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We investigated the influence of plant species, soil type, and plant development time on the shaping of
microbial communities in soil and in association with roots. The sample group consisted of a total of 32
microcosms in three habitats: soil, rhizosphere, and rhizoplane. Communities were represented by the patterns
of a sequence-specific separation of rRNA target sequences. Effects of experimental parameters were classified
by a cluster analysis of pattern similarities. The type of plant species (clover, bean, or alfalfa) had the greatest
effect in plant-associated habitats and also affected soil patterns. Plant development had a minor habitat-
dependent effect that was partly obscured by replicate variation. The results stress the applicability of biased
community representations in an analysis of induced variation.

A great variety of abiotic and biotic factors shape soil- and
plant-associated habitats and modify the compositions and ac-
tivities of their microbial communities, which in turn bear upon
the quality of their environment, the growth of plants, and the
production of root exudates (2). Bacterial communities in root-
associated habitats respond with respect to density, composi-
tion, and activity to the abundance and great diversity of or-
ganic root exudates, eventually yielding plant species-specific
microfloras which may also vary during plant development
stages (3, 4, 17, 18). Due in part to the scarcity of convenient
methods for exploration, our understanding of the different
degrees and dynamics of microbial community variation as
induced by soil type, plant type, or plant development is limited
so far (5, 18).

As one step towards a better understanding of the relative
variations of complex microbial communities in response to
common conditions of agricultural practice, we studied the
effects of plant type, soil type, and temporal development on
the compositions and activities of microbial communities in
soil and in association with leguminous plants. Therefore, we
compared banding patterns of amplified 16S rRNA target se-
quences from soil, rhizosphere, and rhizoplane fractions by
temperature gradient gel electrophoresis (TGGE). This tech-
nique offers a culture-independent method for tracking dom-
inant bacterial populations in space and time (21). Unlike with
the use of 16S ribosomal DNA target sequences for such in-
vestigations, the use of rRNA modifies the observation in favor
of metabolically active microorganisms, because the abun-
dance of ribosomes in a community can be viewed as a species-
dependent function of cell numbers and their growth rates (9,

24, 28, 31). To the best of our knowledge, this study represents
the first approach using culture-independent methods to sys-
tematically monitor the degree of variation of active, dominant
bacterial populations in response to soil type, plant type, and
the state of development of the plant.

In detail, soil samples from two different agricultural field
sites in Braunschweig, Lower Saxony, Germany, were used:
BBA soil (loamy sand) and FAL soil (para brown earth, silty
sand). After removal of stones and root material, both soils
were homogeneously mixed, and 36 kg of soil was added to
each microcosm container (size, 40 by 30 by 20 cm).

To examine the variability of the bacterial community due to
plant development, four replicates from microcosm containers
with FAL soil seeded with 2 g of alfalfa seeds (Medicago sativa
cv. Europa) were sampled at intervals of two weeks from week
2 to week 10. Four containers received BBA soil and were
seeded with alfalfa and sampled after 10 weeks to analyze the
influence of the soil type. To examine the influence of the crop
species, four microcosm containers with FAL soil were seeded
with 2.5 g of clover seeds (Trifolium pratense), and four more
were seeded with 24 seeds of beans (Phaseolus vulgaris cv.
Tilla). A total of 32 microcosm containers were placed in a
randomized arrangement in the same greenhouse compart-
ment and watered in the same way with tap water. The arrival
of the shoot stage of the plants marked the end of the exper-
iments and sampling, occurring after 8 weeks for beans, 10
weeks for alfalfa, and 11 weeks for clover.

From each microcosm, fractions of soil, rhizosphere, and
rhizoplane were analyzed. Plants were removed from the con-
tainers and shaken carefully to remove nonadhering soil. After
the complete removal of the plants, the remaining soil was
homogeneously mixed and then sieved (0.8-mm mesh width).
Samples of 2 g (wet weight) were used for the analysis of the
soil fraction.

Plant roots were cut in smaller pieces of 1- to 2-cm lengths,
and 4 g (fresh weight) of roots from each microcosm was
washed twice for 2 min in 40 ml of saline (0.85% NaCl solu-

* Corresponding author. Mailing address: Institute for Plant Virol-
ogy, Microbiology and Biosafety, Federal Biological Research Centre
for Agriculture and Forestry, Messeweg 11-12, D-38104 Braunschweig,
Germany. Phone: (49) 531 299 3806. Fax: (49) 531 299 3013. E-mail:
h.backhaus@bba.de.

† Present address: Lower Saxony State Agency for Ecology, 31135
Hildesheim, Germany.

5849



tion). The combined washing solutions were centrifuged
(8,000 � g, 10 min, 4°C), and the resulting pellets were defined
as the rhizosphere fraction.

