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a  b  s  t  r  a  c  t

Distinct  enterotypes  have  been  observed  in the human  gut but little  is  known  about  the  genetic  basis  of
the  microbiome.  Moreover,  it is  not  clear  how  many  genetic  differences  exist  between  enterotypes  within
or between  populations.  In  this  study,  both  the  16S  rRNA  gene  and  the  metagenomes  of  the  gut  microbiota
were  sequenced  from  48 Han  Chinese,  48  Kazaks,  and  96  Uyghurs,  and taxonomies  were  assigned  after
de  novo assembly.  Single  nucleotide  polymorphisms  were  also  identified  by  referring  to  data  from  the
Human  Microbiome  Project.  Systematic  analysis  of  the  gut  communities  in  terms  of  their  abundance  and
genetic composition  was  also  performed,  together  with  a genome-wide  association  study  of the host
genomes.  The  gut microbiota  of  192  subjects  was  clearly  classified  into  two  enterotypes  (Bacteroides
and  Prevotella).  Interestingly,  both  enterotypes  showed  a clear  genetic  differentiation  in  terms  of  their
functional  catalogue  of  genes,  especially  for  genes  involved  in  amino  acid and  carbohydrate  metabolism.
In  addition,  several  differentiated  genera  and  genes  were  found  among  the  three  populations.  Notably,
one  human  variant  (rs878394)  was  identified  that  showed  significant  association  with  the  abundance  of

Prevotella,  which  is linked  to  LYPLAL1,  a gene  associated  with  body  fat  distribution,  the  waist-hip  ratio  and
insulin  sensitivity.  Taken  together,  considerable  differentiation  was  observed  in  gut microbes  between
enterotypes  and  among  populations  that was  reflected  in  both  the  taxonomic  composition  and  the  genetic
makeup  of  their  functional  genes,  which  could  have  been  influenced  by  a  variety  of  factors,  such  as  diet
and  host  genetic  variation.
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Introduction

The gut microbiota, mainly bacteria, plays important roles in
balancing the immunity and nutritional system of the host, and
affects the human health status through multiple host-bacteria
interactions. However, the gut microbiota is a very complex
ecosystem, encompassing approximately 100 trillion bacterial cells

representing more than 1000 species that possess millions of bac-
terial genes [32]. Although many genes of the microbiome belong to
low abundance organisms it remains to be elucidated whether they
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re insignificant for gut ecosystem functioning or whether they rep-
esent a “rare biosphere” containing important key stone species
34]. Therefore, the factors representing the forces that drive, shape
nd maintain the balance of the gut bacterial community represent
ne of the key questions for current gut microbiome studies [36].

Another emerging question in microbiome studies is to what
xtent the genetic background of the human host affects the devel-
pment and stability of the gut microbiome [10]. Although there
ave been many gut metagenomic studies, such as the Human
icrobiome Project (HMP) [27], Metagenomics of the Human

ntestinal Tract (MetaHIT) [6], and the BGI’s gut meta project [30],
t is still unclear to what extent differences in the gut microbiome
bserved among different human populations [9,24,25] are due to
ost genetic differences or other factors (e.g. food). Diet has been
onsidered as the major factor that shapes the human gut micro-
iome [8], and it was reported that different diets are directly
ssociated with distinct gut bacterial compositions (i.e. different
nterotypes). For instance, the Bacteroides enterotype is associ-
ted with a diet rich in protein and animal fat, while the Prevotella
nterotype is associated with a carbohydrate-enriched diet [39].
owever, the definition of enterotype is based on classifying the
bundances of the distinct gut bacteria that, in addition, may  also
e affected by factors other than diet. Moreover, it is still a matter of
ebate whether the gut microbiota can be truly distinguished into
iscrete enterotypes or rather “enterotype gradients” [14].

This study used 192 college students from the same university
hat largely lived in the same environment, were in the same age
ange, and were in good health (Table S1). The metagenomes of the
ut microbiota from 192 samples were sequenced and analyzed
o investigate the genetic composition of enterotypes, and further
xplore the impact of host genetic variation on the composition of
he human microbiome.

aterials and methods

thical approval

All procedures performed in studies involving human par-
icipants were in accordance with the ethical standards of the
nstitutional and/or national research committee, as well as the
964 Helsinki declaration, its later amendments or comparable
thical standards.

nformed consent

Informed consent was obtained from all individual participants
ncluded in the study.

ample collection and processing

A total of 386 individuals were recruited, including 65 Han Chi-
ese (HAN), 53 Kazaks (KZK), 235 Uyghurs (UIG) and 33 individuals

rom other ethnic groups, to voluntarily provide blood (∼2 mL),
aliva (∼2 mL), and stool samples (∼2 g). None of the participants
ad any clinical symptoms and they had not used any antibiotics

or one month, according to their self-report declaration. Specimen
ollection was undertaken in the morning after the participants had
topped eating, drinking and performing oral hygiene 8 h before

ampling. Each sample was frozen immediately at −80 ◦C, and all
amples were refrigerated and transported to the laboratory in
hanghai within one week, stored at −80 ◦C, and used for extracting
NA within four weeks.
icrobiology 41 (2018) 1–12

