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Abstract
́ ́

Few studies have examined the interaction of human geography, microbial community structure and obesity. We tested obese adult

volunteers from France, Saudi Arabia, French Polynesia and from a traditional population in the village of Trois-Sauts in French Guiana by

sequencing the V3-V4 region. We also sequenced homemade fermented cachiri beers that were obtained from the traditional Amazonian

population and are highly consumed by this population. We found that French and Saudis had significantly less richness and biodiversity

in their gut microbiota than Amazonians and Polynesians (p <0.05). Principle coordinate analysis of the overall composition of the genera

communities revealed that the microbiomes of Amazonians clustered independently from the other obese individuals. Moreover, we

found that Amazonians presented significantly stricter anaerobic genera than the Saudis, French and Polynesians (p < 0.001). Polynesians

presented significantly lower relative abundance of Lactobacillus sp. than French (p 0.01) and Saudis (p 0.05). Treponema berlinense and

Treponema succinifaciens were only present in the gut microbiome of Amazonians. The cachiri beers presented significantly more bacterial

species in common with the gut microbiome of Amazonians (p < 0.005). Obese individuals with different origins present modifications in

their gut microbiota, and we provide evidence that the cachiri beers influenced the gut microbiome of Amazonians.
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Background
Obesity is a major public health challenge of the twenty-first

century and has traditionally been thought of as a state of
caloric imbalance, where the intake of calories exceeds the

expenditure of calories [1]. The gut microbiota plays an
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important role in the harvesting, storage and expenditure of

energy obtained from the diet, and recently the duodenal
microbiota of obese individuals was found to exhibit alterations

in fatty acid and sucrose breakdown pathways, probably
induced by dietary imbalance [2]. Moreover, dietary habits alter
the gut microbiota in a way that causes its metabolic activity to

favour energy acquisition from ingested food [3]. The coloni-
zation of the gut microbiota begins at birth, and its composition

is influenced by changes in diet and by life events [4].
Sequencing surveys of the human intestinal microbiome have

revealed differences in the microbiome among people with
different origins, and indicate that geography is an important

factor affecting the gut microbiome [5–8].
nses/by-nc-nd/4.0/)
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Several studies have revealed the positive correlation of a

western-style dietary pattern with a higher incidence of obesity
[9]. However, obesity is not always associated with a western-

style diet; as an example, local Hawaiians eating a native diet
have been reported to have an increased prevalence of obesity

and type 2 diabetes compared with other ethnic groups living in
Hawaii [10]. In French Polynesia, 38% of men and 40% of
women were reported to be obese in 2002, and 34% and 26%,

respectively, were reported to be overweight [11]. Similarly, a
high prevalence of obesity has also been reported in French

Guiana [11]. There is a gap in our knowledge of how local food
influences the gut microbiome of obese individuals. The tran-

sition from a hunter–gatherer type of lifestyle to modern
western society, with its tremendous technological advances in

food processing, led to significant changes in food intake and
composition. Comparative studies between non-industrialized
rural communities and industrialized western communities

have revealed an association of the gut microbiota with their
respective lifestyles [8]. However, most studies have tested

normal-weight urban and westernized individuals, and only a
few have focused on the gut microbiomes of traditional pop-

ulations [5,6,12,13].
Our aim was to compare for the first time urban and

traditionally living obese individuals to determine their gut
microbiota modifications. To test this, we used high-throughput

16S ribosomal RNA (rRNA) gene amplicon sequencing to
characterize the gut microbiota of obese individuals from
France, Saudi Arabia, French Polynesia, and from a traditional

population in the village of Trois-Sauts in French Guiana. This
local obese population is particular because villagers consume

high quantities daily of non-filtered fermented manioc beers
called cachiri. We hypothesized that this constant high con-

sumption of cachiri might have an impact on their gut micro-
biome. To confirm this, we also sequenced these homemade,

non-filtered fermented manioc beers and compared them
with the gut microbiome of this traditional community living on
the Oyapock River in French Guiana.

Methods
Subject selection criteria
We tested obese adult volunteers from France, Saudi Arabia,

French Polynesia and from a traditional population from
Amazonian French Guiana. The Amerindian population was

from the village of Trois-Sauts. This village is located in the
southernmost part of the Guianese territory with no modern
farming or agricultural plants [14]. The inclusion criteria

were obese healthy adults with a body mass index
value � 30 kg/m2. The exclusion criteria were individuals
This is an open access artic
under 18 years of age, inflammatory bowel disease, diarrhoea

or treatment with an antibiotic in the previous 2 months
before sampling. Stool samples were collected under aseptic

conditions with clean, dry, screw-top containers and imme-
diately stored at –20°C. We also tested two different

homemade fermented manioc beers (cachiri), named umani
and hakula, obtained from the traditional Amazonian popu-
lation. Both beers were collected under aseptic conditions

and immediately stored at –20°C.

