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m Abstract Since the first estimate of prokaryotic abundance in soil was published,
researchers have attempted to assess the abundance and distribution of species anc
relate this information on community structure to ecosystem function. Culture-based
methods were found to be inadequate to the task, and as a consequence a number of
culture-independent approaches have been applied to the study of microbial diversity
in soil. Applications of various culture-independent methods to descriptions of soll
and rhizosphere microbial communities are reviewed. Culture-independent analyses
have been used to catalog the species present in various environmental samples and
also to assess the impact of human activity and interactions with plants or other mi-
crobes on natural microbial communities. Recent work has investigated the linkage
of specific organisms to ecosystem function. Prospects for increased understanding of
the ecological significance of particular populations through the use of genomics and
microarrays are discussed.
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INTRODUCTION TO THE PROBLEM

From the classic paper of Torsvik et al. (128) came the first culture-independent
estimate of the number of prokaryotic genomes in soil. That estimate of 4600
distinct genomes per gram of soil was determined by the reassociation time of
total community DNA compared with a standard curve of reassociation kinetics
of a known number of cultured genomes. The classical ecological approach for
the description of an ecosystem is to first characterize the community structure
by identification and enumeration of the species present, and then to assign roles
in ecosystem function to species or groups. This strategy, typically employed by
ecosystem and population ecologists, has not always been practical for microbial
ecologists.

Traditionally, taxonomic classification of bacteria has been determined based on
metabolic, morphologic, and physiological traits (42, 55). This approach emulates
the methodological approach of botanists and zoologists; however, it requires the
isolation and cultivation of individual bacterial species. Assessments of bacterial
communities from a number of environments have found that the fraction of cells
that may be cultured is not representative of the abundance or diversity of the
microbial community present in the environment; it is often observed that direct
microscopic counts exceed viable cell counts by several orders of magnitude [re-
viewed in (4, 54, 94)]. Clearly, culture-based methodology is inadequate to serve
the needs of microbial ecologists seeking to describe the diversity of bacterial
communities in environmental samples.
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CULTURE-INDEPENDENT ASSESSMENTS
OF MICROBIAL COMMUNITIES

The rRNA molecules have long been recognized for their utility as molecular
chronometers (136). These molecules occur in all organisms and possess a high
degree of structural and functional conservation. The larger rRNA molecules con-
tain many domains with independent rates of sequence change (related to their
structural and functional conservation). Examination of these changes over time
allows phylogenetic relationships to be measured. A number of methods have
been developed that exploit this sequence divergence among taxa to examine mi-
crobial community structure. These culture-independent methods for microbial
community analysis most often utilize polymerase chain reactions (PCR) to am-
plify phylogenetic markers from DNA extracted from the microbial community.
Methodologies commonly used for microbial community analyses are summa-
rized below. For more detailed information on these methods and their limitations,
the reader is referred to recent reviews (46, 76,103, 127, 130).

Early Analyses of Microbial Diversity in
Soils by Molecular Means

In the first assessments of soils by culture-independent méaoeobacteria

were found to dominate 16S rDNA clone libraries using template DNA from a
Queensland soil (68,124). A more diverse population was found in a Japanese
soybean field (129). However, in these papers, few clones were sequenced. In a
larger study, three bacterial divisions, tReoteobacteria the Fibrobacter, and

the low G+ C gram-positive bacteria, were represented in nearly 60% of the 16S
rDNA clones with a Wisconsin pasture soil as the source of the template DNA
(14). In sharp contrast to these agricultural soils, analysis of 16S rDNA clones
from a Siberian tundra soil showed that over 60% of the clones belonged to the
Proteobacteriaand 16% to thé-ibrobacter(144).

The publication of this early work encouraged analyses of soil microbial di-
versity under a wide variety of conditions, which are summarized below. These
comparative studies must still be considered preliminary, as no known methods are
capable of efficiently assessing the fate of over 10,000 distinct organisms per gram
of soil over time and space. We have learned what divisions of bacteria commonly
dominate soil, but we do not know their ecological significance. When changes
are observed with soil treatments, we still do not know whether these changes
affect ecosystem function. The current era of investigation can be viewed as the
descriptive phase, which is necessary prior to a testing phase where we will learn
the role and perhaps the functional redundancy of the perhaps hundreds of millions
of operational taxonomic units in soils on earth.

Given the breadth of the current literature it is difficult for any review of this
length to be comprehensive. For those important works that we have neglected to
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mention, we must apologize in advance. The reader is also referred to a number of

important recent reviews by Amann (2), DeLong & Pace (29), Hughes et al. (56),

Johnsen et al. (60), @vais’(90), and Pace (92). Each of these covers topics that

are now mentioned here and in some cases offers more detail on particular issues.
Prior to continuing this discussion of microbial diversity in soils, a description

of the methods used for such assessments is necessary.

