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Molecular analysis of grassland rhizosphere soil has demonstrated complex and diverse bacterial commu-
nities, with resultant difficulties in detecting links between plant and bacterial communities. These studies
have, however, analyzed “bulk” rhizosphere soil, rather than rhizoplane communities, which interact most
closely with plants through utilization of root exudates. The aim of this study was to test the hypothesis that
plant species was a major driver for bacterial rhizoplane community composition on individual plant roots.
DNA extracted from individual roots was used to determine plant identity, by analysis of the plastid tRNA
leucine (trnL) UAA gene intron, and plant-related bacterial communities. Bacterial communities were char-
acterized by analysis of PCR-amplified 16S rRNA genes using two fingerprinting methods: terminal restriction
fragment length polymorphisms (T-RFLP) and denaturing gradient gel electrophoresis (DGGE). Links be-
tween plant and bacterial rhizoplane communities could not be detected by visual examination of T-RFLP
patterns or DGGE banding profiles. Statistical analysis of fingerprint patterns did not reveal a relationship
between bacterial community composition and plant species but did demonstrate an influence of plant
community composition. The data also indicated that topography and other, uncharacterized, environmental
factors are important in driving bacterial community composition in grassland soils. T-RFLP had greater
potential resolving power than DGGE, but findings from the two methods were not significantly different.

Molecular techniques have demonstrated the complexity
and heterogeneity of soil bacterial communities, with consid-
erable diversity in 16S rRNA gene sequences amplified from
soil DNA and RNA (12, 14, 31) and significant small-scale
spatial heterogeneity (9, 37, 38). Although bacterial communi-
ties have been characterized, little is known of the factors
driving diversity, in part due to the complexity of communities
but also because of functional redundancy, the abundance of
inactive or dormant organisms, and the heterogeneity of the
soil physicochemical environment. Plants are likely to be a
major factor influencing bacterial communities through, for
example, root exudation, with potential feedback effects on
plant growth. A number of studies have attempted to draw
links between plants and below-ground bacterial diversity, but
most have focused on plants growing in monocultures or on
agricultural soils. These studies have provided evidence for the
influence of a number of factors on bacterial community com-
position, including plant species (25, 33, 44, 47) and soil char-
acteristics (5, 15, 21), while others indicate that the importance
of the plant community depends on soil type (1, 28). Bagayoko

et al. (2) have shown that plant species exert different effects on
soil pH and nutrient availability, but these authors did not
characterize microbial communities, whereas Hedlund (19)
showed that sowing plant seed mixtures in soils affects micro-
bial growth compared to unseeded soil.

The majority of studies of nonagricultural plant communi-
ties have focused on rhizosphere soil communities, defined as
those influenced by plant roots (3, 4, 11, 16, 17, 22, 31, 32, 46);
few have investigated rhizoplane communities, those coloniz-
ing the root surface, as a distinct ecological niche (22, 26, 27).
However, any influence of plants is likely to be mediated
through root exudates and is therefore likely to be greatest on
the rhizoplane, where specific nutritional selection will occur,
prior to diffusion of less plant-specific breakdown products into
rhizosphere soil. In addition, the high root density in grassland
systems prevents isolation of the influence of specific plant
rhizospheres in a complex plant community.

The aim of the present study was to assess the interaction
between plant species and the community composition of
bacteria colonizing the rhizoplane in a grazed, upland Scot-
tish grassland soil. The plant community at this site has
previously been shown (41) to be dominated by seven grass
species. To relate bacterial communities to the rhizoplane of
specific plants, DNA was extracted from individual root
fragments. Plant species were determined by analysis of the
plastid tRNA leucine (trnL) UAA gene intron (41), and
associated bacterial communities were determined by two
fingerprinting methods on the same samples: denaturing
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gradient gel electrophoresis (DGGE) and terminal restric-
tion fragment length polymorphism (T-RFLP) of 16S rRNA
gene fragments amplified from the root-associated DNA.
DGGE has been used frequently to characterize natural
bacterial communities (35) and separates sequences on the
basis of differences in denaturing characteristics, and hence
migration distance, in a chemical gradient. T-RFLP sepa-
rates sequences on the basis of restriction site polymorphism
and thus, after digestion, base-pair sizes of labeled terminal
fragments are detected on an automated sequencer (29).
Fingerprinting methods allow rapid comparison of samples
and can be used to detect differences in bacterial commu-
nities. The study therefore aimed to test the hypothesis that
bacterial rhizoplane communities would be specific to plant
species composition and also enabled comparison of the
respective abilities of two commonly used fingerprinting
methods to discriminate bacterial communities associated
with different grass species.

