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Introduction of glyphosate-resistant soybean plants into agricultural systems has greatly increased the
application frequency of glyphosate. Because glyphosate is able to inhibit 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) not only in plants but also in different microorganisms, its application
could lead to shifts in rhizosphere microbial communities in farming soils. In this study, greenhouse
experiments were conducted with the objective to evaluate the effects of glyphosate on the composition
and diversity of rhizosphere bacterial communities of transgenic soybean. This was especially relevant,
because foliar applied glyphosate is transported down to the roots and exuded into the rhizosphere. After
two foliar herbicide applications, root samples of treated and untreated plants were analysed by 16S
rRNA gene T-RFLP analysis. Multivariate statistical analysis of the data and diversity indices were used to
assess changes in the microbial populations in response to glyphosate applications. A comparison of
rhizosphere communities revealed that the abundance of a T-RF representing microbes related to Bur-
kholderia sp. significantly decreased under glyphosate application, while the abundance of a T-RF rep-
resenting uncultured Gemmatimonadetes significantly increased. Interestingly, the bacterial community
associated with soybean roots after glyphosate application not only demonstrated effective resilience
after the disturbance but in addition, T-RF diversity also increased in comparison to the untreated control
samples. The results suggest that bacterial diversity was even stimulated in the rhizosphere after
glyphosate application.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

The worldwide acreage of genetically modified (GM) crops is
increasing rapidly. In 2012, 170 million hectares were planted with
GM crops in 28 countries [1], while in 2008 the GM-planted area
was 125 million hectares [2]. Herbicide tolerance has consistently
been the dominant transgenic trait. The cultivation of transgenic
herbicide resistant crops is accompanied by an increasing appli-
cation of herbicides [2]. Glyphosate (Roundup®) is a broad-
spectrum herbicide that kills most plants. The herbicide inhibits
the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) in
chen.de (A. Hartmann).

erved.
plants that is essential for the synthesis of aromatic amino acids
and thus for the survival of plants [3]. Roundup Ready® (RR) soy-
beans (Glycine max) are genetically modified to produce
glyphosate-insensitive EPSPS [4]. In transgenic RR soybeans, a small
amount of glyphosate is bound to EPSPS and, because very little is
degraded within the plant [5], most of the remaining herbicide is
translocated tometabolic sinks including seeds [6], nodules [7], and
roots [8,9].

The effects of glyphosate on microbial soil and rhizosphere
communities and microbial processes have been intensively stud-
ied and contrasting results have been observed by various re-
searchers. Some experiments did not confirm significant effects of
glyphosate on soil microbial community when applied at recom-
mended rates [10,11]. In contrast, glyphosate affected the structure
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of the rhizobacterial community of glyphosate-tolerant maize and
decreased the bacterial diversity [12]. Haney et al. [13] reported an
increase of soil microbial biomass, respiration as well as carbon and
nitrogen mineralization after glyphosate application. Microbial
activity appeared to be enhanced by glyphosate in the surface
millimetres of soil [14].

In previous reports, the death of bean plants treated with
glyphosate was linked to a strong colonization of roots by soil-
borne fungal pathogens, primarily Fusarium and Phytophthora
[15]. Glyphosate added to sandyeclay soil exhibited a selective ef-
fect for fungal species that were able to use the herbicide as a
nutrient source [16]. Glyphosate is also biodegradable by some soil
bacteria [17,18], although glyphosate inhibits the EPSPS of soil
bacteria, like Klebsiella sp., and some fungi [4,19]. Different effects of
glyphosate on the growth of microorganisms could be shown,
ranging from inhibition [20] to glyphosate-tolerance [21].

