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Plant roots harbor a large diversity of microorganisms that have an
essential role in ecosystem functioning. To better understand the
level of intimacy of root-inhabiting microbes such as arbuscular
mycorrhizal fungi and bacteria, we provided 13CO2 to plants at
atmospheric concentration during a 5-h pulse. We expected mi-
crobes dependent on a carbon flux from their host plant to become
rapidly labeled. We showed that a wide variety of microbes
occurred in roots, mostly previously unknown. Strikingly, the
greatest part of this unsuspected diversity corresponded to active
primary consumers. We found 17 bacterial phylotypes co-occurring
within roots of a single plant, including five potentially new
phylotypes. Fourteen phylotypes were heavily labeled with the
13C. Eight were phylogenetically close to Burkholderiales, which
encompass known symbionts; the others were potentially new
bacterial root symbionts. By analyzing unlabeled and 13C-enriched
RNAs, we demonstrated differential activity in C consumption
among these root-inhabiting microbes. Arbuscular mycorrhizal
fungal RNAs were heavily labeled, confirming the high carbon flux
from the plant to the fungal compartment, but some of the fungi
present appeared to be much more active than others. The results
presented here reveal the possibility of uncharacterized root
symbioses.

ribosomal RNA � stable isotope probing � symbiosis � arbuscular
mycorrhiza � endophytes

P lants are the dominant primary producers in most terrestrial
ecosystems. In the soil, they are escorted by a myriad of

microorganisms living freely or in intimate interaction with their
roots (1, 2). These microorganisms can be pathogenic, parasitic,
saprotrophic, or mutualistic. Among the root symbionts, arbus-
cular mycorrhizal (AM) fungi are well known and have been
observed colonizing the roots of most plant species in many
ecosystems (3). Recent studies show that high diversity is the
norm even where plant diversity is low (4–6). These AM fungi
are biotrophs, unable to grow in the absence of a living plant, and
often display a broad host range although there is growing
evidence for differences in host preference (5–8). They have
been demonstrated to improve plant mineral nutrition (3) and
stress resistance (3). AM fungi are important for the global
carbon cycle because up to 20% of photoassimilates can be
translocated to them (9). We also know that the diversity of AM
fungi can determine plant community structure and ecosystem
productivity (10). The plant–bacteria symbioses are variably
documented. The best studied symbiosis is the rhizobium–
legume interaction, but a single plant root can harbor a large
variety of fungi (1) and bacteria (2), as well as several different
archaea (2). So far we have no information about the functions
of most of these root-living microbes. The strategy chosen
herein, stable isotope probing (SIP)–RNA analysis, enabled us
to highlight an unsuspected diversity of microbes living in roots.
We identified microbes that are active and direct utilizers of

photosynthetic carbon from the plant by demonstrating a dif-
ferential carbon flow to them.

Results and Discussion
Several methods have been developed recently to analyze the
functional diversity of microorganisms in situ without prelimi-
nary cultivation or isolation. Here we use SIP–RNA (11) based
on the fractionation of heavily labeled [13C]RNAs from a
mixture after providing CO2 enriched in the stable isotope 13C.
The enriched RNAs can be assigned to microbial taxon by
analyzing the small subunit ribosomal RNA (SSU rRNA). RNA
becomes labeled more rapidly and heavily than DNA because
ribosomes are more abundant and turn over faster than DNA,
and transcription is not semiconservative. Hence, SIP–RNA
allows analysis of shorter term responses than SIP–DNA (i.e.,
primary consumers are targeted before the label can reach
secondary consumers).