Extraction of DNA from stool samples and 16S rRNA
sequencing using MiSeq technology
Faecal DNA was extracted from samples using the Nucleo-

Spin® Tissue Mini Kit (Macherey Nagel, Hoerdt, France) as
previously described [15]. The 16s amplicon sequencing tar-
geting the surrounding conserved regions V3-V4 primers with

overhang adapters was performed using Illumina MiSeq 250bp
pair end reads as previously described [2].

Bioinformatic analysis
A total of 14 428 091 sequences were found after Illumina

paired end reads were assembled using FLASH [16]. QIIME
version 1.8.0 software pipeline was used for the rest of the
analysis by choosing CHIMERASLAYER [17] for removing chimeric

sequences, UCLUST [18] for operational taxonomic unit
(OTU) extraction as described in our previous work [13,15].

These OTUs represent a total of 9 676 207 sequences. All the
raw sequences of fastq files have been submitted to EMBL-EBI

[19] with the accession number PRJEB17702. The Silva SSU and
LSU database [20] for release 119 was used for taxonomic

assignment of the OTUs as previously described [13,21] using
BLAST [22].

Database of obligate anaerobes
Each phylotype was assigned as ‘aerotolerant’, ‘obligate
anaerobe’ or ‘unknown’ according to its oxygen tolerance.

These data are available online at https://www.mediterranee-
infection.com/.

Statistical analysis
Rarefaction and Principal coordinate analysis with unifrac dis-
tance were performed in QIIME [17] by considering all the

OTUs. Normalization and Adonis [23] tests were performed as
described previously [13]. The OTUs, Chao1 and Shannon in-

dex from sequence reads were analysed by one-way analysis of
variance and Tukey’s honestly significant difference tests. The

identification of significantly different bacterial taxa was per-
formed by the non-parametric Kruskal–Wallis test along with

Mann–Whitney analyses. We used Dunn’s multiple compari-
sons test when comparing three or more groups.
© 2018 Published by Elsevier Ltd, NMNI, 27, 40–47
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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TABLE 1. Characteristics of participants

Age, years (median ±SD) Sex (% male)

French 39 ± 13 58%
Saudis 26 ± 3 100%
Polynesians 45 ± 12 92%
Amazonians 33 ± 17 57%
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Results
FIG. 1. (a) Principal coordinate analysis comparison of microbial

community composition among the obese individuals; (b) relative

abundance of anaerobic and aerobic genera in the microbiome of obese

French, Saudis, Polynesians and Amazonians.
Participants
Overall, we tested 40 healthy obese volunteers, including 12

individuals from France, 9 from Saudi Arabia, 7 from Amazonia
and 12 Polynesians (Table 1). The volunteers from France and

Saudi Arabia had been previously reported [24]. For ethical
reasons, all individuals from Saudi Arabia were male.

Composition and common core of gut microbiota
The analysis of the high-quality trimmed reads revealed that the
gut microbiota of French, Polynesians and Saudis contained

sequences mostly belonging to Firmicutes, followed by Acti-
nobacteria (see Supplementary material, Fig. S1), whereas for

the gut microbiota of Amazonians, most of the sequences
belonged to Firmicutes, followed by Bacteroidetes. Spi-

rochaetae were only present in the stools of Amazonians,
Armatimonadetes only in Polynesians and Gemmatimonadetes
only in French. The relative abundance of Fusobacteria was

significantly higher in Amazonians than Saudis and Polynesians
(p 0.02 and p 0.005, respectively). Moreover, Amazonians

presented significantly more relative abundance of Bacter-
oidetes in their stools than French, Saudis and Polynesians (p

0.0005, p 0.0002 and p 0.0005, respectively), significantly less
relative abundance of Actinobacteria than French, Saudis and

Polynesians (p 0.0006, p 0.0002 and p 0.002, respectively) and
less relative abundance of Firmicutes than Saudis and French (p
0.0007 and p 0.05, respectively). Finally, Saudis presented

significantly less relative abundance of Proteobacteria than
Amazonians (p 0.02).

Obese individuals presented 240 different genera in their
microbiome. Indeed, 197 different genera were present in the

microbiome of French, 138 different genera in Amazonians, 154
in Saudis and 109 in Polynesians (see Supplementary material,

Fig S2). We then examined the existence of a common bacterial
core among the different populations tested and found that 40

different bacteria genera were present in at least 50% of the
entire obese population tested.