CULTURE-INDEPENDENT METHODS OF
ASSESSING MICROBIAL DIVERSITY

PCR-Based Methods

Community analyses based on PCR have a number of steps that may introduce
biases, starting with DNA extraction. Bacterial cell structure varies among tax-
onomic groups, with some bacteria being more easily disrupted than others. In
addition, environmental factors require special consideration for both sample col-
lection and DNA extraction. Inhibition of PCR by environmental compounds has
been reviewed by Wilson et al. (135). Methods for sample collection and DNA
extraction must take into account such factors as coextraction of humic substances
from soil and low bacterial cell density in some environments, and at the same
time optimize lysis of structurally different cells. Niemi et al. (86) demonstrated
that soil bacterial community profiles differed depending on the DNA extraction
and purification method utilized. Methods that include mechanical lysis using a
bead beater were found to yield the most consistent results.

Despite these caveats, PCR-based community analysis methods are commonly
used because of the ease with which many samples can be analyzed and the ability
to tailor the analysis to examine particular organisms or taxa of interest through the
use of universal or group-specific primers (19, 47, 66, 107). A number of commu-
nity “fingerprint” methods are commonly used to assess differences in community
composition between samples or treatments or to assess changes in microbial
communities over time. Such techniques as ribosomal intergenic spacer analysis
(RISA) (15,100, 101, 107), denaturing gradient gel electrophoresis (DGGE) (83),
temperature gradient gel electrophoresis (TGGE) (49), single-strand-conformation
polymorphism (SSCP) (115, 116), ITS-restriction fragment length polymorphism
(ITS-RFLP) (27), random amplified polymorphic DNA (RAPD) (44, 142), or am-
plified ribosomal DNA restriction analysis (ARDRA) (78) yield complex commu-
nity profiles that do not directly offer phylogenetic information but do allow anal-
ysis and comparisons of community composition. Differences in electrophoretic
profiles between samples reflect differences in community composition and abun-
dance of individual microbial populations in a community. Although the fingerprint
obtained from an environmental sample cannot reveal the taxonomic composition
of a microbial community, phylogenetic information about particular community
members may be obtained by isolation and sequence analysis of bands of interest.
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A number of approaches have been developed to improve the detection and
resolution of fragment analysis, including automated ribosomal intergenic spacer
analysis (ARISA) (39, 102), length heterogeneity PCR (LH-PCR) (106, 126), and
terminal restriction fragment length polymorphism (T-RFLP) (65, 70, 77, 89). For
details of these methods, the reader is referred to the original literature. These
methods utilize a fluorescently labeled oligonucleotide primer for PCR amplifi-
cation and an automated system such as the Applied Biosystems capillary or gel
electrophoresis instruments for separation and detection of PCR fragments. Auto-
mation of the procedure increases sample throughput and allows the rapid anal-
ysis of bacterial community structure. The high resolution offered by automated
electrophoresis instruments and the high sensitivity of fluorescence detection in-
crease the number of peaks detected compared to methods that use standard ge
electrophoresis and detection. In addition, the band intensity can be measured
more precisely by fluorescence detection methods, which allows a more accurate
comparison of community profiles. Ranjard et al. (102) point out that this level of
sensitivity may have undesirable aspects, as it may introduce variability in commu-
nity profiles that has no biological origin. When the fluorescent fragment analysis
techniques are used, information on the relative abundance of individual fragments
(presumed to represent different bacterial taxa) is collected. These data are analo-
gous to typical ecological data about species composition and abundance, and as
such can be used to express the diversity of a community using indices of ecolog-
ical diversity such as the Shannon-Weaver diversity index, Sorenson’s similarity
index, or the Bray-Curtis similarity index, as well as measures such as richness or
evenness (73).

Ofthe fragment analysis methods listed above, only T-RFLP offers phylogenetic
information directly without further sequencing of the fragments. Fragment length
obtained from T-RFLP analysis of a microbial community may be compared to
the expected terminal restriction fragment length obtained from analysis of known
16S rRNA gene sequences (77). In practice, however, the complexity of T-RFLP
profiles obtained from environmental samples can hinder phylogenetic assignment
of individual fragments (65, 70, 76). When more specific phylogenetic informa-
tion is desired, researchers employ the more laborious strategy of constructing a
clone library from the amplified phylogenetic markers (6, 16, 30,51, 131). This
approach exchanges rapid analysis of microbial community composition for fine-
scale taxonomic assignment of dominant community members. The logistics of
sequencing sufficient and statistically significant numbers of clones to describe the
diversity of an environment make this a cumbersome technique for the comparison
of microbial communities. Clone libraries are most useful for identification and
characterization of previously undescribed species or for augmenting molecular
fingerprinting techniques (65, 80). Approaches utilizing DNA microarrays are be-
ing developed to increase the application of clone libraries for comparisons of
microbial communities (121).

While correlations between the distribution of PCR-amplified phylogenetic
markers and species distribution have limitations owing to the presence of multiple
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rRNA operons in bacteria (35, 98) and PCR and cloning biases (23,97, 105, 126),
molecular methods for community analysis can reveal the presence of microorgan-
isms that remain intractable to traditional cultivation techniques.dfetez et al.

(37) found that the effects of these biases are minimized when relative changes
are studied in the same ecosystem and when replicate community profiles are
produced.

