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Abstract

Background: Irritable bowel syndrome (IBS) is reported associated with the alteration of gut microbial composition terme&
dysbiosis. However, the pathogenic mechanism of IBS remains unclear, while the studies of Chinese individuals are scarce. This
study aimed to understand the concept of dysbiosis among patients with Chinese diarrhea-predominant IBS (IBS-D), as a degree of
variance between the gut microbiomes of IBS-D population and that of a healthy population.

Methods: The patients with IBS-D were recruited (assessed according to the Rome III criteria, by IBS symptom severity score) from
the Outpatient Department of Gastroenterology of Peking University Third Hospital, and volunteers as healthy controls (HCs) were
enrolled, during 2013. The 16S rRNA sequences were extracted from fecal samples. Ribosomal database project resources, basic
local alignment search tool, and SparCC software were used to obtain the phylotype composition of samples and the internal
interactions of the microbial community. Herein, the non-parametric test, Wilcoxon rank-sum test was carried out to find the
statistical significance between HC and IBS-D groups. All the P values were adjusted to g values to decrease the error rate.
Results: The study characterized the gut microbiomes of Chinese patients with IBS-D, and demonstrated that the dysbiosis could be
characterized as directed alteration of the microbiome composition leading to greater disparity between relative abundance of two
phyla, Bacteroidetes (Z = 4.77, ¢ = 1.59 x 107) and Firmicutes (Z = -3.87, g = 5.83 x 107*). Moreover, it indicated that the IBS
symptom features were associated with the dysbiosis of whole gut microbiome, instead of one or several certain genera even they
were dominating. Two genera, Bacteroides and Lachnospiracea incertae sedis, were identified as the core genera, meanwhile, the
non-core genera contribute to a larger pan-microbiome of the gut microbiome. Furthermore, the dysbiosis in patients with IBS-D
was associated with a reduction of network complexity of the interacted microbial community (HC vs. IBS-D: 639 vs. 154). The
disordered metabolic functions of patients with IBS-D were identified as the potential influence of gut microbiome on the host
(significant difference with g < 0.01 between HC and IBS-D).

Conclusions: This study supported the view of the potential influence of gut microbiome on the symptom of Chinese patients with
IBS-D, and further characterized dysbiosis in Chinese patients with IBS-D, thus provided more pathological evidences for IBS-D with
the further understanding of dysbiosis.
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Introduction bowel habits,¥ diarrhea (D) and constipation (C), may

. predominate or alternate (A), as the symptoms of IBS,
As one of the most prevallent. heterogeneous functional whereupon IBS is classified in general as IBS-D, IBS-C, and
gastrointestinal disorders,!"! irritable bowel syndrome IBS-A, respectively.[>®! Despite of an unknown organic
(IBS) has a high morbidity rate around the world and ., ¢e 'of IBS, it is generally regarded as a multifactorial
accounts for up to 50% of visits for gastrointestinal  jico-qor involving the interplay of both host and
complaints."! Characterized by chronically recurrent 3,7]

; .o : . environmental factors such as altered gut microbiota."*
abdominal pain, discomfort, bloating, and alteration of vy, 4 putative role in the development and maintenance
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of IBS symptoms, the gut mlcrobiota has been suggested as
one of the etiological factors in IBS.1">* To date, more and
more studies on IBS or other gut dlseases such as the Crohn
disease and ulcerative colitis have revealed a characteristic
of dysbiosis in gut microbiota.!"”"'?l Recognized as an
unbalanced condition with qualitative or quantitative
alterations in the digestive tract,''%!3! dysbiosis with
imbalance of bacteria was identified as an essential factor
associated With IBS according to the pathophysiological
hypothesis.!!