MATERIALS AND METHODS

Root samples and DNA extraction. Plant material was collected at Fasset Hill
(UK National Grid Reference NT 852207), an upland grazed grassland at the
Sourhope Research Station in the Scottish Borders (41) consisting of brown
forest soil, with a pH (CaCl2) of 5.5 to 6.9 and an organic matter content of 0.33
to 0.37 mg C g dry weight�1 (32). Plots were grazed by sheep during the summer
months but received no N, P, or K fertilizer. Forty, spatially referenced soil cores
(10-cm diameter, �8-cm depth) were taken from a 14-m-by-12-m plot belonging
to the U4a vegetation category (national vegetation classification) (43). A block
of approximately 1 cm3 was removed from the center of the organic layer of each
soil core, which was identified by measurement after dissection of the core, using
a palette knife to remove the thatch and mineral layers. Soil was removed
physically, by shaking. A total of 24 root fragments were then selected randomly
from each core, and an average of 14 (range, 9 to 21) fragments were used in the
study. Roots that could not be identified or from which no PCR product could
be obtained were not used. DNA from individual root fragments was extracted,
purified with the QIAGEN DNeasy 96 Plant Kit (QIAGEN, Cologne, Germany)
as described previously (41) and was stored at �80°C until used. Each root
fragment was identified to genus or species level by PCR-RFLP analysis of the
plastid tRNA leucine (trnL) UAA gene intron (41). The relative abundances of
the main plant species identified at the site were as follows: Agrostis capillaris,
61.3%; Agrostis vinealis, 11.4%; Deschampsia cespitosa, 7.8%; Festuca rubra,
7.3%; and Poa pratensis, 5.4% (41). The vegetation composition of each core was
calculated as species relative abundance and used to calculate the vegetation
similarity among cores.

T-RFLP analysis of amplified DNA. For T-RFLP analysis, first round products
were PCR-amplified using the primer set 28F (5�-GAGTTTGATYMTGGC
TC-3�) and 1494r (5�-TACGGYTACCTTGTTACGAC-3�). Products of first-
round PCR were used as templates for nested PCR, using the primer set 63F-
FAM (5�-AGG CCT AAC ACA TGC AAG TC-3�) and 1087R (5�-CTC GTT
GCG GGA CTT ACC CC-3�), which generated a 1,064-base product of the 16S
rRNA gene. 63F-FAM was labeled at the 5� end with phosphoramidite fluoro-
chrome 5-carboxyfluorescein (5� 6-FAM) which was synthesized by Oligo
QIAGEN. The standard reaction mixture contained, in a total volume of 100 �l,
1� NH4 reaction buffer (Bioline, London, United Kingdom), 1.5 mM MgCl2,
0.25 mM concentrations of each deoxynucleoside triphosphate, 5 pM concentra-
tions of each forward and reverse primer, 20 �g of bovine serum albumin (Roche
Diagnostics, Lewes, United Kingdom), 2.5 U of Biotaq DNA polymerase (Bio-
line), and 1 �l of DNA template. The PCR program used for the first-round PCR
amplification was as follows: 5 min at 95°C (1 cycle); 45 s at 95°C, 45 s at 55°C,
160 s at 72°C (35 cycles); 10 min at 72°C (1 cycle). Aliquots (5 �l) of 16S rRNA
amplicons were analyzed by gel electrophoresis on 1% agarose gel after staining
with ethidium bromide. PCR products were purified with the GeneElute PCR
clean-up kit (Sigma-Aldrich Company, Ltd., Dorset, United Kingdom).