The majority of studies that utilize these PCR-based techniques are carrying
out community analyses using the ribosomal RNA operon, typically the 16S rRNA
gene, though the 5S rRNA gene is sometimes used (53). Marsh (76) summarized
several bacterial housekeeping genes with potential as phylogenetic markers. These
include genes for heat shock proteins, glutamine synthetase, ATPases, and topoiso-
merases (76). When specific traits or functional characteristics are under investiga-
tion, phylogenetic markers other than the rRNA genes can be used to characterize
microbial communities. For soil microorganisms, functions associated with nitro-
gen metabolism have been widely used for community analysis. The phylogenetic
markers used in these studies include a structural gene for nitrogem#se (
[studies reviewed by (81, 95)], nitrous oxide reductasesp) (111, 112), and ni-
trite reductase genesgifK andnirS) (18). Genes involved in methane oxidation
(pmoA mmoB andmxaF) have also been used to characterize soil microbial com-
munities (47). When a particular function is restricted to specific bacterial taxa,
16S rRNA sequence may be used to differentiate these community members. This
approach is used to study autotrophic ammonia oxidizers as well as methane-
oxidizing bacteria; PCR primers specific for the 16S rDNA of the closely related
organisms capable of these functions can be used to carry out the community
analyses described above (19, 47).

Alternatives to PCR Approaches

Methods that examine physiological or metabolic characteristics of microbial com-
munities are alternatives to PCR-based approaches. Fatty acid methyl ester (FAME)
profiles and phospholipid fatty acid analysis have been used extensively to char-
acterize the composition of soil microbial communities [(57, 106) and references
therein].

Direct microscopic examinations are also important for analysis of microbial
communities. Fluorescence in situ hybridization (FISH) can be used to evaluate
the distribution and function of microorganisms in situ (3, 5). This method uses
oligonucleotide hybridization probes complementary to regions of the 16S rRNA
gene for determination of in situ abundance. Like the PCR-based methods, this
technique can be customized to target specific groups of organisms. To place
the dynamics of important populations within the context of community-level
phenomena, FISH can be used in combination with DAPKEMliamidino-2-
phenylindole), 2-p-iodophenyl)-3-p-nitrophenyl)-5-phenyltetrazolium chloride
(INT)-formazan, or 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) staining
(64, 96) to determine the contribution made by the populations of interest to total
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abundance or active cell count. However, the low throughput of FISH limits its
application for comparison of large numbers of samples.

Careful morphological analysis of bacterial cells can provide powerful infor-
mation on the diversity, microbial abundance, and two-dimensional spatial dis-
tribution of microbial community members. A computer-aided system has been
developed by the Center for Microbial Ecology at Michigan State University to
assist in such assessments. CMEIAS (Center for Microbial Ecology Image Anal-
ysis System) is a semi-automated analysis tool that uses digital-image processing
and pattern-recognition techniques in conjunction with microscopy to gather size
and shape measurements of digital images of microorganisms to classify them into
their appropriate morphotype, allowing culture-independent quantitative analysis
of the diversity and distribution of complex microbial communities (69). This tool
holds much promise for automating a tedious butimportant evaluation of microbial
communities.

Methods to Assess Community Function in Soil

As microbial ecology involves the study of both the structure and function of an
ecosystem, meaningful assessments of microbial communities must consider not
only the abundance and distribution of species but also the functional diversity and
redundancy present in a microbial community. Gaston (41) has described func-
tional diversity as the number of distinct processes (functions) that can potentially
be performed by a community, whereas functional redundancy is measured as
the number of different species within the functional groups present in a commu-
nity. The diversity of metabolic functions possessed by microbial communities is
often examined using BIOLOG GN substrate utilization assays (40, 50, 59, 122),
which assess the ability of the community as a whole to utilize select carbon sub-
strates. This method has the inherent biases of other culture-based approaches;
however, the resulting metabolic fingerprint may not be an accurate represen-
tation of the functional diversity of the natural microbial community (91, 122).
An alternative technique that avoids misrepresentation of functional diversity due
to culture bias assesses community response (measured,ag<pdation) af-

ter the addition of selected carbon substrates directly to the soil environment
(28).

To gain better insight to the microbial processes within an ecosystem, itis essen-
tial to study functional diversity in combination with taxonomic diversity. Recent
studies have attempted to characterize the portion of the microbial community
that responds to nutrient availability by comparing community fingerprints after
incubation in individual BIOLOG wells (122) or by isolating DNA from microbial
community populations that responded to nutrient addition by uptake and incorpo-
ration of a thymidine nucleotide analog, bromodeoxyuridine (BrdU) (13). Molec-
ular fingerprint analysis of the responsive portion of the microbial community (as
defined by BrdU labeling) was also used to assess the functional redundancy of
bacterial communities along a vegetation gradient (143).
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A DNA microarray technigue for the simultaneous identification of ecological
function and phylogenetic affiliation of microbial populations has been recently
developed (11). The approach combines a community-specific 16S rDNA-based
oligonucleotide array (functional diversity array) with incubations of the microbial
community with various radiotracer substrates. Total RNA extracted from the in
situ incubations is hybridized to the microarray of species-specific probes, which
allows the identification of populations that were active in the metabolism of
the labeled substrates. This approach permits the assessment of growth rate and
substrate utilization of individual microbial populations within a community. In
addition, whole-genome DNA microarrays specific for a single organism can be
used to analyze related organisms and may ultimately prove useful for community
analysis (1, 31, 82). These arrays can be used for both gene discovery as well as
for analysis of gene expression in the environment.

