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Historically, the Mongol Empire ranks among the world’s largest contiguous empires, and the Mongolians
developed their unique lifestyle and diet over thousands of years. In this study, the intestinal microbiota of
Mongolians residing in Ulan Bator, TUW province and the Khentii pasturing area were studied using 454
pyrosequencing and q-PCR technology. We explored the impacts of lifestyle and seasonal dietary changes on
the Mongolians’ gut microbes. At the phylum level, the Mongolians’s gut populations were marked by a
dominance of Bacteroidetes (55.56%) and a low Firmicutes to Bacteroidetes ratio (0.71). Analysis based on
the operational taxonomic unit (OTU) level revealed that the Mongolian core intestinal microbiota
comprised the genera Prevotella, Bacteroides, Faecalibacterium, Ruminococcus, Subdoligranulum and
Coprococcus. Urbanisation and life-style may have modified the compositions of the gut microbiota of
Mongolians from Ulan Bator, TUW and Khentii. Based on a food frequency questionnaire, we found that
the dietary structure was diverse and stable throughout the year in Ulan Bator and TUW, but was simple and
varied during the year in Khentii. Accordingly, seasonal effects on intestinal microbiota were more distinct
in Khentii residents than in TUW or Ulan Bator residents.

astrointestinal (GI) microbiota play an important role in the health and wellbeing of the host'. Several

studies have shown that the intestinal microbiota fluctuates in response to a variety of intrinsic and

extrinsic factors, such as host health?, genetic composition’, age* and diet®. Among all factors, genotype
and diet have been suggested to be the main components that exert a significant influence on the balance of GI
microbiota.

Mongolian nationality originates from a tribe that was located in Northern China during the seventh century®”.
The Mongol Empire, one of the world’s largest contiguous empires, exerted a major influence that greatly
enhanced the cultural exchange between China and the occident that took place during the Middle Ages. In
Mongolia today, more than 40% of the population lives in typical pasture areas (such as Khentii Province) and
maintains a traditional nomadic lifestyle and diet. In contrast, many Mongolians living in Ulan Bator (the capital
of Mongolia) and TUW Province (the suburbs of the capital) have adopted an urban lifestyle because of
modernisation and economic development. However, little is known about the structure of Mongolian gut
microbiota or how their microbial community is affected by such changes.

The typical Mongolian diet is characterised by a high and frequent consumption of fermented dairy products,
red meat and liquor®. In the pastures of Khentii, locals exhibit a distinct seasonal variation in their food con-
sumption. Meat and meat products are the main sources of energy during winter and spring (November to April),
whereas dairy products are the main source during summer and autumn (May to October)®. However, in Ulan
Bator, food is abundant and diverse; therefore, the diet in this city exhibited limited changes throughout the year.
Given these divergent dietary lifestyles, Mongolians are excellent candidates to study the effects of seasonal
dietary changes on intestinal microbiome compositions.

In a previous study, we described the profiles of the gut microbiota of Chinese Mongolians living in Inner
Mongolia province by denaturing gradient gel electrophoresis (DGGE) and quantitative polymerase chain
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Figure 1| The composition of intestinal microbiota of Mongolians. (A) Inter-individual variation in the proportion of major phyla. (B) Box-plots
showing bacterial compositions at genus and phylum level; maximum and minimum values are indicated using whiskers. (C) Inter-individual variation
in the proportion of the genus Prevotella and the ratio of Firmicutes to Bacteroidetes (F/B). (D) The amounts of Bacteroides, Bifidobacterium, Enterobacter,

Prevotella, Lactobacillus and Faecalibacterium as quantified using q-PCR.

reaction (q-PCR) techniques’. However many Chinese Mongolians
have inter-married with Han nationality race which is rare in
Mongolia. Thus Mongolians in Mongolia were more authentic at
the gene level. Moreover, the pyrosequencing has been suggested a
more appropriate approach for intestinal microbiota diversity ana-
lysis than DGGE.

In the present study, 320 faecal samples were collected from 64
Mongolians distributed in three areas (Ulan Bator, TUW and
Khentii) at five time points (January, March, June, September and
November). 454 pyrosequencing combined with q-PCR technology
were applied to explore the structure of Mongolians’ gut microbiota
and the effects of seasonal dietary changes on their intestinal
microbiota.

Results

Sequencing coverage and estimation of bacterial diversity. In this
study, the microbiotic compositions of the faecal samples were
examined using a high-throughput 454 pyrosequencing technique.
We generated a dataset consisting of 3,795,726 filtered high-quality
and classifiable 16S rRNA gene sequences, and an average of 11,843
sequences was obtained for each individual (range: from 2,780 to
30,480). All sequences were clustered with representative sequences,
and a 97% sequence identity cut-off was used. The number of OTUs
per sample ranged between 118 and 1,815 (Table S3). The Simpson
index, Chaol index, Shannon index and observed number of species
were estimated using the QIIME platform (Table S3).

The composition of intestinal microbiota in Mongolians. At the
phylum level (Fig. 1A and 1B), Bacteroidetes, Firmicutes, Proteobac-
teria and Actinobacteria constituted the four most dominant

bacterial phyla (contributing 55.56%, 39.53%, 2.68% and 0.85% of
the total amount of sequences, respectively). For all participants, the
average ratio of Firmicutes to Bacteroidetes (F/B) was 0.711 (range:
from 0.006 to 2.253, Fig. 1C). At the genus level (Fig. 1B), Prevotella
of the Firmicutes phylum was the most abundant genus (contributing
to 36.31% of the total number of sequences), and the amounts of
Bacteroides, Faecalibacterium, Oscillibacter, Roseburia, Clostridium,
Coprococcus, Ruminococcus, Alistipes, Parabacteroides, Catenibacte-
rium, Subdoligranulum and Eubacterium all exceeded 1%.
Correlations among the genera that contributed more than 0.1% of
the total number of sequences in Mongolians were determined based
on Spearman’s rank correlation (Fig. S1A). A general negative
correlation was found between Prevotella and other genera. Using
genus-specific primers, we quantified the predominant microbiota in
the human gut (Fig. 1D). The amounts of Bacteroides, Bifidobac-
terium, Enterobacter, Prevotella, Lactobacillus and Faecalibacte-
rium genera were 9.61 * 0.13, 8.02 = 0.85, 7.59 * 0.21, 9.66 *
0.17, 6.53 = 0.18 and 10.34 * 0.71 in log-transformed 16S rDNA
gene copy number per gram of sample, respectively (Fig. 1D).