The rhizoplane fraction was extracted according to a proto-
col developed by B. Mogge et al. (unpublished data). Briefly,
the washed roots of the rhizosphere preparation were sus-
pended in 20 ml of 0.1% sodium-cholate in a sterile plastic bag
and twice treated mechanically in a Stomacher blender (model
400; Seward Medical, London, England) for 120 s each time at
the highest speed. After transfer of the suspension into Erlen-
meyer flasks, 0.5 g of polyethylene glycol 600 (Sigma, Deisen-
hofen, Germany) and 0.4 g of Chelex 100 (Sigma) were added
and the solution was stirred (50 rpm) for 1 h at 4°C. The
supernatant was stored on ice, while the roots were treated
again by Stomacher blending with sodium-cholate solution.
This Stomacher-stirring procedure to separate bacteria from
roots was repeated two times, but only 0.5 g of polyethylene
glycol 600 was added to the Erlenmeyer flasks after the first
cycle. The supernatants were pooled, and the remaining roots
or soil particles were removed by filtration through gauze
(70-�m mesh width). The suspensions were centrifuged
(8,000 � g, 10 min, 4°C), yielding the pellets that constituted
the rhizoplane fraction.

Ribosomes were extracted from 2 g of soil, and the rhizo-
sphere and rhizoplane fractions were extracted from 4 g of
roots, as described by Felske et al. (8) with the modifications
noted in reference 19. Reverse transcription-PCR (RT-PCR)
of extracted 16S rRNA was performed with Moloney murine
leukemia virus reverse transcriptase and RNase H� (Promega,
Madison, Wis.). A 7.5-�l sample of the RT reaction mixture,
containing 1 �l of template rRNA and 20 pmol of the reverse
primer R1346, was denaturated at 70°C for 5 min, cooled on
ice, and mixed with 12.5 �l of a solution containing 50 mM
Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithio-
threitol, 250 �M each deoxynucleoside triphosphate, and 100
U of Moloney murine leukemia virus reverse transcriptase.
After incubation for 1 h at 42°C, 2 �l of this reaction mixture

was used as a template for amplification of the resulting cDNA
(as described by Felske et al. [8]) with the primer pair F968-GC
and R1346, which is specific for highly conserved 16S rRNA of
procaryotes amplifying the V6-V8 region of 16S rRNA. Am-
plifications omitting the RT step served as a negative control
for the exclusive presence of the RNA template and negligible
contamination with DNA.

Amplified fragments were separated by TGGE and stained
with silver as described previously (19). Image analysis and
clustering of the different habitat fractions were performed
with Diversity Database software (MWG-Biotech, Ebersberg,
Germany). Through the use of standard samples (PCR prod-
ucts from a DNA mixture of several bacterial species) on each
gel as well as through reduction of the background signal of the
gel in each lane, it became possible to compare patterns from
different gels with each other.

PCR-amplifiable rRNA was recovered from almost all soil,
rhizosphere, and rhizoplane samples. Replicates of amplifica-
tion of the same RNA extract or TGGE runs of the same RNA
product produced highly similar banding profiles, demonstrat-
ing a good reproducibility for these procedures. Examples of
the similarity of experimental microcosm replicates are shown
in Fig. 1 for alfalfa, bean, and clover at the shoot stage.

Variations among TGGE patterns corresponding to plant
development time were minor in all habitats. Systematic com-
munity shifts could not be identified in samples from bulk soil,
whereas some pattern variation could be correlated to devel-
opment time in the rhizosphere and rhizoplane habitats. Fig-
ure 2 shows TGGE patterns from the rhizoplane in the time
course experiment, with one replicate being taken from each
sampling time. The variety of band intensities, predominantly
in the upper part of the patterns, suggests time-dependent
community shifts (Fig. 2, lanes 1 to 5).

More-apparent variations of the complete patterns were ob-
served in response to soil and plant type. A comparison of how
BBA soil and FAL soil affect the patterns of alfalfa plants at
the shoot stage is shown in Fig. 1 (lanes 2 to 9) and Fig. 2 (lanes

FIG. 1. TGGE separation patterns of rhizosphere samples from microcosm replicates. Samples were taken after 10 weeks from containers with
alfalfa in FAL and BBA soil (lanes 2 to 5 and 6 to 9, respectively), after 8 weeks from containers with bean (lanes 10 to 13), and after 11 weeks
from containers with clover (lanes 14 to 17). Amplification products for analysis were obtained after RT of rRNA target sequences of the samples
through the use of the primers F984-GC and R1346. Lanes 1 and 18 show separation of the product mix used as a marker.
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5 and 6). The patterns of clover and bean microcosm samples
in these figures demonstrate the degree of pattern variation
depending on the plant type in the root-associated habitats.