CHANGES IN UNCULTURED BACTERIAL
COMMUNITIES WITH DISTURBANCE

The methods available to assess the effects of pesticides on bacterial diversity in
soils were recently reviewed by Johnsen et al. (60). That discussion is not repeated
here. Rather, we describe the results to date of the efforts made to assess how
agricultural management, pesticides, and pollutants have altered the microbial

landscape.

Heavy Metals

A soil treated with sludge containing either high or low amounts of heavy metals
was analyzed for soil bacterial diversity of three subdivisions of the Proteobacte-
ria: the Cytophaga-Flavobacterium division, the gram-positive high@divi-
sion, and the gram-positive low &C division. All were measured using a dot
blot hybridization procedure (109). Heavy metal treatment had the greatest in-
fluence on two of these taxa. Sandaa et al. (109) found that the abundance of the
a-Proteobacteria more than doubled while the Cytophaga-Flavobacterium division
abundance declined by more than two thirds with the high heavy metal treatment.
Other taxa seemed to decline with high heavy metal treatment, but their low abun-
dance with the low heavy metal treatment made a quantitative assessment of the
decline difficult. In another study, Sandaa et al. (110) showed that the number of
prokaryotic genomes per gram of wet weight of soil declined eightfold following
many years of heavy metal treatment. With the exception odtReoteobacteria,
all phylogenetic taxa examined declined as a percentage of the total number of
prokaryotes in the soil. The percentageseProteobacteria more than doubled
with the heavy metal treatment.

Addition of Hg(ll) to a silt loam caused an increase in abundance of two
RISA bands (100). These bands were excised, sequenced, and identified as having
originated from &Clostridiumlike gram-positive organisms andRalstonialike
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B-Proteobacterium. Verification of the identity of these bacteria was done by hy-
bridization. This is an excellent example of the identification of uncultured bacteria
following a given treatment.

Addition of Pollutants to Soil

During a pentachlorophenol enrichment in a reactor containing a soil slurry, the
dominant organisms found after a period of enrichment were related to the genus
SphingomonagB). Incubation of a soil sample with methane resulted in the en-
richment of a group of putative methylotrophieProteobacteria distantly related

to known methylotrophs as well as an increase in type Il methanotrophs (59a).
@vreds & Torsvik (91) found that methane treatment reduced overall bacterial
diversity as measured by DGGE while enriching methanotrophs.

In assessments of bacterial diversity in soil microcosms using TGGE, bacterial
diversity declined following treatment with chlorinated benzoates compared to the
untreated control (99Burkholderialike organisms were found to increase with
the addition of chlorinated benzoates in these experiments.

The DGGE profile of 16S rDNA from a polyaromatic hydrocarbon-contaminated
sandy loam was considerably less diverse than those of noncontaminated soils (84).
However, a direct assessment of the effects of polyaromatic hydrocarbons cannot
be made since there was no uncontaminated sample available from the same site.

Few pollutants in soils have been examined for their effects on soil microflora
from a culture-independent perspective. As the techniques to make such assess-
ments continue to improve and simplify, such analyses may become a routine part
of environmental assessments required by governmental agencies prior to the use
of a new compound in the environment. However, with such assessments must
come ideas on how such results can be properly interpreted for risk assessment
analysis. Does an impact on microbial diversity have a significant effect on soil
function? Does the functional redundancy of microbial processes render microbial
diversity analyses based on phylogenetics meaningless with regard to ecosystem
function? If that is the case in some circumstances, should microbial processes be
measured along with the taxonomic diversity assays?

Pesticide Treatment

El Fantroussi et al. (34) examined the effect of three phenyl urea herbicides on
microbial communities in soils over an 11-year period. All three herbicides signif-
icantly decreased the number of culturable heterotrophic bacteria. BIOLOG GN
fingerprint analysis also showed that the treated communities differed significantly
compared to the control. A striking result of this work is the apparent decline of
unculturedAcidobacteriurrupon treatment with any of the three herbicides. Un-
culturedAcidobacteriumare commonly found in culture-independent analyses of
soils. It is not clear whether the decline is caused directly by the herbicides or as a
consequence of the changes in the macroflora community resulting from herbicide
use. Treatment of soil with the fungicide triadimefon caused a decline in organic
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carbon and soil microbial biomass but no decline in microbial DNA diversity as
measured with RAPD random primer amplification (142). This can be explained
by the common contradiction that although fungi can comprise a large proportion
of soil biomass, fungal DNA concentrations in soil are low (45).

Xia et al. (138) evaluated microbial community response to the experimental
application of 2,4-dichlorophenoxyacetic acid (2,4-D) using RAPD fingerprints.
No changesin community structure were observed in responseto 2,4-D application
to three different soils. Hybridization studies indicated that application of 2,4-D at
the recommended application rates did not select for bacterial populations capable
of 2,4-D degradation.