After foliar application, glyphosate is taken up rapidly through
plant surfaces [22] and translocated through the plant to the roots
and the rhizosphere. Significant amounts of applied glyphosate
have been reported to be released into the rhizosphere of soybean
[8]. Similarly, high accumulation of glyphosate and its degradation
product AMPA in relation to plant leaves [9] have been found in
soybean roots and root nodules [23]. As microbes colonizing root
surfaces are exposed to high concentrations of substances released
from roots [24], glyphosate from root exudates of genetically
modified RR soybean may affect microbial populations and/or ac-
tivity in the rhizosphere. Glyphosate that is directly applied to soils
does not readily reach rhizosphere microbial communities, as
glyphosate remains allocated to top soil layers [23] and no glyph-
osate has been detected in leachates or deeper soil [25]. Further
research on possible interactions between foliar applied glyphosate
and rhizosphere bacterial communities are required, since glyph-
osate from root exudates may have a relevant impact on root-
associated microbial communities and their ecological functions.
The aim of the present study was to investigate the response in
structure and diversity of the rhizosphere bacterial community of
RR soybean following foliar application of recommended rates of
glyphosate in a greenhouse experiment in pots.

2. Materials and methods

2.1. Plant material and glyphosate source

Transgenic RR soybean (GTS 40-3-2) expressing the epsps-gene
derived from Agrobacterium sp. strain CP4 were provided by
Monsanto Europe (Brussels, Belgium). This genetically engineered
soybean, based on the A5403 soybean variety (Asgrow), has been
developed to be tolerant to broad-spectrum glyphosate-containing
herbicides, specifically Roundup® (Monsanto) which was used as
glyphosate source throughout this study. RR soybean seeds were
surface disinfected in 70% ethanol for 20 s and then washed in
sterile water five times. Thereafter, they were incubated in a 2%
sodium hypochlorite solution for 3 min and then rinsed with sterile
water five times. Surface disinfected seeds were incubated in petri
dishes layeredwith damp filter paper for 3 days in the dark at 25 �C.
Seedlings were planted in 2.5 L pots and inoculated with Bra-
dyrhizobium japonicum to enable nodulation.

2.2. Cultivation of soybean plants in the greenhouse and
experimental design

Cultivation of glyphosate-treated and non-treated RR soybean
plants was carried out in a climate controlled greenhouse chamber
at the Helmholtz Zentrum München, Neuherberg, Germany. RR
soybeanplantswere grown inpotswith an approximate soil volume
of 400 cm3. Soilwas taken fromtheAp-horizon (0e15 cm)of a rather
sandy haplic arenosl in Weichselstein near Neumarkt, Bavaria,
Germany (latitude 49,250, longitude 11,483, elevation 467 m) with
following soil characteristics: <2 mm clay 4%, 2e63 mm silt 8%,
63e2000 mmsand88%, pH (CaCl2) 5.8, organic Carbon 0.97%, total N,
0.10%, CaCO3, 2.7%. Data of the average climate conditions were
annual rainfall 645 mm and annual temperature 8.8 �C. There was
no glyphosate application before. Day and night temperatures in the
chamber were approximately 28 �C and 21 �C, respectively, and
relative humiditywas kept at 65%e75%. Sunlightwas supplemented
with metal halide lamps (HQI-TS 400W/D; Osram, Munich, Ger-
many) for a day length of 14 h. Plants werewatered from the base of
the pot using trays and tap water by through capillary action of the
soil; thewater supplywas adjusted to the increasingwater demands
during plant development. The seedlings were thinned 7e10 days
after emergence to leave 4 plants per pot. Glyphosatewas applied in
the greenhouse at proportional rates as recommended for the field.
Each application was performed as a post-emergence over-the-top
spray to soybean leaves. The potswere arranged in 1m2 and for each
area adilutionof 0.3mLglyphosate (360g/L) in 40mLdistilledwater
was applied using a micro-sprayer (Ecospray, Labo Chimie, France),
allowing the application of fluids with high mist quality (fineness,
even coating and distribution of particles). Non-glyphosate-treated
plants were sprayed with distilled water and included as a control.
Glyphosate was applied twice in this study at the physiologically
stages recommended by Kremer and co-workers [23]. The first
treatment was applied at around two weeks after planting (first
trifoliate leaf stage) and the second applicationwas performed four
weeks after planting (third trifoliate leaf stage). Rootswere sampled
3, 7 and14days after thefirst and the secondglyphosate application,
respectively. At each sampling time point, three pots with
glyphosate-treated plants were harvested as replicate, as well as
three pots with control plants. The roots of four plants from one pot
were pooled and treated as one sample to minimize the effect of
genetic variation between different plants. Root samples were
encoded by a combination of letters and numbers indicating: (i)
plants (G ¼ glyphosate-treated plants, K ¼ non-treated plants); (ii)
sampling time point after the first glyphosate application (1¼ three
days, 2 ¼ seven days, 3 ¼ 14 days) and after the second glyphosate
application (4 ¼ three days, 5 ¼ seven days, 6 ¼ 14 days).