Prior to digestion, PCR product concentrations were determined spectropho-
tometrically. Initially, four different restriction enzymes (HhaI, RsaI, MvnI, and
TacI) were used for 25 randomly selected samples to determine the best enzymes
for further experiments. HhaI produced more peaks and gave higher consistency,
and all further samples were therefore digested with HhaI only. Each 20 �l of

reaction mixture contained purified DNA (1 �g), 1� restriction buffer, 20 U of
HhaI (Promega, Southampton, United Kingdom), and 0.2 �g of acylated BSA
with the remainder made up of autoclaved Milli-Q-water. Digestion was carried
out at 37°C for 3 h, and the reaction was stopped by incubating samples at 95°C
for 15 min. Digested DNA was diluted with sterile Milli-Q-water to achieve a
concentration of 2 ng �l�1 for fragment size analysis. Samples to be analyzed
were mixed with formamide and Applied Biosystems GS500 size standard as
described in the manufacturer’s instructions, except that 0.05 �l of standard was
used per sample and run under standard conditions on an ABI 3700 automated
sequencer. Output was analyzed using Genescan and Genotyper to define band
distribution, followed by conversion to presence/absence for statistical analysis.

DGGE analysis of PCR-amplified DNA. Two strategies were used to PCR
amplify a 160-base section of the V3 hypervariable region of the bacterial 16S
rRNA gene using bacterial primers for subsequent DGGE analysis. The first
strategy involved direct amplification with primers p3 and p2 (36), generating a
fragment of 194 bases. The second utilized a nested approach with a first-round
PCR amplification using primers 27f (23) and Pfr (8) as forward and reverse
primers, respectively, amplifying a region of approximately 1,000 bases. These
amplification products were then subjected to a second PCR amplification using
primer set p3 and p2 (36). The nested PCR approach was used to provide higher
PCR amplification yields and better band resolution on DGGE gels. All ampli-
fication reactions were carried out in a 50-�l PCR mixture (final volume)
containing the following: 1� NH4 reaction buffer (Bioline, London, United
Kingdom), 1.5 mM MgCl2, 0.25 mM concentrations of each deoxynucleoside
triphosphate, 4 pM concentrations of each forward and reverse primer, 0.25 �g
of T4 gene 32 protein (Roche Diagnostics, Lewes, United Kingdom), 1 U of
Biotaq DNA polymerase (Bioline), 1.2 U Bio-X-ACT polymerase (Bioline), and
1 �l of DNA template. The template for the first PCR round was genomic DNA,
and the template for the second PCR round was a 1:50 dilution of PCR product
from the first-round amplification. T4 gene 32 protein was used to neutralize the
effects of the PCR inhibitors that were present in the DNA extracted from the
root fragments (45). PCR amplification and yields were checked under UV
illumination on ethidium bromide-stained agarose gels (1.2% [wt/vol]). The PCR
program used for the first-round PCR amplification was as follows: 5 min at 95°C
(1 cycle); 30 s at 94°C, 30 s at 55°C, and 180 s at 72°C (10 cycles); 30 s at 92°C,
30 s at 55°C, and 180 s at 72°C (25 cycles); and 10 min at 72°C (1 cycle). The same
PCR program was used for the PCR with p3 and p2 primers but with the
extension time reduced to 45 s. The T4 gene 32 protein was omitted from the
nested PCR mix.

Amplified 16S rRNA gene fragments were analyzed by DGGE (36) on
8% (wt/vol) bisacrylamide gels with a denaturing gradient of 38 to 68% (100%
denaturing being defined as 40% [vol/vol] formamide and 7 M urea). Electro-
phoresis was performed with a DCode System (Bio-Rad Laboratories, Hercules,
CA) for 12 h at 100 V and 60°C, after which gels were stained with silver nitrate
and scanned at a 1200 dpi resolution with an Epson GT-9600 scanner. The
staining procedure was as follows (24, 31). Gels were fixed by shaking for 2 h in
a fixing solution (10% ethanol [vol/vol], 0.5% glacial acetic acid [vol/vol]) and
were incubated with shaking in silver nitrate solution (0.2% [wt/vol], in fixing
solution) for 20 min. After a rinse to remove silver nitrate solution, the gels were
shaken in a developing solution (3% NaOH [wt/vol] and 1.3% formaldehyde,
prepared in water) until DNA bands appeared (30 to 60 min). The gels were then
preserved in ethanol-glycerol preservative solution (25% ethanol, 10% glycerol,
65% H2O) for at least 15 min and stored in sealed plastic bags at room temper-
ature. DGGE banding patterns of the digitized gel images were analyzed with
Phoretix 1D Advanced Software (version 4.01; NonLinear Dynamics, Ltd., New-
castle-upon-Tyne, United Kingdom) by manual identification of individual bands
and quantification, by the software, of the relative intensity of each band within
individual profiles of each sample. Bands in each gel were normalized for vari-
ations in DNA loading by detecting the lane with the lowest amount of DNA
(i.e., lowest total band intensity) and then the faintest band within that lane. The
percentage intensity of the faintest band in the lane with the lowest loading was
taken as the limit of detection. Bands with a lower percentage of total band
volume in all other lanes were excluded from the analysis.