We used a pulse of 13CO2 to label turfs lifted from an upland
grassland in the United Kingdom (experiment A) and a regen-
erating peatland in France (experiment B). The vegetation
included grasses (predominantly Agrostis capillaris, Festuca
rubra, Poa pratensis) and white clover (Trifolium repens) for the
upland grassland and Agrostis stolonifera, Eriophorum angusti-
folium, and Hydrocotyle vulgaris for the peatland. The purpose of
experiment A was to identify and compare the AM fungal
communities associated with the co-occurring species, A. capil-
laris and T. repens, and to characterize their behavior with regard
to the carbon flux from the plant. Experiment B surveyed a wider
range of microorganisms (bacteria as well as AM fungi) associ-
ated with the roots of A. stolonifera. To focus on the primary
consumers of current photosynthates, the time of exposure to 13C
assimilates must be reduced to a minimum. In a previous field
experiment that provided a 13CO2 pulse at atmospheric concen-
tration to plants, the maximum enrichment of microbial RNA
was reached 3 h after the end of a 6-h pulse (12). Furthermore,
microorganisms have been demonstrated to rapidly metabolize
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13C-labeled primary metabolites released directly in soil (13).
Bearing these results in mind, we reduced the pulse to 5 h with
harvesting directly after completion.

The overall isotopic signature (� 13C) demonstrated that the
roots of all three plant species were enriched in 13C immediately
after the end of the pulse labeling (Fig. 1). Carbon translocation
was especially rapid to the roots of T. repens, consistent with the
high AM mycelial carbon respiration that was recently demon-
strated in this species (14). It is likely that demand by rhizobia
in root nodules also contributed to the early accumulation of 13C
in clover roots. By contrast, 13C built up in Agrostis roots over
several days, although our results demonstrated that microbes
still exploited a 13C-rich pool of recent photosynthates.

To identify the AM fungal and bacterial communities colo-
nizing the roots, we used primers specific for the amplification
of the SSU rRNA of AM fungi (4) and specific for bacteria
(modified from ref. 15). Isopycnic ultracentrifugation of the
RNA extracts by using cesium trif luoroacetate (CsTFA) was
followed by fractionation of the gradient and RNA precipitation.
Direct PCR on each fraction showed that only low-density
fractions 1, 2, and 3 gave a positive signal indicating the presence
of DNA (data not shown). This DNA was used to assess the
overall diversity of AM fungi in the roots for experiment A. From
these direct PCR amplifications, it can be concluded that
fractions 4–24 did not contain detectable DNA, so any ampli-

fication in the RT-PCR reflected RNA only. In the unlabeled
control, RT-PCR products were seen in fractions 7–13 (Fig. 2).
After the 13CO2 pulse, additional bands appeared in the higher
density fractions (fractions 15–18 for A1 and 17–18 for A2) (Fig.
2), which we interpret as being amplified from the 13C-labeled
(heavy) RNA, whereas unlabeled RNA was found in fractions
7–12 (Fig. 2). We argue that light RNA did not contaminate the
heavy fractions because no positive clones were recovered from
fractions 17 and 18 of the unlabeled control. The gap between
the light and heavy RNAs (e.g., A1 fraction 14) (Fig. 2) indicates
that the labeling was intense. This finding is supported by
estimated buoyant densities of 1.78–1.80 g/ml for the unlabeled
and 1.82–1.85 g/ml for the labeled RNA, comparable with values
reported for pure [12C]rRNA and pure [13C]rRNA, respectively
(16). In addition, there was no delay: heavy RNA was found
immediately after the end of the 5-h pulse labeling. Similar
results were obtained in experiment B. The main conclusion
from these observations is that the AM fungi were preferentially
using assimilates provided by plants (labeled molecules), rather
than previously fixed carbon (unlabeled). Traces of heavy RNA
were still detected 43 h after the end of the 13CO2 pulse labeling
(experiment A) (data not shown). For the bacteria, we found
similar results, with positive RT-PCRs and heavily labeled RNA
in fraction 17 (heavy RNAs). Compared with the results for the
AM fungi, the only difference is a positive signal that is
uninterrupted from fractions 5–17 (experiment B) (data not
shown). Thus, depending on the bacteria and their ecological
status, different proportions of 13C-labeled photosynthates were
incorporated. From an ecological point of view, bacterial sym-
bionts (i.e., root-inhabiting bacteria, whether mutualistic or
parasitic) can be expected to be heavily labeled in the same way
as the AM fungi, whereas saprotrophic bacteria should receive
little direct photosynthate.