2.3. Total community DNA extraction and T-RFLP analysis of
bacterial communities

First, loosely attached soil to RR soybean roots was removed by
gently tapping the root pieces inwater. The root samples were then
placed in sterile boxes and transported to the laboratory, and then
5 g of each sample were transferred to a sterile stomacher bag. To
extract the root-associated bacteria, 50 mL of sterile distilled H2O
was added, and the samples were homogenized in a stomacher
laboratory blender for 60 s at high speed (Tekmar Stomacher 80,
Laboratory Blender, Cincinnati, USA). This suspension was centri-
fuged for 5 min at 500 � g and 4 �C. The supernatant was pelleted
for 20 min at 10,000� g. The pellet was resuspended in 1 mL of H2O
and centrifuged for 10 min at 13,000� g. The microbial pellet was
stored at �80 �C. Total community DNAwas extracted from 0.5 g of
microbial pellet using the FastDNA Spin Kit for soil (MP Bio-
medicals, Eschwege, Germany) according to the manufacturer's
instructions. Terminal restriction fragment length polymorphism
(T-RFLP) fingerprinting of bacterial communities was performed as
previously described [26] with minor modifications. In this study,
only terminal restriction fragments (T-RFs) shorter than 500 bp
were entered into statistics, since the occurrence of longer frag-
ments was sporadic and their abundance negligible. Further cura-
tion of T-RFLP data and quality verification was done as previously
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described [27]. The ShannoneWiener diversity index (H0) was
calculated as H0 ¼ e

P
pi ln pi, where pi is the relative abundance of

single T-RFs in a given fingerprint [28].
Statistical evaluation of the T-RFLP data was performed with the

SYSTAT 10 Software (SPSS INC., Chicago, Illinois, USA) and PCR-ORD
version 5.0 (MjM Software, Gleneden Beach, USA). To comprehen-
sively visualise community variance and dynamics, the total data
set was subjected to data reduction by principal component anal-
ysis (PCA) [29]. To further identify distinctions in T-RF abundance
between treatments and time points, indicator species analysis was
performed according to Dufrêne and Legendre [30] as implemented
in PC-ORD version 5.0 (MjM Software, Gleneden Beach, USA). This
value combines information about the concentration of species
abundance in a particular group and the faithfulness of occurrence
of a species in a particular group [31].

2.4. 16S rRNA gene clone libraries and phylogenetic analysis

The 16S rRNA clone libraries were performed to obtain sequence
information about the major 16S rRNA-sequences present in the
rhizosphere soil samples to be able to identify the major T-RFs
obtained in these samples. Therefore, soil samples with clearly
pronounced differences in T-RFLP profiles (sampling time points K1,
K3, and G4) were chosen to generate 16S rRNA gene clone libraries.
Bacterial 16S rDNA for cloning was amplified by PCR using the
bacterial primers Ba27f and 907r. PCR conditions were as described
and after the amplification, PCR products were cloned into
pCR®2.1-TOPO® vector (Invitrogen, Karlsruhe, Germany) and
transformed into One Shot TOP10F0 Escherichia coli cells using the
TOPO TA cloning kit (Invitrogen) as recommended by the manu-
facturer. A clone library of 192 clones was generated and plasmids
were isolated using the QIAprep Spin Miniprep Kit (Qiagen). The
purified plasmids were sequenced using vector primers M13f (50-
GTAAAACGACGGCCAG-30) and M13r (50-CAGGAAACAGCTATGAC-
30). Sequencing reactions were performed by Eurofins MWG
Operon, Martinsried, Germany. Electropherogramswere edited and
aligned using the SeqMan software (Lasergene® v7.1, DNASTAR,
Inc., Madison, USA). All assembled sequences were examined for
chimeric artifacts using the software Bellerophon [32]. T-RFs of
cloned sequences were predicted using SeqMan software.

