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Abstract

There is increasing recognition that the intestinal microbiota govern human well-being and prevent
diseases. Intestinal colonization by antibiotic-resistant pathogens, however, can lead to the spread
of resistance as well as serious infections. Extended-spectrum B-lactamase producing
Enterobacteriaceae (ESBL-E) represent particularly dangerous pathogens, which are known to
asymptomatically colonized the intestinal tract in the community. Here, we performed a 16s rRNA
metagenomics sequence analysis to analyze differences in the microbiota composition between
ESBL-E carriers and non-carriers in Thailand, where ESBL-E carriage rates are notoriously high.
The most notable difference we detected was that the phylum Bacteroidetes, and in particular, the
species Bacteroides uniformis, were significantly more abundant in ESBL-E non-carriers than
carriers. The Shannon diversity index in non-carriers (5.10 £ 0.69) was also lower than that in
ESBL-E carriers (5.39 £ 0.48) without statistical significance (p = 0.13). The overall beta diversity
difference of the intestinal microbiota of ESBL-E carriers as compared to non-carriers was
statistically significant (Adonis on weighted unifrac: R2=0.14, P =0.005). Furthermore, ESBL-E
carriage was significantly lower in farmers than other occupations. Our findings suggest that a
dynamic interaction exists between microbiota diversity and ESBL-E carriage, which is possibly
driven by dietary composition and may be exploited using probiotic approaches to control the
spread of ESBL-E.
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1. Introduction

The human gastrointestinal tract is colonized by numerous bacteria. Some of them are
opportunistic pathogens and may carry drug resistance genes [1]. This may lead to the rapid
spread of drug-resistant pathogenic bacteria in the community. However, the prevalence of
this worrisome intestinal carriage of drug-resistant bacteria is not well understood.
Extended-spectrum B-lactamase-producing Enterobacteriaceae (ESBL-E) represent a
particularly dangerous threat to public health, because these bacteria are resistant to most
oxyimino-cephalosporins (e.g. ceftriaxone, cefotaxime and ceftazidime). Escherichia coli
and Klebsiella pneumoniae are among the most frequent ESBL-producing isolates and
resistance rates in these potentially highly dangerous pathogens are on the rise in particular
in Asia [2, 3]. Many recent studies have reported that the healthy population is
asymptomatically colonized with ESBL-E, with colonization frequencies ranging from low
single-digit percentage rates, for example in the U.S. and Western Europe [4-6], to much
higher frequencies, for example ~ 34% in Turkey [7], ~ 30% in Shanghai, China [8], and
over 50% in some African and Asian countries including Thailand [9-11]. Due to the high
ESBL-E colonization rates in those latter countries, travel to (sub)tropical regions has been
recognized as a risk for acquiring ESBL-E colonization [12].

The intestinal microbiota provide an important host defense mechanism by inhibiting the
colonization of potentially pathogenic microorganisms either via depletion of nutrients or
production of inhibitory substances or conditions that can inhibit the growth of the invading
pathogens. For example, Pultz et al. have shown that colonization with vancomycin-resistant
enterococci (VRE) was inhibited by anaerobic microbiota in the colon, which by depleting
nutrients within cecal contents limit the association of VRE with the mucus layer [13]. This
phenomenon, termed “colonization resistance”, has the potential to be applied in a
therapeutic probiotic manner to the prevention of overgrowth of indigenous pathogens and
the inhibition of exogenously introduced foreign organisms [14].

Despite the increasing recognition of the role of the intestinal microbiota in controlling the
colonization of specific pathogenic and antibiotic-resistant bacteria, there has been almost no
effort yet to investigate this role regarding colonization by ESBL-E. To our knowledge, only
one study has addressed this question. That study analyzed the population of a remote and
isolated village in French Guyana with a very low ESBL-E colonization rate and found
increased prevalence in non-ESBL-E carriers of four non-related genera, two of which
belong to the Clostridiales [15].

Here, to address ESBL-E colonization as a global public health risk, we analyzed the
microbiome of ESBL-E carriers versus non-carriers in Thailand, which is known to have
high ESBL-E colonization rates. Furthermore, we performed the study on several rural
community populations from the entire country to rule out an impact of potentially specific
conditions endemic to geographically limited areas.
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2. Materials and Methods

2.1 Fecal sample collection

Fecal samples of 200 healthy volunteers living in rural areas in the provinces of Chiang-Mai,
Chaiyaphum, Ratchaburi and Surat-Thani, Thailand were collected. The four provinces were
selected to represent geographically different regions of the country (Figure 1). All
participants were over 20 years old, gave informed written consent to participate in the study
(Approval No. Si773/2015, Siriraj Hospital), and had no history of gastrointestinal disease.
They had neither received antibacterial treatment nor were hospitalized within the last three
months prior to participating in this study.