Our previous study has shown the dysbiosis of gut
microbiota in the Chinese patients with IBS-D by evident
variation of two major phyla, as an 1ncrease of
Bacteroidetes and a decrease of Firmicutes.!'>! However,
the previous study of fecal 16S rRNA samples has not yet
presented a consistent feature of dysbiosis with a
quantitative definition, and also not investigated the
possible associations between gut microbiota and the host
during the course of IBS. Furthermore, it is nontrivial that
the variation tendencies of the two phyla in patients with
IBS were found contrary to ones from the European
countries such as Finland and Sweden.!""! It was
reported that gut microbiota was possibly influenced by
gastrointestinal disease, diet, inheritance, or other ]i‘roten-
dial factors that varied with racial populations 1,7,20
which vpartially explained the different direction of
dysbiosis, and as well contributes to our understanding
of dysbiosis to some extent. However, the existing
researches of dysbiosis based on the metagenomic data
were still not able to clarify how the host and gut
microbiota act on each other or interact mutually. On the
other hand, since Chinese population has made up nearly
20% of the world’s populations, the further study of
dysbiosis of Chinese patients with IBS is of urgent demand
to approach the unknown associations between the host
and gut microbiota in the pathogenic mechanism of IBS.

In this study, we aimed to further understand the concept
of dysbiosis among Chinese patients with IBS-D, as a
degree of variance between the gut microbiomes of IBS-D
population and that of a healthy population. This study
provided more pathological evidences for IBS-D with the
further understanding of dysbiosis, thus is expected to
broaden our horizon on the intricate pathogenic associ-
ations between the gut microbiota and the host.

Methods

Ethical approval

The study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics
Committee of Peking University Health Science Center
(No. 2013-112). All subjects provided written informed
consent before their enrollment in this study.

Study design

The 16S rRNA sequences of gut microbiota were from
fecal samples in our previous study, and we have been
declared to have access to the study data.l'® Herein,
patients with IBS-D were recruited (assessed according to
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the Rome III criteria) from the Outpatient Department of
Gastroenterology of Peking University Third Hospital, and
healthy volunteers were enrolled as controls, during 2013.
All the subjects were confirmed not with comorbidity of
psychological disorders. Fecal samples were sequenced
using the Roche 454 GS FLX+ Titanium platform (Roche
454 Life Sciences, Branford, CT, USA) according to
standard protocols.[*!!

The IBS symptom features were evaluated by IBS symptom
severity score (IBS-SSS), which includes abdominal pain,
onset frequency of pain, bloating, satisfaction to bowel
habit, interference to quality of life, and maximum bowel
movement. Moreover, visceral sensitivity threshold of the
patients with IBS-D was measured by perception, first
sense to defecate, urgency, and maximum tolerance. The
above features along with gender, age, and body mass
index (BMI) contribute to the clinical indices of the subjects
for analysis.

In this study, we used two groups consisting of 20 healthy
controls (HCs) and 40 patients with IBS-D, including a
total of 516,799 16S rRNA sequences (253 MB) passing
quality control. As other studies, I the sample size of
60 is enough for the comparative analysis and has
statistical significance.

Data processing and statistical analysis

The phylotype composition with exact taxa was obtained
by searching the resources of ribosomal database project
(RDP) (Michigan State University, East Lansing, MI,
USA)3! with basic local alignment search tool (BLAST%
(National Institutes of Health, Bethesda, MD USA),!

where the e-value threshold was set at 10-. The counts of
sequences at phylotype levels (genus, family, order, class,
and phylum) were then gathered into a matrix to
characterize the microbial composition of each individual.

Let
i=1,2

x; = [xi1 xi2 - xN], 2,...,M

be the microbial composition of the i-th individual in which
Xi1 + Xjp + -+ x;n = 1, then the Gini-Simpson index is

Gx) =1~ |lxi|]* =

Moreover, we used principal component analysis (PCA)
and partitioning around medoids (PAM) to cluster the
individuals. The covariance matrix of the M individuals is
given by

Ex, — Ex;),
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where

Exi

[Exn Ex,‘2~--Ex,‘N]
13 1 ¥ 1 H
= M;xﬂM;xiZ'“M;xm .