The T-RFs predicted in silico were verified by direct T-RFLP
analysis of amplicons from the respective clones to precisely assign
observed environmental T-RFs to defined lineages. The 16S rDNA
sequences were compared to known sequences in GenBank with
the advanced gapped BLAST (basic local alignment search tool)
from the National Centre for Biotechnology Information (NCBI). All
obtained sequences and their close relatives were aligned using the
fast aligner tool of the ARB software package [33]. For more precise
phylogenetic affiliation, sequences were integrated into an ARB
database (release January 2003) and aligned using alignment editor
ARB-EDIT4. A phylogenetic tree, including selected representative
clone sequences and closely related representative sequences was
reconstructed using quartet puzzling as previously described [34].

2.5. Nucleotide sequence accession numbers

Sequence data were deposited with GenBank under accession
numbers FN394967 e FN394977.

3. Results

3.1. Bacterial diversity changes after glyphosate application

Time- and treatment-dependent changes in T-RF abundance
were already evident by direct visual inspection of the original T-
RFLP electropherograms (Fig. 1a, b), as well as by plotting replicate
abundances of selected indicator T-RFs over time (Fig. 2). Fig. 2a
shows the clear time-dependent decrease in relative abundance of
the 429 bp T-RF in both treatments. In contrast, the 139 bp T-RF was
always significantly less abundant in glyphosate-treated samples
after the first sampling (Fig. 2b), while the 72 bp fragment was
reproducible more abundant in glyphosate-treated samples 7 and
14 days after application (Fig. 2c).

The Shannon diversity (H0) was calculated frommean relative T-
RF abundances of 3 independent DNA extractions for each treat-
ment and sampling time point (Fig. 3). In general, it can be stated
that the Shannon diversity indices varied less within the control
rhizosphere communities (K) than those treated with glyphosate
(G). Diversity at first sampling, did not differ significantly between
treatments, but significantly increased at the second sampling and
reached absolute maxima for both treatments (H0 ¼ 2.9 for K2 and
H0 ¼ 3.3 for G2). At this time the flowering period of all soybeans
started, while glyphosate-treated plants started flowering three to
four days earlier. Surprisingly, the diversity of root-associated
bacteria seven days after glyphosate treatment (G2) was signifi-
cantly higher than the T-RF diversity of controls (K2). At the fourth
sampling, T-RF diversity dropped absoluteminima (H0 ¼ 2.4). At the
fifth sampling, seven days after the second application of glypho-
sate, the bacterial diversity (G5) increased significantly again,
especially for the glyphosate-treated plants (G5).

Initially, the experimental design included also a sixth sampling.
However, as revealed by T-RFLP fingerprinting, all respective
rhizosphere samples were dominated by one major T-RF (149 bp)
for this time point. Via database screening and also downstream
cloning analysis, this T-RF with 149 bp could be identified to
represent Bradyrhizobium related species. These populations orig-
inated from plant nodules which were well established at this last
time point, and therefore overlaid the entire ‘background’ rhizo-
sphere community detected at earlier samplings. Thus, all com-
munity data from this sixth sampling time point was excluded from
further downstream analysis, as it was no longer comparable to the
earlier time points in a meaningful manner.