DNA extraction

DNA from human blood samples was extracted using the
QIAamp

®
DNA Blood Mini Kit (Qiagen). The DNA from stool sam-

ples was extracted by a 3-step procedure, according to the method
of Yuan et al. [40]. Briefly, cell lysis was carried out with a cocktail of
enzymes (Sigma–Aldrich), followed by bead beating (BioSpec) and
extraction with the QIAamp

®
DNA Mini Kit (Qiagen). Since some

participants provided only partial samples, high quality DNA sam-
ples were finally selected from 48 HAN, 48 KZK, and 96 UIG  for
further processing, in which two human blood DNA samples were
missing.

Human DNA genotyping and processing

Human DNA genotyping was  performed on an Illumina Human
OmniZhongHua-8 SNP Array, and the raw intensity data were ana-
lyzed with GenomeStudio. After excluding the individuals with a
genotype call rate below 90%, SNPs with missing data >10% and
SNPs in each population that failed the Hardy–Weinberg equi-
librium test (p < 0.0001), 859,598 autosomal SNPs were obtained
for further analysis. Principal component analysis (PCA) was per-
formed at the individual level using EIGENSOFT V.3.0 [26,28].

16S rRNA gene sequencing and processing

The V1–V3 variable region of the microbial 16S rRNA gene from
the DNA extracted from stool samples was amplified with the for-
ward primer for V1 and the reverse primer for V3, and the PCR
primers and PCR conditions used were the same as in a previous
study [35]. The ∼570 bp amplicons were prepared for a sequencing
library and paired-end sequencing was performed on an Illumina
MiSeq platform for 2 × 300 cycles with v3 reagents, according to
the manufacturer’s instructions.

The initial sequences with the correct barcode were assessed
and filtered according to the base quality of (q = 20, p = 80) using
FASTX-Toolkit (v0.0.14). Then, the paired-end reads passing the
quality filter were merged, and the Chimera sequences were
checked and removed by the ChimeraSlayer approach imple-
mented in the QiiME package [4]. To obtain read depths at a
comparable level, 20,000 sequences were subsampled from each
individual and, after pooling them, the sequences were collapsed
into OTUs at an identity level of 0.97. OTUs hit by less than four
sequences were removed for the sake of consensus, and then a
representative sequence set was  built from the pooled sequences
for each OTU. Thereafter, the representative sequence set was
aligned with the Greengenes core set using the PyNAST method
implemented in QiiME for taxonomic assignments and relative
abundance calculations, as described previously [24].

The distribution of variations based on the frequency distri-
bution of taxa within and between individuals (i.e. analysis of
molecular variance; AMOVA) was  calculated with Arlequin 3.5 [7].
Alpha-diversity of the gut microbiota was indicated by the results
of the rarefaction workflow using QiiME. In detail, rarefied OTU
tables from 100 to 10,000 sequences per individual were con-
structed in steps of 100 sequences, and then the average number
of OTUs from ten iterations was  used to indicate the alpha diver-
sity of each rarefied OTU table. The beta diversity of the core OTU
set (i.e. the OTUs identified in at least 80% (153) of individuals)
was indicated by the Sørensen index using the “vegan” package in
R. According to the enterotyping tutorials provided by Arumugam
et al. (http://enterotype.embl.de/index.html; [1]), the enterotyp-

ing of the data was also performed based on the distance matrix
calculated from the relative abundance of each OTU or taxon in
each sample. The Jensen–Shannon distance (JSD) was used and the
partitioning around medoids (PAM) algorithm was applied for par-

http://enterotype.embl.de/index.html
http://enterotype.embl.de/index.html
http://enterotype.embl.de/index.html
http://enterotype.embl.de/index.html
http://enterotype.embl.de/index.html
http://enterotype.embl.de/index.html
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itioning all individuals into K groups, while the optimal K was
ndicated by the Calinski–Harabasz (CH) index. The enterotyping
esults were visualized by principal coordinates analysis (PCoA).

etagenome sequencing and processing

The quality checked metagenomic DNA from each stool sample
as used for library construction and the paired-end sequencing
as performed on an Illumina Hiseq 2500 platform for 2 × 101

ycles, according to the manufacturer’s instructions. The raw
aired-end sequencing read duplications were removed with cus-
om script, mapped to the human reference genome (1000 genomes
roject, v37) using BWA  (v0.7.5a) [19] with default settings, and
hen the human source sequencing reads were removed by SAM-
ools (v0.1.19) [18,20]. Thereafter, the pure microbiome sequencing
eads were assessed and filtered according to the base qual-
ty (q = 20, p = 80) using FASTX-Toolkit (http://hannonlab.cshl.edu/
astx toolkit).

