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A phylo-functional core of gut microbiota in healthy
young Chinese cohorts across lifestyles, geography
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Structural profiling of healthy human gut microbiota across heterogeneous populations is
necessary for benchmarking and characterizing the potential ecosystem services provided by
particular gut symbionts for maintaining the health of their hosts. Here we performed a large
structural survey of fecal microbiota in 314 healthy young adults, covering 20 rural and urban
cohorts from 7 ethnic groups living in 9 provinces throughout China. Canonical analysis of
unweighted UniFrac principal coordinates clustered the subjects mainly by their ethnicities/
geography and less so by lifestyles. Nine predominant genera, all of which are known to contain
short-chain fatty acid producers, co-occurred in all individuals and collectively represented nearly
half of the total sequences. Interestingly, species-level compositional profiles within these nine
genera still discriminated the subjects according to their ethnicities/geography and lifestyles.
Therefore, a phylogenetically diverse core of gut microbiota at the genus level may be commonly
shared by distinctive healthy populations as functionally indispensable ecosystem service
providers for the hosts.
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Introduction microbiota provides many functions that are not
encoded in the host genome but shown to be
essential for human health, such as short-chain fatty
acid (SCFA) production and vitamin synthesis (Flint
et al., 2012, Gill et al., 2006). Such health-relevant
functions may be considered ecosystem services

provided by the gut microbiota for the host (Costello

The human gut microbiota is of great importance as
indicated by accumulating evidence of its close
association with human health (Clemente et al.,
2012). As an internalized ‘microbial organ’, the gut
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et al., 2012). The identification of specific phylo-
types as key ecosystem service providers (ESPs) and
the understanding of their interactions with each
other and with their hosts are fundamental ques-
tions in human microbiome research. If these ESPs
are indispensable to the host’s well being, healthy
human individuals may share some key structural
features, whereas diseased individuals may have
aberrant patterns leading to a state of ‘dysbiosis’,
which was found in obesity (Fei and Zhao, 2013),
inflammatory bowel disease (Li et al., 2012), colo-
rectal cancer (Wang et al., 2012) and type 2 diabetes
(Qin et al., 2012) recently.

The focus on the common features of ‘normal’
gut microbiota in healthy human populations is
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increasing. It was reported that the human gut
microbiota is typical of omnivorous primates
(Ley et al., 2008). Thus far, the largest cohort study
found that its composition and diversity varied
widely even among healthy western individuals
(Huttenhower et al., 2012). Particularly, ethnic
background was strongly associated with a variety
of microbial taxa, gene families and metabolic
pathways. Also, variations were observed across
geography, which reflected, at least partly, the
differences in lifestyles and long-term diets between
the cohorts (De Filippo et al., 2010, Yatsunenko
et al., 2012). Age is another very important factor
in shaping the gut microbiota, as exemplified
by the dominance of Bifidobacterium in infants
(Yatsunenko et al., 2012) and a greater proportion of
Bacteroides in the elderly (Claesson et al., 2011).

Partly due to the large inter-individual variations
driven by multiple factors, it was initially supposed
that human individuals may not have a commonly
shared, substantial phylogenetic core of gut micro-
biota (for example, overall abundance >0.5%)
(Turnbaugh et al., 2009), although a functional core
has been well described (Huttenhower et al., 2012,
Qin et al., 2010, Turnbaugh et al., 2009). However,
recent large cohort studies by deep, high-throughput
sequencing found that within some genera, such as
Bacteroides and Faecalibacterium, specific lineages
were prevalent in at least 90% of the investigated
western subjects (Huse et al., 2012, Qin et al., 2010,
Zupancic et al., 2012). Alternatively, the human gut
microbiota has also been classified into three
compositional categories (known as enterotypes),
primarily based on the dominance of the genera
Bacteroides, Prevotella or Ruminococcus, which
appeared independent of geography, sex, age and
body mass index (Arumugam et al., 2011), but may
be associated with long-term diets (Wu et al., 2011).
Given the large variation in host properties and the
habitat-dependent environmental factors across dis-
tinct human populations, further studies are needed
for delineating the commonality of the proposed
prevalent phylotypes and their contribution to
human health.

To assess the impact of potential factors such as
geography, lifestyle and ethnicity on shaping the gut
microbiota, and to determine whether healthy
adults can share common phylogenetic features in
the context of these heterogeneities, we recruited
314 healthy young Chinese volunteers aged between
18 and 35 years, an age range regarded as the climax
of human development in terms of vigor and health
(Zastrow and Kirst-Ashman, 2012). These subjects
belong to the widely dispersed Han people and six
minority ethnic groups resident in their representa-
tive geographical locations in nine provinces
throughout China, with both rural and urban life-
styles at each region, thereby representing healthy
cohorts with highly diverse genetic, cultural
and dietary backgrounds. By combining deep
454 pyrosequencing (Margulies et al., 2005) and
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multivariate statistics, we uncovered nine predomi-
nant genus-level taxa known to contain SCFA
producers, which co-occurred in all individuals
and may represent a phylogenetic core as potential
ESPs beneficial to human health.

