ORIGINAL ARTICLE

The ISME Journal (2008) 2, 1221-1230
© 2008 International Society for Microbial Ecology All rights reserved 1751-7362/08 $32.00

g

www.nature.com/ismej

Plant host habitat and root exudates shape
soil bacterial community structure
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The rhizosphere is active and dynamic in which newly generated carbon, derived from root
exudates, and ancient carbon, in soil organic matter (SOM), are available for microbial growth.
Stable isotope probing (SIP) was used to determine bacterial communities assimilating each carbon
source in the rhizosphere of four plant species. Wheat, maize, rape and barrel clover (Medicago
truncatula) were grown separately in the same soil under '*CO, (99% of atom '*C) and DNA extracted
from rhizosphere soil was fractionated by isopycnic centrifugation. Bacteria-assimilating root
exudates were characterized by denaturing gradient gel electrophoresis (DGGE) analysis of '*C-DNA
and root DNA, whereas those assimilating SOM were identified from '>C-DNA. Plant species root
exudates significantly shaped rhizosphere bacterial community structure. Bacteria related to
Sphingobacteriales and Myxococcus assimilated root exudates in colonizing roots of all four plants,
whwereas bacteria related to Sphingomonadales utilized both carbon sources, and were identified in
light, heavy and root compartment DNA. Sphingomonadales were specific to monocotyledons,
whereas bacteria related to Enterobacter and Rhizobiales colonized all compartments of all four
plants, used both fresh and ancient carbon and were considered as generalists. There was also
evidence for an indirect important impact of root exudates, through stimulation of SOM assimilation

by a diverse bacterial community.
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Introduction

Plants produce an array of chemical compounds
and signalling molecules to defend themselves
against harmful organisms and to attract others
that are beneficial. These compounds include root
exudates that are used by soil bacteria for energy
and biomass production. Plants may release up
to 20% of their photosynthesis products into soil,
providing the basis for the establishment of
plant-microorganism interactions that benefit plant
growth by, for example, increasing the availability
of mineral nutrients, production of phytohormones,
degradation of phytotoxic compounds and suppres-
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sion of soil-borne pathogens (Bais et al., 2006).
These considerations demonstrate the importance of
studying the functional properties of soil microbial
communities and the ways in which plant
species influence bacterial diversity and microbial
activities. Established molecular methods, such as
denaturing gradient gel electrophoresis (DGGE),
offer valuable insights into the genetic diversity
of rhizosphere bacterial communities, and several
studies indicate that plants have a strong effect
on rhizosphere bacterial community composition
(Smalla et al.,, 2001; Kowalchuk et al.,, 2002;
Costa et al., 2006). This effect is probably linked to
root exudates composition (Lynch and Whipps,
1990), which varies with plant species, plant age,
location along the root system and soil type
(Lupwayi et al, 1998; Yang and Crowley, 2000;
Hertenberger et al., 2002). Nevertheless, we lack
knowledge of the impact of plant species producing
different nutrients and signalling molecules on
bacterial populations assimilating root exudates
and on how different plant species contribute to
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the use of soil organic matter (SOM) by rhizosphere
bacteria.

The recent development of stable isotope probing
(SIP) (Radajewski et al., 2000) and its application to
tracking plant-derived C into microbial nucleic acids
(Rangel-Castro et al., 2005; Lu et al., 2006; Prosser
et al., 2006; Neufeld et al., 2007) or other biochemical
markers (Treonis et al., 2004; Paterson et al., 2007)
provide the opportunity to understand the functional
diversity of plant-associated bacterial communities.

The aim of this study was to identify bacterial
communities actively assimilating root exudates
in the rhizosphere of four plant species; wheat
(Triticum aestivum), maize (Zea mays), rape (Brassica
napus) and barrel clover (Medicago truncatula),
cultivated in the same soil, by applying DNA-SIP to
a '*CO,-labelled plants. SIP was employed to distin-
guish the metabolically active bacterial populations
assimilating root exudates from those growing on
SOM. We provide evidence that the plant species
shape the soil bacterial community structure and that
root exudates select certain bacterial species from the
bulk soil bacterial community.