S is a positive semidefinite matrix with N non-negative
eigenvalues Ay > Ay >---> An > 0 denoting the principal
components and corresponding orthogonal eigenvectors
a,j=1,2,...,N. Thus

% = [xia] xial - -x,-am

represents the new coordinate of the i-th individual in
principal component space. Afterward, we clustered the
individuals according to the new coordinates and
estimated the cluster number by Calinski-Harabasz index,
aiming at approaching an optimal partition of the total

individuals.

Therewith, the relationship between the clinical indices
and genus-level composition was constructed with the
Pearson correlation test. Among the M individuals, let

Yi= [xlf xzi"'xMj]T7 j=1,2,...,N

be the distribution of the j-th genus, and

T
Ck:[clkczk"'cM}a] y kil,Z,...,P

be the values of the k-th clinical index. Then the Pearson
correlation coefficient between the genus and clinical index

is given by

Mz

(xj — Ex;j) (cit — Ecit)

rf’(ij Ck) = ]\;Z Yy, )
2
\/_ . (x5 — Exy)” > (e — Eca)’?
1=

—_

=1

where

1 M
Ex,'/ = M E Xij-
i=1

All the sequences were also annotated with Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) metabolic functions
(Kyoto University, Kyoto, Japan)?>?¢! as the following steps.
The Mothur tool (University of Michigan, Ann Arbor, MI,
USA)?”! was first employed to align and classify the sequences
into operational taxonomic units (OTUs) with the template of
Greengenes (Lawrence Berkeley National Laboratory, Ber-
keley, CA, USA),?8I where the cutoff was set at 60 and other
options were set as default. Next, each OTU was assigned into
a taxon according to the consensus of the annotation of
sequences within it by the Mothur tool with default options.
Then PICRUSt (Harvard School of Public Health, Boston,
MA, USA)**! was used for metagenome prediction, based on
OTUs with known gene content and a method of ancestral
state reconstruction. In PICRUSt, the OTUs were normalized
by the 16S marker gene copy number, and predicted to
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metagenome with a precalculated OTU gene content based on
Greengenes and IMG (Lawrence Berkeley National Labora-
tory, USA),*% where the parameters were set as default.

The phylotypes or functional taxa with significantly
different abundance between two groups of HC and
IBS-D were found by the Wilcoxon rank-sum test (non-
parametric test, also referred to as Mann-Whitney U test)
via MetaComp (Peking University, Beijing, China).*'! In
the Wilcoxon rank-sum test, we first calculated the
minimum of the sum of ranks of HC and IBS-D groups as

M

T =min{Ty,T2,} T =Y |
i=1
i — th individual ¢ HC

M

rank x;and T, = Z
i=1
i — th individual € IBS — D

rank x;;,

where rank x;; is the rank of x; ini=1,2, ..., M. Thus
the statistical magnitude Z is

My(M+1)
. L

e (M 1 - e 2 - 1)

M(M—T)
in which, M; and M, are the sample size of two groups
(M + My = M), Mg = M; or M, is the sample size of the
group with the minimal sum of ranks, and ¢, is the number
of individuals sharing rank s.

In the current study, all the P values were adjusted to g
values to decrease the error rate according to previous
study,®? and the significance level was set at o = 0.05.

Synthesis of genus network

For visualization of the internal interactions and further
measurement of the microbial community, SparCC (Cam-
bridge, MA, USA)®3! was used to calculate the Spearman
correlation coefficient with corresponding P value (also
adjusted to g value®?!) between each two genera:

M
> (rank x5, — Erank x;j;, ) (rank x5, — Erank x,-,-z)
1

i=
M

”S(J’/IJ’,'Z) =
\/Z (rank x5, — Erank xj;, )2
i=1 i=

2
(rank x5, — Erank x,vf-z)

=N

The network was then visualized by Cytoscape (Institute
for Systems Biology, Seattle, WA, USA),1** with the nodes
denoting the OTUs or genera, and connections represent-
ing the existence of correlation meeting given criteria.