Statistical analysis. Statistical analysis of the samples was based on the com-
plete sample profiles as expressed either by the pattern of DGGE gel bands or
by the pattern of T-RFLP bands. The analysis consisted of three stages. First, the
similarity between every pair of samples was derived. This was calculated as the
proportion of common bands for the DGGE gels or shared terminal fragments
for T-RFLP. Second, the similarities were converted to principal coordinates,
thus allowing the original samples to be scored on a small number of axes, or
dimensions, which account for most of the interesting sample similarity infor-
mation. Finally, these new sample scores were used as the variables to answer the
basic biological questions, such as finding relationships between community
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composition and pH, determining differences among plant root species and
among core locations, and identifying spatial patterns. At this stage more tradi-
tional statistical methods were used, namely, regression, residual maximum like-
lihood (REML), and semivariance analysis. REML was used to identify signifi-
cant differences among plant species, because the data were unbalanced, i.e., the
relative abundances of the plant species differed and therefore the number of
observations was not the same for each combination of factor levels. Differences
in DGGE gel resolution, due to denaturant gradient formation and electro-
phoresis conditions, led to gel to gel variation, which was accounted for in
analyses by introducing a “gel” term to the REML analysis. Relationships be-
tween community composition in samples and intersample separation distance
were quantified by using semivariograms. The semivariogram measures the spatial
variation of a phenomenon by describing how sample data are related as a function
of distance and direction. In general, two closely neighboring points are more likely
to have similar values than two points farther apart. Therefore, semivariogram
values tend to increase with distance until a plateau (sill) is reached, after which
values fluctuate randomly about the sill. The sill is the sample variance. The distance
at which the sill is reached is termed the range and represents the average inter-
sample distance beyond which samples are no longer spatially correlated. Semivar-
iograms usually exhibit a discontinuity at the origin, the nugget effect, which is due
to measurement error or to variation occurring at scales below the minimum sam-
pling distance and therefore not accounted for. Root fragments from the same core
were assigned the same coordinates because their location within the core could not
be determined. Therefore, variability among communities associated with root frag-
ments from the same core contributed to the nugget effect observed in the semiva-
riograms. Both omnidirectional and directional semivariograms were determined.
Omnidirectional semivariograms were determined by calculating intersample semi-
variance regardless of direction across the sampling site. Directional semivariograms
(semivariance calculated between samples in a single direction) were calculated to
identify anisotropy. A property is anisotropic if it exhibits different values or patterns

when measured in different directions. For the present study, this involved investi-
gation of the influence of the slope of the plot on bacterial community composition.

In addition to assessing the influence of individual root fragments on bacterial
composition, the influence of vegetation composition was determined, i.e., the
influence of plant species composition of roots in the immediate vicinity of a root
fragment with which a bacterial community was associated. Semivariance anal-
ysis was also used to identify patterns among rhizoplane bacterial communities as
a function of the vegetation profiles (relative abundance of plant species) of the
cores from which root fragments were sampled. Rather than using the physical
distance among cores to calculate the semivariograms, the distance among veg-
etation profiles was used. The distance between pairs of vegetation profiles was
calculated by measuring the similarity of vegetation profiles of cores using the
ecological coefficient of similarity and subtracting similarity values from 1. Thus,
the more similar the vegetation profiles of pairs of cores, the smaller the distance
between the cores. Semivariogram plots calculated in this way had the same
characteristics as the traditional semivariograms described above. However, in
this case interpretation of the semivariogram range is not the physical distance
beyond which there is no longer spatial correlation among samples but rather the
level of vegetation similarity below which samples are uncorrelated. Directional
semivariograms based on vegetation profiles were not calculated because such
profiles have no underlying concept of direction.