2.2 ESBL—producing Enterobacteriaceae screening

Fecal samples were plated on both MacConkey agar supplemented with 1 mg/L cefotaxime
(CTX-MacConkey) and MacConkey agar supplemented with 1 mg/L ceftazidime (CTZ-
MacConkey), and then incubated at 37 °C for 16—18 hours. Bacterial colonies grown from
both plates were confirmed for ESBL production by a disk diffusion method using
cefotaxime and ceftazidime with and without clavulanic acid according to CLSI guidelines
[16]. ESBL-producing isolates were then identified on the species level using MALDI-TOF
MS analysis on a Bruker Microflex LT/SH instrument according to the manufacturer’s
protocol.

2.3 DNA extraction and 16s rRNA gene sequencing

Genomic DNA was extracted using QlAamp DNA stool Minikits (Qiagen) according to the
manufacturer’s instructions, amplifying the V4 region of the 16S rRNA genes. The DNA
was quantified and processed for 16s rRNA paired-end sequencing, which was performed by
Illumina (San Diego, California) using the Illumina MiSeq system as previously described
[17].

2.4 Taxonomic, diversity and statistical analysis

All MiSeq sequences were processed using the 16S QIIME Paired-End pipeline
implemented in the Nephele platform of the National Institute of Allergy and Infectious
Diseases (NIAID) (release 1.6, which uses QIIME 1.9.1) [18]. Operational Taxonomic Units
(OTUs) were picked with QIIME’s uclust-based [19] open-reference OTU picking protocol
[20] and the taxonomic assignment was performed against the Greengenes 13_8 reference
sequence set [21] at 99% similarity. Alpha diversity was calculated by using Chaol and
Shannon [22] and compared across groups with a nonparametric ¢test with 999
permutations. Beta diversity calculations were performed with QIIME’s implementations of
weighted and unweighted UniFrac [23, 24] by using exactly 36146 randomly selected
sequences per sample. In addition, principle coordinate analysis (PCoA) was performed to
compare groups of samples based on unifrac distance. We evaluated statistical significance
of sample groups by the adonis method. Comparisons of significantly different OTUs across
sample groups were performed with negative binomial DESeq?2 available via the Calypso
web server [25].
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Other statistical analysis was performed using GraphPadPrism version 7; all ranges show the
standard deviation (S.D.).

2.6 LDA Effect Size (LEfSe) analysis

We performed LEfSe analysis [26] to identify the biomarker bacterial taxa at different
taxonomic levels found in the metagenomes predicted by PICRUSt. The LEfSe analysis was
performed using the online Galaxy interface.

3. Results

3.1 Characterization of healthy volunteers

3.2 Taxono

3.3 Compa
non-carriers

Of 200 Thai healthy volunteers living in four rural regions of Thailand, 108 (54%)
individual volunteers were found to be ESBL-E carriers. In order to analyze differences in
the microbiota composition between ESBL-E carriers and non-carriers in Thailand, 40 fecal
samples were randomly selected from fecal samples of 200 samples for 16s rRNA
metagenomics sequence analysis. The median age of ESBL-E carriers was 45.22 years
(range 26-60 years) and that of non-carriers was 59.72 years (range 20-85 years) (Tab. 1).
There were no statistically significant differences in the analyzed sociodemographic
variables, except that the majority (63.6%) of ESBL-E carriers were general employees
(P=0.0002) whereas the majority (72.2%) of non-carriers were farmers (P=0.0003).
Furthermore, participants from the non-carrier group reported a significantly higher use of
antibiotics without prescription (P=0.0248) in the 9 months preceding the study. However,
according to the exclusion criteria of our study, they did not take antibiotics in 3 months
prior to the study.

mic composition of intestinal microbiota in ESBL-E carriers and non-carriers

A total of 8,396,814 non-chimeric reads were obtained with an average of 209,920 + 64,458
per sample. Taxonomic composition of the intestinal microbiota was analyzed by using
QIIME. Figure 2A shows taxon abundance and sample composition. The phyla
Bacteroidetes (46.94%) and Firmicutes (43.6%) were most abundant, followed by
Proteobacteria (6.29%), Actinobacteria (2.25%), Tenericutes (0.28%) and Fusobacteria
(0.1%). The taxa with a significant difference in abundance between ESBL-E carriers and
non-carriers were then identified by using the LEfSe algorithm (Fig. 2B), revealing that
ESBL-E carriers had a significantly higher abundance of Firmicutes (P <0.05), while
Bacteroidetes were significantly more abundant in non-carriers (P <0.05). The Negative
Binomial DESeq2 test was used to identify significant differences between groups on the
species level (Tab. 2). Abundance of Bacteroides uniformis was significantly higher in the
non-carrier group, while Coprococcus eutactus, Collinsella aerofaciens, Akkermansia
muciniphila, and Pseudomonas fragi showed higher abundance in the carrier group.