Materials and methods

Subject selection and sampling

This study was approved by the Inner Mongolia
Agriculture University, and informed consent was
obtained from all the 314 healthy volunteers before
enrollment in the study. All volunteers (body mass
index 18.4—-25.7 kg m ~?) recruited in this study were
indigenous residents and had resided in the same
locality for at least three generations without
marrying with individuals from any other ethnic
groups. The identity and ethnicity of each volunteer
was confirmed by checking his/her household
register, and the consistency of his/her language,
dressing style and lifestyle with that of the corres-
ponding ethnic group. In each sampling site, paired
volunteers who were matched/nearly matched for
sex and urban/rural lifestyle were recruited. None of
these volunteers had gastrointestinal tract disorders
or taken any antibiotics for at least 3 months prior to
the sampling. Fresh fecal samples were collected in
the early morning before breakfast under anaerobic
conditions and frozen immediately in liquid nitro-
gen. Samples were transferred to the laboratory
within 24 h in an ice bucket and stored at — 80 °C.

Pyrosequencing, sequence preprocessing, and
bioinformatics
DNA extraction and PCR amplification of the V5-V6
region of 16S rRNA genes were performed as
described in Supplementary Information and pre-
vious studies (Dethlefsen and Relman, 2011, Lee
et al., 2011). PCR products from different samples
were mixed at equal ratios for pyrosequencing with
the GS FLX platform (Roche, Branford, CT, USA;
University of Hawaii, Honolulu, HI, USA) and a
total of 13 runs were performed for the 314 samples.
Samples from at least three ethnic groups were
blended in each run, to ensure that there was no
case that samples from one single ethnic group were
sequenced in a single run (Supplementary Table S2).
Operational taxonomic unit (OTU) classification,
chimera removal, tree construction and taxonomic
assignment were all performed using the QIIME
package (Quantitative Insights Into Microbial
Ecology, Boulder, CO, USA, v1.2.1) (Caporaso et al.,
2010) after removing the bad-quality sequences from
the raw data set (Supplementary Information). To
minimize the difference of sequencing depth among
samples, the rarefied OTU subset was generated by
averaging 1000 evenly resampled OTU subsets
for further alpha and beta diversity analysis
(Supplementary Information).



Statistical analysis

Statistical analysis was conducted mainly under
Matlab environment (The MathWorks, Natick, MA,
USA) and R (http://www.r-project.org/). Based on
the rarefied OTU subset, the relative abundances of
taxa were compared among cohorts by the Kruskal—
Wallis test. Spearman’s rank correlation was used to
evaluate the co-occurrence relationships between
the relative abundances of taxa. False discovery rate
(FDR) values were estimated using the Benjamini—
Yekutieli method (Benjamini and Yekutieli, 2001) to
control for multiple testing. Canonical analysis of
principal coordinates (CAP) (Anderson and Willis,
2003) and permutational multivariate analysis of
variance (PERMANOVA) (McArdle and Anderson,
2001) were employed to evaluate if the gut micro-
biota structure was significantly segregated across
the cohorts. CAP was performed using the FOR-
TRAN program (Anderson, 2004) released by the
authors proposing the CAP method (Anderson and
Willis, 2003) and PERMANOVA was performed
using the function ‘adonis’ implemented in the
R ‘vegan’ package (Oksanen et al., 2013). For both
statistical methods, the UniFrac distance matrix was
used as the input of the microbial community data,
whereas the ethnicity, geography, sex or lifestyle of
each subject was used as the input of the factor (that
is, the constraint). After the principal coordinates
analysis (PCoA) in CAP, the first m principal
coordinates were determined as the optimal
dimensionality by (1) estimating the minimal mis-
classification error yielded by the leave-one-out
cross-validation; and (2) computing the proportion
of the total variations in the original distance matrix
explained by the first m principal coordinates,
which must exceed 60% but must not exceed
100% (Anderson and Willis, 2003). The canonical
plot was generated based on the sample scores of the
first three canonical axes. The significance of the
results from CAP and PERMANOVA was tested by
9999 permutations. Enterotype analysis based on
the genus-level abundance profiles was performed
according to the methods proposed in the original
report of enterotypes (Arumugam et al., 2011) using
the R ‘ade4’ package.

Results

Study cohorts

We recruited 314 healthy, young, unrelated volun-
teers, including 145 urban and 169 rural residents,
with an overall equivalent sex ratio and representing
20 cohorts from 7 ethnic groups (that is, the Bai,
Han, Kazakh, Mongol, Tibetan, Uyghur and Zhuang)
from 9 provinces in China (Figure 1, Supplementary
Tables S1 and S2). We recruited the Han volunteers
from four representative geographical locations
in Northeast (Harbin), Central (Zhengzhou), East
(Wuxi) and Southwest (Chengdu) China with distinct
natural environmental conditions and economic
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status. Each of the other six non-Han minority
ethnic groups was recruited from a single region
of their representative locations, respectively.
Particularly, the Kazakh and Uyghur resided in
similar habitats. All the recruited rural residents
lived far away from the metropolitan areas with
typical farming or pastoral lifestyle.