Two culture-dependent studies on the effects of herbicides on soil bacterial di-
versity present conflicting results. Nicholson & Hirsch (85) showed an increase in
culturable bacterial populations in soils treated with herbicides such as glyphosate.
The authors thought that the increased crop yield resulting from the herbicide treat-
ment might have contributed to higher bacterial numbers. In contrast, Busse et al.
(22) found lower bacterial numbers in a pine plantation treated with glyphosate
compared to the untreated control. Culture-independent analyses are needed to
resolve this question.

Fumigants are used widely in high-value crops for the control of eukaryotic soil-
borne pests such as fungal pathogens, nematodes, and weeds. Ibekwe et al. (58)
studied their effect on soil prokaryotic communities from a culture-independent
perspective. Of four fumigants used, methyl bromide caused the greatest and
longest-lasting impact on soil bacterial diversity. Chloropicrin had virtually no
impact.

The few studies published to date from a culture-independent perspective sug-
gest that pesticides have little impact on soil bacterial diversity. However, so little
has been done in so few locations with so few pesticides, that no conclusions can
be drawn at this time. This is an area that is ripe for more investigation.

Agricultural Management

Through the use of ribosomal intergenic space analysis (RISA), deforestation in
Amazonia was shown to have a profound, qualitative impact on soil bacterial
diversity (15). This early work on a culture-independent assessment of the effects
of land management on microbial diversity has since been followed by several
more quantitative measurements of the effects of land use. Another analysis of
community changes in tropical soils with deforestation was doneussdin &
Tiedje (88). The G+ C content of the pasture soil DNA was significantly higher
than that of the forest soil DNA. Whereas the Fibrobacter were dominant in the
forest soil, the3- anda-Proteobacteria dominated the pasture soil.

Improved and unimproved Scottish grasslands differing in fertilizer regimes
and plant cover were assessed for microbial diversity using 16S rDNA clone li-
braries (79). Both pastures were dominatedeblroteobacteria (about 40% of
the total clones) followed by the actinomycetes (13.3% of the total). Indices of
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diversity including the Shannon-Weaver index as well as evenness and dominance
measurements were similar between the two pastures.

Grasslands in the Netherlands taken out of agricultural production over a period
of 30 years were examined for changes in microbial diversity (36). The multiple
competitive RT-PCR procedure used did not have sufficient resolution to distin-
guish those pastures currently in agricultural production from those taken out of
production 30 years earlier. Similarly, the application of sewage sludge to a grass-
land site for over 100 years failed to confer a measurable change in soil microbial
diversity as determined by fatty acid methyl ester patterns and carbon substrate
utilization by the community (67).

Through a culture-independent analysis of soils collected from the Kellogg
Biological Station’s Long Term Ecological Research project of Michigan State
University, Buckley & Schmidt (21) found that the microbial diversity of culti-
vated fields differed little from each other regardless of the specific agricultural
management regime. However, the bacterial diversity of the managed soils were
significantly different from soils of nearby fields that had never been cultivated.
This analysis was done using 16S rDNA taxa-specific probes and T-RFLP anal-
ysis of amplified 16S rDNA. This is an excellent site for such analyses because
the Long Term Ecological Research sites have long-term data on the temporal and
spatial variability of a wide range of physical, chemical, and biological properties
of the experimental location. These long-term data allow the investigator to corre-
late changes in microbial communities with ecosystem processes. An interesting
follow-up to the work of Buckley & Schmidt (21) would be to address the ques-
tion of the temporal variability of bacterial diversity in these soils and determine
whether any of the observed variability is correlated to any of the physical and
chemical characteristics of these soils.

MORE DIRECT COMPARISONS BETWEEN
CULTURE-DEPENDENT AND CULTURE-INDEPENDENT
ASSAYS OF SOIL MICROBIAL DIVERSITY

The microbial communities of four arid soils from northern Arizona were com-
pared by identifying cultured isolates and by restriction fragment-length polymor-
phism and sequence analysis of 16S rDNA clones derived from soil DNA (32).
Seven bacterial divisions were represented among the clone libraries while only
three were found among the isolat&ésidobacteriurrelated organisms comprised
nearly half the organisms identified in the clone libraries, while nearly 80% of the
isolates were gram-positive strains. As expected, the culture bias failed to identify
most of the organisms observed in the clone libraries.

Similar results were obtained in a wheat field from Holland whciElobac-
terium and the Proteobacteria dominated the uncultured organisms and gram-
positive organisms dominated the culture collection (123). In addition, Smit et al.
(123) looked at seasonal changes in these populations and found that samples



222 KENT ® TRIPLETT

taken in July were significantly different than those taken during other times of the
year.

Analysis of cultured isolates from a sandy loam and an organic soil from Norway
suggested that the bacterial diversity in the two soils was similar (91). However,
as the DGGE profiles were not digitized, the authors were unable to assess dif-
ferences in diversity by culture-independent means. Nevertheless, one of the hall-
mark assays from the Torsvik group was performed. Using thermal denaturation
and reassociation of community DNA, the authors showed that the organic soil
possessed 10-62-fold higher genome complexity than the sandy loam soil. This
result confirms the need to assess diversity by culture-independent means.

