA-based fingerprinting techniques can determine
the environmental factors that lead to changes in re-
lative abundance of particular members of a com-
munity. These studies can now be used to inform
traditional enrichment/isolation approaches, indicat-
ing which cultivated organisms represent those of
relevance to ecosystem change. This prevents extens-
ive physiological characterisation of those organisms
that are selected by laboratory media and incubation

conditions, but are of less importance in the envir-
onment. Molecular techniques should also aid in the
discovery of conditions suitable for isolation of those
organisms that are currently unculturable. Molecular
ecological studies will indicate the conditions favour-
ing their growth, informing cultivation conditions to
be employed, and molecular analysis of enrichments
will determine whether they are present initially and
which cultivation conditions lead to their elimination
or selection.

Conclusions

The application of molecular techniques has revolu-
tionised our view of the diversity of bacteria in natural
environments and is beginning to explain the forces
leading to and driving changes in diversity and com-
munity structure. Early studies indicate that a sim-
ilar approach can impact significantly on analysis of
fungal diversity in the soil. The molecular approach
eliminates a major limitation of traditional studies, the
reliance on culturability, but introduces new limita-
tions and biases, the significance of which will become
apparent as studies evolve. However, comparative
studies employing a range of techniques indicate that
they provide a more accurate view of diversity in nat-
ural environments. They also allow more rapid identi-
fication of individual strains and of relative abundance
of different groups. This, in turn, enables greater rep-
lication and a degree of quantification that provides the
basis for more comprehensive application and testing
of theoretical and conceptual models of microbial eco-
logy, including links between diversity and ecosystem
function. A combination of techniques is still required
and traditional, cultivation-based approaches will re-
tain an important role. Nevertheless, molecular ap-
proaches provide the potential for significant advances
in our understanding of fungal diversity in natural eco-
systems and offer a springboard for the application of
genomics to environmental microbiology.
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