Gut microbiota differences among the different groups. Principal
coordinate analysis of the overall composition revealed that the
© 2018 Published by Elsevier Ltd, NMNI, 27, 40–47
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
microbiomes of Amazonians clustered independently from the
other obese individuals (Fig. 1a). The adonis test using weighted

unifrac distance gave a p value of 0.001 and R2 value of 0.26,
which indicates that at least 26% of the variation in distances is

explained by this grouping. The microbial richness, revealed
that the gut microbiomes of French and Saudis had significantly

less richness and biodiversity (p 0.05) than those of Amazonians
and Polynesians (see Supplementary material, Fig. S3).

We then investigated the distribution of aerobic and anaer-

obic strict genera and detected 108 aerobic and 130 strict
anaerobic genera in the gut microbiome of obese individuals.

Specifically, Saudis presented 96 different strict anaerobic and
57 aerobic genera, French 109 anaerobic and 87 aerobic

genera, Amazonians 72 anaerobic and 36 aerobic genera, and
Polynesians 97 anaerobic and 40 aerobic genera. Chi-square

testing revealed no significant difference between the exis-
tence of different strict anaerobic and aerobic genera in the gut

microbiome among the different groups. Moreover, no
nses/by-nc-nd/4.0/).
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difference was found in the relative abundance of strict anaer-

obic genera between Saudis, French and Polynesians. In
contrast, Amazonians presented significantly stricter anaerobic

genera than Saudis, French and Polynesians (p < 0.001) (Fig. 1b).
Obese individuals presented differences in the presence of

Lactobacillus sp. in their gut microbiota. Polynesians presented
significantly lower relative abundance of Lactobacillus sp. than
French (p 0.01) and Saudis (p 0.05) (Fig. 2). Moreover, exten-

sive differences were found at the Lactobacillus species level. As
a result, the relative abundances of Lactobacillus fermentum and

Lactobacillus plantarum were significantly greater in the gut
microbiome of Amazonians compared with French (p 0.03 and

p < 0.001, respectively) and Saudis (p 0.01 and p < 0.001,
respectively), whereas Polynesians presented none of these

Lactobacillus species. In contrast, their relative abundance
showed that Lactobacillus reuteri, Lactobacillus salivarius, Lacto-
bacillus gasseri and Lactobacillus sakei were significantly more

common in French compared with the other populations
(p < 0.01). Polynesians presented only Lactobacillus ruminis in

their gut microbiota; L. ruminis was not detected in the gut
microbiomes of French and Amazonians. Moreover, sequences
FIG. 2. Network of Lactobacillus spp. present in the gut microbiome of obese

circle indicates the lower abundance; yellow colour indicates Lactobacillus spp

This is an open access artic
of Treponema berlinense and Treponema succinifaciens were only

present in the gut microbiome of Amazonians (see Supple-
mentary material, Fig. S1).

Impact of human microbiome on cachiri beer
We tested two samples of umani and two of hakula manioc
beers obtained from the traditional Amazonian population and

their analysis revealed that sequences mostly belonged to Fir-
micutes, followed by Proteobacteria. We found 51 different

genera, and most of the sequences belonged to Lactococcus,
Streptococcus, Weissella and Lactobacillus. In addition, we found

71 different species, and most of the sequences belonged to
Lactococcus lactis, Weissella confusa and Streptococcus mitis. We

then examined the existence of a common bacterial core
among the different obese populations and the ten most
common bacterial species present in the homemade fermented

beers (Fig. 3). We found that the homemade beers presented
significantly more bacteria species in common with the gut

microbiome of Amazonians than the other populations (p 0.005
compared with Polynesians and French, p 0.056 compared with

Saudis). Moreover, L. fermentum, L. plantarum, Lactobacillus
individuals. Larger circle size indicates the higher abundance and smaller

. present in homemade beers.

© 2018 Published by Elsevier Ltd, NMNI, 27, 40–47
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIG. 3. Network of the most common bacterial species present in

homemade beers and in the gut microbiome of each obese population

tested.
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bulgaricus, Leuconostoc citreum and Streptococcus macedonicus

were only present in the homemade beers and in the gut
microbiome of the Amazonian population, but were absent

from the other obese populations.
Discussion
In this study, we found that obese individuals with different

origins show differences in their gut microbiota. The quality of
DNA extraction was verified for all samples before proceeding

to sequencing, while the V3-V4 region has been commonly used
for the characterization of the gut microbiome. Moreover,

differences in sample preservation and DNA isolation protocols
as well as sequencing of different 16S rRNA gene regions

impact the representation of the microbial community [25–30].
Here, we used the same sample preservation and DNA
extraction protocol, as well as sequencing of the V3-V4 region,

for all the analysed samples.
We found that the obese individuals with a westernized diet

presented similarities in their gut microbiota independently of
their origin. It was previously reported that non-western

populations have more microbial richness than western pop-
ulations [7], and our analyses of microbial richness yielded

similar results. Polynesians and Amazonians presented higher
microbial diversity than French and Saudis. Their diet is mostly