Due to differences in DGGE gel resolution, semivariograms were calculated
for individual gels separately and then averaged across gels to determine effects
of spatial location and of core vegetation composition on bacterial community
composition. Semivariogram plots were produced for the first 10 principal coor-
dinate analysis (PCO) dimensions of the DGGE and T-RFLP data, accounting
for approximately 50 and 30% of the total distance information, respectively.

All statistical analyses were carried out by using Genstat 6 (2002; VSN Inter-
national, Ltd., Hemel Hempstead, United Kingdom) or Isatis 4.0.1 (Geovari-
ances, Avon, France).

FIG. 1. Examples of T-RFLP profiles of rhizoplane communities. Cores 1 and 39 have a high similarity in plant species composition, and cores
19 and 35 have a low similarity in plant species composition. Roots were randomly chosen from selected cores. Note that the T-RFLP comparisons
were made on a presence or absence basis.
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RESULTS

T-RFLP analysis of community composition. T-RFLP anal-
ysis of 16S rRNA genes was used to compare rhizoplane bac-
terial communities. Profiles were typical of those obtained for
communities of soil bacteria, in terms of complexity, and ex-
amples are illustrated in Fig. 1. The distribution of terminal
fragments detected showed a steep decline below 30, and sam-
ples with less than 30 fragments were excluded from analysis.
Samples analyzed therefore had a minimum of 30 and a max-
imum of 89 fragments (mean � 57, standard error � 1). PCO
was used to convert sample T-RFLP similarity matrices into a
small number of linear dimensions, which are expected to
account for much of the biological information, in order to
identify factors influencing the similarity among bacterial com-
munities. In the new linear dimensions each of the original
samples is represented by a principal coordinate score. Sample
scores in the first 10 dimensions were related to factors such as
plant species, pH and the vegetation composition of cores.
REML analysis showed that there were no significant differ-
ences (P � 0.05) in T-RFLP patterns among plant species.
Regression analysis found significant relationships (P � 0.05)
between pH and dimensions 1, 2, and 4. Scatter diagrams
showed that the data were in fact highly dispersed, with the
exception of the relationship between pH and dimension 1,
which was highly significant (r2 � 0.3; P � 0.001). Although
dimension 1 accounted for only a small part (5.5%) of the total

distance information, the highly significant nature of the rela-
tionship suggests that this is a small but real effect.

Evidence of spatial correlation was only found in dimension
1 (Fig. 2). Variance between samples in this dimension in-
creased as a function of physical distance across plot. This
means that bacterial communities from the samples that were
in close proximity to one another tended to be more closely
related than communities from samples further apart. The
community compositions of samples separated by distances
greater than the range (approximately 5 m; Fig. 2) were not
correlated with one another. This spatial pattern was related to
the direction of physical separation across the plot, as direc-
tional semivariograms indicated the presence of anisotropic
structures. Thus, semivariance across the plot slope did not
increase as rapidly as up-slope semivariance (Fig. 2). The up-
slope range was approximately 4 m, while that across slope was
approximately 8 m. This means that the factors contributing to
variance in the first PCO dimension, such as pH or the position
on the slope, varied less as a function of intersample distance
across the slope than up-slope and that samples separated by a
distance of �4 m up-slope but 8 m across slope were spatially
correlated. Beyond these distances changes in the semivari-
ance can be viewed as random fluctuations. Since there was
just one pH measurement per core (thus 40 values in total),
there were not sufficient samples to analyze pH spatial distri-
bution. However, pH variance across the slope was lower than
that up-slope. These data confirm the view that, although the
PCO dimension accounted for only a small part of the total
distance information, it represented a real interaction between
bacterial communities and their environment.

