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Epidemiological and individual risk factors for colonization by enterobacteria producing extended-spectrum beta-lactamases
(E-ESBL) have been studied extensively, but whether such colonization is associated with significant changes in the composition
of the rest of the microbiota is still unknown. To address this issue, we assessed in an isolated Amerindian Guianese community
whether intestinal carriage of E-ESBL was associated with specificities in gut microbiota using metagenomic and metatranscrip-
tomic approaches. While the richness of taxa of the active microbiota of carriers was similar to that of noncarriers, the taxa were
less homogeneous. In addition, species of four genera, Desulfovibrio, Oscillospira, Parabacteroides, and Coprococcus, were sig-
nificantly more abundant in the active microbiota of noncarriers than in the active microbiota of carriers, whereas such was the
case only for species of Desulfovibrio and Oscillospira in the total microbiota. Differential genera in noncarrier microbiota could
either be associated with resistance to colonization or be the consequence of the colonization by E-ESBL.

Antibiotics have revolutionized the treatment of bacterial in-
fections since the first use of penicillin. However, antibiotic

overuse during recent decades has led to an increase in bacterial
resistance (1). For a long time, this increased resistance has been
masked by the continuous discovery and use of new antibiotics.
Innovation in the field has, however, stopped, and we now find
patients who are infected by bacteria which are resistant to most, if
not all, available antibiotics. For many years, such multiresistant
bacteria were observed only in hospitalized patients, but they are
currently increasingly isolated from members of the community
at large. Enterobacteria that produce extended-spectrum beta-lac-
tamases (E-ESBLs), which are not only resistant to all beta-lactams
(except carbapenems) but are also very often coresistant to the
most commonly used antibiotics and can cause very common
infections, such as urinary tract infections and pyelonephritis, are
particularly feared (2). Besides causing infections, such E-ESBLs
can very often colonize the intestinal microbiota of healthy indi-
viduals (3, 4). Intestinal colonization is recognized as the corner-
stone of E-ESBL dissemination. Epidemiological and individual
risk factors for intestinal colonization by E-ESBLs have been stud-
ied extensively (4, 5), but whether colonization is associated with
significant changes in the composition of the rest of the microbi-
ota, as a cause or as a consequence, is still unknown.

Currently, culture-independent methods based on extensive
sequencing of total DNA are preferred to describe intestinal mi-
crobiota because large numbers of species are noncultivable. In
addition, analysis based on RNA sequencing allows a functional
approach to study the intestinal flora. An important function of
the intestinal microbiota is to prevent colonization by exogenous
bacteria, including resistant potentially pathogenic microorgan-
isms. This “colonization resistance” is associated with the anaer-
obic intestinal microbiota (6, 7), but the precise mechanism in-
volved is still largely unknown. Recently, the presence of the

Barnesiella genus in the intestinal microbiota was shown to pre-
vent vancomycin-resistant Enterococcus domination (8).

Here, we explored and compared the total gut microbiota and
active gut microbiota in relation to E-ESBL carriage using DNA
and RNA high-throughput sequencing methods and found some
features that might be of high interest for infection control.

MATERIALS AND METHODS
Study subjects and sampling. The volunteers enrolled in the study were
healthy adult Wayampi Amerindians from the village of Trois-Sauts, in
French Guyana, where huts with no modern facilities are disseminated
over �3 km along the Oyapok river. Their living conditions and micro-
biological follow-up since 2001 has been extensively described elsewhere
(9–13). This is a genetically homogenous population of �500 inhabitants,
still living mostly in a traditional manner, including alimentation, which
is provided by hunting, fishing, and raising crops. However, a resident
paramedic ensures fully free access to allopathic medicine and records all
health care deliveries, including antibiotics. During the last sampling
campaign, which took place in October 2010, we tested 151 individuals for
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E-ESBL intestinal carriage, as described previously (9, 11, 13). In addition,
a fecal sample of about 5 g that had recently passed (less than 2 h earlier)
was diluted 1:10 in RNAlater (Applied Biosystems, Villebon-sur-Yvette,
France), thoroughly mixed, and immediately frozen at �20°C before be-
ing taken to the laboratory, without defrosting, and stored at �80°C until
harvesting.