The core intestinal microbiota of Mongolians. A major aim of the
present study was to determine whether a common core microbiota
is shared among all or the vast majority of the Mongolian
participants. Using a detailed OTU analysis, we were able to assign
22 core OTU candidates (out of 19,451 OTUs identified in this
study) (Fig. 2A); each of these candidates exhibited an average
frequency of occurrence higher than 90% over all samples. These
core OTUs primarily belonged to the genera Faecalibacterium, Bac-
teroides, Dorea, Collinsella, Oscillibacter, Ruminococcus, Subdoligra-
nulum, Coprococcus and Prevotella. Correlations among these OTUs

| 4:5001 | DOI: 10.1038/srep05001

2



A = R B -
= | [ = [ = [ [ Il = 90
- = - TSR | Faecalibacterium
e 80;
FEE RS 0.
= ta| 3
== = Bl EEERE D BE [
=) gg
= |e|= =~ SEE BB 5§
W= B CEEE =EEll s
3
E- = = BOE — Dorea go
- . 8°
e 55
- 38
EETEEE e ES w
= =lEE 5 =ll—c §'~
= = ik c 30.
[ : ~~ﬂ : —Bacter
= | [= —Collinsella 20
B I I | |— Prevotella
10-
0

OTU26107
OTUSSOLLOTU903
; 15289
+ oTU i

U3
o+ OTUI7033 sy035
OTUG49S

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

All samples

Figure 2 | The core intestinal microbiota of Mongolians. (A) Correlation matrix showing the Spearman’s rank correlation among the 22 most abundant
OTUs. The Spearman’s rank correlation coefficient ranges from 1.0 to — 1.0, corresponding to a strongly positive to a strongly negative correlation. (B)
Fraction of OTUs shared across samples of the total OTUs within these samples (blue line) and the proportion that these OTUs represent of the total
sequences obtained (red line) for the participants. (C) Bipartite network diagrams of evenly sampled bacterial 16S rRNA—derived top 9 core OTUs.
Edges connect genus-level OTUs (purple points) to participant nodes (white points).

were determined based on Spearman’s rank correlation (Fig. 2A).
Additionally, 9 of the 22 core OTU candidates (OTU ID: 32177,
17033, 6459, 15289, 16937, 26107, 903, 5801 and 30719) primarily
belonged to the genus Prevotella, Bacteroides, Faecalibacterium,
Ruminococcus, Subdoligranulum and Coprococcus. These candi-
dates were stably detected in almost every sample (Fig. 2B). Further-
more, a small proportion of OTUs (1.58%) that contributed 49.53%
of the sequences were present in 78.26% of samples (Fig. 2B). In
addition, the relationship between the 9 core OTU candidates and
all samples was revealed by visualising a large network (Figs. 2C and
S1B).

Differences in gut microbiota between Mongolians from the
Khentii pasturing area, TUW province and Ulan Bator. A diver-
sity analysis based on Simpson, Chaol, Shannon and observed
species indices (Fig. S2A-S2D) revealed that the alpha diversity of
the intestinal microbiota was greatest in the Khentii pasturing area
but least in Ulan Bator. Additionally, we compared the composition
of the intestinal microbiota of Mongolians from Khentii, TUW and
Ulan Bator. A PCoA based on the unweighted (Fig. 3A and 3B) and
weighted (Fig. S3A and S3B) Unifrac distances was performed using
the obtained pyrosequencing data. An apparent clustering pattern
was identified for the participants from different locations. Points
representing the intestinal microbiota composition of Khentii,
TUW and Ulan Bator residents clustered at the top right, the
centre and the bottom left, respectively. The enterotype analysis
provided a clear visualisation of the relationships among the
different sample groups (Figs. 3D and 3E). The silhouette index was
more than 0.6. All samples clustered into one of two groups. Cluster 1
primarily comprised Ulan Bator residents, and cluster 2 primarily
comprised Khentii pasturing area and TUW province residents.
After establishing an intrinsic difference between the composi-
tions of the gut microbiota of Mongolians living in different areas,
we further identified differences in the specific bacteria of individuals
that were principally responsible for the differences found using the
Kruskal-Wallis test. The significant genera found (p < 0.05) are
listed in Table 1, and the values were transformed into a heatmap
(Fig. 3F). According to the heatmap, the genera Prevotella, Solobac-
terium, Succinivibrio, Escherichia coli/Shigella group, Olsenella,
Oribacterium and Lactobacillus were abundant in Khentii residents,
and the genera Bacteroides, Oscillibacter, Roseburia, Alistipes, Copro-
coccus, Parabacteroides, Subdoligranulum, Barnesiella, Odoribacter,
Parasutterella, Butyricimonas, Coprobacillus, Victivallis, Anaeros-
porobacter and Akkermansia were abundant in Ulan Bator residents.

Seasonal changes in the Mongolians’ intestinal microbiota. Based
on Fig. 3B and 3C, we found that the changes in the range of intestinal
microbiota of Mongolians from Khentii, TUW and Ulan Bator were
discrepant and exhibited seasonal alternation. Combining the results
from five sampling points (January, March, June, September and
November), we noted that the seasonal changes in the range of
intestinal microbiota were more distinct in Khentii residents than
in TUW and Ulan Bator residents. We therefore analysed the data
according to the sampling location.