3.2. Principal component analysis of T-RFLP profiles

The variation of T-RFLP profiles of the five sampling time points
were projected into a virtual ordination system in combination
with factor loadings of the most important T-RFs contributing to
total variance (Fig. 4). PCA clearly confirmed the time- and
treatment-dependent community shifts. The total variance of the
fingerprints was reduced to two principal components, which
explained 40.3% and 38.6% of the total variance, respectively. At the
first sampling, three days after the first glyphosate application,
samples were grouped closely in ordination space what indicates
that both treatments did not vary significantly. Furthermore, the G2
and K2 samples (seven days after glyphosate application) again
clustered close to each other but already separated from the first
sampling. This PCA ordination indicated similitude within com-
munities of the second sampling, but treatment-dependent dis-
tinctions became apparent thereafter. The glyphosate-treated
samples G3, 4 and 5 were clearly separated from the respective
control communities, only the K4 samples clustered together with
the late G samples rather than K3 and 5. In general, however,
community variation was more attributed to temporal dynamics
than to treatment effects.

Factor loading helped to identify the most distinctive T-RFs
influencing PCA ordination. These were the 72 bp, 139 bp and 429
bp T-RFs (Fig. 4). Hence, the 429 bp fragment was especially
abundant at early sampling times (G1 and K1), while the 139 bp T-
RF became more abundant with time in late control plants. A



Fig. 1. Representative bacterial T-RFLP electropherograms derived from rhizosphere samples of control (a) and glyphosate-treated RR soybean (b). Selected representative fin-
gerprints from the first, third and fifth samplings are shown. The three most significant peaks affecting community shifts (72, 139, 429 bp) are highlighted. Foliar glyphosate
addition were made two weeks and four weeks after planting. The sampling times were three, seven, and fourteen days after the first glyphosate treatment (G1 to G3) and three,
seven, and fourteen days after the second glyphosate treatment (G4 to G6).
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positive correlation with axis 1, and therefore with community
shifts after glyphosate application (G3, G4 and G5) was found for
the 72 bp fragment.
3.3. Indicator T-RF analysis

Indicator species analysis was used to identify the T-RFs which
were particularly associated with the treatment and/or a sampling
time point. The first group was defined as “early samples”, which
comprised the samples G1 and K1. T-RF abundances from this group
were then statistically compared with the later samples. The sec-
ond group was defined as “control samples” comprising K3 and K5,
which were ordinated separate from G3, G4, G5 and K4 in PCA. This
latter group formed the last cluster called “G þ K4”. As indicated
already by factor loadings in PCA, the T-RF with 429 bp was the
dominant peak associated with early samples, with the highest
abundance, the strongest indicator value and the most significant
p-value among all indicator T-RFs (Table 1). The most indicative
peak for samples within the group “control samples” was the T-RF
with 139 bp, having the highest indicator abundance (relative peak
abundance 0.34). Additionally, the 72 bp T-RF was characteristic for
the cluster “G þ K4”, although the relative peak height, indicator
value and significance were not as pronounced as for the other
indicator T-RFs.
3.4. Phylogenetic affiliation of indicator T-RFs

After the screening for major community distinctions by
fingerprinting, one 16S rRNA gene-based clone library was estab-
lished for each indicator group (from samples K1, K3 and G4) to



Fig. 2. Relative abundance dynamics of the 429 (a), 139 (b) and 72 bp T-RFs (c) over
time in glyphosate-treated (G) and control samples (K). Shown are means of triplicate
DNA extractions þ SD.
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identify the major bacterial lineages within the RR soybean rhizo-
sphere environment, as well as those affected most by glyphosate
treatment. A total of 181 clones was sequenced from the rhizo-
sphere samples and affiliated to different lineages and, wherever
possible, to defined lineage-specific T-RFs (Table 2). In the three
clone libraries, a total of 12 clones were found to be affiliated to
Burkholderia spp., and represented by the 139 bp T-RF. Further-
more, 10 clones were of an uncultured lineage within the Bur-
kholderiaceae, most closely related to uncultured Ralstonia sp.
clones [35], andwere represented by the 429 bp T-RF. Finally, a total
of 12 clones within the Gemmatimonadetes were represented by a
72 bp fragment. The phylogenetic affiliation of representative
clones associated with these indicator T-RFs (72 bp, 139 bp and 429
bp) and thus connected to the rhizosphere bacterial community
shifts observed in our experiment is shown in Fig. 5.
4. Discussion