SOIL PARTICLE SIZE

Ranjard et al. (101) used RISA to show that microbial diversity varies with soil
particle size. Although it is not surprising that different organisms can occupy
niches of different size, this is the first paper to demonstrate this from a culture-
independent perspective. Sessitsch etal. (117) took these ideas one step further and
showed that microbial diversity, as determined by T-RFLP profiles, increases with
decreasing patrticle size. Larger particles were dominated hy-fPreteobacteria

while theHolophagdAcidobacteriumwere most common in clay particles.

MICROBIAL DIVERSITY OF THE SOIL-ROOT
INTERFACE: THE RHIZOSPHERE

The rhizosphere is defined as the soil surrounding the roots that is influenced
by living roots. This influence may occur by root exudation of carbon substrates
that affect microbial communities. Shortly after the reports of culture-independent
analyses of bulk soil were published, many investigators around the world turned
their attention to the rhizosphere where so many interactions between microor-
ganisms and plants take place. The number of issues that can be studied is limited
only by the imagination. We review a set of these below.

Influence of the Host Plant on Rhizosphere
Bacterial Communities

Smalla et al. (122a) used DGGE to distinguish microbial communities in bulk
soils versus those in the rhizospheres of strawberry, canola, and potato. Rhizo-
sphere communities differed significantly from bulk soil communities. Canola and
potato rhizosphere communities were more similar to each other than they were
to strawberry. Sequencing of some of the DGGE bands excised from rhizosphere
sample gels revealed that most were derived from gram-positive strains. Plant
species, root zone, and soil type all influence the rhizosphere bacterial community
in the DGGE analysis of 16S rDNA by Marschner et al. (75). However, no data
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were provided concerning the identity of the specific organisms affected by these
treatments. Similarly, the presence of rye or alfalfa roots in the soil influenced the
rhizosphere community more strongly than did soil type. Kaiser et al. (63) found
that the rhizosphere of canola was dominated byitiRroteobacteria subdivision

and the Cytophaga-Flavobacterium-Bacteroides division. This was in contrast to
the cultured isolates from the rhizosphere that were dominated by organisms from
the 8- andy-Proteobacteria subdivisions.

Normander & Prosser (87) assessed barley phytosphere bacterial diversity by
using DGGE profiles. They found that plant age up to 36 days had little influence on
the rhizosphere communities. The rhizosphere community was more similar to the
bulk soil community than it was to the endophytic community. This suggests that
rhizosphere bacteria are of soil origin, whereas many of the endophytic bacteria
are seed borne.

Marilley & Aragno (74) sequenced 16S rDNA clones prepared from DNA
templates collected from bulk soil, the rhizosphere, and the interior of roots. The
y-Proteobacteria increased along the gradient toward the interior of the plant while
the Holophaga/Acidobacteriurgroup decreased.

Chelius & Triplett (26) discovered that the interior of maize roots is inhabited
by six bacterial and two archaeal divisions. In agreement with Marilley & Aragno
(74), the Proteobacteria dominated the interior of the root. Several independent
isolations ofKlebsiella pneumoniabave been made from the interior of maize
roots (24, 25, 31, 93), also in agreement with the observatioptifabteobacteria
are enriched in the plantinterior (74). The cultured collection from maize roots was
also diverse with members from four bacterial divisions, which included a new bac-
terial genus and species in the Flexibacter grayadobacter fermenteri24, 25).

Clearly the plant species strongly influences rhizosphere bacterial diversity.
However, much more remains to be done to understand these relationships includ-
ing whether the origin of some rhizosphere bacteria may be the plant seed.

Transgenic Plants and Microbial Diversity

The microbial diversity of the rhizospheres of field-grown T4-lysozyme-expressing
potatoes, control transgenic potatoes that possess only the marker gene, and non-
transgenic parental potatoes were not significantly different as measured with 16S
rDNA DGGE profiles. In addition, a T4-lysozyme-tolerant Pseudomonad used
as an inoculum strain did not become dominant in the community of any of the
rhizospheres, including the rhizospheres of the T4-lysozyme-expressing plants.
As many bacteria are sensitive to T4-lysozyme, this was a surprising result. The
half-life of T4-lysozyme in nonsterile soil may be so brief that the concentration of
this protein never builds to a high enough level to affect the bacterial community.
Similarly, the rhizosphere communities of Barnase/Barstar transgenic potato dif-
fered little from those of the nontransgenic parent plant (71).

Herbicide-tolerant transgenic canola and wheat plants can harbor a different
bacterial community either in the rhizosphere or in the root interior compared to
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nontransgenic varieties (33, 118, 119), but these differences cannot be attributed
solely to the transgene because the plant varieties tested were not otherwise
isogenic.