Diversity of gut microbiota in healthy young Chinese
cohorts
A total of 5102015 high-quality sequences were
generated by pyrosequencing the V5-V6 region of
the 16S ribosomal RNA (rRNA) gene of Bacteria and
Archaea (Lee et al, 2011) from fecal samples
collected from the 314 volunteers (median= 13361
sequences, ranging from 5992 to 96 710 sequences;
Supplementary Table S2). At a threshold of 97%
sequence identity, 36 918 OTUs were identified in the
current study (median=1821 OTUs, ranging from
555 to 7724 OTUs; Supplementary Table S2), repre-
senting 4406 917 sequences for subsequent analysis
(Supplementary Information). Although no OTU-
level rarefaction curves plateaued under the current
sequencing depth (Supplementary Figures S1a—j), all
the Shannon diversity indices reached stable values
(Supplementary Figures S1k—t), suggesting that most
of the microbial diversity had already been captured
in this data set despite the possibility to detect rare
new phylotypes with additional sequencing efforts.
Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria constituted the four most dominant
bacterial phyla (contributing 73.47, 14.13, 5.83 and
3.36% of the total sequences, respectively), whereas
Euryarchaeota was the only detected phylum in the
domain of Archaea (2.62%). Consistent with pre-
vious studies in African, Asian and western cohorts
(De Filippo et al., 2010, Huttenhower et al., 2012,
Nam et al., 2011), Firmicutes and Bacteroidetes were
the two most abundant phyla composing the vast
majority of the gut microbiota of the healthy cohorts
in this study, but the ratio of Firmicutes: Bacteroi-
detes had considerable inter-individual variations
within each cohort (ranging from 0.5 to 300.6,
Supplementary Figure S2a). Such wide variations
also poorly linked with the body weight and the body
mass index (P=0.75 and 0.97 by Spearman’s rank
correlation, respectively; Supplementary Figures S2b
and c). Only 51.60% of the OTUs (contributing to
77.42% of the total sequences) were assigned to
known genera, indicating the potential to discover
novel genus-level taxa by deeper sequencing. Among
the 279 identified genera, Phascolarctobacterium of
Firmicutes was the most predominant and more
abundant than the generally recognized predominant
taxa, such as Bacteroides (Arumugam et al., 2011)
and Faecalibacterium (Nam et al., 2011); it also
showed the most variable abundance across
all individuals (Supplementary Table S3). Of the
16 most abundant genera, 11 were Firmicutes
(Supplementary Table S3).

1981
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Figure 1 Cohorts investigated in this study. Sampling sites are mapped using Esri ArcMap 10.1. The sampling sites of the urban Kazakh
and Uyghur ethnic groups are both located in Uriimqi and thus are overlapped on this physical map. Scale bar: 1000 km.

Within the domain of Archaea, it was reported
that Methanobrevibacter smithii could comprise up
to 11.4% of the whole gut microbiota (Eckburg et al.,
2005). Besides M. smithii, Methanosphaera stadt-
manae is also sometimes detectable in human gut
microbiota, with lower and varying abundance
(Dridi et al., 2009, Hoffmann et al., 2013, Lecours
et al., 2014). In this study, Euryarchaeota was
dominated by Methanobrevibacter (2.09%) and
Methanosphaera (0.44%). Methanobrevibacter was
identified in 259 samples, yielding a similar pre-
valence (82.48%) compared with previous study
(Dridi et al., 2009). The prevalence of Methano-
sphaera (57.32%) was relatively higher than that
reported previously (Dridi et al., 2009, Hoffmann
et al., 2013, Lecours et al., 2014). Both genera were
absent in 41 individuals and represented >10% of
the whole gut microbial community in 23 and
3 individuals, respectively. The abundance of both
genera varied largely across individuals (ranging
from 0% to 39.10% for Methanobrevibacter and
ranging from 0% to 17.72% for Methanosphaera).
These two genera varied significantly among ethnic
groups (Supplementary Table S4) and tended to be
enriched in rural individuals (Supplementary Table S5),
indicating that their prevalence and abundance may
vary with the particular populations studied.
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Structural segregation of gut microbiota across cohorts
To profile the overall gut microbiota structure, a set
of unconstrained ordination methods were applied
to the rarified OTU data (4561 sequences per
sample). Large inter-individual compositional varia-
tion was observed through principal component
analysis (Supplementary Figure S3a) and PCoA
based on the weighted UniFrac distance
(Supplementary Figure S3b) (Lozupone et al.,
2007). Unweighted UniFrac PCoA (Lozupone and
Knight, 2005) well separated the Mongol from the
Tibetan ethnic group (Figure 2a and Supplementary
Figure S3c); the differentiation between rural and
urban cohorts was also evident within the Mongol
and Zhuang ethnic groups (Supplementary Figures
S3c and d).