Similarity dendrograms serve to represent a comparison of
all TGGE pattern scans from one habitat by cluster analysis
(Fig. 3). After a series of independent test runs and compari-
sons, we used the Dice coefficient with weighting of band
intensities as the distance measure and unweighted pair group-
ing with mathematical averages for clustering, as provided by
Diversity Database software. These methods are convention-
ally regarded as suitable for such analyses (26).

In the bulk soil samples, a relatively minor variation due to
sampling time was confounded by replicate variation, and sys-
tematic community shifts were barely indentifiable (Fig. 3a).
Apparently, the experimental variation of some replicates ex-
ceeded systematic shifts of community composition here. The
replicate pattern variability was within the range of the total
variability over time, which in turn was similar to the interrep-
licate variation of the other samples from the soil habitat (BBA
soil, bean, and clover) (Fig. 3a). Time-dependent shifts, how-
ever, appear to be represented in the clustering of the rhizo-
sphere and rhizoplane TGGE patterns. Patterns of 2-week-old
roots were separated from those of 4- and 6-week-old roots
here, and an even more pronounced separation of the clus-
tered 8- and 10-week samples from the patterns at earlier times
was visible in these habitats (Fig. 3b and c).

Our results are in accordance with the observations of Ma-
haffe and Klöpper (18), who used a fatty acid methyl ester
analysis of isolates to demonstrate community shifts in the

rhizosphere of growing cucumber, shifts that contrasted to
what was observed in bulk soil. In our study, the time-depen-
dent shifts of microorganism communities were clearly minor
compared to the effects of soil type or plant species in all
examined habitats. Apparently, major shifts in the microbial
community did not occur during the plant development time
investigated, and our method of using universal primers for
rRNA target amplification produced results close to its limits
of detection. Duineveld et al. (5, 6) also noted a high similarity
among denaturing gradient gel electrophoresis patterns of rhi-
zosphere samples from growing chrysanthemum; the degree of
similarity demonstrated some correlation to sampling time,
depending on the analysis of DNA or rRNA target sequences.
Only an altered window of observation generated by the use of
specific primers might reveal a stronger time-dependent stim-
ulation of certain bacterial groups than has been observed (25,
27). Furthermore, it must be kept in mind that more-pro-
nounced shifts might occur during the first days after the emer-
gence of the root from the seed, when the root surface appears
to be a rapidly changing substrate (11).

Differences in soil type and plant species affected the TGGE
patterns more strongly, again depending on the habitat. The
effect of the soil type exceeded that of the plant type in the soil
habitat only, as it was expressed in a clustering of alfalfa plants
in BBA soil that was clearly distinct from the clustering of the
same plants in FAL soil. Griffiths et al. (14) also described
differences in microbial communities depending on the soil
type. However, an effect of the plant species on the microbial
communities is also clearly visible in our soil samples. The
extent of variation introduced by the growth of bean or clover
instead of alfalfa almost matches the extent of the soil type
effect (Fig. 3a). Thus, in spite of the experimental procedure
separating soil from root pieces, the samples drawn from the
rather large volume of the microcosm containers demonstrate
the influence of plant density and intense rooting. As the
rhizosphere is generally defined as the zone of soil that is
directly influenced by the plant roots, the sampled bulk soil
might, by definition, be regarded as belonging to that habitat
(16).

The sampling of root-associated habitats, then, clearly re-
verses the order of similarity clustering by shifting the domi-
nant role for pattern formation to the plant type (Fig. 3b and
c). Patterns of bean habitats are well separated from those of
all others in the rhizosphere and rhizoplane, whereas a distinct
clustering of clover samples apart from the rest is more appar-
ent in the latter habitat. Obviously, plants select for divergent
communities on their roots, even if they belong to the same
plant family. The soil remained a factor with similar levels of
importance for community composition and activity for both of
the alfalfa root-associated habitats. The soil effect well exceeds
the time-dependent effect, as is apparent in the clustering of
alfalfa in BBA soil that is distinct from that observed at all
sampling times in the FAL soil microcosms.