Eight (5.3%) of the 151 individuals were found to be E-ESBL carriers.
Among them, 4 were carrying a CTX-M-1 ESBL, 2 were carrying a CTX-
M-8 ESBL, and 1 was carrying a CTX-M-2 ESBL. The last carrier was
carrying both CTX-M-2 and CTX-M-8 ESBLs (13). In order to identify
possible specificities in the microbiota of the carriers, we also analyzed the
microbiota of noncarriers, used as controls. Each of the 8 ESBL carriers
was matched with 3 noncarrier controls chosen among the 143 possible
ones (the 151 sampled individuals less the 8 carriers). Controls were cho-
sen for being as close as possible to the corresponding case subject in terms
of gender, age, and antibiotic exposure within the year preceding sam-
pling. The first control was part of the carrier’s family, the second was
living in the same household, and the last was nonrelated to the carrier for
the two criteria. Controls were available in all instances except for one
carrier for whom only two adequate controls could be matched (a prop-
erly matched family noncarrier was not available).

Signed informed consent was obtained from all subjects, and the study
protocol was approved by the ad hoc Ethical Committee (Comité de Pro-
tection des Personnes Sud-Ouest et Outre Mer III; 2010-A00682-37).

Purification of nucleic acids. The fecal samples were defrosted and
homogenized, and 5 ml of each sample was diluted with 5 ml of phos-
phate-buffered saline (PBS) (containing, per liter, 8 g of NaCl, 0.2 g of
KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4 [pH 7.2]). Then, they were
centrifuged at 1,250 � g at 4°C for 2 min to remove fecal debris. The
supernatant was centrifuged at 13,000 rpm for 5 min to pellet the cells.
Total DNA and RNA were extracted from pelleted cells using an AllPrep
DNA/RNA/Protein minikit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The DNA and RNA extracts were checked by
running a standard agarose gel electrophoresis procedure and were quan-
tified using a Nanodrop-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA).

Amplification of the 16S rDNA gene. For each sample, a region of
the 16S ribosomal DNA (rDNA) gene was amplified by PCR with the
universal primers E8F (5=-AGAGTTTGATCMTGGCTCAG-3=) and
357R (5=-TGCTGCCTCCCGTAGGAGT-3=) using a sample-specific
Multiplex Identifier (MID) for pyrosequencing. The amplified region
comprises hypervariable regions V1 and V2. For each sample, a 50-�l PCR
mix was prepared that contained 5 �l of buffer Taq (10�) with 20 mM
MgCl2, 2 �l of deoxynucleoside triphosphates (dNTPs) (10 mM), 1 �l of
each primer (10 mM), 0.4 �l of Taq Fast start polymerase (5 U/�l), 39.6 �l
of nuclease-free water, and 1 �l of DNA template. PCR was run under the
following conditions: 95° for 2 min followed by 25 cycles of 95° for 30 s,
52° for 1 min, and 72° for 1 min and a final extension step at 72° for 10 min.
The amplification process was checked by electrophoresis using an aga-
rose gel (1.4%). PCR products were purified using a NucleoFast 96 PCR
Clean-Up kit (Macherey-Nagel) and quantified using a Nanodrop-1000
spectrophotometer (Thermo Scientific) and a QuantiT PicoGreen dou-
ble-stranded DNA (dsDNA) assay kit (Invitrogen). The pooled PCR
products were directly pyrosequenced.

cDNA synthesis. Total RNA was first treated with DNase (Ambion),
and then it was retrotranscribed into single-stranded cDNA using a High-
Capacity cDNA reverse transcription kit (Ambion, Carlsbad, CA, USA) as
recommended by the manufacturer, and double-stranded cDNA (ds-
cDNA) was then synthesized following standard procedures. The prod-
ucts were quantified using a QuantiT PicoGreen dsDNA assay kit (Invit-
rogen, Carlsbad, CA, USA). A standard agarose gel electrophoresis
procedure was run to check the integrity of the double-stranded cDNA.
Total ds-cDNAs obtained from each fecal sample were directly sequenced.