To maximally extract the information derived
from unweighted UniFrac PCoA and better under-
stand the impact of lifestyle and ethnicity on the gut
microbiota structure, we introduced CAP (Anderson
and Willis, 2003), a constrained ordination method
friendly to any kind of distance metrics. Using the
first 198 principal coordinates (accounting for
82.85% of the total variation), 223 individuals were
successfully predicted by their ethnicities, yielding
a cross-validated correct classification rate (CCR) of
71.02% as well as the highly significant canonical
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Figure 2 The healthy young Chinese cohorts show significant ethnicity-associated structural segregation of gut microbiota.
(a) Unweighted UniFrac PCoA of the 314 samples using the full set of OTUs. The percentage of the variation explained by the plotted
principal coordinates (PCs) is shown in parentheses. (b) CAP using the first 198 PCs. The squared canonical correlation values (6*) are
shown in parentheses. Permutation tests reveal that the segregation is significant (P=0.0001).

test statistics (P=0.0001). As expected, the canoni-
cal plot (Figure 2b) showed high squared canonical
correlations (0*) and a more distinct segregation
among ethnic groups compared with the original
UniFrac PCoA plot (Figure 2a) over the first three
dimensions. The Tibetan group was entirely sepa-
rated from the others, forming an ‘out-group’ with
the highest CCR (86.05%); the Mongol and Zhuang
were also wide apart from each other (CCR =77.08%
and 71.74%, respectively). Within the Han ethnic
group from diverse and distant habitats, 77 out of
the 91 individuals (84.62%) were correctly classi-
fied. Twenty-five out of the 43 Bai individuals were
successfully classified and the others were misclas-
sified as Han (CCR =58.14%), resulting in a partial
overlap between these two ethnic groups in the
canonical plot (Figure 2b). The Kazakh and Uyghur,
the two ethnic groups sharing similar milieus in
Xinjiang Uyghur Autonomous Region (all the
recruited urban individuals of both groups were
residents of Uriimqi) and similar ethnic origin (both
are the Turkic descendants), were not well distin-
guishable from each other (CCR=22.73% and
42.86%, respectively). Such significant structural
segregation of the gut microbiota across ethnic
groups was also confirmed by PERMANOVA
(P=0.0001), a method that can assess the effects of
factors directly based on unweighted UniFrac or
other distance matrices (McArdle and Anderson,
2001). Particularly, for the Han cohorts, the gut
microbiota structure was significantly segregated
across the four geographical regions (P=0.0001).
Additionally, other potential factors, such as sex,
showed a trend but not significant in the segregation
of the gut microbiota structure across all the
individuals (P=0.0531).

Structural differentiation of gut microbiota
between the rural and urban cohorts varied greatly
across geographical regions and ethnic groups
(Table 1). The Mongol cohorts exhibited the highest
predictive power of gut microbiota structure
between lifestyles among all the ethnic groups
(CCR=97.92%). The Mongolians also had the
largest lifestyle-associated difference in Shannon

diversity indices (8.66 £1.39 vs 6.74 £ 0.95, P<10~°
by Student’s t-test). Interestingly, the Han living in
different geographical regions showed a wide range
of CCR, from 23.5% to 73.91%. Similarly, PERMA-
NOVA revealed that the impact of lifestyle was most
significant within the Mongol and Zhuang ethnic
groups, followed by the Han cohorts living in Harbin
and Zhengzhou, whereas this impact was margin-
ally significant in the Tibetan cohorts (see Table 1 for
the corresponding P-values). In contrast, the Uyghur
and Kazakh showed the smallest lifestyle-associated
distances (Supplementary Figure S4). Within the
Han ethnic group, the individuals living in
Chengdu and Wuxi had significantly smaller
distance values than those in Zhengzhou and
Harbin, which were in agreement with the results
of CAP and PERMANOVA.

A number of genera were differentiated between
the rural and urban individuals (Supplementary
Tables S5 and S6). For example, Prevotella and
Xylanibacter of Bacteroidetes were among the taxa
most significantly enriched in all the investigated
rural individuals, while Lactobacillus, Methanobre-
vibacter, Methanosphaera and Methanobacterium
were particularly more abundant in the rural Mongol
individuals than in their urban counterparts.