rison of the diversity of the intestinal microbiota between ESBL-E carriers and

We performed a comparison of alpha diversity (i.e., the diversity within each group) between
ESBL-E carriers and non-carriers. Chaol and Shannon diversity index values from all
operational taxonomic units (OTU) data were used to quantify the bacterial diversity of each
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group (Fig. 3). The Chaol species richness estimator value in non-carriers (2146.47

+ 273.10) was slightly lower than that in ESBL-E carriers (2213.64 + 232.58), but the
difference was not statistically significant (p = 0.43). The Shannon diversity index in non-
carriers (5.10 £ 0.69) was also lower than that in ESBL-E carriers (5.39 + 0.48) without
statistical significance (p = 0.13). In addition, beta diversity analysis (comparing the
diversity between the two groups) was performed by using the weighted UniFrac analysis.
This analysis indicated clear clustering of ESBL carriers along the first principle
coordination (PC1), representing 50.49% of intersample variance (Fig. 4). The overall beta
diversity difference of the intestinal microbiota of ESBL-E carriers as compared to non-
carriers was statistically significant (Adonis on weighted unifrac: R? =0.14, £=0.005).
These results indicate that ESBL-E carriage is not associated with altered abundance of taxa,
but with the underlying phylogenetic diversity.

4. Discussion

ESBL-E colonization presents a source for the spread of dangerous antibiotic-resistant
microorganisms. ESBL-E carriage is on the rise in the community, and especially high in
Asia [9-11]. Except for one geographically very limited study in a remote village in South
America with low incidence of ESBL-E colonization [15], this is the first study to analyze
the role of the intestinal microbiota in determining carriage status of ESBL-E. Our study was
performed in subjects from rural areas covering an entire country and ruling out recent
antibiotic exposure. Due to the high incidence of ESBL-E carriage in our study (54 %),
which is in accordance with other reports from Asia [10, 11], our results give previously
unavailable information on the underpinnings of community ESBL-E antibiotic resistance
carriage as a public health risk.

Notably, although participants who used antimicrobial agents and had a history of
hospitalization in the previous 3 months were excluded, we still observed a very high
incidence of ESBL-E carriers. This suggests that the high colonization rates previously
observed in Thai communities [10] may not be due to the recent antibiotic exposure;
however, they may be due to complex and multifactorial factors, including the dose,
duration, and spectrum of administered antibiotics, the immune status of the host, and their
microbiome.

The main purpose of our study was, however, to detect a possible association of intestinal
carriage of ESBL-E with the composition of the intestinal microbiota. We found that the
phyla Bacteroidetes and Firmicutes were generally most dominant in the investigated rural
population. This is in accordance with several studies that have also detected Bacteroidetes
and Firmicutes as main constituents of the intestinal microbiota, including in Thai
populations [27-29]. Notably, we observed a significant difference between the ESBL-E
carriers and non-carriers groups in beta but not alpha diversity, implying that the main
difference is the relative abundance of some bacterial community members.

The Firmicutes, and on the species level, C. eutactus, C. aerofaciens, A. muciniphila, and P,
fragi showed significantly higher abundance among ESBL-E carriers. While the subjects in
our study did not report any signs of acute intestinal disease, C. eutactus, C. aerofaciens and
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A. muciniphila have been reported as associated with intestinal inflammation or infection
[30-32]. It has been well established that intestinal inflammation may change the
composition of the microbiota, disrupt colonization resistance, and enhance pathogen growth
[33]. Furthermore, it has been reported that host-mediated inflammation altered the colonic
microbial community and promoted the overgrowth of either resident or introduced bacteria,
particularly of the Enterobacteriaceae family [34]. These findings are in accordance with the
notion that ESBL-E carriers may suffer from sub-acute inflammation that leads to intestinal
dysbiosis [33, 34].

Contrastingly, we detected significantly lower abundance of Bacteroidetes, and on the
species level, B. uniformis, in ESBL-E carriers. This association may also be due to
intestinal inflammation, as in a murine inflammatory model, an enhanced inflammatory host
response was responsible for a dramatic decrease in the Bacteroides population [34].
Bacteroides, the dominant genus of the intestinal microbiota, can directly inhibit intestinal
pathogens by competing for nutrients or producing inhibitory substances [35]. Bacteroides
thetaiotaomicron can consume carbohydrates needed for Citrobacter rodentium, which
contributes to the competitive exclusion of this pathogen from the intestinal lumen [36].
Moreover, Bacteroidetes are associated with protection against Salmonella Typhimurium-
induced colitis [37] and Helicobacter hepaticus-induced colitis in murine model [38]. Thus,
our finding suggesting that Bacteroidetes may play a significant role in inhibiting ESBL-E
carriage is in accordance with the discussed reports on probiotic functions of Bacteroidetes.