Materials and methods

Plant growth

A laboratory experiment was performed with winter
wheat (T. aestivum L. cv Taldor), maize (Z. mays L.
cv DEA), rape (B. napus cv. Drakkar) and barrel
clover (M. truncatula), ec. J5 on a eutric cambisol
soil cultivated from 1993 to 1997 with winter wheat
(Derrien et al., 2004). The soil was sieved (1-mm
mesh size), air-dried, adjusted to 0.17g water per
gram dry weight and 40g dry weight was placed
into polypropylene cylindrical tubes. Seeds of
M. truncatula were germinated on 0.7% (w/v) water
agar plates at 25°C for 48h, and maize, rape and
wheat seeds were placed in sterile demineralized
water for 6 h. After germination, one seedling was
planted per pot. Plants were grown in triplicate
in a growth chamber (developed and managed
by Groupe de Recherche Appliquées en Phyto-
technologies, CEA Cadarache, France) equipped
for automatic control of light, temperature, moisture,
evapotranspiration, irrigation and CO, concentra-
tion. The day—night period was set at 8/16, respec-
tively; light intensity was 400 pmol photonm?s™,
maximum daily temperature ranged from 20 to
22°C, air moisture was adjusted at 80% and CO,
concentration was maintained at 350ull™. Soil
moisture was manually controlled. Triplicate pots
with soil but without plants (bulk soil treatment)
were incubated under the same conditions.

13C enrichment

Continuous labelling was initiated 1 week after
sowing seeds. CO, partial pressure was assured by
injection of pure (>99% atom "*C) "*CO, (purchased
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from Cortec Net, Paris, France) during active photo-
synthesis. The isotope excess of CO, and the partial
pressure in the chamber were continuously mon-
itored by near infra-red spectroscopy. To avoid
dilution of "CO, by ™CO, from soil respiration,
the CO, concentration of the chamber was lowered to
400pl1-" at the end of the night period by automatic
gas trapping using NaOH. "*CO, was then quickly
injected, so that CO, concentration reached 350 ul1 ™
The isotope excess in the chamber was maintained at
>80% atom **C during the first 10 days and >90%
atom "C thereafter. Wheat, maize, rape and barrel
clover plants were harvested 23, 25, 36 and 34 days
after "°C labelling, respectively. Soil microcosms were
harvested after 36 days of "*CO, labelling.

DNA extraction and gradient fractionation

At the end of labelling, the roots of each plant were
separated from the rhizosphere soil, which was
collected and frozen in liquid N, immediately and
stored at —80 °C. The root systems were manually
separated from the soil and carefully washed with
0.025M K,SO, to remove adhering soil particles.
Root material was frozen in liquid N, and stored at
—80°C. DNA was extracted as described by Ranjard
et al. (2003) from 5 g rhizosphere soil or 1g of root
system from each plant. DNA was quantified by
electrophoresis in a 1% agarose gel. DNA extracted
from roots was derived from endophytic microor-
ganisms and from microorganisms firmly attached to
the root surface. Extracted DNA was fractionated by
CsCl equilibrium density-gradient centrifugation
(Lueders et al., 2004; Haichar et al., 2007). Each
fraction was weighed to determine buoyant density,
and DNA was quantified using Picogreen assays
(Molecular Probes, Eugene, OR, USA). Nucleic acids
were purified from CsCl salts using Geneclean Kit
(Qbiogene, Montreal, Canada).

'3C analysis

The **C enrichment of heavy and light DNA fractions
was measured by isotope ratio mass spectrometry (5 +
ThermoFinnigan) coupled with an elemental analyser
(0+and Conflo, ThermoFinnigan, Thermo-Electron
Corp., Bremen). One to two microgram of DNA was
placed into 5 x 9-mm tin capsules (Elemental Micro-
analysis, Okehampton, UK), dried for 2h at 60 °C and
submitted for mass spectrometry (Haichar et al., 2007).
8 "*C (%0) was determined using the equation:

G (%0) = [(Rsample_Bstandard) - 1]X1000
where R="C/"C. The Rgandawa wWas Pee Dee
Belemnite (Wang and Hsieh, 2002).