Pyrosequencing and sequence analysis. Pyrosequencing was per-
formed using a Roche GS FLX sequencer and Titanium chemistry in the

Centre for Public Health Research (FISABIO-Salud Pública, Valencia,
Spain). All sequences were deposited in the European Bioinformatics In-
stitute (http://www.ebi.ac.uk/) database under accession number
ERP001842.

16S rDNA reads with a low quality score (�20) and short read lengths
(�100 nucleotides) were removed. Potential chimeras were also removed
from the remaining sequences using the Chimera-Slayer package of
mothur software (14).

To select the 16S rRNA reads among the total RNA sequences, we
compared the reads against the Small Subunit rRNA Reference Database
(SSUrdb) as described previously (15), using BLASTN with an E value of
10�16 (16).

Taxonomic information concerning the sequences of 16S rRNA (ac-
tive bacteria) and 16S rDNA (total bacteria) was obtained by comparisons
using Ribosomal Database Project II (RDP) (17) and the pick_otus-
_through_otu_table.py pipeline available in QIIME v1.4.0 software (18).
Operational taxonomic units (OTUs) were created by the use of Uclust, ap-
plying cluster criteria of 97% similarity. The most representative sequences
for each OTU were then compared against the Qiime cluster version of the
Greengenes database (database gg_97_otus_4feb2011_aligned.fasta). We ac-
cepted the annotation if the bootstrap confidence estimation value was
over 0.8, stopping the assignation at the last well-identified phylogenetic
level. Representative sequences were aligned using Pynast against the
clustered version of the Greengenes database (database gg_97_otus_
4feb2011_aligned.fasta) (19). The aligned sequences were used to recon-
struct the phylogenetic tree using FastTree software (20).

We computed the Chao1 richness estimator (21) to assess the expected
number of bacterial taxa in the bacterial communities and the Shannon
diversity index (22) and the Shannon equitability (evenness) index (23) to
measure the homogeneity in the microbiota composition. Shannon equi-
tability indicates the distribution of individuals over genera, while the
Shannon diversity index takes into account two features, richness and
evenness. The value of the diversity index increases both when richness
increases and when evenness increases. For a given number of genera,
the value of a diversity index is maximized when all genera are equally
abundant.

Epidemiological data and statistical methods. The data on antibiotic
exposure during the year preceding sampling, demography, and living
habits were collected as described previously (9, 10, 11, 13). Epidemiolog-
ical characteristics of carriers and noncarrier controls were compared us-
ing the permutation Student t test for quantitative variables and the bino-
mial exact test for paired data in cases of qualitative variables (24).

Concerning the microbiota, the values were expressed as means �
standard deviations (SD). Differences in Shannon diversity index, Shan-
non equitability index, and Chao1 estimator values were analyzed by per-
forming permutations using the Wilcoxon signed-rank test with a signif-
icance level of �0.05 (25). Heat maps of taxon abundance and
composition and clustering based on the Bray-Curtis distance measure-
ments were analyzed using the free statistical package R. Biodiversity be-
tween groups of samples was evaluated using the pipeline jackknifed-
_beta_diversity.py available in Qiime v1.4.0. The rooting tree method was
performed by adding two archaeal 16S sequences (AB294259 and
AB294260) to the phylogenetic tree, the rest of the settings being left at
default values. Weighted Unifraq was chosen to estimate beta diversity
because its components better explain the genetic variability between
samples.

We used the linear discriminant analysis (LDA) effect size (LEfSe)
algorithm from the Galaxy software package (26) to identify specific taxa
as biomarkers for carriers and noncarriers. LEfSe first identifies the signif-
icant differences in taxon composition between groups (carriers and non-
carriers) by applying the Kruskall-Wallis test (27). Then, the Wilcoxon
test (28) was used to check all pairwise comparisons by considering that
for each group there were individuals treated or not treated with antibi-
otics. We fixed a cutoff 	 value of �0.05 for both type of tests. The bac-
terial taxa with significant differences between samples were used to build
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the LDA model and to estimate its effect as a discriminative feature among
them. The threshold used to consider a discriminative feature for the
logarithmic LDA score was set to 
2.0.