Cloning and sequencing of the various PCR products identi-
fied 17 phylotypes (phylogenetically related sequences) of AM
fungi colonizing the roots (Fig. 3). By computing rarefaction
curves using a random resampling procedure and bootstrap (17)
from the 25 to 30 sequenced clones from each clone library, we
demonstrate that we have not underestimated the diversity of
AM fungal phylotypes in any of the RNA samples [supporting
information (SI) Fig. 5]. In the case of the DNA samples,
however, a greater sampling effort probably would have uncov-
ered additional phylotypes because the corresponding curves
have not reached their asymptotes (SI Fig. 5). These results were
confirmed by using a Bayesian estimator of the diversity for
noninvasive sampling (18). All of the sequences were related to
recognized Glomus, Acaulospora, and Scutellospora species, al-
though none was close enough to be assigned to them. Only 4
phylotypes have been reported from other field populations in
previous studies, whereas 13 phylotypes (Glo26–Glo29, Glo46,
Glo57–Glo60, Acau13–Acau15, and Scut5) were potentially new
(Fig. 3). In experiment A, seven phylotypes were found exclu-
sively within the AM fungal community colonizing A. capillaris
and three for T. repens, whereas only three were shared by the
two plants (SI Table 1). Despite the co-occurrence of the plant
species in the same turf, the AM fungal community composition
differed among host plants (SI Table 1), in agreement with
previous studies (5–7).

For both plant species in experiment A, the heavy RNA
corresponded to a subset of the diversity found in the light RNA
or DNA (SI Table 1). In each T. repens sample, half of the AM
fungal phylotypes were recovered from the heavy RNA and
hence had received and metabolized 13C-labeled assimilates. The
active AM fungi were different in the two root samples. Glomus
Glo8, active in A1, is present in A2, but was not detected in the
heavy RNA fraction, whereas Glomus Glo3 was apparently
active in A2, but inactive in A1. It is likely that these Glomus
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Fig. 2. RT-PCR products from each fraction collected from the CsTFA gradi-
ent. RNA extracts from T. repens were amplified by RT-PCR specific for AM
fungi, using samples before (A0), immediately after (A1), and 5 h after (A2) the
5-h 13CO2 labeling period.
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Fig. 1. Isotopic signatures (� 13C‰) of roots after 13CO2 pulse labeling. Each
dot represents a mean of four measures (i.e., not true replicates). Results of �
13C‰ were obtained for T. repens (squares) and A. capillaris (circles) in
experiment A and from A. stolonifera (diamonds) in experiment B. Fitted
regression curves are shown. Natural values of � 13C‰ (control before labeling)
were �35 for T. repens roots, �28 for A. capillaris, and �30 for A. stolonifera.
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species are using the same carbon assimilates. Hence, we can
hypothesize that the observed variations in fungal communities
are a consequence of competition among colonizers in the same
ecological niche. We conclude that not only is the distribution of
AM fungi among roots of T. repens highly heterogeneous, but so
is their level of activity. Analyses of relative abundance from
DNA studies, which have already revolutionized our view of the

ecology of these key symbionts (4–7), may therefore give a
misleading view of the active populations. A proposed explana-
tion for the stability of the AM fungi–plant mutualistic associ-
ation over 450 million years is a trade exchange of resources
between partners enforced by embargo by one or both members
of the symbiosis (19). Our results do not allow us to reject this
hypothesis of sanction, but they also substantiate the hypothesis
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of host-plant preference and competition among AM fungal
colonizers (5, 6, 20).

The A. stolonifera root-colonizing bacteria were analyzed from
RNA in fraction 7 (unlabeled) and fraction 18 (heavily labeled)
of experiment B. The statistical analyses of the bacterial phylo-
types allow us to conclude that the sampling was large enough to
describe the diversity for both light and heavy fractions (Fig. 4
B and C). The regression curves show that one or two additional
phylotypes should be expected if the number of sequences were
doubled. The G � C composition was similar for all RNA
phylotypes from both light and heavy fractions and thus should
not introduce any bias. The phylogenetic reconstructions segre-
gate bacteria into 17 phylotypes (with �3% internal sequence
divergence, except for 6 phylotypes that were slightly more
heterogeneous). Five strongly supported phylotypes cannot be
identified because they are too distant from any published