The "*C content of heavy and light DNA frac-
tions extracted from the rhizosphere soil of each

plant after isopycnic separation were reported in
3C at percentage units obtained using the equation:

R
BCatom % (H+ 1> x100



and represents the average between DNA fractions
for triplicate plants.

Denaturing gradient gel electrophoresis fingerprinting
and principal component analysis (PCA)

16S rRNA gene fragments were amplified using a
nested PCR approach according to Rangel-Castro
et al. (2005). DGGE analysis of PCR products from
root DNA of each plant and from light and heavy
DNA fractions from rhizosphere soil of each plant
was carried out using the Dcode Universal Mutation
Detection System (BIO-Rad, Hercules, CA, USA)
according to Haichar et al. (2007). Following
electrophoresis, the gels were silver-stained and
scanned (McCaig et al., 2001). ImageQuant TL one-
dimensional gel analysis software (version v2003,
Amersham Biosciences, Amersham, UK) was used
to determine band presence and intensity as
described by McCaig et al. (2001). The DGGE data
matrices obtained were analysed using PCA ADE-4
software (Thioulouse et al., 1997). Statistical ellipses
representing 90% confidence on PCA plots were
used to compare the DGGE profiles statistically.

Criteria for DGGE bands selection and characterization
PCR products of triplicates were pooled and were
analysed by DGGE. Criteria used when choosing DGGE
bands were the exclusive presence or a significantly
higher intensity in one compartment (in the triplicates).
When R, H, L (Root, Heavy and Light DNA fractions)
are listed in the same line from Table 1, it means that
the band was present in the three compartments, and
thus was excised from the three compartments and
sequenced to be sure that the band in the same
position corresponded to the same bacterial popula-
tion. When only one compartment is indicated (L or H
or R), the bacterial population was present only in the
indicated compartment of the corresponding plant.
Bands were excised from DGGE gels and identified
according to Haichar et al. (2007). Certain bands
required cloning using the Topo PCR cloning kit
(Invitrogen Life Technologies, Carlsbad, CA, USA).
Transformed colonies with the correct insert were
subjected to PCR amplification using primers 357f-GC
and 518r (Muyzer et al., 1993) and the products were
screened using DGGE as described above.

Sequencing and BLAST analysis

PCR products were sequenced with 518r primer
(Muyzer et al., 1993) at Genome express (Meylan,
France) and sequences were analysed by the
BLASTN search tool (Altschul et al.,, 1990) to
determine the most similar sequences in the Gen-
Bank database. The sequences from this study were
deposited to GenBank under the accession
numbers (EF554929-EF554950) for wheat, (EF554987—
EF555020) for maize, (EF555021-EF555038) for
barrel clover and (EF555039—-EF555065) for rape.
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Results

Microbial assimilation of **C root exudates

To confirm the assimilation of **C-root exudates by
soil bacteria, DNA extracted from each rhizosphere
soil was fractionated by isopycnic centrifugation
and fractions along the gradient were analysed for
8'3C. Figure 1 shows an example of the partitioning
of DNA and **C labelling among gradient fractions
of increasing density with DNA extracted from the
rape rhizosphere soil. The DNA density profile
shows a unique peak ranging from 1.61 to 1.63,
and '°C-labelling measured by isotope ratio mass
spectrometry increased slightly in the light fractions
before increasing significantly, showing the pre-
sence of labelled DNA between 1.65 and 1.68
densities (Figure 1). Similar profiles were obtained
for DNA extracted from the rhizosphere soil of the
other plant species. DGGE analysis was performed
on all fractions and one fraction corresponding to a
buoyant density of 1.63gml* CsCl was selected as
representative of the light DNA, representing bacter-
ial populations not involved in assimilation of
3C-root exudates. A fraction corresponding to a
buoyant density of 1.67 g ml~* CsCl was selected as
representative of the heavy DNA, and of bacteria
actively assimilating **C-root exudates. The **C
content of theses fractions was ~1.09% for light
DNA fractions and 1.28, 1.25, 1.20 and 1.21% for
heavy DNA fractions of wheat, rape, maize and
barrel clover, respectively. **C levels were signifi-
cantly greater in heavy DNA fractions than in light
DNA fraction values for the four plants, indicating
*C-labelled incorporation into the rhizosphere
microbial community.