The high quality microbiome sequencing reads were assembled
y the SOAPdenovo2 package (v2.04) [22] using the parameters
vg ins = 250, K = 63, k = 45, R = Y, M = 3, and others as default set-
ings per individual. After assembling, the contigs with at least
00 bp were further used to predict the genes by MetaGeneMark
v2.8) [41], and then a non-redundant gene set was constructed
y pair-wise comparison of all gene sequences identified from 192

ndividuals using BLAT (v. 35 × 1) [16] with 95% identity and 90%
verlapping thresholds.

The entire translated protein sequences of the non-redundant
ene set were locally aligned to the NCBI-NR database using BLASTP
v2.2.29+) [3] and a parameter e-value = 1e-5. Based on the blasting
esults, the taxonomic assignments and functional annotations of
ach sequence (i.e. KEGG catalogue) were implemented by the low-
st common ancestor (LCA) algorithms in MEGAN5 (v5.2.3) [13].

The high quality microbiome sequencing reads from each indi-
idual were aligned to the non-redundant gene set by SOAPaligner
n SOAP2 (v2.21) [21] with parameters of r = 2, m = 150, x = 350, and

 = 5. The relative abundance of each gene in each individual was
alculated by the number of read pairs mapped to the gene over the
ength of the gene divided by the sum of gene abundance per indi-
idual, which was described in detail previously [31]. Furthermore,
he relative abundance of each taxonomic or functional group was
alculated by the sum of the relative abundance of genes within the
roup for each individual.

enetic variation landscape of the metagenome

The reference genomes of 1751 bacterial strains representing
253 species were obtained from the Human Microbiome Project
HMP) in September 2014. Then the high quality microbiome
equencing reads from 192 individuals were mapped to these ref-
rence genomes using Mosaik with the parameters a = all, m = all,
s = 15, mmp  = 0.95, mmal  = Y, minp = 0.9, mhp  = 100, and act = 20,
ll of which were identical to a previous study [33]. By multiple-
ileup of all the alignment results together, a reference genome
as considered for further processing by two criteria: first, the

umulative depth of the genome should be ≥600X for all individu-
ls, meaning that the average sequencing depth was  >3X for each
ndividual, and second, at least one individual covered at least 40%
f the whole genome length. Subsequently, the Bayesian model-
ased approach (i.e. bcftools [20]) was used to call the SNPs from
he pooled alignment results for the 111 most enriched bacterial

trains. For this, the parameters were set as follows: c = Y, N = Y,

 = Y, g = Y, v = Y, and ploidy = 1. SNPs with minor allele frequency
0.02, as well as missing data >20%, were filtered out for further
rocessing.
icrobiology 41 (2018) 1–12 3

Principal component analysis (PCA) and neighbor-joining (NJ)
tree reconstruction were used to measure the overall bacterial
genetic differentiation between individuals. The PCA was per-
formed on all qualified SNPs from 111 bacterial genomes at the
individual level using EIGENSOFT, while the NJ tree was  built from
individual pairwise distances calculated from all qualified SNPs, as
described previously [12].

The unbiased FST following Weir and Cockerham [38] was  used
to measure the detailed bacterial genetic differentiations between
groups (e.g. different ethnic groups, enterotypes, and genders). Par-
ticularly, the FST values of SNPs were calculated for each locus, while
the FST values of 111 bacterial genomes (or genes predicted from
those genomes) were the average F-statistic over all loci within
genes or genomes. To measure the significance of FST for bacterial
genomes, permutation tests (1000 iterations) were performed by
randomly shuffling the individuals among groups, and the top 5%
highest randomly permutated FST values for each bacterial genome
were set as thresholds.

The ratio of non-synonymous (NS) and synonymous (S) sub-
stitutions (i.e. pN/pS ratio) was calculated for the 111 bacteria
genomes and all genes within these genomes following the method
from a previous study [33]. Briefly, the genes and related proteins
from the 111 bacteria genomes were predicted by MetaGeneMark.
The expected NS and S substitutions were then counted from
all possible mutation results of codon changes within genes or
genomes, while the observed NS and S substitutions were iden-
tified from all qualified SNPs by comparing the genetic variations
to the respective codons within the reference genomes. Thereafter,
the ratio of pN (observed NS over expected NS substitutions) to the
pS (observed S over expected S substitutions) was calculated for
each gene and genome.

For all the genes predicted from the 111 bacterial genomes, the
non-redundant gene set was built using BLAT with 95% identity
and 90% overlapping thresholds. By ranking the FST values of these
non-redundant genes, the top 40 genes (0.05% of the total of 81,579
non-redundant genes from reference genomes) with the highest
FST values between enterotypes were identified. Furthermore, the
median-joining (MJ) haplotype network composed of all NS muta-
tions from the identified SNPs for each gene was constructed using
Network (v4.6) (http://www.fluxus-engineering.com), and the 3D
structures of homologous proteins according to these 40 genes
were extracted from the Protein Data Bank (PDB) database (http://
www.rcsb.org) using BLASTP and exhibited using PyMOL software
(https://www.pymol.org).