For the Khentii residents, the results of a PCoA based on
unweighted Unifrac and A partial least squares discriminant analysis
(PLS-DA) (Fig. 4A-4C; weighted, Fig. S4) indicated that their intest-
inal microbiota compositions in June and September were similar
and close to those observed in March but were significantly different
from those observed in January and November. The changed genera
representing more than 1% of the total number of sequences were
listed in Table 2 and confirmed using the q-PCR data (Fig. S7).
Further genus-level analysis revealed that Faecalibacterium,
Eubacterium, Dorea, Collinsella, Enterococcus, Solobacterium,
Caldimonas, Escherichia coli/Shigella group and Subdoligranulum
levels were altered significantly (p < 0.05), exhibiting a lower con-
tribution from March to September (Table 3); however, the abund-
ance of Prevotella, Bacteroides, Clostridium and Oscillibacter
remained stable throughout the year. The changes in the intestinal
microbiota of the TUW residents were not as profound as those of
the Khentii residents. The results shown in Fig. 4D-4F indicate that
the intestinal microbiota compositions in June, March and January
were similar to each other but distinct from those observed in
September and November (weighted Unifrac distances and an enter-
otype analysis are listed in Fig. S5). At the genus level,
Faecalibacterium, Anaerosporobacter, Butyricimonas, Collinsella
and Roseburia changed significantly (p < 0.05) with season
(Table 3), but the abundances of Prevotella, Bacteroides,
Clostridium and Oscillibacter remained stable. However, for the
Ulan Bator residents, little change was noted in their intestinal
microbiota composition throughout the year (Fig. 4G-4I, weighted
Unifrac distances and an enterotype analysis are listed in Fig. $6), and
only the genera Eubacterium, Dorea and Collinsella differed among
sampling points (Table 3).

Concordance of diet and intestinal microbiota. The traditional
Mongolian diet is characterised by a high and frequent consump-
tion of fermented dairy products, red meat and liquor. Currently,
because of modernisation and economic development, many
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Figure 3 | Differences in gut microbiota among Mongolians from Khentii, TUW and Ulan Bator. (A) A principal component (PCoA) score plot based
on unweighted UniFrac metrics for all participants. Each point represents the composition of the intestinal microbiota of one participant. (B) PCoA score
plot based on unweighted UniFrac metrics. Each point represents the mean principal component scores of all volunteers at one location at one time point,
and the error bar represents the standard deviation. (C) Sampling location and time point-driven unweighted UniFrac distances. (D) The silhouette index
reflected the isolation degree of two enterotypes. (E) Enterotype analyses of the intestinal microbiota; cluster 1 contained participants primarily from Ulan
Bator, and cluster 2 contained participants primarily from the Khentii pasturing area and TUW province. (F) Heatmap constructed using the
amount of significantly different genera among participants in the Khentii pasturing area, TUW province and Ulan Bator city.

Mongolians living in Ulan Bator (the capital of Mongolia) and in
TUW province (the suburbs of the capital) have gradually adopted an
urban lifestyle, and only a few Mongolians, who mainly live in
pasturing areas, retain the traditional diet. A partial least squares
discriminant analysis (PLS-DA) based on participants’ food types
and weights also demonstrated this tendency (Fig. 5A). The red
points in the figure represent the responses obtained from Khentii
Mongolians using the food frequency questionnaire and are
clustered at the right of the figure. To the left of this cluster are the
responses obtained from TUW and Ulan Bator residents.

Based on the heatmap (Fig. 5B), we found differences in the food
types chosen by Mongolians. Food type diversity was the greatest
among Ulan Bator residents, and their dietary structure remained
stable throughout the year. However, food type diversity was much
less in TUW residents, and the dietary structure of these residents
was not stable. Notably, Khentii residents lacked food type diversity,
and their dietary structure changed significantly with season. Based
on the results presented above, the food types that enabled the great-
est discrimination were vegetables, fruit, red meat and kumiss, the
consumption of which differed between the three groups of
Mongolians.

To construct a concordance relationship between diet and intest-
inal microbiota, a procrustes analysis of the food frequency question-
naire and the microbiota f3-diversity based on sampling locations was
used to co-visualise the data (Fig. 5C-5E). Separations based on
either diet or microbiota co-segregated along the first axis of both
data sets (weighted UniFrac, Fig. S8A-S8C). Based on the figures
(Fig. S8A-S8C), we observed a strong correspondence between diet

and intestinal microbiota (the p values for Khentii, TUW and Ulan
Bator were < 0.001, 0.008 and 0.017 respectively Rev-4).

Discussion

The phyla Firmicutes and Bacteroidetes predominated, and together,
represented an average of 91.6% of the sequences identified, in agree-
ment with previous studies, which attributed the majority of human
gut microbiota to these two phyla. A noteworthy feature of the faecal
bacteria structure of Mongolians in our study was that the Firmicutes
to Bacteroidetes (F/B) ratio was low, only 0.71. The F/B ratio relates to
dietary habit and host physiology'®''. Those with high-fat western
diets, the obese and young adults (versus the elderly) tend to exhibit
higher F/B ratios. De Filippo et al.’ concluded that a more wester-
nised diet (higher fat and meat consumption and lower vegetable and
legume consumption) causes a higher F/B ratio. Due to their
nomadic lifestyle, some Mongolians have adapted to the classical diet
including a high consumption of meat, alcohol and fermented milk,
which more resembles typical western diets than that of rural African
areas studied by De Filippo. Notably, the F/B ratio of Mongolian
adult samples (0.71) calculated in this study was at the low end of
the range obtained by De Filippo et al. (from 0.47 in rural Africa to
2.81 in urbanised Italian children). However, members of the Korean
population were reported to have a high F/B ratio of 2.95, even
though Korean diets contained a relatively high fibre content
(19.8 g/day versus 15.1 g/day for Americans) primarily from kim-
chee and steamed rice'”. The average age of our Mongolian partici-
pants was 34, which was closer to the adult group reported in Marion
et al. Marion et al. reported adults to have a higher F/B ratio than the
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Table 1 | Significantly different genera among Mongolians in the Khentii pasturing area, TUW province and city of Ulan Bator
Relative contribution (%) Median, range (%)
Ulan