Bacterial Rhizosphere Communities and Plant Disease

Soils that suppress plant disease have been known for many years. However, the
cause of the plant disease suppression in many cases remains unknown. One area
in which much progress has been made is the study of natural supression of “take-
all,” a wheat root disease caused by the funGagumannomyces graminiar.

tritici . This natural disease suppression, a phenomenon known as “take-all decline”
(TAD) is manifested as a spontaneous reduction of disease after an extended pe-
riod of barley or wheat monoculture. Many studies have reported the association
of antibiotic-producing fluoresceRseudomonaspecies with disease suppression
[summarized by Raaijmakers et al. (96b, 96c¢)]. Further studies demonstrated that
production of the antibiotic compound 2,4-diacetylphloroglucinol by fluorescent
Pseudomonaspp. was a critical component of this natural disease suppression
(964, 96¢). Inoculation with the causal agent of take-all disease of waeat)-
mannomyces graminigr. tritici, results in a noticeable increase in the culturable
Pseudomonads in the rhizosphere bacterial community (80). Several other groups
of bacteria increased in these rhizospheres as well. Some of these were cultured
but were not able to significantly influence the growth of the fungal pathogen in
vitro, but they did vary in their ability to be antagonistic towar@seudomonas
strain suppressive toward the disease.

Yang etal. (140) discovered that the bacterial diversiBtoftophthorainfected
avocado roots is much greater than that of uninfected roots. Roots inoculated with
the disease-suppressive bacterRseaudomonas fluorescesis3 were disease-free
and had a rhizosphere community similar to that of plants not inoculated with the
pathogen. A likely explanation of this result is that diseased roots probably release
more nutrients into the rhizosphere as a result of their own decay. These increased
nutrients attract bacteria that might not normally be competitive in the rhizosphere.

Bacterial Antibiotic Production and Rhizosphere
Microbial Diversity

Inthe first culture-independent analysis of the effects of bacterial antibiotic produc-
tion on a natural community, Robleto et al. (107) showed that the production of the
peptide antibiotic byrRhizobium etiCE3(pT2TFXK) resulted in a dramatic reduc-
tion in the diversity of trifolitoxin-sensitive.-Proteobacteria in the rhizosphere of
Phaseolus vulgarisT his reduction did not occur in the rhizosphere of plants inoc-
ulated with the isogenic, nontrifolitoxin-producing straih,etliCE3(pT2TX3K).
None of the treatments caused a detectable decline in total bacterial diversity of
the rhizosphere, which was expected, as most bacteria are trifolitoxin-resistant.
Glandorf et al. (43) engineerdtseudomonas putidd/CS358r to produce the
antifungal compound phenazine-1-carboxylic acid (PCA). The engineered strains
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decreased the fungal diversity of the wheat rhizosphere more consistently and for
a longer period.

Though the study by McSpadden Gardener et al. (80) indicates that the interac-
tion of the fungal pathogen with the plant alters the diversity and composition of
the wheat rhizosphere, the 2,4-diacetylphlorglucinol produceBdgudomonas
spp. recovered from such assays may play a role in restructuring the rhizosphere
microbial community in the study discussed above (80). This compound is known
to have antibacterial properties and has been recovered from soils naturally sup-
pressive for take-all decline (96a).

Rhizosphere Microbial Diversity and Plant Nutrient Status

Few papers have examined the effects of mineral nutrient status on rhizosphere mi-
crobial diversity. Yang & Crowley (139) grew barley plants in low- and high-iron
soils. Using amplified 16S rDNA from various locations on the roots and separated
by DGGE, the authors found qualitative differences between the treatments but did
not define which organisms comprised the differences. In a study of low-nitrogen
conditions on bacterial diversity in the rhizosphere of bean plants, Schallmach
et al. (113) found that low N increased the proportio é®roteobacteria relative

to the entire bacterial population near the root tip. This may be caused by the accu-
mulation of root-nodulating rhizobia near the root tip. Throughout the root, low-N
status increased the proportion of hight@& gram-positive bacteria. Both stud-

ies used methodology that has inherently low resolution. As a result, differences
between treatments were difficult to observe.

Epiphytic Bacterial Diversity

Little has been done to describe epiphytes from a culture-independent perspective.
As with other environments, leaf surfaces are inhabited by a wide variety of bacteria
not known in culture collections. But to date this has only been studied on citrus
(141) and the seagrabkalophia stipulaceq133, 134).

NONMETHANOGENIC ARCHAEA IN SOIL

Organisms within the domain Archaea have been classified among three divi-
sions: Crenarchaeota, Euryarchaeota, and Korarchaeota (7). Methanogens are
Euryarchaeota from soil and were among the earliest organisms recognized as
members of the Archaea (137). Many methanogens have been cultured and char-
acterized. A culture-independent study of Archaea in a Finnish forest soil re-
ported the presence Bfalobacteriumlike Euryarchaeota (61). To date, none of the
Korarchaeota has been cultured, and the only culture-independent evidence of their
existence comes from extreme environments, particularly hot springs (52, 104).
Prior to their first report in a temperate soil, the Crenarchaeota were thought to
be present only in extreme environments. Ueda et al. (129) first reported culture-
independent evidence for Crenarchaeota in a nonextreme soil environment. Two
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16S rDNA clones were sequenced and found to be phylogenetically most simi-
lar to 16S rDNA sequences of Crenarchaeotal origin. Their template DNA was
derived from a soybean field in Japan. Using an Archaeal-specific primer for the
amplification of 16S rDNA clones, Bintrim et al. (12) found a wider diversity
of Crenarchaeota in a Wisconsin soil. Culture-independent evidence of Crenar-
chaeota in lake sediments, tropical soils, and agricultural soils from Germany,
Indiana, Michigan, and Norway suggests that the diversity of Crenarchaeota in
terrestrial environments is broad (15, 20, 48, 72,84,110, 114).