sequences other than from environmental samples (Fig. 4).
Phylotype 1 forms a particularly deep branch within the bacteria,
whereas phylotypes 10–13 are within the class Betaproteobac-
teria. We can argue that these bacteria are not parasitic because
(i) thorough examination of the plant roots indicated that they
were healthy, and (ii) no long branches were observed in the
phylogeny (typical of parasites because of higher mutation rate)
(21). A number of sequences were close to the Burkholderiales,
a group that includes both pathogens and symbionts. Several
Burkholderia spp. have developed symbioses with plants and are
found in roots, leaves, and stems (22). Furthermore, they colo-
nize AM fungi as endosymbionts (23), and several are described
as symbionts of Rhizopus, a fungus belonging to the Zygomycota,
conferring on the fungus a certain level of pathogenicity toward
plants (24). Another group of putative Burkholderiales se-
quences were close to those of nitrogen-fixing Ideonella sp.
isolated from rice stems and roots (25).
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The metagenomic approach using stable isotopes (26) has al-
lowed us to describe the community diversity of AM fungi and
bacteria and to relate this diversity to a functional trait, the
consumption of newly formed photosynthates. An extension of our
approach would probably reveal the presence of additional micro-
organisms, including archaea and a wider range of fungi (1).
Because we have focused on highly labeled RNAs, we conclude that
the microorganisms involved in the process are closely linked with
their host plant and are likely to be plant-dependent. However, our
results bring more questions than answers. We have much to learn
about the ecology of microorganisms in roots, especially of the
potentially new bacterial groups described herein.

Materials and Methods
Field Sites and Plant Growth. In experiment A, six turfs (45 � 35
cm) were collected from the Natural Environment Research
Council Soil Biodiversity field experiment at Sourhope near
Kelso (Scotland), a seminatural grassland ecosystem (March
2002). Turfs were placed in plastic containers (45 � 35 cm) and
acclimated for 3 months at 18°C lit 12 h per day before labeling.

In experiment B, three turfs of the same size were collected
from a peatland experiment of the European research program
RECIPE, located close to Baupte in Normandy (France) and
acclimated similarly (March 2005).

13C Labeling and Total RNA Extraction. In experiment A, a turf in its
container was put into an acrylic air-f low chamber and labeled
with 13CO2 (99 atom %) at atmospheric concentration. Air flow
to the turf (�5 liters/min) and CO2 delivery were controlled by
measuring the concentration of CO2 in the vent gas, using an
infrared gas analyzer. Core samples (4.1-cm diameter) were
taken from the turf: A0, before the pulse labeling; A1, imme-
diately after the 5-h labeling; and A2, A3, A4, and A5, 10, 16, 24,
and 48 h after the start of the labeling, respectively. From each
core, roots of T. repens and A. capillaris were immediately washed
in tap water, three times in 0.1% Triton X-100, and five times in
sterilized distilled water and then frozen. All roots appeared to
be living and healthy (checked under binocular microscope).
Total RNA was extracted from �30 mg (fresh weight) by using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). Experiment
B was conducted similarly, using roots of A. stolonifera.

Isotopic Signature. A sample of the remaining roots was dried.
The 13C enrichment in root samples reported in � 13C‰ (13C:12C
ratio) was calibrated relative to internal gas standards and solid
reference against Pee Dee Belemnite standard. All isotopic
signatures (� 13C) were determined by continuous-f low/
combustion/isotope ratio mass spectrometry. Although the in-
tensity of labeling might vary with root age, samples were large
and representative enough to even out any such effect. Expo-
nential regression curves were estimated by using Statistica 7.1.