We further defined the most similar and dis-
similar ‘neighbors’ to each cohort in terms of their
gut microbiota structure, by comparing the cohort-
to-cohort average UniFrac distances (Supplementary
Figure S5). The rural Tibetan cohort was identified
as the most dissimilar one to all the other cohorts
except the rural Uyghur (to which the most dis-
similar cohort was the rural Han living in Zhengzhou),
again highlighting the large structural discrepancy
of gut microbiota between the Tibetan and other
ethnic groups. Although the rural Uyghur was the
most similar one to the rural and urban Tibetan
cohorts, it still showed relatively high distance
values (0.7330 + 0.0029 and 0.7220 + 0.0023, respec-
tively). The smallest cohort-to-cohort distance value
was between the rural Mongol and the urban Uyghur
cohort (0.6638 + 0.0024); the latter was also the most
similar cohort to its rural counterpart.

1983
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Table 1 Statistics of CAP and PERMANOVA for discrimination of gut microbiota structure between the rural and urban cohorts with
identical ethnicities and geographical regions on the basis of the unweighted UniFrac distance

Cohorts Sample Optimal Variations Correct P-values (FULL/CORE)
size dimensionality explained classification rates
(rural/urban, n/n) (m) of the principal (%, FULL/CORE) (%, FULL/CORE)
coordinates
(FULL/CORE)

CAP PERMANOVA
Han (Zhengzhou) 12/11 11/15 67.34/82.96 73.91/86.96 0.0036/0.0316  0.0449/0.0366
Han (Harbin) 14/16 23/27 87.21/96.77 66.67/63.33 0.1872/0.1990  0.0372/0.2086
Han (Wuxi) 9/12 15/15 82.43/84.20 61.91/66.67 0.2768/0.6092  0.1499/0.1307
Han (Chengdu) 9/8 15/9 95.68/68.49 23.53/29.41 0.9391/0.7830  0.9509/0.9258
Mongol 26/22 21/19 61.54/60.75 97.92/91.67 0.0001/0.0001  0.0001/0.0001
Zhuang 24/22 36/35 88.64/88.67 86.96/91.30 0.0005/0.0002  0.0001/0.0007
Tibetan 28/15 19/24 63.19/74.23 72.09/67.44 0.0353/0.2741  0.0565/0.0759
Bai 29/14 31/23 84.50/73.06 72.09/69.77 0.0617/0.1059 0.0737/0.0833
Uyghur 9/12 17/12 90.01/72.74 57.14/61.91 0.0870/0.3480 0.1659/0.1144
Kazakh 9/13 18/10 90.11/62.45 45.46/59.09 0.0783/0.6447 0.9074/0.8210

Abbreviations: CAP, canonical analysis of principal coordinates; CORE, data derived from only the operational taxonomic units (OTUs) assigned
to the nine core genera (that is, the core set of OTUs); FULL, data derived from the full set of OTUs; PERMANOVA, permutational multivariate

analysis of variance. P-values represent the proportion of permuted differences greater than real differences.

A genus-level phylogenetic core shared by all the
subjects

We tested whether any genus- or OTU-level phylo-
types occurred in each investigated individual to
compose a core gut microbiota (Hamady and Knight,
2009). Nine predominant genera were present in all
the investigated individuals (Supplementary Table S3),
constituting a genus-level phylogenetic core
accounting for 47.63% of the total sequences
(Figure 3a). All the genera in this core were
Firmicutes except Bacteroides, and all of these taxa
occupied >1% of the individual gut microbial
community in at least 75% of all subjects except
Coprococcus (in 69.11% subjects) (Figure 3b). The
collective core was overwhelmingly dominant
(abundance >50%) in more than half the subjects
(50.96%) and occupied <1% of the whole gut
microbial community in only one individual
(Figure 3b) but showed dramatic variations in
abundance in each investigated cohort, regardless
of geography, lifestyle and ethnicity (Figure 3c).

Spearman’s rank correlation test was employed to
identify the co-occurrence patterns among the nine
core genera (Figure 4). Besides the genus Phasco-
larctobacterium, which only had a very weak
co-exclusion relationship with Clostridium (rho=
—0.195, FDR =0.30%), the other eight core genera
were positively correlated with each other
(Figure 4). This was most significant between the
two phylogenetically related genera Faecalibacte-
rium and Subdoligranulum (rho = 0.664, FDR =0%)
and also among Clostridium, Blautia and Rumino-
coccus (tho>0.5, FDR =0%).

At the genus level, we did not identify the
enterotypes reported in western cohorts mainly
driven by the predominant genera Bacteroides,
Prevotella and Ruminococcus (Arumugam et al.,
2011). Although partitioning around medoids
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analysis revealed that the optimal number of clusters
was two, such clustering could not be well supported
by reliable silhouette width values (Supplementary
Figure S6a) and the clusters nearly overlapped in
between-class analysis (Supplementary Figure S6b).

At the OTU level, none was detectable in all
individuals; most OTUs were shared by only a
limited number of individuals (Supplementary
Figure S7). Instead, we found 30 OTUs shared by
at least 90% of all the individuals (Supplementary
Table S7). They represented the most prevalent
OTU-level phylotypes in this study, corresponding
to only a minor part of all the 36 918 OTUs (0.081%)
but 838125 of all the 4406917 sequences
(19.018%). All these OTUs were Firmicutes except
OTU61903 (belonging to Collinsella from Actino-
bacteria) and OTU75613 (belonging to Klebsiella
from Proteobacteria). The most prevalent OTU
(OTU70817) belonged to Faecalibacterium, which
was detected in 306 out of the 314 individuals (97.5%).