Some quantitative measures of a genus network are
necessary for further comparison. For a given node V;
(j=1,2,..., N) in a network consisting of N nodes,
suppose there are b; nodes connected with V;, and ¢;
connections among the b; neighbor nodes. Cluster index ¢;
of the node V; was thus introduced as

7b,‘(b,‘—1)+1_

= 1
L P ’

i=1,2,...,N,
to measure the interacted connections of each genus in the
network [Supplementary Figure 1, http:/links.lww.com/
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Figure 1: Phylum-level composition individuals for the HC and IBS-D groups. Stack area charts showed the relative phylum abundance and ticks in horizontal axis correspond to individuals.
Each fill color referred to a phylum in the legend, and area approximated the average abundance. HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel syndrome.

CM9/A26], as a modified definition of the traditional
concept, cluster coefficient,”®*! which was given by

26,‘

% bi(bj—1)’

i=1,2,...,N.
Herein, the modification ¢; avoids the singular point of
when b; = 0 or 1, and inverses 6; to the sense where ¢; = 0

means no significance of node V; in the network, while a
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high value of ¢; reveals an important status of V; because
of few connections among its numerous neighbor nodes.
Afterward, the Wilcoxon signed-rank test (non-paramet-
ric test, via MetaComp) was used for the paired test of
cluster index of all nodes (genera) between HC and IBS-D
groups as

N
T =) rank ¢, for Ap; >0
=1
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and

VANN+ DN+ 1) = 535 — 1)

where Ag; denoted the difference value of ¢; between two
groups, and ¢, was the number of individuals sharing rank s.

Besides,

N
H = Zb, In b/',
j=1

which satisfied the criteria for measurement of network
complexit;rs, was defined as complexity index of the
network.>"!

WWW.Cmj.0rg

Results

Evident dysbiosis of phylum-level composition in gut
microbiota of patients with IBS-D

Among the 60 fecal 16S rRNA samples, a total of 516,799
reads passing quality control were aligned with the 16S rRNA
database RDP by BLAST software as described in methods.
Herein, 389,120 reads were assigned into 204 genera within
14 phyla. The top two phyla (ranked by relative abundance
on average among 60 individuals), Bacteroidetes and
Firmicutes, on average made up 93.1% of the gut microbiota
and were consequently regarded as the dominating phyla
[Figure 1]. We also showed that the phylum-level composi-
tion was relatively close in the same group, but discriminative
between two groups of HC and IBS-D as shown in Figure 2.
According to the Wilcoxon rank-sum test, there was
significant difference in the top three phyla (by relative
abundance on average among 60 individuals) between HC

Euclidean
distance

N.A-.A—nl-i-&-h«\—ul-—-h-&b

W= COONUIRWN-=O©

Abbbggibbb

WO~ WN-=0OW~

IBS-D

Figure 2: Heat map for Euclidean distance of phylum composition between any two individuals. With the color coming close to blue, the phylum composition between two individuals was

more different. HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel syndrome.
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and IBS-D (¢ < 0.05), and the relative abundance of
Bacteroidetes in IBS-D was evidently higher than that in
HC(Z =4.77,q = 1.59 x 107°), while the case of Firmicutes
was opposite (Z =-3.87, g =5.83 x 107, in the current
Chinese individuals.

Hence, the dysbiosis found in the current Chinese patients
with IBS-D could be characterized as directed alteration of the
gut microbiome composition leading to a greater disparity
between relative abundance of the top two phyla. In a word,
dysbiosis was a disturbance of the top phylotypes such as
phyla or genera (shown in the following subsections) in the
gut microenvironment, resulting in an unbalanced structure.