Active bacterial community associated with root
exudation

To investigate the impact of nutrients and/or signal-
ling compounds produced by each plant species on
the bacterial community, three DNA fractions from
the rhizosphere of each plant were analysed by 16S
rRNA-gene-based DGGE: heavy DNA, light DNA and
DNA from root tissues in comparison to the bulk
soil. Experiments were performed in triplicate and
quite similar DGGE profiles were observed for each
fraction of triplicates, demonstrating reasonable
reproducibility (Supplementary Figure S1). DGGE
profiles generated from heavy and light DNA
fractions from bulk soil consisted of a few strong
bands and a large number of fainter bands, whereas
profiles generated from heavy and light DNA
fractions from rhizosphere soil showed an increase
in relative abundance of several bands and the
appearance of new bands.

Denaturing gradient gel electrophoresis profiles
from heavy DNA fractions from rape and barrel
clover rhizosphere soil were significantly different
from the corresponding light DNA fractions, with
the appearance of some bands and increase in
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Table 1 Phylogenetic affiliation of partial bacterial 16S rRNA gene sequences corresponding to DGGE prominent bands retrieved from
root DNA (R), heavy (H) and light (L) DNA fractions of wheat, maize, rape and barrel clover plants

BLAST closet Percentage Wheat Maize Rape Barrel
match of similarity clover
Phylogenetic group
Gammaproteobacteria
Enterobacteriales Enterobacteriaceae
Pantoea agglomerans 100 R®
Enterobacter sp. 98 R, H, L R, H, L R,H, L R,H, L
Escherichia coli 99 R,H L R
Pseudomonadales Pseudomonas sp. 99 R, H®
Moraxellaceae Acinetobacter 98 H, L R
calcoaceticus
Xanthomonadales Xanthomonadaceae Pseudoxanthomonas sp. 97 H, L H
Pseudoxanthomonas 100 R,H L
mexicana
Lysobacter ginsengisoli 100 H, L®
Uncultured 100 H, L
Lysobacter sp.
Thermomonas brevis 99 R, H, L
Rhodanobacter terrae 98 L®
Dokdonella Koreensis 96 R®
Stenotrophomonas 100 R R
sp. MFC-C
Stenotrophomonas sp. 100 L R
Stenotrophomonas 99 H*
maltophilia
Alphaproteobacteria
Caulobacterales Caulobacteraceae Caulobacter vibrioides 100 R, H, L
Brevundimonas sp. 7-4 100 H L H L L
Uncultured 98 H, L?
caulobacter sp.
Rhizobiales Rhizobiaceae
Rhizobium sp. 100 R®
Rhizobium 99 R®
leguminosarum
Rhizobium giardinii 100 H*
Rhizobium etli 100 R®
Rhizobium sp. 98 R,H, L R, L R, H L
R31549
Agrobacterium 98 R R
tumefaciens
Ensifer, Sinorhizobium 100 R R,L R
meliloti; CCBAU 81180
Phylobacteriaceae, Chelarovorus 98 R?
multitrophus
Bradyrhizobiaceae ~ Bradyrhizobium sp. 98 R, H*
Brucellaceae Ochrobacterium sp. 100 R H
Ochrobactrum tritici 98 R®
Sphingomonadales Sphingomonadaceae
Sphingopyxis sp. 100 R, H, L* H, L*
Sphingomonas 100 R®
suberfaciens
Erythrobacteraceae  Erythrobacter sp. 97 H, L* R, H®
Rhodospirillales Rhodospirillaceae Azospirillum oryzae 100 R, H*
Magnetospirillum sp. 100 H®
a-Proteobacterium, uncultured rape rhizosphere bacterium wr0019 98 R® R®
B-Proteobacteria
Burkholderiales Comamorrdaceae Simplicispira sp. 100 R,H, L H, L
Variovorax paradoxus 100 R*
Acidovorax sp. 100 H*
Oxalobacteraceae Janthinobacterium sp 100 H, L° R®
Oxalobacter sp. 99 R R
Xylophilus ampelinus 99 H*
Uncultured 98 H R
Oxalobacteraceae
bacterium
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Table 1 Continued
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BLAST closet Percentage Wheat Maize Rape Barrel
match of similarity clover
Burkholderiaceae Burkholderia 97 R*
thailandensis
Rhodocyclaceae Azospira oryzae 99 R®
o-proteobacteria
Myxococcales Myxococcus 99 R R R R
macrosporus
Bacteroidetes
Sphingobacteriales Flexibacteriaceae 100 R R R R
bacterium JJ-1521
Kaistomonas 97 RP R®
ginsengisoli
Dyadobacter fermentans 100 R R
Frimicutes
Bacillales Paenibacillaceae Paenibacillus graminis 100 R, H L R R,H L
Paenibacillus 99 R*
thailandensis
Uncultured Firmicutes bacterium 97 R?
Actinobacteria
Actinomycetales Streptomycineae Streptomyces sp. 97 R R
Microbacteriaceae Clavibacter sp. 99 H*
Micrococcus sp. 99 H, L*
Microbacterium 100 H, L?
arabinogalactano-
Iyticum
Microbacterium sp. 97 H*
Micrococcaceae Arthrobacter sp. 99 H, L?
Uncultured Actinobacterium 97 R?
Verrucomicrobia
Verrucomicrobiales Verrucomicrobiaceae Uncultured H, L*
Verrucomicrobia
bacterium