The aim of the study was to test the hypothesis that foliar
glyphosate application impacts the diversity and composition of
the bacterial community associated with roots of RR soybean.
Glyphosate has been demonstrated to be transported to the roots
after foliar application and released by roots of RR soybean [9].
Using 14C-radiolabelled glyphosate, quantitative measurements of
glyphosate after foliar application resulted in concentrations of
400 mM glyphosate in soybean nodules [9], which certainly con-
stitutes a glyphosate selection pressure for B. japonicum as
described above. In our greenhouse pot experiments, shifts in the
rhizosphere bacterial community of RR soybean after glyphosate
application were demonstrated. Since no pre-emergence herbicide
application was performed in this study; the observed effects are
clearly due to the translocation of the herbicide and its degradation
products into the roots and to the rhizosphere. The observed di-
versity shifts in the bacterial community of RR soybean roots were
at least partially associated with glyphosate treatments. Shifts in
endophytic bacterial communities of RR soybean after glyphosate
application have been explained as a consequence of some micro-
bial groups being able to use glyphosate as a source of energy and
nutrients, whereas this herbicide may be toxic to other groups [36].
In our experiment, bacterial diversity was lowest three days after
both glyphosate applications. Bacterial diversity in glyphosate-
treated samples was never significantly lower than in untreated
controls. However, it increased significantly 7 and 14 days after
glyphosate application as compared to untreated controls. Trans-
location of glyphosate in plants has been shown to require about
three days to reach the root and to be exudated as glyphosate and
AMPA [9].

The heterogeneity of carbon sources is the main factor influ-
encing niche variation in soil and consequently bacterial diversity
[37]. In addition, it was demonstrated, that glyphosate is available
as a substrate to some microorganisms [36]. It was hypothesized
that single nucleotide exchanges in the epsps-genemay be the basis
of genetic adaptation within a given species. Thus, the resilience of
the soil after glyphosate selection pressure could include a suc-
cession of glyphosate metabolizing bacteria [38], accomplished by
rapid bacterial adaptation by mutations [39] and bacterial growth
changes [40].

Besides the diversity shifts caused by glyphosate applications,
the plant developmental stages had marked influences on the di-
versity of rhizobacterial communities (Fig. 3). Barriuso andMellado
[12] also reported changes in the rhizobacterial composition during
growth of glyphosate-tolerant maize plants independent of
herbicide-treatment. The bacterial diversity changes observed in
the rhizosphere could be related to rhizodeposition differences as
already reported for glyphosate treated RR-soybean [8]. Rhizo-
sphere deposition at different plant growth stages [41] results in
different rhizosphere effects at the phenological stages [42,43] As
expected, the bacterial diversity increased to its maximum in both
treatments at the second sampling time, corresponding to the
flowering stage (Fig. 3). In other studies, higher bacterial diversity
in rhizospheres of potato, strawberry and oilseed rape during the
plant flowering stagewere also observed [44]. This clearly indicates
that flowering, as well as changes in environmental parameters or
even comparing the rhizodeposition of different plants, is a much
stronger factor influencing the microbial diversity in the rhizo-
sphere [24]. In this study, Shannon diversity index values of the
soybean rhizosphere bacterial community declined slightly after
flowering as well. This result agrees with data of other studies
which demonstrated that organic substances derived from soybean
roots increased significantly from the vegetative stage to flowering
stage and declined slightly thereafter [45].

Besides this increase in total T-RF diversity, the abundance of T-
RFs representing lineages within the Gemmatimonadetes and Bur-
kholderiaceae was found to be significantly changed by glyphosate
application. We are aware that the use of relativized T-RF peak



Fig. 3. The Shannon diversity index (H0) calculated for the relative abundance of single
T-RFs from all fingerprints. Shown are means of triplicate DNA extracts for each
sampling time. Samples were retrieved from glyphosate-treated plants (G) or control
samples (K). Bars indicated standard deviation. For details on glyphosate application
and sampling time points see legend Fig. 1 and under Materials and Methods.