The subjects in our study had not received any antibiotic treatment and did not visit any
hospital or healthcare setting within at least the three months prior to the study. The
participants from the non-carrier group reported significantly more use of antibiotics without
prescription within a year but not 3 months prior to the study. However, this is not a likely
reason for the observed difference in taxa abundance, because generally normalization of the
intestinal microbiota is observed within three months upon short-term antibiotic exposure
[39]. On the other hand, any possible long-term antibiotic exposure would not likely lead to
the observed differences in the bacterial communities [39-41].

Another notable finding of our study is the observed significantly lower ESBL-E carriage
rates in farmers. Dietary conditions impact the composition of the intestinal microbiota, and
it is quite likely that these differ in farmers from other occupations. Interestingly,
Bacteroidetes have been reported to be significantly more abundant in the nasal and oral
microbiota of farmers than non-farmers, suggesting that this may also be true for the
intestine [42]. Recently, non-toxigenic Bacteroidetes was shown to have powerful health
benefits to the host, and was recommended as a probiotic candidate (43, 44), These findings
may lead to the future identification of specific molecules controlling ESBL-E carriage to
potentially be used in probiotic therapeutic approaches to limit ESBL-E colonization.
Together, our findings indicate that ESBL-E carriage may be controlled by promoting the
abundance of anaerobic bacteria, particularly probiotic intestinal bacteria, possibly by
dietary conditions and may support the notion of probiotic intervention to control the spread
of antibiotic resistance (45).
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Figure 2. Relative taxa abundance of the intestinal microbiotain ESBL-E carriersand non-
carriers.

(A) Taxa abundance was determined by 16S rRNA paired-end sequencing using the Illumina
MiSeq system. (B) Taxa with a log LDA (linear discriminant analysis) score above 3.00. as
determined by using LEfSe.
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Figure 3. Microbiome alpha diversity in ESBL-E carrier and non-carriers.
Alpha diversity was calculated for species richness by the Chaol and for both richness and

evenness by the Shannon diversity index. Differences in Chaol richness estimator values
and Shannon index values were analyzed using a nonparametric t test with 999
permutations. Data are presented as a scatter plot with mean and standard deviation (S.D.).
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Fig 4. Principal Coordinate Analysis (PCoA) plot based on weighted UniFrac metrics for
samplesfrom ESBL-E carriersand non-carriers.

Each point represents an individual and is plotted in a distance matrix showing the relative
diversity. Red circles, ESBL carrier; blue triangle, non-carrier. Statistical analysis was by the
adonis method.
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Table 1.

Baseline characteristics between ESBL-E carriers and non-carriers

Baseline characteristics

ESBL-E carriage status

Carrier Non-carrier a
(N=22) (N=18) Pvalue
Sociodemogr aphic data
Age, mean + SD (years) 452241112 597242021 b
Age, range (years) 26-60 20-85 b
Female gender 15 15 nsd
Farmer 3 13 0.0003
General employee 14 1 0.0002
Grocer 2 3 ns
Unemployed 3 1 ns
Medical history®
Used antibiotics without prescription 7 13 0.0248
Admitted to a hospital 4 1 ns
Stopped taking antibiotic early 16 17 ns

a -
Results were analyzed by Fisher’s exact test.

b, .. .. . . .
Statistical testing was not performed on matching variables.

cMedical history 12 to 3 months prior to the study.

d S
ns, not significant
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Table 2.

Species with significantly differential abundance between ESBL-E carriers and non-carriers

ESBL-E carriage status (mean)a

Taxa

Carrier Non-carrier PBonferroni® FDR® P value®
Coprococcus eutactus 623.82 277.78 0.044 0.012  0.0017
Collinsella aerofaciens 3454.73 957.33 0.048 0.012  0.0019
Bacteroides uniformis 3504.5 9139.5 0.18 0.035  0.007
Akkermansia muciniphila  975.77 285 1 0.17 0.043
Pseudomonas fragi 297.41 10 1 0.17 0.048

aNegative Binomial DESeq2 analysis

Both the Bonferroni correction (P Bonferroni) and the False-Discovery-Rate (FDR) were applied to reduce the chances of obtaining false-positive
results.

cAfter the Negative Binomial DESeq2 analysis, calculated P-values were adjusted for multiple testing by P Bonferroni and FDR.
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