2Specific bacterial species selected by each plant rhizosphere.

"Bacterial species found only in monocotyledon plants rhizosphere (wheat and maize).

relative intensities of others (Figure 2 and Supple-
mentary Figure S2). These results indicate that
specific bacterial populations were actively incor-
porating '*C-root exudates. In contrast, there were
no significant differences between DGGE profiles
derived from heavy and light DNA fractions of
wheat and maize rhizosphere soil (Figure 2 and
Supplementary Figure S2).

Denaturing  gradient gel  electrophoresis-
profiles derived from plant root tissue were
complex (Figure 2). Some bands corresponding to
sequences with low GC percentage were present in
all root profiles and others, corresponding
to sequences with high GC percentage were
specific to each plant (Figure 2). DGGE profiles
from root tissues differed significantly from those of
the heavy and light DNA fractions derived from
rhizosphere soil of each plant, with the appearance
of several new bands (Figure 2 and Supplementary
Figure S2).

The significance of plant species effects on the
structure of bacterial communities in the heavy and

light DNA fractions from rhizosphere soil and in
root tissues, in comparison with bulk soil, was
characterized with PCA (Supplementary Figure S3).
DGGE profiles derived from light DNA fractions
contained some bands, which were absent from
DNA fractions from bulk soil (Figure 2). PCA of
DGGE profiles from light DNA fractions of each
plant rhizosphere soil and bulk soil (Supplementary
Figure S3A) indicated significant differences in
bacterial community structure, suggesting that a
proportion of the rhizosphere soil community was
active through the utilization of SOM.

Denaturing gradient gel electrophoresis profiles
from heavy DNA fractions associated with rape
differed significantly from those of barrel clover and
wheat, in addition, barrel clover differed signifi-
cantly from the other plants, whereas wheat and
maize were not significantly different (Supplemen-
tary Figure S3B). In contrast, bacterial communities
from root tissues of maize, wheat, rape and barrel
clover were significantly different (Supplementary
Figure S3C).
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Figure 1 Incorporation of *C-labelled root exudates into DNA of microbial communities derived from rhizosphere soil of rape (Brassica
napus). Heavy and light DNA were separated by CsCl density-gradient centrifugation and total DNA in gradient fractions (5-14) was
quantified fluorimetrically (W) and **C incorporation by infra-red mass spectroscopy (@®).