RESULTS
Comparison of general features between E-ESBL carriers and
noncarrier controls. The gut microbiota of carriers and noncar-
rier controls did not differ significantly with respect to any of the
epidemiological characteristics, including antibiotic exposure
(Table 1). The three exposed carriers received metronidazole, co-
trimoxazole, and amoxicillin, respectively, whereas the three ex-
posed noncarrier controls received co-amoxiclav (one subject) or
metronidazole (two subjects). It is worth noticing that adminis-
tration of all courses of antibiotic stopped at least 6 weeks before
sampling.

Biodiversity and composition of the total microbiota. An av-
erage of 2,500 16S rDNA sequences per sample were obtained,
with the phyla Bacteroidetes (45%) and Firmicutes (40%) being the
most abundant, followed by Proteobacteria (12%), Spirochaetes
(1.8%), and Tenericutes (0.27%). Actinobacteria were present in
only four individuals and with few sequences. Figure 1A shows the
heat map based on taxon abundance and sample composition.
Three major clusters (named A, B, and C) were obtained, and the
8 E-ESBL carriers were scattered among them (4, 2, and 2 in clus-
ters A, B, and C, respectively). In almost all the samples, the Pre-
votella genus (Bacteroidetes phylum) was the most abundant
taxon. Most of the Firmicutes sequences belonged to the families
Lachnospiraceae, Ruminococcaceae, and Clostridiaceae. Focusing
only on Gammaproteobacteria, we found that the Succinivibrio and
Ruminobacter genera, both members of the family Succinivibrion-
aceae, were the main taxa, whereas the members of the Enterobac-
teriaceae family (to which Escherichia coli belongs) were less abun-
dant, even in the 8 E-ESBL carriers (Fig. 1C).

To quantify the diversity of each bacterial community, we used
Chao1 richness estimator, Shannon equitability index, and Shan-
non diversity index values. The values determined for the Shan-
non diversity index, the Shannon equitability index, and the
Chao1 richness estimator did not differ significantly between car-
riers and the three noncarrier controls (Table 1). The weighted
UniFrac analysis was not able to separate carriers and noncarrier
controls either (see Fig. S1A in the supplemental material). In
addition, no cluster was obtained on the basis of the type of
CTX-M genes carried (see Fig. S2A). The results of LEfSe analysis
revealed, however, that two biomarkers, Desulfovibrio and Oscil-
lospira, were significantly more abundant in the noncarriers than
in the carriers (0.264 � 0.492 versus 0.072 � 0.181 [P � 0.05] and
2.652 � 2.025 versus 1.048 � 1.349 [P � 0.04], respectively) (Fig.
2A and 3A). Both genera are low-abundance taxa, but, unlike
Desulfovibrio, detected only in two carriers, Oscillospira were pres-
ent in all the samples and were, on average, 2.5 times more abun-
dant in noncarriers than in carriers (Fig. 3A). No statistically sig-
nificantly abundant taxa were found in total microbiota for
noncarriers (Fig. 2A).

Biodiversity and composition of the active microbiota. Di-
rect sequencing of the cDNA products gave a mean of 17,972 16S
rRNA sequences per sample with an average length of 313 bp. The
heat map (Fig. 1B) showed that samples also grouped into three
major clusters but that they did so in a way different from that
observed in the total microbiota. In fact, all eight carriers were
grouped in cluster C whereas the noncarrier controls were evenly

distributed among clusters. Similarly to the total microbiota, the
active microbiota was characterized by a high abundance of mem-
bers of the genus Prevotella, ranging from 25% to 80% of the total
bacterial taxa detected. There was also a low abundance of mem-
bers of the Enterobacteriaceae family, with the genus Escherichia,
ranging from 0% to 2% of total sequences (Fig. 1D). When we
compared the diversities of the active microbiotas of the carriers
and noncarrier controls, we found significant differences with the
Shannon diversity index (family controls) and the Shannon equi-
tability index (nonrelated and family controls) results but not
with the Chao1 estimator results (Table 1). Since the active bacte-
ria of ESBL carriers were as taxon rich as those of noncarriers and
since the individuals in the community were distributed less eq-
uitably among the taxon categories (Shannon equitability index),
the active microbiota in carriers was less diverse than in controls.
In analyzing the composition of the active microbiota using the
UniFrac metric to determine beta diversity, we found that the
ESBL carriers clustered as a group (see Fig. S1B in the supplemen-
tal material), indicating that they showed bacterial compositions
that were more similar. However, all clusters according to the
CTX-M allele type were found in active microbiota (see Fig. S2B).