Core genera as gut colonizers while non-core genera
constituting nearly half of gut microbial community

To expound more discriminative characteristics of HC and
IBS-D, the following analyses were carried out at genus
level. Of the 204 genera detected in total, the top 30 genera
maded up 90.7% to 99.9% of the microbial community
within each individual (97.8% on average among 60
individuals) [Figure 3]. Genus-level composition demon-
strated a relative enrichment of Bacteroides (Z = 2.46,
q =0.00681), Prevotella (Z=0.28, q=0.00369), and
Paraprevotella (Z =2.09, g =0.0236) (within Bacteroi-
detes phylum), and a relative depletion of Faecalibacterium
(Z=-2.85, ¢ =0.00542), Lachnospiracea incertae sedis
(Z=-3.37,q=0.0188), Blautia (Z =-3.36, q = 0.0461),
and Coprococcus (Z =-2.98, q = 0.0423) (within Firmi-
cutes phylum), in IBS-D compared with HC (all satisfy
q < 0.05 in Wilcoxon rank-sum test).

WWW.Cmj.org

Among the 204 genera, only Bacteroides and Lachnospiracea
incertae sedis belong to core genera (defined as those detected
in all the 60 individuals, and the curve in Supplementary
Figure 2, http://links.lww.com/CM9/A26, showed that with
the analyzed sample size increasing, the number of genera
detected in all individuals gradually decreased to two)
representing on average 51.7% of the microbial composition,
and were regarded as well-documented gut colonizers.
Besides, seven genera (Faecalibacterium, Alistipes, Para-
bacteroides, Roseburia, Ruminococcus, Blautia, and Clos-
tridium XI) were detected in not all but >54 (90.0%)
individuals; whereas 169 genera were detected in <30
(50.0%) individuals. Moreover, 71 genera were found in only
one individual (unique genera), implying the potential

community heterogeneity across individuals.

Non-core genera contribute to a larger “pan-microbiome” of
the gut microbiota

Accordingly, the 202 non-core genera characterized
different compositions of gut microbiome for 60 Chinese
individuals. However, the investigations or publicly
available data of gut microbiota of Chinese patients with
IBS are scarce, hence in the current study, we involved only
the 20 HC and 40 IBS-D Chinese individuals and
performed PCA to show the distribution of genus-level
composition at a visible plane. With higher than 80.0%
eigenvalues represented in PCA and optimal division by
PAM, the PCA plots revealed strong clustering of HC or
IBS-D. Herein, Cluster I and II contained mainly IBS-D
individuals while Cluster III embraced almost all HC
individuals except one in Cluster II. The stack bars in

Total individuals

IBS-D

Genus 3.3% 2.6%

B Bacteroides B Bamesiella B Megamonas [Tl Dorea

| Prevotella B Ruminococcus B Clostridium XI || Dialister

B Faecalibacterium B Blautia B Butyricimonas I Clostridium XIVa
B Lachnospiracea incertae sedis [J] Parasutterella B Bifidobacterium || Butyricicoccus
B Alistipes B Escherichia/Shigella  [T] Odoribacter || Clostridium XVIII
B sutterella I Oscillibacter | ] coprococcus [ Anaerostipes

B Parabacteroides ' | Phascolarctobacterium [ | Fusobacterium [ ] Others

|| Roseburia I Paraprevotella B Clostridium XIVb

Figure 3: Pie charts for the genus-level composition of 60 individuals in total, 20 HC individuals, and 40 IBS-D individuals on average, respectively. Only top 30 genera were shown as
separate sectors with fill colors corresponding to the legend below, and the remaining 174 genera were summed into “others” in the light red sector. HC: Healthy control; IBS-D: Diarrhea-

predominant irritable bowel syndrome.
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Figure 4: Genus-level composition and PCA plots of individuals for the HC and IBS-D groups. Scatters in different shapes represented HC individuals, IBS-D individuals, and cluster centers,
with colors to distinguish the three clusters (red for I, yellow for Il, and blue for lll). Genus composition of each individual was displayed by stack bars, and the fill colors corresponded to
genera listed in the legend below. HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel syndrome, PCA: Principal component analysis.

Figure 4 intuitively show the characteristics of the three
types are Prevotella dominating, Bacteroides dominating,
and relatively balanced, respectively.