Although not one of these soil Crenarchaeota has been cultured, their abun-
dance can be determined using molecular tools with some interesting results. The
first suggestion of the abundance of Crenarchaeota in soil relative to the Bacteria
came from a culture-independent analysis of 16S rDNA clones from two adjacent
Amazonian soils (15), where just 2 of 100 clones were of Archaeal origin. A more
thorough analysis of Crenarchaeal abundance in soil by probing total community
rRNA with a Crenarchaeota-specific probe showed that their abundance in a native
s0il (0.37%= 0.13%) was much lower than in a cultivated soil (1.4299.59%).
Jurgens & Saano (62) found that soil Crenarchaeota are sensitive to deforestation.
Different Crenarchaeota were found in the control uncut-forest soil compared to
soils from forests that were recently cleared with or without prescribed burning.
Although the Crenarchaeota in the cut-forest soils were different from the native
soil, their phylogenetic diversity was much higher than in the native soil. Sandaa
etal. (110) found that the abundance of Crenarchaeota declined from1033%6
of all DAPI-stained cells to a level that was below detection following heavy metal
contamination of the soil.

Some of the work summarized in the above paragraph strongly suggests that
the plant community in the soil may influence the diversity and abundance of soill
Crenarchaeota. Simon et al. (120) showed root colonization of soil Crenarchaeota.
Chelius & Triplett (26) presented the first evidence for the interior colonization of
plant roots by Crenarchaeota and Euryarchaeota.

Clearly more work is needed on the interactions of Archaea in soil and plants,
especially in regard to their roles in these environments. Rapid progress will re-
quire culturing of these organisms so that their metabolism and physiology can be
assessed rigorously through mutagenesis.

FUTURE NEEDS IN UNDERSTANDING
MICROBIAL DIVERSITY

Current methodologies struggle to describe the vast microbial diversity in soil.
For this reason we have recently turned to studying freshwater microbial diversity,
as the microbial diversity of this habitat is considerably less complex than is
soil (38, 39). Our hope is that once we have learned to comprehensively analyze
microbial diversity in lakes, we can then begin to understand how to scale up our
methods to understand soil communities.
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In the meantime, all methods continue to improve. In particular, genomic ap-
proaches can be expected to improve our understanding of the role of uncultured
microbes in the environment. The first genomic libraries of environmental DNA
were created by DeLong and coworkers (10, 125, 132). This work resulted in the
discovery of a photoactive proteorhodopsin in marine organisms that might play an
important role in phototrophy in oceans (9). Similar analyses of uncultured organ-
isms are in progress with soil as the source of DNA. Rondon et al. (108) reported
the construction of a BAC library containing inserts of soil microbial DNA. Brady
et al. (17) prepared a cosmid library of soil DNA and identified and sequenced a
gene cluster for the biosynthesis of violacein, a potent broad-spectrum antibiotic.
These works illustrate the ability to use these libraries in the identification of new
secondary products, which would be difficult to discover by first culturing the
producing organism.

Genomics of environmental DNA can lead to the discovery of important physi-
ological processes in uncultured microorganisms. Efforts are already underway in
a number of laboratories to obtain a significant amount of genome sequence from
uncultured soil organisms, particularly from tAeidobacteriungroup, which are
so common in soils. These data will provide clues regarding the role of these or-
ganisms in soil. With enough sequence information, the metabolic pathways of
these organisms can be constructed, leading to effective strategies for the culturing
of these organisms. The sequence data will also permit the construction of mi-
croarrays containing all known open reading frames that can be used to determine
gene expression over time and space in the environment.

However, given the large number of organisms in soil, the target DNA to be
sequenced must be chosen with care. For example, althoudtcithebacterium
group appears to be common in soil, no one has yet correlated its presence or
absence to any microbial process in soil or any chemical or physical properties in
soil. Some strong correlations between the presence of an organism with microbial
processes or soil structure and function would be helpful in making wise choices
prior to making large investments in such sequencing projects. As a result, linkage
of specific organisms to ecosystem function over time and space is fundamental
work that must go forward if we are to understand the role of these uncultured
organisms.

The field also needs more definitive descriptions of those organisms that appear
or disappear with a given treatment. Seeing patterns of diversity changing with
treatments using DGGE, TGGE, ARISA, or T-RFLP is less satisfying if no attempt
is made to identify the organisms affected.

We have also found that snapshots of diversity where the microbial diversity is
assessed atone time in one location is not terribly informative. Where diversity over
time and space has been measured, the dynamic nature of microbial communities
is observed and the presence or absence of individual populations can be compared
with changes in ecosystem processes.

The future in this area is bright, particularly as methods and data analysis
improve. What we know today is still very much dwarfed by what we do not know.
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Systems approaches, whether they be at the level of genomics, ecosystem function,
or biocomplexity, will no doubt bring us new insights over the next decades that
cannot now be imagined.
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