Statistical analysis

The significance of relative abundance distributions between
different taxa or functional catalogues was measured by the
Mann–Whitney U test (for two  groups) and the Kruskal–Wallis
test (for more than two  groups), and all P values were adjusted by
Benjamini–Hochberg (BH) correction, which were all performed
using R packages. The associations between bacterial relative
abundance and human genotypes were calculated by the linear
regression model using PLINK (v1.07)

Results

Composition analysis and complexity of the gut microbiota

The principal component analysis (PCA) [26,28] of human geno-

types clearly revealed the distinct genetic difference between the
three populations Han Chinese (HAN), Kazak (KZK), and Uyghur
(UIG) (Fig. S1). By deep sequencing the V1-V3 region of 16S rRNA
gene amplicons from fecal samples [33], a total of 9,171,286 paired-

http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit
http://www.fluxus-engineering.com
http://www.fluxus-engineering.com
http://www.fluxus-engineering.com
http://www.fluxus-engineering.com
http://www.fluxus-engineering.com
http://www.rcsb.org
http://www.rcsb.org
http://www.rcsb.org
http://www.rcsb.org
https://www.pymol.org
https://www.pymol.org
https://www.pymol.org
https://www.pymol.org
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Fig. 1. Enterotype clustering and diversity analysis.
(a) Principal coordinates analysis (PCoA) of 192 individuals based on the composition of bacterial genera in the gut. (b) Proportions of enterotypes in three different human
populations. (c) Rarefaction curves based on OTUs observed in individuals from the B type and P type, respectively, in which the error bars indicate standard deviation of
o icrob
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bserved  OTUs. (d) Heatmap plot for the inter-individual dissimilarity of the gut m
ndicated by color according to the scale bar beside the heatmap. (e) Dissimilarity a
*’  represents P < 0.05, ‘**’ represents P < 0.01, and ‘***’ represents P < 0.001 after BH 

nd and post-trimmed 16S rRNA sequences were obtained from
92 individuals, with an average length of 518 bp (∼90% of the
equences were 500–540 bp) passing the quality control. This
esulted in a range of 23,716–401,662 sequences per individual
Table S2). Considering the high variation of sequence numbers
mong the samples, ∼20,000 sequences were randomly subsam-
led from each sample for downstream analysis [4]. As shown in
able 1, these sequences could be assigned to 14 phyla, 23 classes,
5 orders, 55 families, 94 genera, and 100 core OTUs (present in
t least 80% of individuals). Furthermore, there were 84 genera
n the HAN population, 84 genera in KZK, and 90 genera in UIG.
n analysis of molecular variance (AMOVA) [7] was then carried
ut at each taxon level to investigate how much of the total vari-
tion in the gut microbiome was due to the differences within vs.
etween individuals from each group. The results (Table 1) showed
hat most of the variance came from differences within individu-
ls (72.39–90.17% of the total variance), while the largest variance
mong the three populations was at the genus level (5.93% of the

otal variance). The relative abundance of the top 25 most abundant
enera (i.e. larger than 0.5% in at least one individual) belonged to
our phyla: Actinobacteria,  Bacteroidetes, Firmicutes,  and Proteobac-
eria (Fig. S2A). While 17 genera belonged to Firmicutes,  only three
iota among 192 individuals calculated by the Sørensen index. The dissimilarity is
 groups based on the Sørensen index between the B type and P type. In the figures,
tion.

genera belonged to Bacteroidetes, two of which showed the over-
all highest abundance, ranging from 0.18% to 80.91% in the case of
Bacteroides and 0–83.56% in the case of Prevotella.  The abundance
of nine genera was  significantly different between the three pop-
ulations (Fig. S2B), with HANs exhibiting the highest abundance
in four of the nine genera (i.e. Bacteroides,  Blautia,  Sutterella, and
Streptococcus)  but also the lowest abundance in five other genera
(i.e. Prevotella,  Megasphaera, Succinivibrio, Catenibacterium, and Lac-
tobacillus). Based on the genus level, principal coordinates analysis
(PCoA) classified the gut microbiota of the 192 individuals into two
distinct enterotypes [1]: one group was  dominated by the genus
Bacteroides (termed B type hereafter) and the other was dominated
by the genus Prevotella (termed P type) (Figs. 1 A, S3A, and S3B). The
clustering of the human gut microbiota exhibited a clear population
structure: 79.2% of HANs clustered in the B type and the remain-
ing 20.8% in the P type, while nearly the opposite was  true for UIGs
(i.e. B type: 26.0% and P type: 74%) (Fig. 1B). The proportion of these
two enterotypes in KZKs was intermediate (i.e. B type: 39.6% and

P type: 60.4%). The differences between B type and P type were
not restricted to only a few dominant genera, for instance, 16
of the 25 most abundant genera exhibited significant differences
between the two  enterotypes (Fig. S4A). Quantitatively, the vari-
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ance between the two enterotypes was 31.12% of the total variance
at the genus level based on AMOVA, as shown in Table 1, which
demonstrated that differences in the bacterial community com-
position between the two enterotypes were significantly higher
than the differences observed among the three human populations.
Therefore, the differentiations of the gut microbiota among the
three human populations were mainly due to the uneven distri-
bution of the two enterotypes. However, the abundance of several
genera was still significantly different among the three human pop-
ulations when looking within each enterotype independently. For
instance, although no genus showed a significant difference among
the three populations within the B type (Fig. S4B), the abundance
of Bacteroides and Sutterella still differed significantly among pop-
ulations within the P type (Fig. S4C).