The observations suggested that the relative abundance of
the dominating genera could explain any potential differ-
ences between the individuals of two groups, HC and IBS-
D, which may not necessarily be less different than that of
the individuals of the same group. That was to say, the
difference between HC and IBS-D individuals was greater
than the potential community heterogeneity across
individuals that were indicated from the non-core genera,
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and thus the union of both core and non-core genera
revealed a lager “pan-microbiome” among a group of
individuals. Hence, the non-core genera detected in HC
and IBS-D individuals contributed to two pan-micro-
biomes of HC and IBS-D, respectively.

To evaluate how addition of individuals from each group
of HC and IBS-D extend the gut pan-microbiome, the
number of genera present in each additional inclusion of a
sample was plotted [Figure 5]. Compared to the averages
of 40 and 37 genera per sample (horizontal lines) for the
HC and IBS-D samples, respectively, the number of entire

~
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Figure 5: Number of genera plotted against number of additional fecal 16S rRNA samples
analyzed. Samples of HC (20, blue curve), 40 IBS-D (40, yellow curve), and the total
individuals (60, red curve) were respectively included in the three curves. The error bars
above or below the curves showed the 95.0% confidence intervals. Horizontal lines
represented the average number of genera per sample corresponding to HC (40), IBS-D
(37), and the total (38). HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel
syndrome.

genera increases as the analyzed sample size increases,
regardless whether only HC samples (blue curve), only IBS-
D samples (yellow curve), or all samples (red curve) were
included. The lack of plateauing for three curves suggests
yet additional genera can be discovered upon analyzing
more samples. Nevertheless, in the current study we
presented that even with limited fecal 16S rRNA data, the
gut pan-microbiome of Chinese individuals was magni-
tudes greater than any single sample.

Weak correlation between the abundant genera and IBS
symptom features

In view of the high enrichment of the dominating genus
Bacteroides or Prevotella in patients with IBS-D, we thus
went to investigate whether there was potential pathogenicity
of the genera. We implemented the Pearson correlation test
between the clinical features and genus composition
[Figure 6]. Seven features of IBS symptom severity,
abdominal pain, onset frequency of pain, bloating, satisfac-
tion to bowel habit, interference to quality of life, maximum
bowel movement, and IBS-SSS in Figure 6, were found
correlated with Bacteroides and Prevotella to be weak with
no statistical significance, where the Pearson correlation
magnitude 7 < 0.13 and g > 0.50. IBS-SSS is the global
assessment of symptom severity according to the Rome III
criteria, which deserves more attention. It was worthwhile to
note that all the 204 genera were negatively correlated with
IBS-SSS, where only Coprococcus (r =-0.43, g =0.0121)
and Sutterella (r =-0.39, g = 0.00704) presented statistical
significance among the top 30 genera. Interestingly, the
features of visceral sensitivity threshold, such as perception,
first sense to defecate, urgency, and maximum tolerance also
turned out weak correlation with Bacteroides and Prevotella.

Therefore, it was an obvious deduction that IBS-D was
associated with the dysbiosis of whole gut microbiota,
instead of one or several certain genera even they are
dominating with high enrichment in the whole community.
In fact, Prevotella revealed beneficial ability for human such
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as degradation of fiber and plant-derived compounds,>®!

and the essential genes for biosynthesizing vitamin B1 were
found enriched in the Prevotella-dominating enterotype.*”!
As to the minor genera, for instance, Faecalibacterium
which ranks the third by average abundance among the 60
individuals (7.2%), the main species Faecalibacterium
prausnitzii in Faecalibacterium was deemed to take an
important part in balancing immunity in the intestine, and
could be potentially applied as a probiotic.*®! In several
investigations with respect to gut diseases such as IBS, Crohn
disease and ulcerative colitis, F. prausnitzii was confirmed to
decrease in the gut microbiota of patients and regarded as a
sensor for health.!****! The fact thus implied that we should
concentrate on the different structure of the whole gut
microbial community between HC and IBS-D, as described
in the following subsection.