Fig. 4. Principal component analysis performed with T-RFLP data of all samples from
control (K) and glyphosate (G)-treated plant. Axis 1 and 2 accounted for 40.3% and
38.6% of the total variance, respectively. The identities (bp) of selected T-RFs with
characteristic factorial loading are indicated with dotted lines and arrows. The five
samplings of control (K1eK5) and glyphosate treatments (G1eG5) are ordinated with
lines that follow the successive sampling times. For each sampling, a centroid of PCA
results for the three replicates is shown with standard deviations.

Table 2
Identification of-characteristic T-RFsa using 16S rDNA clone library sequences.

Kingdom/phylum/class Species Clone library T-RF

K1 K3 G4

Alphaproteobacteria Rhizobium sp. 1 3 1 398
Bradyrhizobia sp. e 2 2 149
Hyphomicrobium sp. 2 1 5 143
Caulobacter sp. 3 3 2 146

Betaproteobacteria Burkholderia sp. 1 10 1 139
uncult. Burkholderia sp. 9 e 1 429
Oxalobacter sp. 5 3 1 487, 490

Gemmatimonadetes Gemmatimonas sp. 2 6 4 72
Plantae Glycine max organelles 1 3 2 338, 403

a Characteristic T-RFs [bp] were predicted from sequence data and verified in vivo.
T-RFs was considered as species-specific when they were conserved for a major
group of clones within a species (>80%) and not found in other species within the
libraries.
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abundances provides only qualitative, at best semi-quantitative
data on microbial population dynamics and, because of several
method-inherent biases and limitations, has to be interpreted with
caution [46]. Nevertheless, the T-RFLPmethod is well established to
reliably monitor the diversity, structure and dynamics of microbial
communities [47]. Also in the present study, the often low standard
Table 1
Indicator T-RF analysis for contrasting groups of rhizosphere samples.a

T-RF (bp) Group Mean relative T-RF abundance within groups (%

Indicated group Standard deviation

72 G þ K4 5.8 1.1
139 Control samples 34.0 2.5
429 Early samples 23.0 5.0

a Selected indicator T-RFs mostly responsible for group separation are shown. For each
samples. Standard deviations are indicated. Indicator values >55 were considered as me
deviations found for average T-RF frequencies in fingerprints from
triplicate DNA-extractions corroborated the use of this strategy to
screen for rhizospheric effects of glyphosate treatment. Most
significantly, a population of Burkholderia spp. (T-RF 139 bp)
showed strongly reduced T-RF ratios in glyphosate-treated samples
(p ¼ 0.0008). The decrease of this highly dominant group may be
attributed either to a direct inhibition or to an appearance of new,
diverse low abundance T-RFs and lineages after glyphosate appli-
cation. Our data seems to support the first hypothesis, since the
lowest absolute abundance of the 139 bp T-RF coincides with the
lowest total diversity for glyphosate-treated plants (G4). This
apparent decrease of Burkholderia spp. is in contrast to other
studies supporting glyphosate resistance of some Burkholderia
species [36]. The obtained Burkholderia-related clones were closely
related to B. caryophylli, B. brasilensis, B. glathei, B. graminis and
B. phenazinium (Fig. 5). In contrast, the 72 bp T-RF representing
clones within the Gemmatimonadetes were significantly more
abundant in glyphosate-treated samples 7 and 14 days after
application. However, the statistical significance of this relation
obtained by the indicator T-RF analysis (p ¼ 0.03) was relatively
low. Unfortunately, very little is known about the ecological func-
tions of this lineage. Gemmatimonas aurantiaca as the first cultured
representative was discovered in 2003 in a wastewater treatment
operated under enhanced biological phosphorus removal and was
described as a polyphosphate-accumulating bacterium [48].
Therefore, the observed increase of Gemmatimonadetes T-RF
abundance after glyphosate treatment may be connected to the
release of phosphate during herbicide degradation.