In order to elucidate further the differences between the
enterotypes and the three human ethnic groups, alpha- (intra-
individual) (Figs. 1 C, S5A and S5B) and beta- (inter-individual)
(Figs. 1 D, S5C and S5D) diversity analyses were performed at
the OTU level. As can be seen from the rarefaction curves, the
P type was characterized by a higher number of OTUs than the
B type (Fig. 1C). Inter-individual dissimilarity of the gut micro-
biota was  calculated using the Sørensen index and was  displayed
as a heatmap diagram (Fig. 1D), which demonstrated that the
microbiota within each enterotype was  highly homogeneous. Fur-
thermore, the beta-diversity was  lower in the P type compared to
the B type (P value < 2.2e-16) (Fig. 1E).

Functional profiling of the gut metagenome

To explore the functional profiles of the gut micro-
biome, metagenome shot-gun sequencing was performed and
13,428,860,552 raw pair-end reads (∼1356 Gb) were obtained
from the same 192 individuals (Table S2). After removing dupli-
cations, reads from human sources [18–20] and low quality reads
with an average of 5.25 Gb high quality sequence data for each
individual were obtained. SoapDenovo2.0 [22] was used to assem-
ble an average of ∼63,644 contigs per individual, with ∼120,551
genes per individual being identified by MetaGeneMarker [41]. A
total of 23,145,749 genes were obtained from all 192 individuals,
from which 2,928,862 non-redundant genes were extracted [16].
Furthermore, a total of 2,476,725 genes (84.6%) matched with
genes in the NCBI nr database [3]. Of these genes, 2,038,055 (69.6%)
could be assigned [13] at the phylum level, 1,804,463 (61.6%) at
the class level, 1,774,882 (60.6%) at the order level, 1,280,114
(43.7%) at the family level, and 1,124,250 (38.4%) at the genus
level. When relating the shot-gun sequence data to each sample
[21,31], the abundance distribution at the genus level could be
reconstructed for each individual (Fig. S6A). This assignment based
on the metagenomic data was highly consistent with the 16S rRNA
gene data. The Pearson’s correlation coefficient of the relative
abundance of each genus across the samples for the two different
sequence data sets was 0.9103 (P value < 2.2e-16) (Fig. S6B). In
particular, the two  enterotype clusters, after applying the same
procedure to the NGS sequence data as to the 16S data, were highly
consistent with the result based on 16S data, with only several
individuals assigned differently (Fig. S6C).

A total of 1,009,933 out of 2,928,862 non-redundant genes
(34.5%) were identified by KEGG catalogs, and the two enterotypes
showed significant differences for the top 25 most abundant cata-
logs (Fig. 2A–C). The B type gut microbiome in particular exhibited
higher abundance of “Amino Acid Metabolism” related genes, while

the P type gut microbiome exhibited higher abundance of “Carbo-
hydrate Metabolism” related genes. This was consistent with the
common knowledge that the long-term diets of the Bacteroides
enterotype are enriched for protein and animal fat, while the
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Fig. 2. Relative abundance of different functional categories present in the human gut microbiome.
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 type. (c) The three populations within the P type. The top 25 categories by R.A. for
nd  ‘***’ represents P < 0.001 after BH correction.

ong-term diets of the Prevotella enterotype are enriched for car-
ohydrate [39].

In addition, further details for the functional gene differ-
nces between the two enterotypes were shown. For instance,
ased on the CAZy (Carbohydrate-Active enZymes) database, the

 type exhibited higher abundances at GH92 and GH20, which are
ssociated with animal glycan, while the P type exhibited signifi-
antly higher abundance at GH13, which is associated with starch
nd glycogen [15] (Fig. S7A–S7C). Based on the ARDB (Antibi-
tic Resistance Genes Database), the abundances of 14 catalogs
ere significantly different between the two enterotypes, with the

 type being characterized by the higher abundances of 12 catalogs
Fig. S8A–S8C).