Genus Khentii TUW  Bator Khentii TUw Ulan Bator Adjusted P-value
Prevotella 55.008 32.667 31.688 58.401,0.009-89.829  32.281,0-86.084 31.289,0-80.474 6.660000e-08
Bacteroides 2.928 9.849 11.243 0.372,0.017-39.389 3.203,0.109-57.94  5.489,0.019-62.345 5.899200e-12
Faecalibacterium 2.884 6.251 6.120  2.537,0.36-17.658 4.426,0.16-24.375 5.433,0-24.374 4.161920e-10
Oscillibacter 3.454 5121 5545 2.362,0.269-15.761 3.124,0.072-39.044 4.709,0.013-25.002 3.764706e-03
Roseburia 2.084 3.312 4.565 1.825,0.093-7.529 2.333,0.269-21.063 3.58,0-32.751 2.099200e-06
Clostridium 2.249 3.024 2.902 1.604,0.106-10.151 2.136,0.327-52.558 2.165,0.006-16.796 9.142857e03
Ruminococcus 1.225 2.339 1.520 0.844,0.043-10.41 1.273,0.089-23.722 0.973,0-12.869 1.333333e-02
Catenibacterium 1.232 1.881 0.997 0.755,0-6.323 1.141,0-16.161 0.626,0-14.633 1.163636e-02
Alistipes 0.206 1.730 1.929 0.025,0-3.63 0.624,0-12.489 0.491,0-16.205 5.899200e-12
Coprococcus 1.211 1.439 2316 1.075,0.073-3.858 1.223,0.096-7.292 1.787,0-15.642 1.344320e-06
Parabacteroides 0.653 1.266 1.530 0.252,0-6.66 0.508,0-11.401 0.635,0-25.699 2.000000e-03
Eubacterium 1.185 1.256 0.898 0.572,0-6.67 0.797,0-10.281 0.495,0-8.824  3.089655e-02
Subdoligranulum 0.776 0.993 1.520 0.529,0.038-4.963 0.564,0-12.473 0.769,0-32.147 9.142857e-03
Dorea 0.429 0.682 0.551 0.374,0.019-1.652  0.506,0.04-2.691 0.426,0-2.579  8.421053e-03
Blautia 0.169 0.345 0.300 0.108,0-0.759  0.208,0.01-1.929 0.21,0-2.061  2.000000e-03
Solobacterium 0.415 0.316 0.149 0.222,0-3.041 0.209,0-1.4 0.047,0-4.032  1.018971e-08
Barnesiella 0.109 0.316 0.324 0,0-4.539 0.041,0-5.649 0.011,0-8.824  8.421053e-03
Odoribacter 0.026 0.180 0.319 0.003,0-0.349 0.075,0-0.963 0.136,0-3.09 1.056107e-11
Parasutterella 0.023 0.158 0.211 0,0-1.217 0,0-2.487 0,0-5.689  3.210667e-04
Lactobacillus 0.173 0.133 0.067 0.024,0-5.214 0.047,0-1.993 0.021,0-1.082  2.251852e-02
Butyricimonas 0.045 0.101 0.113 0.014,0-0.462 0.063,0-0.581 0.041,0-1.226  1.333333e-02
Succinivibrio 1.358 0.097 0.283 0.161,0-20.844 0,0-2.274 0,0-5.832  2.294400e-10
Escherichia coli/Shigella group 0.232 0.084 0.186 0.022,0-4.813 0.022,0-1.595 0.034,0-7.771  6.660000e-08
Coprobacillus 0.035 0.084 0.135 0,0-1.387 0,0-1.629 0.015,0-3.755  5.899200e-12
Victivallis 0.034 0.082 0.090 0,0-0.602 0.013,0-1.21 0.023,0-2.136  4.161920e-10
Anaerosporobacter 0.056 0.080 0.082 0.048,0-0.249 0.07,0-0.278 0.065,0-0.283  3.764706e-03
Olsenella 0.150 0.079 0.068 0.024,0-2.104 0.041,0-0.776 0.014,0-0.956  2.099200e-06
Oribacterium 0.089 0.074 0.035 0.062,0-0.509 0,0-0.767 0,0-0.458  9.142857e03
Butyrivibrio 0.107 0.063 0.076 0.04,0-1.109 0,0-0.561 0,0-1.655  1.333333e-02
Akkermansia 0.034 0.030 0.241 0,0-0.846 0,0-0.808 0,0-12.341 1.163636e-02
Acidaminococcus 0.055 0.002 0.077 0,0-1.314 0,0-0.066 0,0-1.701  5.899200e-12
Phascolarctobacterium 0.005 0.001 0.100 0,0-0.16 0,0-0.046 0,0-7.358 1.344320e-06
*Adjusted P values (P < 0.01) for the Kruskal-Wallis test are listed.

elderly (10.9 and 0.6, respectively). Our results and other findings
suggest that the age, Westernised diet and lifestyle (rich in fat and
meat, low in vegetables and legumes) of the participants may not be
determining factors for gut microbiota composition indicators, such
as the F/B ratio. Other dietary components and factors, such as host
genetics, may exert considerable influence’.

At the genus level, Prevotella and Bacteroides were found to pre-
dominate in the Mongolian samples, contributing 47.11% and 6.33%
of the total sequences, respectively. This result was further supported
by a high proportion of Prevotella and Bacteroides among the core
OTUs (34/67, >50%). The genus Prevotella contains a wide array of
carbohydrate- and protein-fermenting and acetate- and H,-pro-
ducing bacteria such as Prevotella ruminicola”, and the genus
Bacteroides has been mainly associated with the metabolism of ani-
mal proteins, a variety of amino acids and saturated fats'*. The tra-
ditional Mongolian diet is characterised by a large amount of fried
wheaten food, red meat and fermented dairy products with low
quantities of vegetables and fruits. It is unsurprising, therefore, that
these two genera dominated the microbiotic composition of
Mongolian guts. In our previous study of Mongolians living in
Inner Mongolia of China, the most abundant genus in intestinal tract
was Phascolarctobacterium’®. The Mongolians in Inner Mongolia of
China usually live together with Han race which leads to a similar
life-style and dietary habit with Han, but the Mongolians in
Mongolia still keep the relatively traditional dietary habit, thus
explains their differences at the genus level. Rev-1.