Significantly positive co-occurrence relation-
ships among the 30 most prevalent OTUs were
not only widely identified among the distantly
related OTUs, such as between OTU61903
(belonging to Collinsella) and OTU89633 (Dorea)
(tho=0.375, FDR=1.80x10"') and between
OTU8392 (Phascolarctobacterium) and OTU75613
(Klebsiella) (rho=0.287, FDR=23.93 x 10 °%), but
also among the OTUs with close phylogenetic
relationships, exemplified by the three OTUs within
Blautia (rho values ranged between 0.535 and 0.679,
FDR <9.02x10°2?%), and the four OTUs within
Dorea (rho values ranged between 0.514 and 0.766,
FDR <9.77 x 10~ ?"). The highest positive correla-
tion was found between OTU43582 (Coprococcus)
and OTU69334 (currently unclassified Firmicutes)
(tho=0.907, FDR=7.12 x 10~ """) (Supplementary
Figure S8).
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Figure 3 The cohorts share a core gut microbiota composed of nine bacterial genera. (a) The proportion of each genus in the total
sequences. (b) The abundance distribution of the nine genera and the collective core. Boxes represent the interquartile range (IQR)
between the first and third quartiles. The lines and squares inside boxes represent the median and mean, respectively. Whiskers denote
the lowest and highest values within 1.5 x IQR from the first and third quartiles, respectively. (¢) The abundance of the collective core
varies greatly across individuals in each cohort. Individuals in each cohort are arranged according to their abundance of the collective

core. The cohorts are symbolized as in Figure 1.

Species-level segregation within the core genera

To test whether species-level composition within
the core gut microbiota could be still segregated by
lifestyle and ethnicity/geography, we applied the
same set of ordination methods described above to

the 10937 OTUs assigned to the nine core genera.
Unweighted UniFrac PCoA revealed a similar
sample distribution to that based on the full set of
OTUs, particularly so in the three most distinctive
ethnic groups, the Mongol, Tibetan and Zhuang

The ISME Journal



The phylo-functional core in human gut microbiota
J Zhang et al

(Figure 5a and Supplementary Figure S9). Using the
first 176 principal coordinates (accounting for
84.20% of the total variation), CAP successfully
predicted 218 individuals by their ethnicities
(CCR=69.43%), almost as well as that obtained
from the full model. The canonical test statistics
were also highly significant (P=0.0001) and the first
three 0* were still high (Figure 5b). The clustering
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Figure 4 Co-occurrence patterns among the nine core genera
across the 314 samples, as determined by the Spearman’s rank
correlation analysis. The correlations were controlled for multiple
testing and only those with FDRs <1% were retained. The
significant correlations were subsequently converted to correla-
tion distance matrices and the taxa were clustered using the
UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
hierarchical clustering method. *FDR<0.01, **FDR<0.001 and
***FDR<10"°.
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Principal coordinate 1 *
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Principal coordinate 2
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pattern in the canonical plot (Figure 5b) was also
consistent with that derived from the full set of
OTUs (Figure 2b). The Tibetan ethnic group still had
the highest CCR (83.72%) and was, again, entirely
separated from others, followed by the Han, Mongol,
Zhuang and Bai cohorts (CCR=280.22, 77.08, 63.04
and 60.47%, respectively). The Kazaka and Uyghur
ethnic groups were still largely misclassified
(CCR=31.82% and 47.62%, respectively). This
structural segregation across ethnic groups was also
confirmed by PERMANOVA (P=0.0001), as well as
the segregation across geography in the Han cohorts
(P=0.0007). The lifestyle-associated differentiation
was also consistent with that based on the full set of
OTUs, without marked changes in the statistics
obtained by the CAP procedure and PERMANOVA
(Table 1).

Discussion

In anthropology, an ethnic group is ‘a named social
group based on perceptions of shared ancestry,
cultural traditions and common history that cultu-
rally distinguish that group from other groups’
(Peoples and Bailey, 2011). As a vast country, China
occupies nearly 20% of the world population,
including the wide-ranging Han and the other
55 minority ethnic groups living in their local
habitats, which have endemic characteristics in
genetics (Chu et al., 1998), lifestyle, diet, culture
and so on. Given the tight relationship between the
gut microbiota and these factors (De Filippo et al.,
2010, Huttenhower et al., 2012, Tyakht et al., 2013,
Yatsunenko et al., 2012), the Chinese people with
truly diverse ethnic origins offer us good opportu-
nities to visit and understand the diversity, varia-
bility and commonality of gut microbiota. In this
study, the significant, multi-factor-associated struc-
tural segregation of the gut microbiota across the
cohorts was unraveled by combining the unsuper-
vised and constrained multivariate analytic tools on
the basis of unweighted (a qualitative measure)