Plant-dependent bacterial communities

The major bacterial groups stimulated by rape plant
root exudates were o-, 8-, y- and PB-proteobacteria
and members of the Actinobacteria (Table 1). Root-
associated bacterial populations were diverse, and
certain bacterial species closely related to Azospira,
Acidovorax and Variovorax species were found only
in association with rape plant. Barrel clover root
exudates stimulated o- and y-proteobacteria and
members of the Actinobacteria and, unlike other
plants, root tissues were preferentially colonized by
rhizobiales (Table 1). Some slight differences were
observed between DGGE profiles from heavy and
light DNA fractions for maize rhizosphere soil
(Figure 2), with stimulation of Actinobacteria and
v-, o- and B-proteobacteria (Table 1). Bacteria from
the major divisions colonized maize root tissues
with a specific selection of organisms closely related
to Azospirillum, Sphingomonas and Dokdonella
species, which were not found in the rhizosphere
of the other plants. DGGE profiles from light and
heavy DNA fractions of wheat were very similar
(Figure 2), with colonization of the rhizosphere from
major bacterial divisions, with the exception of
Actinobacteria (Table 1). DGGE profiles from wheat
root tissues was diverse (Figure 2). Certain bacterial
species closely related to Pantoea, Dyadobacter and
Kaistomonas species were detected only on root
tissues (Table 1).

Discussion

Microbial community inhabiting rhizosphere soil
The rhizosphere is a dynamic environment whose
distribution of resources varies in space and time
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Figure 2 DGGE banding profiles of bacterial 16S rRNA genes
PCR-amplified from light DNA (unlabelled, L), heavy DNA
(labelled, H) and root DNA (R) fractions obtained from **CO,-
labelled barrel clover (Medicago truncatula), rape (Brassica
napus), maize (Zea mays) and wheat (Triticum aestivum) plants.
Black left and right directing arrowheads indicate examples of
bands that appeared or increased in relative intensity in heavy or
light DNA fractions, respectively. White arrowheads designate
examples of bands that were associated with root tissues only.
DGGE, denaturing gradient gel electrophoresis.

(Yang and Crowley, 2000). Plants provide a variety
of carbon and energy sources, which are thought to
influence microbial populations in a plant-specific



manner (Costa et al, 2006). Isotope ratio mass
spectrometry and DGGE analyses demonstrated
¥C-labelling of bacterial DNA, confirming in situ
assimilation and growth at the expense of *C-root
exudates in the rhizosphere.

In this study, we aimed to determine the extent
of plant species impact on bacterial structure
organization based on the nature of assimilated
carbon and the habitat selection (soil versus
roots).

Priming effect

Significant differences were observed between
DGGE profiles generated from light DNA fractions
derived from rhizosphere soil of maize, rape, barrel
clover and wheat, and also from bulk soil (Figure 2
and Supplementary Figure S3A), indicating an
indirect impact of root exudates on bacterial com-
munities. Unlabelled but reactive populations prob-
ably correspond to organisms specialized in the
degradation of refractory SOM (Fontaine et al,
2003) and organisms such as Brevundimonas,
Rhodanobacter, Stenotrophomonas and certain rhi-
zobia may use root exudates as an energy source and
then produce SOM degrading enzymes, enabling
growth at the expense of SOM (Table 1).

The presence of certain bands migrating at the
same level in DGGE profiles derived from heavy and
light DNA fractions were analysed, and obtained
sequences were identical, suggesting that multiple
genotypes of the same species can occur in a single
soil, as reported in relation to crop management
(Achouak et al., 2000) and in Arabidopsis thaliana
and wheat rhizospheres (Fromin et al., 2001). Our
results provide evidence that certain genotypes are
assimilating root exudates, whereas others benefit
directly from refractory SOM or from compounds
derived from SOM partially degraded by specialized
bacteria. These results emphasize the importance of
the indirect impact of the rhizosphere in the turn-
over of SOM. Moreover, roots of certain plants
release exoenzymes and organic acids, which con-
tribute to SOM degradation (Gramss and Rudeschko,
1998; Kuzyakov, 2002; Kumar et al., 2006). There-
fore, plants with well-developed and branched
root system might accelerate SOM decomposition
(Kuzyakov, 2002) and consequently provide organic
substrates for microbial communities.