Nine OTUs, primarily belonging to Bacteroides, Faecalibacterium,
Ruminococcus, Subdoligranulum and Coprococcus, were stably

detected in nearly every Mongolian sample. Therefore, we defined
these OTUs as core OTUs in Mongolians. Previous studies of the
core microbiota in other nations have been widely reported.
Martinez et al. characterised the faecal microbial communities of
three young Americans over a one-year period by 454 pyrosequen-
cing 16S rRNA tags to investigate the temporal characteristics of their
bacterial communities'. The authors detected 16 stable core OTUs
close to the genera of Bifidobacterium, Bacteroides, Faecalibacterium,
Ruminococcus, Blautia, Dorea, Eubacterium and Coprococcus. Ling
et al. investigated the faecal core microbiota of ten healthy Chinese
undergraduates'®. The dominant taxonomic groups in these faecal
samples were Faecalibacterium, Coprococcus, Blautia, Bacteroides,
Roseburia, Ruminococcus, Subdoligranulum, Sporacetigenium,
Oscillibacter, Dorea, Phascolarctobacterium and Prevotella. Huse
et al. explored the core faecal microbiota of more than 200 indivi-
duals from the NIH Common Fund Human Microbiome Project,
and 7 OTUs representing the genera Faecalibacterium, Oscillibacter
and Bacteroides were identified as core OTUs". Based on these find-
ings, a surprising consistency in core intestinal microbiota was found
among the nations. Previous studies at the functional and metabolic
levels indicated that these genera play a key role in the synthesis of
basic metabolites in the human gastrointestinal tract. Therefore, the
core intestinal microbiota in all humans might vary within a limited
range.

Due to modernisation and economic development, many
Mongolians living in Ulan Bator and TUW have gradually adopted
an urban lifestyle, and only a few Mongolians, mainly in pasturing
areas, maintain the traditional diet and lifestyle. Accordingly, the
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Figure 4 | The changed range of the intestinal microbiota of Mongolians from the Khentii pasturing area, TUW province and Ulan Bator city was

discrepant with the seasonal alternation. (A, D and G) Principal component (PCoA) score plots based on unweighted UniFrac metrics of Mongolians in
the three different locations. (B, E and H) The unweighted pair-group method with an arithmetic means (UPGMA) cluster analysis based on the distance
metrics of Mongolians in the three different locations. (C, F and I) Partial least squares discriminant analysis (PLS-DA) based on the species abundance of

Mongolians in the three different locations.

intestinal microbiotic compositions of Mongolians from the three
areas differed. An analysis at the genus level revealed that the differ-
ence was primarily reflected in the populations of Solobacterium,
Olsenella, Oribacterium and Lactobacillus, which were abundant in
Khentii Mongolians. Previous reports indicated that Oribacterium
and Olsenella are closely related to high incidences of periodontitis
and gingivitis'® and that Solobacterium is considered a major cause of
bromopnea'. These distinctions were related to dental hygiene. The
participants from Khentii brushed their teeth less frequently than did
those from Ulan Bator and TUW and some herdsmen never brushed
their teeth. Lactobacillus is widely distributed in fermented foods
(such as fermented dairy products), which are habitually consumed
by Mongolians residing in pastoral areas. The versatile adaptation

and remarkable colonisation ability of Lactobacillus in the human gut
has been well demonstrated**'. Therefore, it is not surprising that
the faecal samples of the Khentii Mongolians consisted of a high
amount of Lactobacillus.

Diet played an important role in shaping the intestinal microbiota
of our subjects. In our research, we analysed the concordance of diet
and intestinal microbiota by combining the data obtained using a
food frequency questionnaire (FFQ) and pyrosequencing data at five
sampling points (January, March, June, September and November).
In Ulan Bator, food is plentiful and diverse, so limited seasonal
changes were observed in the dietary structure of local residents.
Accordingly, the composition of their intestinal microbiota was rela-
tively stable. However, in the Khentii pasturing area, food is scant

| 4:5001 | DOI: 10.1038/srep05001

6



*a|qP} BY4 Ul papN|oul 81D seouanbas Jo Jequinu [P4o} By} §O % | UPY} dtow Buyussaidal pisusl AjuQ :ajoN

660  /Z181-T616000 €T8Z-Z98l000 TI9LZL9¥00  E€LS 10 88Z'1-808500  Z80'L Zeel  TESL 0980 78060 J9ysijoiq
ZEL'0 84070 €1°1=9££000  8591-89//000 SLEL-0 7010 60/°1 LISZ0 1§20 6160 68850 WNLIBPDGIUBIOY)
S/ZL'0  SPSL-6ESYO TL6°1-TE9€°0 8€Z'1-89L¥'0  G/T8°0-TL9E0 807 1-998€°0 205" | 681'C 68l°CT /860 7'l wnjnup.Bijopgng
/560 GE0'T-TSV600  661°T-TT6800  L9TT-€L610 810°2-9Z€1L°0 8457160120 9611 LEVL  LEVL 6661 8G1°1 saplo.ajpogo.ng
0510 £0°Z-10ZV 0 2€/'1-5095°0 SOV T-1126°0 8TV 7-9285°0 /S 1-1S0¥°0 /87 lye'l  L¥El ¥e0T  ¥8EL snodod0ouIWNY
0Z€0  S18E-6EZ10 LZLT7TSS0°0 L6l 1-LVZ90°0 686 L-€ZL1°0 S¥ST-S70T°0 1902 192  19ZC SlylL Sor'eT sadysiy
020  SLEE-87660 LEL'€-CT65°0 L'€-160°1 IS e-LLgL InaaaVAdMl G55 790C ¥90T TLVT 6581 snaoosoudo)
67’0 S0S°€-T60L S0Z7-8€T | 700 7-8/8"1 29T 7-9Z¢€°L 61828271 604C ISTE  1STE SYL'E  69€¢C wnipLyso|D)
€290  8VLS/SL 918°6-£9/60 ££9°/-188°L 9EET9LST 69€°6-17T6'L 126 666°€  666°€ EV8E goL's pLINGESOY
G060  ESEL V6T G/8°67G/E | 866'9-165C §/9°9-9/2°C 6T€/7268°C G/8'S LS9 LS9 €OL'S  S87'S 48p0G[1PSO
6650 V69 /TET Y LV'8-10°¢ 88 L~LVVY 861°/-5V8°C 6OV L~61°€ LLz9 2169 TL69 vITs 196°G wNLIBIOqI[090.
9060  9LVL-LL¥90 77'9T-£0T'L A WARIALXY GG G1-620'1 167£1-801L G516 €Z€l  £TElL 8806 67 LL sapioapog
ELE0 6T LVTLSS Z0°'/S-/£98°0 9G'97-656'G L7 7o-12 €l 6€'67-98€°G £5°62 6097 609C ¥8/E  8¥VTE Djfojona.d
lojog unjn