Canonical axis 3
(83° = 0.84)
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Bai
Zhuang
Kazakh
Uyghur
Mongol
Tibetan

Canonical axis 1

(3. = 0.90)

o\,:'
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Figure 5 The genus-level core gut microbiota shows significant ethnicity-associated structural segregation at the species level.
(a) Unweighted UniFrac PCoA of the 314 samples using the 10,937 OTUs assigned to the nine core genera. The percentage of the
variation explained by the plotted PCs is shown in parentheses. (b) CAP using the first 176 PCs. 6* Values are shown in parentheses.
Permutation tests reveal that the segregation is significant (P=0.0001).
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(Lozupone and Knight, 2005) rather than weighted
UniFrac distance (a quantitative measure) (Lozupone
et al., 2007), which indicated that the gut micro-
biota structure of the investigated cohorts was
differentiated primarily by the microbial lineages
surviving on the host’s specific ethnicity but
not the variation in their abundance. Such segrega-
tion was particularly significant on the Mongol and
Tibetan ethnic groups, which coincided with the
fact that both of them usually live as typical
nomadic tribes (for example, hunter—gatherers and
cattle herders) on the Xilingol Grassland and
Qinghai-Tibetan Plateau, respectively. Although
most rural and urban Han individuals were clus-
tered together in the same group in Figure 2b, the
Han cohorts recruited from the four geographical
regions harbored significantly distinctive gut micro-
biota structure, suggesting that geography may also
exert selection pressure on the human gut micro-
biota. As the habitats of most minority ethnic groups
are much more specific than that of the Han, the
impact of ethnicity on the gut microbiota structure
observed in this study requires deeper investigation
to understand its complex and profound interac-
tions with other confounding factors, such as
geography. This objective can be achieved by
comparing the gut microbiota of these minorities
with that of their local Han counterparts.

Lifestyle was another major factor in the structural
segregation of gut microbiota, but its effect varied
across geography and ethnicity, particularly for the
Han cohorts (Supplementary Information). The
Mongol ethnic group represented the most significant
structural differentiation between the rural and urban
cohorts in this study. Generally, the rural Mongol
keeps the nomadic lifestyle, lives far away from
metropolitan areas like Hohhot, relies on their
traditional fermented dairy products and spends
substantial amount of their lifetime looking for
pastures and campsites, whereas their urban counter-
parts no longer need to strictly follow such tradition
and have adapted to the modern lifestyle, including
the urbanized diet. These large differences in lifestyle
and long-term dietary patterns may influence their
gut microbiota profoundly. For example, Lactobacillus,
one genus frequently isolated from Mongolian
fermented dairy products (Wu et al., 2009), was more
abundant in the rural Mongol cohort. The global
enrichment of Prevotella and Xylanibacter in all the
investigated rural cohorts may represent another
notable structural feature of the gut microbiota. These
two taxa were reported to be enriched in rural Africa
children but under-represented in the European ones;
the prominence of such carbohydrate-utilizing,
SCFA-producing bacteria with elevated fecal SCFA
concentrations may promote the energy intake from
fibers, inhibit opportunistic pathogens and protect the
hosts against inflammation and colonic diseases
(De Filippo et al., 2010). High level of Prevotella
was also associated with the carbohydrate-based diet,
a typical characteristic of rural populations and
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agrarian societies, rather than the ‘western’ diet rich
in animal protein and saturated fats (Wu et al., 2011).

Despite the wide structural variations across
ethnicity/geography and lifestyle at the OTU level,
we still characterized a phylogenetic core of gut
microbiota prevalent in unrelated individuals, which
was made up of a small number of genus-level
phylotypes. Most of these phylotypes were also the
most prevalent ones in the western population
(Zupancic et al., 2012). Interestingly, this supposed
phylogenetic core showed potential for functional
commonality: All the nine core genera contain known
SCFA-producing lineages. For example, Bacteroides
mainly produces succinate and acetate (Shah and
Collins, 1989); Phascolarctobacterium produces pro-
pionate via succinate fermentation (Dot et al., 1993)
(See Supplementary Information for its predominance
and co-occurrence relationships with other bacte-
rium); Blautia is known as the acetogen (Park et al.,
2012); Roseburia, Faecalibacterium and Subdoligra-
nulum are butyrate producers (Duncan et al., 2002a,
Duncan et al., 2002b, Holmstrom et al., 2004). SCFAs,
primarily acetate, propionate and butyrate, are major
anions in the gut and are absorbed rapidly by colonic
epithelial cells. A substantial amount of acetate enters
systemic circulation and is used principally by
peripheral tissues for lipogenesis; propionate is
largely consumed by the liver for gluconeogenesis;
butyrate is the preferred energy source for colonocytes
(Pomare et al., 1985, Scott et al., 2008). Accumulating
evidence indicates that these small molecules can
improve the gut barrier function (Peng et al., 2009),
suppress insulin-mediated fat accumulation in adi-
pose tissue (Kimura et al., 2013), exhibit anti-
inflammatory effects (Maslowski et al., 2009, Segain
et al., 2000) and protect the host against colonic
diseases (Fukuda et al., 2011, McIntyre et al., 1993).
Depletion of some universal butyrate-producers along
with enrichment of various opportunistic pathogens
in the gut microbiota was identified in colorectal
cancer (Wang et al., 2012) and type 2 diabetes (Qin
et al., 2012) by recent microbiome-wide association
studies. Particularly, Faecalibacterium prausnitzii,
which produces high amounts of butyrate and
exhibits anti-inflammatory effects, has shown poten-
tial as a probiotic in the treatment of Crohn’s disease
(Sokol et al., 2008) and hence may be considered as a
crucial ESP for human health (Costello et al., 2012).
Lineages within Faecalibacterium were commonly
shared by healthy western individuals described
previously (Huse et al., 2012, Qin et al., 2010, Tap
et al., 2009, Zupancic et al., 2012). Here Faecalibac-
terium was one of the core members and represented
the most prevalent OTU. The prevalence of such
lineages across heterogeneous populations may indi-
cate their essentiality for human health.