enetic landscape of the gut microbiome

The above analyses demonstrated the significant differences
etween the two enterotypes with respect to taxonomic compo-
ition and functional genes. Subsequently, in order to go further
nd reveal this differentiation on the basis of bacterial genomes
i.e. metagenomes), the genetic diversity patterns between the
wo enterotypes were investigated by mapping the high quality

equencing reads to the 1728 full bacterial reference genomes
33]. Taking the accumulated depth and coverage of the reference
enomes as thresholds, the 111 most enriched bacterial strains
ere identified and subsequently treated as a core set of bacteria
en the B type and P type for all individuals. (b) The three populations within the
dividuals are displayed. In the figures, ‘*’ represents P < 0.05, ‘**’ represents P < 0.01,

that represented a total of 54,874,539 SNPs of the reported bacte-
rial genomes [20]. Using the stringent criteria of missing data less
than 20% and minor allele frequencies larger than 0.02 at each locus,
15,304,848 filtered SNPs remained from the 111 reference genomes
(Fig. 3 and Table S3). The depth of 111 reference genomes in all
192 individuals ranged from 606X (BACT 224: Blautia hansenii)
to 10,389X (BACT 193: Bacteroides dorei) (i.e. the average depth
ranged from 3.2X to 54.1X for different bacterial genomes per indi-
vidual, as shown by the bottom two  panels in Fig. 3). The density of
filtered SNPs for the 111 reference genomes ranged from 0.14 SNPs
per kb (BACT 534: Escherichia sp. 4 1 40B) to 152.3 SNPs per kb
(BACT 545: Faecalibacterium prausnitzii), and more detailed infor-
mation is given in Table S3.

The two commonly used measurements (i.e. the FST [38] and
the pN/pS ratio [33]) were used to elucidate the genetic differ-
entiations between the two enterotypes (the upper two panels
of Fig. 3). The FST is frequently applied to estimate the genetic
difference between/among groups, via the difference of allele fre-
quency, and the pN/pS ratio, adapted from the dN/dS ratio, is
indicative of selection, by testing if the ratio of the proportion of
non-synonymous mutations (N) and the proportion of synonymous
mutations (S) obviously deviates from 1. All FST values from the

two enterotypes (red curve) were higher than the empirical top
5% FST values from 1000 permutated calculations for each refer-
ence genome. Furthermore, the average FST values calculated from
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Fig. 3. Genetic variations of the 111 most dominant bacterial strains and distinction between the two enterotypes.
The  genomic variation statistics are based on the 111 prevalent gut microbial strains from all 192 individuals, and the accumulated (over all individuals) base-pair depth and
filtered SNP density are presented in the bottom two  panels of the figure. The bacterial strain IDs on the x-axis were extracted from the HMP  reference genome database
and  are ordered by the genomic FST values of each strain between the two  enterotypes (FEn

ST
). For comparison, the genomic FST values for the three populations within the
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atio  for each strain for both enterotypes were also calculated and tested by the Ma
epresents P < 0.001 after BH correction.

irmicutes were generally low (<0.1), while the highest FST values
ere mostly obtained from Bacteroidetes, which indicated that the

wo enterotypes exhibited significant genetic differences in many
acterial taxa across multiple bacterial phyla. Based on the pN/pS

atio, most bacterial genomes (i.e. 93 out of 111 bacterial refer-
nce genomes) were significantly different between the B type and

 type. The majority of genomes with no significantly different
N/pS ratio belonged to Firmicutes and Actinobacteria. In contrast,
resented in the FST panel. The mean and standard deviation of the genomic pN/pS
hitney U test. In the figures, ‘*’ represents P < 0.05, ‘**’ represents P < 0.01, and ‘***’

the pN/pS ratio differences of the Bacteroidetes genomes were sta-
tistically highly significant (Fig. 3). Interestingly, the top 15 highest
FST values between the two enterotypes were all present in dif-
ferent strains of Bacteroides, in which the pN/pS ratios obtained

for the B type were all higher than those obtained for the P type.
Notably, the 15 strains all belonged to the genus Prevotella.  More
detailed comparison of the pN/pS ratio calculated from each bac-
terial genome per individual is shown as a heatmap, but it again
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losely matches the clustering of the two enterotypes (Fig. S9A).
urthermore, the PCA plot based on all filtered SNPs from the core
acterial genomes of all individuals and the NJ tree based on pair-
ise divergence distances of all filtered SNPs are presented in

igs. S9B and S9C, respectively. Collectively, the FST curve, pN/pS
atio heatmap, PCA plot, and NJ tree [12] revealed that there were
ignificant genetic differentiations within bacterial genomes that
ifferentiated the two enterotypes, with the analysis of the pN/pS
atios indicating that these significant genetic differences between
he two enterotypes might have resulted from selection of certain
nvironmental pressures.

To reveal the selection pressures shaping the genetic diversity in
ut microbiota, the most differentiated genes between enterotypes
ere focused on. The non-redundant gene set (including 81,579

enes) was constructed from all the genes (133,431 genes) of the
11 reference genomes. By ranking, the average FST values of each
ene from the non-redundant genes, the pN/pS ratios of the top 40
enes (0.05% of the total number of genes) with FST values larger
han 0.706 are shown in Fig. 4. Most of these genes (i.e. 27 of the
op 40 genes) belonged to Bacteroides genomes, 11 genes were from
revotella genomes, only one gene (id 12781: 30S ribosomal pro-
ein S10) corresponded to a Candidatus genome, and one gene to