Separation of Labeled RNA from Unlabeled RNA. Before the exper-
iment, the time, speed, and temperature of the ultracentrifuga-
tion and quantities of CsTFA and RNA were optimized to
separate [13C]RNA from [12C]RNA. The isopycnic ultracentri-
fugation was performed using Quick Seal centrifugation tubes
(Beckman, Fullerton, CA) filled with 13.5 ml of an aqueous
solution of 1.9 g/ml CsTFA (Amersham Biosciences, Piscataway,
NJ), to which 50 ng of RNA was added (optimal quantity). Tubes
were spun at 48,000 rpm in a 90Ti rotor (Beckman) at 4°C for
48 h. We noticed that RNA degradation occurs (i.e., RNA is
broken) when tubes are spun at speeds �55,000 rpm. Twenty-
four fractions of the ultracentrifugation gradient were taken,
starting from the top of the tube, by puncturing the wall every
0.1 in (2.54 mm), using a needle, syringe, and guide. RNA was
precipitated with two volumes of isopropanol. After centrifuga-
tion, the pellet was washed in 75% ethanol, dried, and redis-

solved in 20 �l of ultrapure DNase- and RNase-free water
(Sigma–Aldrich, St. Louis, MO). Densities of fractions from two
gradients run under the same conditions as the experiments, but
without nucleic acid, were estimated by weighing measured
volumes.

RT-PCR. RT-PCR was carried out on 5 �l of each of the 24 fractions
from each sample (A0–5, B0–1) by using the Titan One Tube
RT-PCR kit (Roche Molecular Systems, Alameda, CA), with
primers NS31 and AM1 for the specific amplification of AM fungal
SSU rDNA (4) and (for experiment B) the primers Eub�519f and
Eub�1390r specific for bacteria (15) in the modified forms 5�-
GTTTCAGCMGCCGCGGT-3� and 5�-GTTTGACGGGGT-
GTGT-3�, respectively. For AM fungal sequences, reverse tran-
scription at 51°C for 30 min was followed by PCR amplification with
2 min denaturation at 94°C, 35 cycles of 30 sec at 94°C, 1 min at 58°C
or 52°C (AM fungi or bacteria, respectively), 50 sec at 68°C, and
final extension for 10 min at 68°C.

Cloning and Sequencing. The RT-PCR yield was low for the later
samples (A3–5), so analysis was limited to A1, A2, and B1. The
amplified fragments were cloned in pGEM-T vector (Promega,
Madison, WI) and DH5�-competent cells (Gibco/BRL, Carlsbad,
CA). From each clone library, 25 to 30 randomly selected positive
clones were sequenced (ABI-PRISM Dye Terminator Cycle Se-
quencing Ready Reaction Kit; PerkinElmer, Beltsville, MD) for
both strands by using primers T7 or SP6. The two sequences were
aligned by using the programs Autoassembler (PerkinElmer) and
Sequencher (GeneCodes, Ann Arbor, MI) for experiments A and
B, respectively. No chimeric artifacts were found among the clones
sequenced of AM fungi, whereas 53 artifacts were detected and
deleted from the data set among 204 bacteria sequences by using
CHIMERA�CHECK 2.7 (Ribosomal Database Project II; http://
rdp.cme.msu.edu).

Diversity and Phylogenetic Analyses. Rarefaction curves were com-
puted for each data set. The number of species was quantified for
100 random combinations of 1 to N sequences and also by
performing 100 bootstrap pseudoreplicates implemented in Es-
timates (17).

Multiple alignments, one for the AM fungal phylogenetic anal-
yses containing all of the sequences plus a set of eight AM fungal
sequences from GenBank/EMBL/DDBJ and one for the 151
bacterial sequences, were performed by using CLUSTALX 1.81
(27) and refined by eye. For the two data sets, the phylogenetic
analyses were done as follows: CLUSTALX 1.81 was used for
neighbor joining (NJ) phylogenies, with distance correction using
K2P and complete omission of gaps. For AM fungi and bacteria,
bootstrapping was repeated 200 and 1,000 times, respectively.
PAUP 4.0�10 was used for maximum parsimony (MP) by using a
heuristic tree search with 500 replicates (for AM fungi, 300 for
bacteria) of random addition, tree bisection and reconnection as
branching algorithm, and 15 random-addition swaps per replicate.
For the bacteria, an identical likelihood score was found for the
constructions by using tree bisection and reconnection or subtree
pruning-regrafting as swapping algorithms. Then, the bacterial set
was studied by using maximum-likelihood (ML) procedures under
the HKY model with 200 bootstrap iterations. For the AM fungal
data set, the ML phylogeny was constructed under the GTR � I �
G model (100 bootstrap iterations). Modeltest 3.7 software (28) was
used to select the model.
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