PCO semivariance as a function of vegetation profile dis-
tance exhibited structure in many dimensions (i.e., dimensions
2, 4, 6, 8, and 9; Fig. 3), all of which accounted for 14% of total
distance information. Thus, rhizoplane bacterial community
composition from cores with a similar vegetation composition
was more similar than that from cores with a different vegeta-
tion composition, regardless of their respective locations
within the plot. Variability between cores in dimensions 4 and
6 represented �40% of the variance in these dimensions but in
dimensions 2, 8, and 9 intracore variability represented 	57%
of total variance (Fig. 3). The “range” was generally between
similarity values of 0.6 and 0.7 (Fig. 3). Thus, the similarity
between pairs of rhizoplane bacterial communities from cores
that had similar plant communities (at least 60 to 70% simi-
larity) was on average greater than between pairs from cores
with less-similar plant communities. Although 14% also rep-
resents a relatively small percentage, these data demonstrate
that vegetation composition was the most important factor
influencing rhizoplane communities of those tested. However,
it is clear that other factors, not measured, also influenced
rhizoplane bacterial community composition.

There was a highly significant negative relationship (r �
�0.8; P � 0.001) between the number of terminal restriction
fragments and PCO dimension 2 (Fig. 4). Since the second
PCO dimension was related to the vegetation profile of the
cores, this suggests that the number of T-RFLP peaks was
influenced by the vegetation profile of the cores. Variability
within individual cores ranged from 27 to 60% of total variance
in the PCO dimensions studied, suggesting that an important

FIG. 2. Standardized semivariograms for first PCO dimension.
Omni-directional (E), across slope (■ ), and up-slope (F) semivario-
grams. Dashed line indicates total sample variance.
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portion of the variance among communities occurred at scales
below the scale of analysis, i.e., root fragment scale.

DGGE analysis of community composition. Rhizoplane bac-
terial community composition was also investigated by using
DGGE analysis of 16S rRNA genes amplified from rhizoplane
DNA, and typical profiles are provided in Fig. 5. Two PCR
strategies, direct amplification and nested amplification, were
used to generate 16S rRNA gene fragments for DGGE anal-
ysis. The mean number of bands detected per sample was 39
(standard error � 0.86) for DGGE gels loaded with nested
PCR products. The minimum number of bands was 21, and the
maximum was 69. In contrast, DNA amplified directly with
primers p3 and p2 generated a mean of 31 detectable bands
(standard error � 0.77), with minimum and maximum num-
bers of 13 and 57 bands. PCO analysis was also used to convert
similarities among sample DGGE profiles to scores in linear
dimensions. The scores were then analyzed as described above to
identify factors influencing community composition. Bacterial
communities represented by DGGE profiles obtained by using
direct amplification showed no significant differences among
plant species. For bacterial communities represented by DGGE
profiles generated by using nested PCR amplification, PCO di-
mension 7 (3% total distance information) showed significant
differences (P � 0.05) between Deschampsia cespitosa and all
other grasses except for Agrostis canina. In addition, bacterial
communities colonizing Festuca rubra were significantly different
from Festuca juncifolia, Agrostis canina, and Poa pratensis. Thus,
these data tend to confirm the T-RFLP analysis, indicating little
or no effect of individual plant species on rhizoplane bacterial
composition.

Semivariance analysis of data from direct PCR amplification
showed that dimension 2 was spatially structured (i.e., not

completely randomly distributed), with a range of approxi-
mately 4 m. This means that community composition was in-
fluenced by environmental factors that were also spatially
structured. PCO semivariance as a function of vegetation pro-
file distance showed structure in the first dimension with a
“range” of ca. 0.7 (Fig. 6). Thus, community composition in
cores with vegetation compositions that were 	70% similar
was more similar than community composition in cores with
more varied vegetation profiles. Dimension 1 accounted for
14% and dimension 2 accounted for 10% of the total distance
information in this analysis. PCO semivariance of samples an-
alyzed using data from nested PCR amplification did not show
any clear evidence of spatial structure. There was, however,
structure as a function of vegetation profile distance in the

FIG. 3. Examples of standardized semivariograms in vegetation composition space. Semivariograms for dimensions 2 (}) and 9 (■ ) showed
large intracore variability, whereas in dimensions 4 (E) and 6 (‚) the intracore variability was low.

FIG. 4. Relationship between second PCO dimension and number
of terminal restriction fragments in T-RFLP data.
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second and sixth dimensions with “ranges” of ca. 0.7 (Fig. 6).
These dimensions accounted for 16% of the total distance
information.