 Parabacteroides genome. Interestingly, in all these 40 top genes,
here were distinct genetic patterns between the B type and P type,
nd the genes identified from Bacteroides genomes showed very
ow pN/pS ratios in the individuals of the B type, whereas the genes
rom the other bacterial genomes, especially Prevotella,  showed
ery low pN/pS ratios in individuals of the P type. On the con-
rary, some genes from Bacteroides genomes, and other genes from
revotella genomes, showed pN/pS ratios larger than 1 in the indi-
iduals of the P type and B type, respectively (Fig. 4). Notably, a
N/pS ratio close to 0 is indicative of purifying selection, while a
N/pS ratio larger than 1 may  indicate positive selection. There-
ore, this implies that genes from different bacterial genomes are
ifferentially selected in corresponding enterotypes. For instance,
enes from Bacteroides (indicated by a light green bar on the right-
and side of Fig. 4) showed an overall pN/pS ratio close to 0 in
he B type, while a similar pattern was observed for genes from
revotella (light red bar) in the P type. Interestingly, based on the
EGG pathway analysis, these top 40 genes were mostly involved

n amino acid metabolism (62.5% of the top 40 genes) and carbohy-
rate metabolism (17.5% of the top 40 genes), which was indicative
hat food, or diet, might play a role in shaping the observed metage-
omic differentiation.

To elucidate further how the metagenomic differentiation
etween enterotypes was functionally related to diet preference,
he protein products of the above highly differentiated genes were
tudied. For example, seven non-synonymous (NS) SNPs existed
n the gene id 269210 (endo-1, 4-beta-mannosidase, Prevotella
ryantii), which were correlated with four amino acid changes
n the protein sequence (Fig. 5A). The haplotype network com-
rising these seven NS SNPs (Fig. 5B) confirmed the significance
f the different haplotypes within the B type and P type, which
ere correlated to HB: G1063G1065C1073T1074C1076A1077A1079, and
P: A1063T1065G1073C1074A1076C1077C1079. By blasting to the Pro-

ein Data Bank (PDB) database, the closest homologous protein
as �-mannosidase from the glycoside hydrolase family 5 (GH5,

DB id: 1UUQ A) (Fig. 5C and D). The Glu330 within �-mannosidase
cts as a catalytic nucleophile in the enzyme, which is spatially
losely located to the four amino acid changes in the protein
5]. Therefore, the four amino acids with uncharged side chains
G358A361A362T363) in the enzyme more frequently found in the
 type should result in a different enzyme activity compared to
he amino acids with electrically charged or polar side chains
S358G361D362N363) found in the P type. More interestingly, it
as been reported that �-mannosidase is an exo-acting glycoside
icrobiology 41 (2018) 1–12

hydrolase that plays a role in breaking down mannose-containing
polysaccharides as carbon and energy sources, which are widely
presented in the plant cell wall [5]. Previous studies have demon-
strated that the Prevotella enterotype (or P type in this study)
was associated with long-term consumption of diets rich in plant
polysaccharides [9,39]. The potentially functional differentiations
of enzymes between the B type and the P type are further detailed
in Fig. S10A–S10D for gene id 370523 (arabinose isomerase, Bac-
teroides), which is also involved in carbohydrate metabolism, and
in Fig. S11A–S11D for gene id 350747 (leucyltransferase, Prevotella
ruminicola 23), which is involved in amino acid metabolism. The
above genes were randomly selected, which suggests that many
more specific genes may  exhibit significant differences between
the two enterotypes.

Association between the host human genome and two dominant
genera

The functional enrichment and genetic diversity analysis
showed that the abundances of Bacteroides and Prevotella were
strongly associated with the substrates of amino acids and carbo-
hydrate. Next, the whole human genome was genotyped in order to
explore [29] the potential association of host genetic effects with
the two  enterotypes. For Bacteroides, no SNPs were found with P
values lower than 6 × 10−8 after Bonferroni adjustments (Fig. S12).
The SNP with the lowest P value (5.937 × 10−07) in association with
Bacteroides abundance was  rs730647 (chr22: 28250810), which is
located in the PITPNB (phosphatidylinositol transfer protein) gene.
However, as for Prevotella,  one significant SNP rs878394 (chr1:
219073958) was  found with a P value of 5.293e-08, which was
not located within a gene but appeared adjacent to the LYPLAL1
(lysophospholipase-like 1) gene reported to be associated with
body fat distribution in Chinese [37] and Japanese [11] popula-
tions, as well as waist-hip ratio and insulin sensitivity in the Danish
population [2] (Fig. 6A). Additionally, the box plot of abundance
distributions of Prevotella in each genotype for rs878394 (Fig. 6B)
demonstrated that the CC genotype of the human host corre-
sponded to the highest Prevotella abundance, while the TT genotype
corresponded to the lowest abundance. Such an association was
also shown within each enterotype (Fig. 6C and D), although it
was not significant in the B type due to the low abundance of Pre-
votella in the data. This result suggested that the genetics of the
human host might also play some role or roles in the formation of
enterotypes.