Denaturing gradient gel electrophoresis profiles
from heavy and light DNA fractions derived from
wheat rhizosphere soil were very similar (Figure 2
and Supplementary Figure S2C) suggesting that
wheat increases SOM degradation by the exudation
of exoenzymes and Billes and Bottner (1981)
showed that 60% of '*C-labelled root litter was
decomposed during early wheat growth. Continuous
labelling of plants with '*CO, enabled investigation
of root-exudate-mediated priming effects in the
rhizosphere and identification of microorganisms

Plant species shape rhizosphere bacterial community
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responsible for the degradation of SOM. However,
we cannot exclude that certain slow growing
bacteria may be retrieved from the light fraction,
althought they are assimilating root exudates,
because they did not yet divide. In this case, RNA-
SIP may circumvent this limitation because of
their higher turnover rate and would be more
appropriate.

Root exudate assimilation

The main interest of SIP is to associate phylogeny
with environmental functions. SIP of root exudates
in the rhizosphere of different plant species enabled
the identification of bacteria that benefit from fresh
carbon released by roots of four plant species in the
rhizosphere. It is worth to determine whether plants
feed only beneficial soil-borne bacteria.

DNA-SIP combined with DGGE analysis of small
subunit rRNA gene (rrs) fragments enabled the
characterization of bacterial communities assimilat-
ing root exudates. The continuous labelling of plant
and consequent labelling of root exudates allowed
sufficient *C enrichment of bacterial DNA. Se-
quences corresponding to the most variable region
of rrs, although their short length (200bp) enabled
bacterial identification at genus level.

Some of the bacterial species assimilating root
exudates were closely related to bacteria known for
their beneficial effect on plant growth and/or
protection against phytopathogens, whereas others
have previously been shown to be pathogens of
plants or animals. Certain bacteria are considered as
beneficial, because they produce phytohormones
(Azospirillum and Pseudomonas) (Mantelin and
Touraine, 2004; Preston, 2004) and antifungal
compounds (Stenotrophomonas, Pseudomonas and
Microbacterium) (Preston, 2004; Kai et al., 2007;
Zachow et al., 2008) or contribute to biogeochemical
cycling of sulphur (Acidovorax) (Schmalenberger
and Kertesz, 2007) or nitrogen, as diazotrophs and
denitrifiers (Azospirillum) (Costacurta and Vander-
leyden, 1995). Bacteria considered as human oppor-
tunistic pathogens, such as Stenotrophomonas
maltophilia, Enterobacter cloacae (Berg et al.,
2005) or vine phytopathogenic bacteria, such as
Xylophilus ampelinus (Grall and Manceau, 2003),
were able to assimilate root exudates and to
proliferate in the rhizosphere of different plant
species. The rhizosphere, therefore, constitutes a
reservoir of beneficial and pathogenic bacteria.

Bacterial communities associated with plant roots

The majority of studies of plant communities have
focused on rhizosphere soil, defined as soil that
is influenced by plant roots (Smalla et al., 2001;
Kuske et al., 2002; Costa et al., 2006), and few have
investigated root tissue communities as a distinct
ecological niche (Marilley and Aragno, 1999; Nunan
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Table 2 Examples of active bacteria associated with root exudates in the rhizosphere of wheat, maize, rape and barrel clover plants

Active bacteria Phylogenetic groups Wheat Maize Rape Barrel

(BLAST closest match) clover
Generalist bacteria Enterobacter R, H L R, H L R, H L R, H L

Rhizobiales R,H, L R,H, L R, H R
Wide host range Myxococcus R R R R
root-associated bacteria

Sphingobacteriales R R R R
Specific plant bacteria Acidovorax H
association

Variovorax R

Burkholderia R

Sphingomonadaceae R R

H, L and R correspond to heavy, light and root DNA fractions, respectively.