For profiles of direct PCR products, within-core variation
represented 50 to �80% of total variance, as was found with
T-RFLP. Within core variance for DGGE gels generated by
using nested PCR amplification accounted for 45 to �75% of
total variance. Generally, the DGGE data corroborate the
T-RFLP data, which indicate that both the vegetation profile
of the cores and the location of the cores within the site affect
rhizoplane bacterial community composition but that the most
important effects on community composition occur at scales
below the root fragment scales.

DISCUSSION

This study aimed to determine whether plant species and
bacterial communities were related in grassland soil containing
mixed plant communities by combined molecular analysis of
plant roots and associated rhizoplane bacterial communities,
which are likely to influenced most by root exudates. Commu-

FIG. 5. Typical DGGE profiles of 16S rRNA genes amplified from DNA extracted from rhizoplanes of each of the plants colonizing the
study site.

FIG. 6. Standardized semivariograms for DGGE data in vegetation
composition space. Semivariograms for dimension 1 (■ ) after direct
PCR amplification and for dimension 2 (�) after nested PCR ampli-
fication.
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nity profiles were analyzed by PCO, REML, and geostatistics.
PCO was used to reduce the dimensionality of the data sets
and to enable detection of biological patterns in the commu-
nity profiles. REML was used to estimate the amount of vari-
ation within and between cores and to estimate the effect of
plant species on community profiles. Geostatistical analysis
was used to identify patterns of variation in community profiles
throughout the plot and in relation to the vegetation compo-
sition of cores.

Comparison of DGGE and T-RFLP analyses. Although
DGGE and T-RFLP analyses of bacterial communities led to
similar general conclusions, the technique used did influence
analysis of data. The major factor influencing DGGE analysis was
the inability to run all samples on a single gel and the potential for
variation between gels. As a consequence, each dimension ac-
counted for a greater percentage of total distance for DGGE
profiles than for T-RFLP patterns, despite modification of statis-
tical analysis to account for intergel variation. Therefore, in
DGGE analysis, each dimension may represent the effect of a
number of different factors or influences, reducing resolution or
masking some information (in particular of weaker effects). Res-
olution was further reduced, but not greatly, by detection of
slightly fewer bands on DGGE gels than peaks on T-RFLP traces,
although resolution of DGGE gels can be increased by optimiza-
tion of gradients. A major advantage of DGGE analysis is puta-
tive identity of the origin of bands of interest, through sequence
analysis, but this was not used in the present study. Although
comparison of restriction patterns with those predicted from da-
tabase sequences provides an equivalent identification method
for T-RFLP, this approach is less reliable. However, the major
advantage of T-RFLP is its ability to analyze large numbers of
samples rapidly, which was of benefit in the present study. In this
respect, comparative analysis of the two fingerprinting techniques
is in agreement with the findings of Moeseneder et al. (34).

Links between plant communities and rhizoplane bacterial
communities. Pot studies of monocultures and mixed cultures
or studies in agriculture soils indicate a relationship between
plant and rhizosphere microbial communities (16, 22, 44), but
such relationships are much more difficult to detect in undis-
turbed natural communities (3, 4, 31, 32). In assessing links
between plant species and rhizoplane bacterial community
composition, analysis of data from DGGE and T-RFLP gave
broadly similar findings. REML analysis indicated that plant
species had little direct effect on bacterial community compo-
sition, i.e., the plant to which bacterial community was directly
associated did not have an important influence on bacterial
community composition. However, intracore variance was
lower than total variance, i.e., bacterial communities on root
fragments from the same core were more similar than those on
fragments from different cores. This suggests that there was a
“local environment” associated with the combined rhizoplanes
of specific plants.

Rhizoplane communities would be influenced by factors
other than plant species, for example, the composition of veg-
etation in the vicinity of the communities (i.e., from the same
core), which will also supply bacterial communities with sub-
strate and affect other soil parameters such as the nutrient
status of the surrounding soil and factors such as pH. To test
hypotheses regarding the influence of these factors, geostatis-
tical analysis of intersample variance in physical space and

vegetation composition space was carried out. Spatial patterns
and the scale of spatial patterns identified by geostatistical
analysis can shed light on the variables driving community
composition (40). For example, evidence of spatial correlation
in community profiles at scales above 1 m (i.e., samples sepa-
rated by distances greater than 1 m are spatially correlated) is
likely to be caused by interactions with variables that are them-
selves spatially correlated at scales above 1 m.