Discussion

The human gut microbiome is a very complex ecosystem that
might be influenced by many factors, such as diet, host health
status, age, gender, height/weight, geographic environment, medi-
cation and host genetic structure [23]. Recent studies on the human
microbiome have suggested that individuals can be classified into
three distinct enterotypes representing a network of three distinct
microbial community types with each one dominated by a particu-
lar genus [1]. While consensus largely exists that these enterotypes
are the result of long-term dietary behavior [39], the concept itself
has also been challenged, since other studies have proposed the
existence of microbial community gradients rather than distinct
enterotypes [17]. Hence, the possibility of a microbiome-based
classification of human individuals is still subject to debate. In this
current study, the data confirmed the intrinsic existence of the P

and B enterotypes, with KZKs and UIGs (Muslim populations) dom-
inated by the P type and the HANs dominated by the B type. This
was consistent with a previous study showing that the P type was
mainly enriched in Buddhists and Muslims, while people with other
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Fig. 4. Genetic differentiations between the two enterotypes on the basis of highly differentiated bacterial genes.
Heatmap plot of pN/pS ratios for 40 genes with the highest FST values between the two enterotypes. The pN/pS ratio is indicated by color according to the scale bar beside
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he  heatmap, and the 40 genes were extracted by ranking the values of all non-red
epresents one individual, and all 192 individuals were hierarchically clustered acco
ene  labeled and colored by the gene id (from the non-redundant gene set) and the

eligions were dominated by the B type [24]. Therefore, although
here was no precise information of food/nutrient uptake for the
olunteers that took part in the study, the results still illustrated
he link between diet and enterotype based on the knowledge of
he diet difference between Muslims and Han Chinese.

The study indicated that both enterotypes were largely differ-
nt in their taxonomic, as well as genetic, composition. This was
upported by clear differences in functional gene enrichments, as
ell as by consistent polymorphisms among shared genes. Corre-

ponding functional gene enrichment, as well as bacterial members
ithin these enterotypes, were apparently subjected to distinct

elective pressures, as indicated by different pN/pS ratios, with
esulting amino acid changes in many enzymes involved in carbo-
ydrate and amino acid metabolic transport. The genetic diversity
atterns observed between the two enterotypes were probably
ensitive to other confounding factors, such as age and different
nvironments, and thus could be detected in the data because such
actors were largely controlled by the study. In addition, the P type
s relatively rare, since it has a prevalence of less than 20% in the

ajority of populations, including Europeans, North Americans and
ast Asians, although metagenomic studies on other populations,
uch as Central Asians, are rarely conducted. Although the differen-
iation of different populations within enterotypes was obviously

ower than the differences between enterotypes, several signifi-
ant differences were still observed in the taxonomic compositions
nd the functional gene catalogs. Furthermore, the human genome-
t genes from the 111 prevalent gut microbial strains. Each column of the heatmap
 to the composition of the pN/pS ratios from the 40 genes. Each row represents one
sponding protein name/taxon by blasting to the NCBI database.

wide association study also showed that the abundance of the gut
microbiota was  highly correlated with the genotype of a specific
locus within the human genome, although the responsible biolog-
ical mechanism will need further evaluation in future studies.

Conclusion

In summary, considerable differentiations were identified
between two enterotypes that were not only reflected in the taxo-
nomic compositions but also in the composition of functional genes
and genomic diversity patterns within microbial genomes. Further-
more, a link was established between the host genetic structure and
enterotypes, which highlighted the importance of further research
into the influence of host genetics on the gut microbiota and the
interaction between the host genome and microbiome.

Data linking
The 16S rRNA gene and metagenome sequencing data in this
paper have been deposited in the National Omics Data Encyclope-
dia (NODE; http://www.biosino.org/node/index) under accession
numbers NODEP00000052 and NODEP00000053, respectively.

http://www.biosino.org/node/index
http://www.biosino.org/node/index
http://www.biosino.org/node/index
http://www.biosino.org/node/index
http://www.biosino.org/node/index
http://www.biosino.org/node/index
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Fig. 5. Non-synonymous SNPs and associated amino acid changes for one selected gene/protein between the two enterotypes.
(a)  Positions and types of seven non-synonymous SNPs and corresponding four amino acid changes in id 269210 (endo-1,4-beta-mannosidase, Prevotella bryantii). (b)
Haplotype network based on the seven non-synonymous SNPs and all 192 individuals. (c) Alignment of the query protein (id 269210) and the target protein (PDB id:
1UUQ  A), in which the four significant amino acid changes between the two enterotypes are highlighted. (d) Three-dimensional structure of the protein (temple structure
from  PDB ID: 1UUQ A) with the four significant amino acid changes highlighted. Additionally, the closely located amino acid GLU330 (marked in green) is shown, since it acts
as  a catalytic nucleophile in the enzyme.
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Fig. 6. Association between the human autosomal SNPs and the relative abundance of Prevotella in the gut microbiota.
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a)  Manhattan plot for the log-transformed P values of all human autosomal SNPs tes
he  P value cutoff (6 × 10−8) for the associations. (b–d) Relative abundance of Prevote
ithin  the B type (c), and all individuals within the P type (d).
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