Using LEfSe biomarker discovery software, we identified sev-
eral genera discriminating between carriers and noncarrier con-
trols, as shown by the LDA score data in Fig. 2B. Noncarriers had
4.5 times more Desulfovibrio (0.0081 � 0.0100 versus 0.0017 �
0.0030, P � 0.01), 3.7 times more Oscillospira (0.0197 � 0.025
versus 0.0053 � 0.0050, P � 0.03), 3.5 times more Parabacteroides
(0.0102 � 0.0120 versus 0.0029 � 0.0030, P � 0.04), and 2.5 times
more Coprococcus (0.0122 � 0.008 versus 0.0048 � 0.0040, P �
0.01) bacteria than carriers (Fig. 3B). Carriers, on the other hand,
had 1.4 times more abundant Prevotella bacteria than noncarriers
(0.63 � 0.17 versus 0.44 � 0.20, P � 0.02) (Fig. 2B and 3C).

DISCUSSION

The main result of this study was that we observed tentative evi-
dence for differences between the compositions of the microbiota
of E-ESBL carriers and noncarrier controls, in the abundance
and/or in the expression of some specific taxa, which could be
considered biomarkers. As far as we know, this observation has
not been made previously. Members of two anaerobic taxa, be-
longing to the genera Desulfovibrio (Desulfovibrionaceae) and Os-
cillospira (Ruminococcaceae), appeared significantly more abun-
dant in the total microbiota of noncarrier controls than in carriers.
When the active microbiota was considered, members of two ad-
ditional genera (Parabacteroides and Coprococcus) were also sig-
nificantly more abundant in noncarriers. In contrast, there was
only one genus (Prevotella) whose species were more abundant in
the active microbiota of carriers than in noncarriers. It is tempting
to suggest there is a relationship between the more abundant gen-
era in the microbiota of noncarriers and resistance to E-ESBL
colonization. However, the cross-sectional case-control nature of
the study prevents our identifying a conclusive causal relation-
ship. Indeed, the differences observed might as well be the conse-
quences of E-ESBL carriage as the causes. It is important to point
out, however, that members of the Enterobacteriaceae family were
present in very low abundance in the total microbiota as well as in
the active microbiota of carriers. This low abundance suggests that
enterobacteria, whether E-ESBL or not, are not numerous
enough, and are thus insufficiently metabolically active, to under-
lie the microbiota composition. However, low abundance does
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not always exclude high gene expression levels (29); thus, we can-
not exclude a possible role of E-ESBL in shaping the microbiota.
One limitation of the study was that the sample size was small.
Therefore, matching between ESBL carriers and noncarriers was

not fully successful. Moreover, the differential genera that were
discriminated by LEfSe were based on a small number of reads.
Thus, further studies should be done to give support to such find-
ings with respect to ESBL biomarkers.

TABLE 1 Epidemiological characteristics of ESBL carriers and noncarrier controls among the Wayampis Amerindians of Trois-Sautsa

Epidemiological parameter

Value(s)

Carriers (n � 8)
Nonrelated controls
(n � 8) (P value)

Household controls
(n � 8) (P value)

Family controls (n � 7)
(P value)

Sociodemographic data

Avg age, yrs [range]b 46.1 [33–65] 45.6 [28–67] 42.4 [25–55] 35.7 [24–54]
Sex ratio (female/male)b 6:2 5:3 2:6 5:2
No. of subjects in a marriage or stable relationship 7 5 (0.63) 8 (1.00) 7 (1.00)
Median no. of children 6 5 (0.36) 7 (0.52) 6 (0.36)
Median no. of close relativesc 6 6 (0.99) 6 (0.99) 7 (0.46)