et al., 2005). Bacterial communities associated with
root tissues differed significantly from those of
rhizosphere soil for the four plants investigated
here, indicating specific recognition and nutritional
selection of bacterial communities on root tissues,
before diffusion of nutrients into the rhizosphere
soil. Several bacteria closely related to Kaistomonas,
Dyadobacter, Streptomyces, Sphingomonas, Vario-
vorax and Azospira species specifically colonized
root tissues of plants. These bacteria are known to
interact with plants and may exchange signalling
molecules and utilize readily secreted compounds.
Their proximity to the plant might also be beneficial
for the plant, as bacterial-reactive molecules,
such as phytohormones, may act more efficiently
in the vicinity of roots. Azospira species are
known to produce phytohormones (Costacurta and
Vanderleyden, 1995) and to fix atmospheric N,
and hence could promote plant growth (Mantelin and
Touraine, 2004). Some Streptomyces species are
known to have antagonistic activities against phy-
topathogens and could provide plant protection
(Lehr et al., 2008).

Bacteria closely related to Enterobacter showed
higher versatility and were found in the two
compartments studied in each plant, light and heavy
DNA fractions from rhizosphere soil and root
tissues, and may be considered as generalist bacteria
(Table 2). These bacteria may have an important
function in the carbon cycle and functioning of the
rhizosphere, even though they are considered as
human opportunistic pathogens. Barrel clover roots
were colonized preferentially by Rhizobiales, sug-
gesting that specific recognition, mediated by host-
root-secreted flavonoids (Wasson et al., 2006) may
occur with a wide range of rhizobial species. Our
data suggest that legumes may contribute to stimu-
late and preserve rhizobia diversity and reservoir
in soils.

Bacteria closely related to Myxococcus and
Sphingobacteria, preferentially colonized roots of
all four plants (Table 2), indicate their ability to
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attach and compete for nutrients and space on the
root. In contrast, bacteria closely related to sphingo-
monads were associated only with the rhizosphere
of monocotyledons, wheat and maize (Table 2), as
observed by Hashidoko et al. (2007) using DNA
arrays and Kawahara et al. (1994), who detected
sphingomonads in ears of rice and other Gramineae
plants, suggesting adaptation to growth on mono-
cotyledons.

Bacteria closely related to Burkholderia and
Variovorax species specifically colonized maize
and rape roots, respectively (Table 2), and may be
considered as specialists (Table 2). Differences
between communities associated with the four plant
species were more pronounced on root tissues than
in rhizosphere soil (Supplementary Figure S3C) and
results provide evidence that different plant species
select different bacterial communities on their root
tissues.

Conclusion

The continuous labelling of plant is an adequate
labelling to evidence the high power of plants
through root exudates on SOM degradation, as many
bacterial species were stimulated independently
from root exudates. However, the long incubation
period of plants under 'CO, may result in a
labelling of not only primary consumers of root-
derived carbon but also of those rhizobacteria that
consumed metabolites released by the primary
consumers. Future studies employing RNA-SIP
and pulse labelling will enable temporal analysis
of the flow of root-derived carbon through rhizo-
sphere microbial communities and differentiation of
primary and secondary utilizers of root-derived
carbon, as demonstrated by Rangel-Castro et al.
(2005), Lu et al. (2006) and Vandenkoornhuyse et al.
(2007).

In our study, we analysed, by sequencing, only
some bands, which presented high relative intensity



and which discriminated between heavy and light
DNA fractions. Indeed, for future studies to char-
acterize total bacterial communities associated with
each plant rhizosphere and to evaluate richness and
abundance of each bacterial species, pyrosequen-
cing of light and heavy DNA fraction will be more
adequate. Moreover, to get consistent information on
bacterial functions and role in the rhizsophere,
expression analysis of key genes involved in
important functions is necessary.

In conclusion, our results show that the roots of
four plant species were colonized by different
bacterial populations through the assimilation of
root exudates, whereas bacteria inhabiting the
rhizosphere soil were less different. A high con-
tribution of the rhizosphere to the C dynamic in
soils was demonstrated by the high diversity of
bacterial populations using root exudates and those
growing at the expense of SOM, and the results also
demonstrate the assimilation of exudates by human
pathogens in addition to plant beneficial organisms.
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