GGZ0  ELL'T-/89£00°0 ¥/98°0-0 G810 £96°€-7510°0 678170 gel’l 9LL0 LETL /85l G080 puapydsobayy
1600 64910 89520 £907°0-0 /9870 7509°0-0 G99°0 78Tl T8E0 €£6C £¥€°0 OLIGIAIUIING
ELL'0  TTTTSTLO S/0'1-1092°0  SZ06°0-ST¥S0 8Z1 L-£287°0 182 1-906€°0 L6y’ 86,0 Tv60 9e¥L LeL'L snososoulwny
V0 ETTEVYOLO0  /8E6°0-L6VZ0 £50°C-1819°0 665" 1-€52°0 VS8 1-v/2V 0 6561 /0  18S L LoVl AN wnliepoqILSIDD
ov7y'0  £€88'1-9/6°0 892°7-6889°0 2LV 17942°0 78E8°T-€616°0 64/ 1-8052°0 7€9° | 06l 601 6£9°L Gsel snasoso.udo)
020  /8TV-66/80 91$°2-25€L0 2L6T V5970 £66'1-86£9°0 AN AATANM 9682 182C S/8CT €971 /81 wnipLyso)D)
LE00  85€S-90L°L 908'C-/6V/°0 G677 €-6758°0 YrLEeSLLL 7SS E8LY'T ovs L 96y ¥60T TES'S  £69T pLNGaSOY
6550  9S1 /71680 9EV 7-82/6°0 989'7-££98°0 8eTV-CTlL £V6°9-£567°0 996'F 906'CT ¥9S'T 6VO'E  TVLE 1801250
8700  VEL'9¥ST'L VTLYSLE 118°6-658°1 867°€-€5T'1 £2°€-€22C 6578 9809 WSl 6649  0OLSS wnLeogI8D
80£0  £€87'66E1T0 L¥9" 1-790€0 68 1-5161°0 645 1-7681°0 G£6'8-2091°0 les'8 861°€ 18l €z6°L 8e8'¢c sapio.apog
1620  6E67VIES 29°04~£87S 67 6L-TV 67 80°£9-66LE 6L 0L~€L LY SSVS 6695  GE0S 69TS 695 pjjajonsIq
Mnl

6290  8Y9L-6Z1E0°0  S66T°0-8958000 LS E/VETO0 969 0-C56£0°0 Z0'Z-0 Z08°0 0940 SS¥'L 9001 2971 snooodojdosg
700 I¥YS0-/9vT0  61860-500Z°0 86E L-¥¥¥S 0 L 1=££8€°0 8£Z 1-5962°0 LS80 1860 G890 €950  Z6€°1 wnjnup.Bijopgng
ELO0 T L=9E¥90°0  6769°0-8/8/00  L61°€-Z87V O 988 1-19¥60°0 670°T-TLY 0 8820 760l 091 S¥/Z0  6£0T wnuspbgNg
8710 657 1-68£9°0 £9€°1-LOLE0 £€1°2-270L0 GEV 1=6€9°0 987 /1L £60°1 £¥0°L 87’ L LOL'L L0101 snaoodoudo)
0ZE0 §S88°0-767L0 89€°1-/62€°0 LZV' 16810 £66' 78470 £6'1-6291°0 7280 VL1 8960 ¥oV'T  LEL'L saplolaogo.Ing
99€0 96179470 205G 18552000  Z/££/-€922°0 8/0°7-£T0€000 909 L-¥£6Z°0 £62°C 2660 €22 vl 8178°0 wnLIgpPOqILBIDD
040  S6/ 177010 /87148170 70S 7=ZrEr 0 £607=/9€°0 /92 1-6591°0 LL0e 7451 ST T/8T 9lLL sadlysi|y/
L€60  6ZL¥-120°L 918°Z-ZrE60 Sl19°e-612'1 255764860 £06°2-705" 91T 120C 885C 9442 lsz'z wnipLysolD
vZL'0  9E8°1-8¥LV 0 S¥0'€-62/S°0 A - T4 LV €-€5/9°0 L0£ 1-5687°0 2092 S/L1 oT LTV 861 snasodoulwny
8L 0 198 E-€¥S | 6ELT-LVV8°0 £/£°8-TLET €lzzol L /8€°8-976°| /52T 801 961'C TSOC SYv'e pLINGas0Y
G090  8E£6/7T9690 LS 11-8€80 Zr0's-8€¢’l LELE-GL6°L GT0'8-86€£C 6569 98°G  £€T6€ 8El'E £86°6 18pRqIjj1950
€100 oV 6-TLE’ L LSTL=61LY 196 £-€Z1°E SL0V7-£62°T Ly1'9-2v6'L 8€9°¢ VET  6EYL 9¥9T  OSLY WNLIBIDqI[90.
£/80  8561-97//0 79L-ESLT L'€2-£1560 9L ST-161°1 1S6-€5°L SrL6 /8E€L ¥9TL 60EL  TTS6 saplosspng
/80  89°9/9¥S¥ 80 197G 7'S¥-£56°1 £'29-2¥0°L £9'55-986'% 96 /€ Iree  6TYT  £vE 1822 Djfejona.d
uay)y