Household
Median no. of inhabitants 7 7 (0.93) 7 (1.00) 8 (0.35)
No. of animals in the household 6 6 (1.00) 6 (1.00) 5 (1.00)

No. of subjects with indicated lifestyle
Drinking water

River 3 2 (1.00) 4 (1.00) 4 (1.00)
Cove 2 3 (1.00) 3 (1.00) 3 (1.00)
Tap 6 5 (1.00) 6 (1.00) 3 (0.25)

Duty
Hunter 2 4 (0.63) 5 (0.38) 2 (1.00)
Fisher 7 6 (1.00) 7 (1.00) 6 (1.00)
Manioc culture worker 7 7 (1.00) 6 (1.00) 7 (1.00)
Cook 7 7 (1.00) 6 (1.00) 5 (0.62)
Cachiri preparerd 6 5 (1.00) 3 (0.38) 5 (1.00)
Pirogue driver 4 4 (1.00) 7 (0.38) 3 (1.00)
Health worker 1 0 (1.00) 1 (1.00) 0 (1.00)
Babysitter for children �5 yrs of age 8 4 (0.13) 6 (0.50) 6 (0.50)

Travel outside Trois-Sauts during past yr 6 7 (1.00) 6 (1.00) 7 (1.00)
Having a child at school outside Trois-Sauts 3 2 (1.00) 2 (1.00) 2 (1.00)

No. of subjects with indicated medical history
during past yr

Hospitalization 0 0 (1.00) 1 (1.00) 1 (1.00)
Surgery 0 0 (1.00) 0 (1.00) 0 (1.00)
Serious medical event 1 0 (1.00) 1 (1.00) 0 (1.00)
H1N1 vaccination 2 2 (1.00) 1 (1.00) 2 (1.00)
Antibiotic usee 3 2 (1.00) 1 (0.50) 0 (0.25)
Antibiotic use among relatives 6 8 (1.00) 7 (1.00) 6 (1.00)

Cocolonization
Persistent Staphylococcus aureus nasal carriage 1 3 (0.63) 4 (0.38) 1 (1.00)
Intestinal colonization with Candida albicansf 2 1 (1.00) 0 (0.50) 2 (1.00)
Intestinal colonization with Candida kruseif 7 5 (0.63) 6 (1.00) 6 (1.00)
Intestinal colonization with Saccharomyces cerevisiaef 8 6 (0.50) 7 (1.00) 5 (0.25)

Biodiversity of total microbiota
Shannon diversity index (mean � SD) 1.94 � 0.50 2.10 � 0.48 (0.43) 2.04 � 0.48 (0.51) 2.36 � 0.50 (0.06)
Shannon equitability index (mean � SD) 0.53 � 0.10 0.56 � 0.10 (0.34) 0.54 � 0.10 (0.89) 0.63 � 0.10 (0.06)
Chao1 estimator (mean � SD) 43.91 � 10.47 46.62 � 9.94 (0.90) 53.15 � 9.94 (0.13) 52.52 � 10.47 (0.19)

Biodiversity of active microbiota
Shanon diversity index (mean � SD) 1.90 � 0.70 2.46 � 0.65 (0.07) 2.30 � 0.65 (0.50) 2.79 � 0.70 (0.01)
Shanon equitability index (mean � SD) 0.45 � 0.15 0.57 � 0.14 (0.04) 0.55 � 0.14 (0.35) 0.64 � 0.15 (0.01)
Chao1 estimator (mean � SD) 85.99 � 27.41 86.26 � 25.39 (0.69) 74.80 � 25.39 (0.28) 89.34 � 27.41 (0.94)