The results of this TGGE pattern comparison with respect
to plant and soil effects correspond with those of a previous
greenhouse experiment which included other approaches for
inference of community composition and activity associated
with rye and alfalfa plants (19). Similar results were found by
a fatty acid methyl ester analysis of isolates from microbial
communities in the rhizospheres of canola and wheat in dif-

FIG. 2. TGGE separation patterns of rhizoplane samples. Individ-
ual examples of samples taken after 2, 4, 6, 8, and 10 weeks from
microcosms with alfalfa in FAL soil (lanes 1 to 5), alfalfa in BBA soil
after 10 weeks (lane 6), bean after 8 weeks (lane 7), and clover after 11
weeks (lane 8). After sampling and rRNA isolation, the target se-
quence amplification was done according to the general protocol (see
Fig. 1 legend and the text).
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ferent soils by Germida et al. (13). Other investigators, how-
ever, found soil factors to be more important for determining
the compositions of microbial rhizosphere communities (1).
Latour et al. (15) identified the soil type as the most important
factor affecting fluorescent Pseudomonas populations in the
rhizospheres of flax and tomato. Such heterogeneous results
may be explained either by case-specific differences (i.e., dif-
ferences in plant and soil type) or by different sampling and
analysis methods. In this study, the influence of the soil type
diminished in a gradient from soil to rhizoplane, while the
divergent influence of the plant species on the TGGE profile of
microbial communities became increasingly dominant, in spite
of the close relationship of the plants to one another.

Our results could be regarded as a classification of variations
in microbial diversity, because TGGE patterns represent the
frequency distribution of dominant sequence species from the
habitat in a first approximation (10, 21). However, the patterns
are a poor representation of the species diversity of complex
microbial communities due to a variety of biases. First, an
incomplete and selective extraction of nucleic acids from en-
vironmental samples is followed by an amplification step in-
troducing additional biases (30). Second, sequence identity
does not necessarily reflect an origin from the same species
(12), and heterogeneous bands of a pattern may originate from
one bacterial strain due to its heterogeneity in rRNA genes
(22). These biases are shared by other approaches in molecular
microbial ecology. Third, a one-dimensional separation of het-
erogeneous sequences must result in a limited potential to
represent the informational content present in the mixture,
with respect to detection sensitivity and separation potential. It
was determined that the band intensities of the silver-stained
gels generally fell into the range of proportionality of DNA
content and band intensity (data not shown). Sensitivity was
consistent with a detection limit of sequences comprising about
1% of the most abundant sequences as a general limitation of
the method (20). One band of a TGGE pattern may also be
composed of several nonidentical sequences, due to character-
istics of the separation principle which cannot be compensated
for by calculation (23, 29). An analysis of the informational
content of TGGE profiles is further compromised by the fact
that a fraction of the sequences will escape analysis due to the
formation of a “cloudy” distribution during denaturation and
subsequent migration, thus contributing to background noise
but not to their identification as a signal for pattern compari-
son (32, 33).

Though TGGE patterns represent biased sequence fre-
quency distributions with an unknown variable relationship to
the species diversity of complex communities, the patterns are
well suited for monitoring the variation of complex communi-
ties in response to a variety of experimental conditions with
large sets of samples, as demonstrated in this study. The com-
parative approach compensates for some of the quantitative
biases of the representation of sequence abundances in TGGE
patterns; the variation of signal intensity between two samples
represents a real change if the types of bias in their generation
are similar in both. Some degree of similarity (in composition
and thus in their TGGE profiles) among the communities
under investigation must be mentioned as one prerequisite for
meaningful comparisons. The sensitivity of the analysis then
depends on pattern complexity and the reproducibility of ex-

perimental replicates. In this study, the experimental proce-
dure, together with a minor variation among microcosm rep-
licates, was suitable for observing an effect from the parameter
under investigation in most cases. From previous experiments
(unpublished), we tentatively infer that the use of activity-
related rRNA templates for amplification and analysis in-
creased the sensitivity of our approach.

Relationships between changes in the environment and the
response of TGGE patterns of microbial communities are pro-
viding some comprehensive insight into their natural dynamics
and variability. Determining the TGGE patterns may be a
useful step towards a better understanding of the dynamics of
complex microbial communities in demonstrating a sensitive
monitoring of the responses of the microbes to common nat-
ural conditions in agricultural practice. For more focused anal-
yses of particular factors affecting variation, the observation
can be modified by choosing specific primers for target se-
quence selection and by transforming pattern information
through the characterization of bands. In such cases, however,
univariate comparisons usually cannot lead to the unequivocal
identification of responsive microbial or sequence species rep-
resentative of community reactions, as indicated by replicate
variation-dependent clustering topology. For subtle commu-
nity shifts, this objective will generally unravel as a problem of
characterizing complex factors (principal components) in a
multivariate analysis as used for community-level physiological
profiling with BIOLOG.

Whereas a biased view of their composition suffices to sen-
sitively determine a relative degree of variation among com-
plex microbial communities, the parameter of variation does
not appear to be sufficient for evaluating the effect of stress
factors on diversity and long-term adaptability in a straightfor-
ward manner. Thus, the use of microbial community variation
as an alternative endpoint in ecotoxicology for evaluating the
hazard of human interference deserves another critical inspec-
tion (7).

This work was supported by grants of the German Ministry for
Education and Research, BMBF.
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