®D_U>.n_ hwo_E0>OZ ._wo_c._who_wm w_‘_:-. r_u.__oz \CUDCU—. ._wo_E®>OZ ._wnﬂrcw«o_mw wCD—. r_u.__o<< \A._UDCU—. wacwo

(%5 /-%5T) oBuny (9) upayy

abupyp |puospas o} anp Jojog UB|N PUR ML ‘IHUBYY Wl supijoBUOWy Ul (9| < sjunowp aapel) pssusb psbunyd ay| | g 8|qpL

| 4:5001 | DOI: 10.1038/srep05001



._._Ow_._U&EOU m_.t ut T@TD_UE 210D saousnbas +0 ‘_QQEDE _nxoﬁ wr_# +O %S00 EUr_.F alow m_.__—cmmw\_&m: [JENEN %_EO*

SSPS/0E00  68'1-01EZ0 6£5'T0'€55°0 £28'1-G/00'SEY'0  ¥98'1-CLO0P9E0 €6V’ T-8L00'99V'0 S9E0 6190 6190 €670 8590 paiog
0005/Z10°0  86€'1-0'982°0 L9L7-0'¥70 987 1-0'/81°0 y12'€-0'1Z1°0 9167-0'SST0 L9V'0  6£9°0 9620 /ST0 1690 pjfesufjd
0Z91£000°0 969'71-00 281'0-00 $20'0-0'0 700°0-0'0 961°0-0'0 6070 /100 €000 1000 9000 snooodosajuz
Jojbg unjn
GSPSL0E00 9SEEE8E0LL L SO90I-GS0'9LL'E  E€57-69T0/SET £€90'1Z-61V0TI0E 1696 VIVOLLLL OvLL  96VY ¥60T TESS £69T pLNGesy
0008Z8Y0°0 80ETTV69 L'VLL9  L2671-V67'0'SO8'S 906 1T-95°0'/88'C  S/EVT/TL0'LE6Y VSSTTOL0'889E 6548  9€09 ¥SL'Y 669 OISS wiuiapOqI80
0000/8Y0°0  ¥¥9'1-0'£22°0 6EL'G-1OL'0'66S0  £§90ZIO0OZLL'0  SOP/900'6EL'0  ZI9EVO068L0  ZIVO SZ60 9LI'0 6970 6EL0 pjfesuljeD
000578700 185°0-0'€60°0 867°0-0'221°0 6£2°0-0'2€0°0 £2€£:00'250°0 S0£'0-0'920°0 9910 0SL'0 8500 080°0 2S00 souownLAjng
SSYSL0E00  £1Z°0-0'880°0 8/2°0-£20°0'660°0  ££1°0-0'120°0 622°0-0'780°0 L71°00'690°0 1600 6010 9€00 G600 8900  Jepgoiodsosenuy
MnL
LZSEBEVO0  96GE-LVTO'LLYO  9T0 1-6E1°0'L2E0 967’ T-8E0°0'S0 O 1=61ZT0'SES0  £96V-TLL'0'/Z60 180  I8E0 S890 €950 L6€'1 seao@%m@
No.Jl
8ESLEBEO0 FLEPO'100 $85°0-0'520°0 1870’00 791°0-0'0 $5£'0-0'S50°0 2680 2600 L1S0 8100 £¥1'0 ofebys /oo piyLiaypsy
8ES1E8E00  8ZS'1-0'8Z1°0 $5£00'921°0 £€1°0-0'720°0 18£:0-0'90°0 675°0-0'210°0 90£0 ¥EZO E£YO0 L9L'0 /900 souowipoD
GSVSL0E00  STTO'ESL0 $9L0-0'L¥1'0 9/5°0-0'91Z°0 1S7'1-20'0'Z810  [¥O'€0'70S0 98€0  LITO /30 8420 /960 wn1epRqO|oS
SSYSL0E00  £20°00°0 86£°0-0'500°0 9-0'0 0-0'0 600000 2000 2800 9180 0000 1000 snooodosajug
GSVSL0E00 85900110 80'L-V0L'0'9ZE0 /9 1=£S0°0'6V'0  Z/1'1-0'T60°0 €097¥100'820  €/1'0 SSE0 0/£0 SETO 280l ojfesufjd
GSPSL0E00  889°0-610°0'SOL0  SZZ0-6E1°0'8620 LZL'L-¥800'9V'0  9vO'L-EVL'0'88Y'0  ZS9'L-9S00'YSY'0 220  /Z€0 0250 €050 1/S0 paiog
0005/Z100  99€'1-071Z°0 269719007690 £9°9-6/00'€66°0  ¥2/ 1-0'T8Y°0 SZL'S-82007E€9'L 8820 Y60l 091 Sv/0 6£0C wnLiepogNg
000S/Z10°0  €S8'S-ELF'TYO9E  9/SE/SUI'ESTT SETEILOSEY' L  8l9/W6G0LEST 8SLI-9S60'8E8T  8EYE  LVET 6€9'L 9¥9T 0S¥ winuiapOqI80
HuSLD)
anjoA-d JaquiaroN| Jaquisydag aunf Yoapy Aionuof JaquisroN| Jequisidag  sunf  yduoyy Aupnupp snuag)

(%) eBun. ‘unipayy
abupypd [puospss o} enp Jojog UD|N PUL ML ‘IHUBYY woy supijoBuoyy ul pisusb pabupypd Ayuooyiubig | ¢ ejqo