The spatial pattern found in first dimension (Fig. 2) shows
that the location of a sample within a plot influenced bacterial
community composition. The pattern was similar to those
found previously for total P, total N, total C, and NH4

� at this
site (42), suggesting that soil properties such as these affect
community composition. Furthermore, intersample semivari-
ance in the first dimension of the T-RFLP data across the slope
was lower than that up-slope, suggesting that factors influenc-
ing community composition were themselves affected by the
slope of the plot. Soil properties such as water content, pH,
and particle size distribution are known to be affected by topo-
graphy (30) and therefore may be variables driving bacterial
community composition. The significant relationship between
pH and the first PCO dimension of the T-RFLP data confirms
this. Spatial structure was not found at the intercore scale in
any of the other PCO dimensions of the T-RFLP or DGGE
data analyzed, although many showed a local environment
effect. This suggests that other driving variables were exerting
influence at scales below 2 m and within cores.

Patterns as a function of vegetation profile distance show
that the species composition of roots in the vicinity of bacterial
communities is associated with their structure (Fig. 3 and 6).
Bacterial community profiles from cores with similar vegeta-
tion compositions were generally more similar than bacterial
community profiles from cores with less-similar vegetation
compositions. Thus, the composition of mixed plant commu-
nities may be more important than the possible influences of
individual plant species on bacterial communities. This could
be because both are determined by common physicochemical
factors, with no direct causal relationship, or because of simi-
larities in available energy sources from mixed root exudates,
reflecting the complexity of the plant communities in upland
grasslands. Bacterial communities from cores with vegetation
composition similarities of less than 60 to 70% showed no
correlation (Fig. 3 and 6). This could have been because the
composition of substrate available to the bacterial communi-
ties in these cores was different as a result of different root
exudates (6, 20). The second dimension of PCO analysis of the
T-RFLP data was also strongly correlated with the number of
bands (Fig. 4), suggesting that the richness of communities was
influenced by vegetation composition.

The major conclusions from both T-RFLP and DGGE data
were that bacterial communities are very variable, since each
PCO dimension accounts for a low percentage of the total
distance, and are subject to a wide range of influences (plant
species, local plant composition, and soil characteristics), none
of which was found to be dominant. A significant amount of
within core variance between bacterial communities associated
with root fragments was present in each dimension. This was
not due to a plant species effect, since significant differences
among species were not found to account for any of the total
variability. It is not surprising to find differences in community
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composition among samples within cores, since bacterial pop-
ulations are known to be spatially structured at scales below
1 mm (7, 18, 38, 39). This means that bacterial populations are
subject to factors driving their development at scales below
1 mm and that these factors are not homogeneous. It is possi-
ble that differences in structure among bacterial communities
within the 1 cm3 from which the root fragments were extracted
were due to differences in available substrate which, in turn,
may be due to variations in root composition throughout the
1 cm3. In an experiment established to simulate diffusion of
root exudates, Falchini et al. (10) found that the concentration
of 14C-labeled glucose and glutamic acid diminished rapidly
beyond 4 mm from the source and that the concentration of
oxalic acid was virtually nonexistent beyond 2 mm. Further-
more, the influence of decomposing plant material on micro-
bial activity is known to extend only 4 mm for wheat and to
5 mm for rye leaves (13). This hypothesis is not possible to
verify since the root fragments were not spatially referenced
within cores. Other possible sources of this variance are inter-
actions with other microorganisms, root age, experimental er-
ror, and factors that were not measured such as, for example,
water content and soil structure. In addition, the study targeted
DNA, rather than RNA, increasing complexity resulting from
analysis of both active and dormant organisms.

The study therefore provides further evidence for the com-
plexity of bacterial communities in grassland soils and resultant
difficulties in distinguishing plant-mediated effects. Neverthe-
less, statistical analysis of data generated by different fingerprint-
ing techniques demonstrated an influence of plant community
composition on bacterial communities but also indicated signifi-
cant influences of other factors.
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