a Univariate analysis was performed using a permutation Student t test and a binomial exact test for paired data. Differences in Shannon index values and Chao1 richness estimator
values were analyzed using the Wilcoxon signed-rank test. These values were expressed as means � standard deviations (SD). P data represent probability at 	 � 0.05.
b Statistical testing was not performed on matching variables.
c Close relatives were defined as members of the same family living in the same hut. In cases of multiple life partners, second or third wives and their children were included as
family members even if they lived in a different hut. The number of relatives ranged from 1 to 11.
d Cachiri is a locally prepared fermented beverage.
e Among the carriers, one received a course of metronidazole in September 2010; one received a course of co-trimoxazole in December 2009 and one a course of amoxicillin in
October 2009. Among the noncarriers, one received a course of amoxicillin and clavulanic acid in July 2010; one received a course of metrodinazole and spiramycine in June 2010
and one a course of metronidazole in September 2009.
f See reference 9.
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FIG 1 Gut microbiota composition. (A and B) Heat maps and clustering based on taxon composition and abundance (Bray-Curtis distance) for the total
microbiota (16S rDNA) (A) and the active microbiota (16S rRNA) (B). (C and D) We also focused the analysis on gammaproteobacteria from total microbiota
(C) and active microbiota (D). Colors in the figures depict the percentage range of sequences assigned to main taxa (abundance of 
1% in at least one sample).
The ESBL carriers are indicated in blue and noncarriers in black.
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Two characteristics of the population that we studied make
these results particularly meaningful. First, the study was per-
formed on subjects from an isolated community, in which the
antibiotic exposure of each individual in the year preceding sam-
pling was known exactly. The exposures were infrequent and were

not significantly different in carriers and noncarriers. Thus, dif-
ferences in antibiotic exposure would are not likely the reason for
the differences observed. Second, the subjects from this commu-
nity have a very traditional lifestyle and eat exclusively what they
cultivate, fish, or hunt. Their diet is not very varied, and they all
have approximately the same one. Thus, differences in diet, which
are known to influence the composition of the intestinal microbi-
ota (30–34), were minimized in our study. Last, the population is
ethnically very homogeneous (10) and it is thus unlikely that ge-
netic differences are the cause of the differences observed between
carriers and noncarriers.

The microbiota of the Amerindians was found to be character-
ized by a high abundance of members of the Prevotella genus, as
described in other rural populations (31–33), where it has been
related to the vegetarian diet. This is possibly because these taxa
ferment the dietary fiber contained in whole grain, producing
short-chain fatty acids (SCFAs), important metabolites in host
physiology. Species of Faecalibacterium (Firmicutes), another
SCFA producer, and of the Lachnospiraceae and Ruminococcaceae
families, known as important pectin and cellulose degraders in
colonic fermentation of dietary fibers (35–37), were also highly
represented in the microbiota of the Amerindians. In addition,
species of Ruminobacter and Succinivibrio (Succinivibrionaceae
family), also present in the Amerindians, are known inhabitants of
the rumen of cattle and sheep, playing an important role in the
digestion of alpha-linked glucose molecules (maltose, maltodex-
trins, and starch). Thus, the overall intestinal microbiota seemed
to be shaped to obtain the largest amount of energy from dietary
fiber, which may be a reflection of the diet of this population.

FIG 2 Linear discriminant analysis between noncarriers and carriers. (A) To-
tal microbiota. (B) active microbiota. The LDA (log 10) scores for the statisti-
cally significant taxa in the noncarrier samples are represented by the black
bars in the positive scale, whereas the differential taxa in carriers correspond to
the blue bar with a LDA-negative score.

FIG 3 Relative abundances of the bacterial biomarkers. (A) Noncarriers’ biomarkers in total microbiota. (B) Noncarriers’ biomarkers in active microbiota. (C)
Carriers’ biomarkers in active microbiota. Dashed lines represent mean values.
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In conclusion, our results showed that the active microbiota of
the Wayampi was less diverse in E-ESBL carriers than in noncar-
rier controls. Noncarriers had differential anaerobic bacteria in
both total microbiota and active microbiota that could play a role
in colonization resistance, while Prevotella appeared as a bio-
marker for the active microbiota of carriers. Indeed, the actual
relationships between these specificities and E-ESBL colonization
still have to be explored prospectively and studied in animal mod-
els; however, this will not be possible for those of these species
which, such as Oscillospira species, are not cultivable (38). Clearly,
because the results were obtained using a small sample pool and
matching was imperfect, the results will have to be confirmed in a
larger, more diversified, and prospective cohort. Nonetheless, our
results open up interesting avenues for modulating the intestinal
microbiota and reducing the burden associated with E-ESBL col-
onization.
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