As expected from fingerprinting analysis, a very high proportion
of clones associated with T-RF 429 bp was retrieved from library K1
and could be affiliated to a lineage of uncultured Burkholderiaceae.
This group was most abundant at the early plant development
stage and almost disappeared over the time, independent of
glyphosate application. Although our clones were most closely
related to clones isolated from rice rhizosphere and named as
Ralstonia sp. [35], our phylogenetic reconstruction (Fig. 5) indicates
that this lineage may also be affiliated to the Oxalobacteraceae.
) Indicator value p-value

Rest of the groups Standard deviation

4.2 2.0 57.5 0.0348
12.5 6.4 71.5 0.0008
2.9 4.1 87.9 0.0002

T-RF, the mean relative peak abundance within groups is compared to the remaining
aningful, p-values were significant <0.05. “G” includes G3, G4 and G5 samples.



Fig. 5. Phylogenetic tree of representative bacterial 16S rRNA gene clone groups associated with the three most important T-RFs influencing community shifts in this study. Clones
from this study are in bold, the length [bp] of the respective T-RFs are given in brackets. GenBank accession numbers of reference sequences are given. The tree was constructed with
quartet puzzling, numbers at nodes show branching confidence values in per cent deduced from 10,000 intermediate trees. The scale bar represents 10% difference.
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Many oxalotrophic bacteria use oxalate as carbon and energy
source [49]. A decrease of oxalate exudation was found in mature
plants [50] and might be correlated to the reduction of these un-
cultured Oxalobacteraceae-relatives at later plant development
stages in our study. Up to now, however, there are no detailed re-
ports about the connection between oxalate availability fromplants
and dynamics of Oxalobacteraceae or related populations in the
rhizosphere.

Furthermore, clones associated with Rhizobium spp. and other
Alphaproteobacteria were consistently recovered from the three
clone libraries. Especially in clone library G4, a large fraction of
clones was found within the Alphaproteobacteria. However, T-RFLP
results did not support any shift of these populations as response to
glyphosate treatment. The tolerance to glyphosate seems to be
common for several Rhizobium species and utilization of the her-
bicide by single Rhizobium species has been demonstrated as an
advantage in pure culture studies [51].

The experimental design of the greenhouse experiment
included six sampling time points in order to monitor effects of
glyphosate in the rhizosphere. Well developed root nodules were
observed at the last sampling time point. The T-RFLP fingerprints of
the last sampling were totally dominated by a single T-RF (149 bp),
identified to represent Bradyrhizobium spp. This uniformly high
abundance of Bradyrhizobium populations recovered from the roots
of both untreated and glyphosate-treated plants at the sixth sam-
pling contrasts to the report of an inhibition of B. japonicum by
glyphosate under laboratory conditions [20]. Accordingly, a partial
inhibition of B. japonicumwas shown at glyphosate concentrations
of 200 mM [52]. A complete inhibition of B. japonicum occurred at
5 mM glyphosate [53]. Since we applied glyphosate at the recom-
mended field application rate, the in situ concentrations were too
low to reach inhibitory levels. This is supported by the reports, that
no significant plant yield reductions due to glyphosate treatment in
soybean occurred under field conditions [7,20,54]. In fact, even an
appearance of glyphosate-resistant B. japonicum strains has been
found under glyphosate selection pressure on agar plates (unpub-
lished result).

In conclusion, our study clearly demonstrates an impact of foliar
glyphosate application on the bacterial diversity associated with
roots of RR soybean. Surprisingly, glyphosate-treated plants even
harboured a higher root-associated bacterial diversity as compared
to the untreated controls. Specific species appeared either signifi-
cantly inhibited (Burkholderia sp., 139 bp) or promoted (Gemmati-
monas. sp., 72 bp) in T-RF abundance. The implications of these
observed distinct changes of two specific representatives of soil
bacterial genera within the rhizosphere microbial community
should be considered in the light of the established knowledge that
the exudation of plant roots in general alters the microbial com-
munity in the rhizosphere. In monoculture practices, the observed
changes in subpopulations of rhizosphere bacterial genera which
are due to the application of glyphosate may get enhanced. In these
cases, implications on soil and plant health may be possible.
Therefore, the effects of long-term applications of glyphosate along
with RR-soybean should be monitored.
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