composed of many complex polysaccharides, such as starch,
cellulose, xylan, xyloglucan and pectin. Indeed, the diet of
Amazonians is predominantly vegetarian, low in fat and animal

protein, and rich in starch, fibre and plant polysaccharides,
whereas Polynesians although commonly consuming imported

westernized foods, also have an important level of intake from
food plants, hunting and fishing. As a result, our findings

confirm that the human gut microbiota is influenced by the
different dietary regimens of humans and by meal-to-meal

variations [31,32]. The exposure to the large variety of
© 2018 Published by Elsevier Ltd, NMNI, 27, 40–47
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
environmental microbes associated with a high-fibre diet was

previously associated with an increase of the potentially bene-
ficial bacterial genomes, enriching the microbiome [31,32]. The

diet can influence the bacterial diversity from carnivore to
omnivore to herbivore [33] and a high-fibre diet has been

associated with an enrichment of the microbiome [6]. The
microbial diversity of the gut microbiota was possibly decreased
during human civilization [34], and recent lifestyle changes in

humans have depleted the human microbiome of microbial
diversity that was present in wild-living ancestors [35] such as

the Amazonian population analysed here. In addition, for the
digestion of plant material through fermentation an anaerobic

environment in the gut is critical [32]. As a result it is possible
that the gut microbiota of Amazonians is adapted and enriched

with more anaerobic bacteria to depredate the increased up-
take of starch, fibre and plant polysaccharides.

Similar to previous studies on traditional populations [12],

the traditional Amazonian population had spirochaetes in their
gut microbiome, particularly T. berlinense and T. succinifaciens.

Spirochaetes have been commonly reported in the gut micro-
biome of primates such as wild apes [36], macaques [37] and

wild hominids [38]. Spirochaetes were also detected in ancient
human populations [39] and in traditional populations [5,12]. It

was found that Treponema strains identified in the gut micro-
biota of traditional populations clustered with other trepo-

nemes reported from termites [12]. In our study, T. berlinense
and T. succinifaciens were previously isolated from the gastro-
intestinal tract of swine [40,41]. Recently, T. succinifaciens was

also detected in traditional populations from Peru [12]. We
believe that spirochaetes are not associated with obesity but in

this Amerindian community, where animals and humans live in
very close proximity, this finding suggests possible cross-

transmission of spirochaetes between humans and animals.
We found important changes in the presence of Lactobacillus

sp. among the obese individuals. Lactobacillus sp. are associated
with weight modifications [42,43], as they possess an ability to
breakdown fructose or glucose and to reduce ileal brake effects

[44]. Lactobacillus reuteri, L. gasseri, L. fermentum, L. plantarum
and L. sakei have been previously associated with obesity

[45,46] and were frequently detected in the gut microbiomes of
our individuals. Differences in Lactobacillus species in the gut

microbiome of obese individuals with different origins can be
explained by the consumption of different fermented dairy

products and probiotics [47,48]. Interestingly, the traditional
Amazonian population consumes high quantities of cachiri. Its

preparation is usually done by women, who chew the manioc
and then spit it in a jar and leave it for fermentation. Making
these fermented beers is based upon old empirical knowledge,

which is transferred from generation to generation. Previous
studies on similar fermented drinks revealed that they are
nses/by-nc-nd/4.0/).
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dominated by lactic acid bacteria including L. plantarum and

L. fermentum [49]. We found that these beers were highly
contaminated by several bacteria, mostly by L. fermentum,

L. plantarum and L. bulgaricus. Indeed, Lactobacillus spp. are the
most prevalent beer-fermenting bacteria, but sterile filtration is

used to physically remove microorganisms to ensure microbi-
ological stability [50]. These lactobacilli were absent from the
other obese populations and only existed in the gut micro-

biome of Amazonians, indicating that the increased beer con-
sumption could explain the presence of these Lactobacillus spp.

uniquely in the gut microbiome of Amazonians. Differences in
cultural traditions and food influence the composition of the gut

microbiome [7], and our results reinforced the fact that the
very high consumption of cachiri has an impact on the gut

microbiome of Amazonians. However, a limitation of our study
was that we did not examine other aspects of diet aside from
beer that can influence the gut microbiome.
Conclusions
We found that the gut microbiome of the obese Amerindian
population, living isolated in a very specific environment, is

different to that of obese populations living in industrialized
areas probably because of the increased complex poly-

saccharides and cachiri consumption. To understand how the
cultural and dietary habits influence the gut microbiota, it is

important to continue sampling populations from different
geographical regions with different lifestyles. The gut micro-

biome responds to what people eat and we reinforce the fact
that it is very difficult to draw conclusions about the association

of the gut microbiota and obesity because of the discrepancy
among different populations, as individuals with the same obese
phenotype present modifications in their gut microbiota.
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