SCFA production may represent a pivotal feature
of the core consisting of the nine genera. Other
predominant SCFA-producing genera such as
Prevotella (Shah and Collins, 1990) and Dorea
(Taras et al., 2002) was also detectable in >97% of
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all individuals at current sequencing depth and
hence may also be candidates for the phylogenetic
core. The acetate-producing Bifidobacterium, however,
showed a lower prevalence, indicating the probability
that this genus may not serve as a fundamental
member of the most commonly shared core in healthy
young individuals, although it is considered as an
major beneficial symbiont in human gastrointestinal
tract (Fukuda et al., 2011).

In addition to the presumed capacity for SCFA
production, our work also implied that the core
genera were more likely to co-occur, even between
the phylogenetically similar taxa (for example,
Faecalibacterium and Subdoligranulum), rather
than to competitively exclude each other. Such
co-occurrence relationships were even more signifi-
cant among the prevalent OTUs belonging to Blautia
or Dorea. In contrast to the expectation that closely
related lineages could compete against each other
due to their overlapping habitats and ecological
roles, it was found that such lineages tend to
co-occur within the same niche (Faust et al., 2012).
Taxon pairs with >98.5% identity were also found
in the same co-occurrence module constantly
(Lozupone et al., 2012). As the core genera char-
acterized here might be involved in the metabolic
network of various SCFAs, converge on some
specific biological attributes and share similar
environmental preferences, these findings substan-
tiated the high levels of functional redundancy in
the core gut microbiota across healthy young human
individuals. Within the core, each member might
also avoid competition with others and function as
specific ESPs for the host by utilizing particular
resource as substrates (for example, a specific kind
of carbohydrates such as cellulose, resistant starch
and oligosaccharides) to produce specific metabolic
profiles (for example, a few kinds of SCFAs),
which may in turn induce these taxa to be
selected in the host simultaneously. For example,
Blautia schinkii ferments p-arabinose but not
L-arabinose, which can be utilized by Blautia
stercoris (Park et al., 2012).

Another intriguing feature of the phylogenetic
core described here was its significant species-level
variability across the cohorts. The same set of core
genera may be universally retained in unrelated
healthy individuals to provide some conserved
ecosystem services to maintain human health, but
the exact composition of the core gut microbiota at
the species and finer (strain) levels may, most likely,
coevolve with their hosts due to selection pressures,
such as lifestyle and ethnicity/geography. The
mutualistic interactions between the hosts and the
symbiotic gut microbiota could be inherited and
selected to confer essential benefits to the hosts,
through vertical transmission of whole gut microbial
communities from parents to offspring (Ley et al.,
2006), which would lead to the evolution of a
cohort-specific, and probably health-associated,
core gut microbiota structure.

The ISME Journal

Taken together, despite the large structural segre-
gation of gut microbiota due to the diverse ethni-
cities/geography and lifestyles of the healthy
cohorts studied here, we defined a phylo-functional
core of gut microbiota, that is, the assemblage of a
few bacterial genera with potentially conserved but
indispensable functions for human health, such as
the SCFA production. The establishment of such a
phylo-functional core across healthy populations
may serve as a benchmark for linking the gut
microbiota structure with the crucial health-
associated ecosystem services that it provides to
their hosts. Targeted nourishment of these benefi-
cial, core symbionts may thus provide a promising
strategy in the improvement of human health.
Further studies are required to unveil the functional
roles conserved in these core phylotypes, to exploit
their interactions with each other, with various
pathogens as well as with their hosts, and to focus
on the ecological and evolutionary principles
of the core for maintaining the homeostasis of gut
ecosystem and thus on human health.
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