(%) uounqLyuod aAlojeY

| 4:5001 | DOI: 10.1038/srep05001



Food frequency questionnaire based partial least squares discriminant analysis (PLS-DA)
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Figure 5 | Concordance of diet and intestinal microbiota. (A) Partial least squares discriminant analysis (PLS-DA) based on the participants’ food types
and weights. (B) Heatmap based on food frequency questionnaire data recording the food types and weights of all participants. (C—E) Procrustes
analysis combining unweighted UniFrac PCoA of the microbiota, including a food type PCoA.

and simple, and the dietary structure of the local residents changed
significantly with the season. Thus, the intestinal microbiota of local
residents distinctly changed from season to season. This study sug-
gests that seasonally different components of the Khentii diet, such as
vegetables, fruits, red meat and/or kumiss, could directly or indirectly
modulate the intestinal microbiota profile. Among the microbes that
varied with season, Faecalibacterium, Eubacterium and Subdoligra-
nulum produce butyrate®®> and may exert anti-inflammatory
effects’?’. Escherichia coli/Shigella group is a potentially pathogenic
bacterium that possesses pro-inflammatory properties. The seasonal
variation of intestinal microbiota should therefore be further inves-
tigated due to its health implications.

Changes in the dietary composition have been associated with
changes in the composition and metabolism of gut microbial popu-
lations. Long-term dietary intake influences the structure and activ-
ity of human intestinal microbiota, but it remains unclear how
rapidly and reproducibly the human gut micro-biome responds to
short-term macronutrient change. Recent research®® confirmed that
dietary interventions in humans can alter gut microbial communities

only 1 day. In addition, an animal-based diet had a greater effect on
the microbiota than a plant-based diet. The study of Cotillard et al.*
on diet-induced weight-loss and weight-stabilisation interventions
on obese and overweight individuals concluded that dietary inter-
vention improves low gene richness and clinical phenotypes but
appears to be less effective at improving inflammation variables in
individuals with lower gene richness.

In this study, 454 pyrosequencing combined with q-PCR techno-
logy was applied to examine the diversity of the intestinal microbiota
of Mongolians at different phylogenetic levels. In addition, we
explored the effects of the adoption of an urban lifestyle and seasonal
dietary changes on Mongolians’ intestinal microbiota. This basic
research will bring a new understanding to the human gut microbiota
of different countries and how they are affected by diet.

Methods

Participant recruitment. In this study, 64 healthy Mongolian adults with no history
of gastrointestinal-related diseases were recruited (the participants’ information is
listed in Table S1). Among these participants, 36 volunteers lived a typical modern
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lifestyle in Ulan Bator, the capital of Mongolia. Twelve volunteers were recruited from
the Khentii pasturing area, a typical Mongolian grassland. The local residents
maintain a traditional nomadic lifestyle and diet. Sixteen volunteers lived in the TUW
province, which contains the suburbs of Ulan Bator. The living standards and
experienced scale of urbanisation of these residents were lower than those of Ulan
Bator residents but higher than those of Khentii pasture residents. Faecal samples
were collected from these volunteers at five time points (January, March, June,
September and November). After obtaining written and informed consent, we
collected habitual long-term dietary information from all participants using a food
frequency questionnaire (the dietary information is shown in a supplementary file).
The study protocol was approved by the Ethical Committee of the Inner Mongolia
Agriculture University (Hohhot, China).

Stool sample processing and DNA extraction. DNA was extracted from faecal
samples using a QTAGEN DNA Stool Mini-Kit (QIAGEN, Hilden, Germany) in
combination with a bead-beating method™. Isolated faecal DNA was then used as a
template for further analyses.

PCR amplification, quantification, pooling and pyrosequencing. The V1-V3
region of 16S ribosomal RNA (rRNA) genes were amplified as described previously®'.
The PCR products were quantified using an Agilent DNA 1000 Kit using an Agilent
2100 Bioanalyser (Agilent Technologies, America) according to the manufacturer’s
instructions. The amplification products were pooled together in equimolar ratios
with a final concentration of 100 nmol/L each. These pools sequenced using
pyrosequencing with a Roche GS FLX.

Quantitative PCR analysis. Real-time quantitative PCR amplification was
performed using an ABI Prism® 7500 Real Time PCR System (Applied Biosystems,
California, USA) using the Maxima SYBR Green/ROX qPCR Master Mix (2X)
(Thermo Scientific, Massachusetts, USA). The gene-targeted primer sequences,
amplicon sizes and annealing temperatures used for each bacterial group are
presented in Table S2.

Bioinformatic analyses. Low-quality sequences were removed based on the
following criteria: a raw read shorter than 110 nucleotides, a sequence displaying an
imperfect match to the barcode or a fuzzy match to at least one end of the 16S rRNA
primers based on a standard BLAST search, a variable region shorter than 100
nucleotides, or more than 7% of the bases demonstrated a quality score of less than 20
in the raw read.

Bioinformatic analyses were performed using QIIME (v1.2.1)** on the extracted
high-quality sequences. Briefly, the sequences were aligned using PyNAST** and
clustered under 100% sequence identity using UCLUST** to obtain the unique V1-V3
sequence set. After representative sequences were selected, the unique sequence set
was classified into operational taxonomic units (OTUs) with a 97% threshold identity
using UCLUST. ChimeraSlayer®® was employed to remove any potentially chimeric
sequences in the representative set of OTUs. The taxonomy of each OTU repres-
entative sequence was assigned using the Ribosomal Database Project (RDP)*® clas-
sifier with a minimum bootstrap threshold of 80%. OTUs that occurred only once or
twice were discarded. A de novo taxonomic tree was constructed using a chimera-
checked OTU representative set in FastTree®” for downstream analyses, including
alpha and beta diversity calculations. To evaluate alpha diversity, the Shannon-
Wiener and Simpson’s diversity indices and the Chaol and rarefaction estimators
were calculated. UniFrac® metrics were calculated to evaluate beta diversity. Both
weighted and unweighted calculations were performed prior to a principal coordinate
analysis (PCoA).

Statistical analyses. Differences in alpha diversity and the relative abundance of the
families and genera in each sample were computed using Mann-Whitney and
Kruskal-Wallis tests. The gut microbiota were clustered among the different groups
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