Low network complexity level in gut microbial community of
patients with IBS-D

To highlight the reduction of diversity and interactions
among the gut microbial community of patients with IBS-
D at genus level, the Gini-Simpson index was calculated
based on genus composition, and was found significantly
higher in HC than in IBS-D as displayed by Figure 7 (with
Z=-499 and g=4.85x 10" in Wilcoxon rank-sum
test). Moreover, we plotted the genus networks, to show
the different co-abundance and co-exclusion correlations
between each two genera, in two groups HC and IBS-D,
respectively (Spearman correlation magnitude >0.4 and
q < 0.05) [Figure 8]. For magnifying visualization, more
detailed networks of top 30 genera are in Figure 9. As
shown in Figure 8, there were 187 connections among
genera in HC while only 51 ones in IBS-D, meanwhile
most of which were between the genera belonging to
Bacteroidetes and Firmicutes, implying that the two major
phyla were evidently more interacted than any other in the
microbial community for both HC and IBS-D.

What was more important was that HC network revealed
much more complicated than IBS-D according to com-
plexity index (639 vs. 154), in agreement with the previous
study of IBS.I*"! Besides, the number of co-abundance
correlations were observably more than co-exclusion
correlations (125:62 in HC and 48:3 in IBS-D), which
clearly indicated a microenvironment of stronger symbi-
otic relationship than competitive or conflicted relation-
ship among genera in the microbial community for HC
than IBS-D; however, the community of IBS-D had much
fewer negative correlations somewhat corresponding to
the evidently competitive or conflicted social relationships.

To measure the interacted strength of the genera in the
networks of HC and IBS-D, we furthermore calculated the
cluster index of each genus as described in methods section
and shown as peripheral bars in Figure 8. As a result, the
cluster index was found significantly higher in HC than
that in IBS-D with Z=-4.47 and ¢ =2.23 x 10 by the
Wilcoxon signed-rank test (paired test for all genera
between HC and IBS-D). Therefore, we identified 13 key
genera from the networks of HC and IBS-D, with the
criteria of not less than five neighbor genera and cluster
index not <3.0 in at least one network [Table 1].
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Figure 6: Pearson correlation between 14 clinical indices (three indices of general information and 11 IBS symptom features) and top 30 genera. The heat map showed the Pearson
correlation coefficient between each index and each genus, where red was positive and green was negative as legend. The position marked by an asterisk meant that the correlation was

significant (g < 0.05). BMI: Body mass index; IBS: Irritable bowel syndrome.

Several key genera in the community network were
considered salutary to human health. For instance, some
Ruminococcus species were reported to participate in the
transition of several organics, such as fermentative
metabolism where carbohydrate serves as substrates for
growth,*1*?! and the degradation of cellulose, starch, or
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xylan.1***31 The species Butyricicoccus pullicaecorum of

Butyricicoccus with the ability to produce butyrate with
probiotic potential to mitigate gut dysbiosis was applied to
pharmabiotics for Crohn disease and ulcerative coli-
tis.[*¢*”] Moreover, it is convinced that several strains of
Bifidobacterium exert a range of beneficial effects within
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Figure 7: Evaluation of genus diversity between the HC (n=20) and IBS-D (n = 40)
groups. Box charts for the Gini-Simpson index of HC and IBS-D individuals. HC: Healthy
control; IBS-D: Diarrhea-predominant irritable bowel syndrome.

the human gastrointestinal tract, such as promoting the
anti-inflammatory response, restraining the growth of
pathogenic organisms, and resisting intestinal acid and
bile.1*$5% Some specific Bifidobacterium strains have
already been encapsulated for probiotic treatment of
patients with IBS, and turned out a prominent efficacy.!*®!
Consequently, dysbiosis may affect the probiotic function
of key genera such as Ruminococcus, Butyricicoccus, and
Bifidobacterium, which are believed necessary for mam-
malian health.

On account of the comparison herein, the gut microbiome
of IBS-D was quantificationally characterized by low
diversity, low complexity, and low cluster index of key
genera at the genus level.

Disordered metabolic functions of saccharides in the gut
microbiota of patients with IBS-D

Finally, we analyzed the metabolic functions to identify the
characteristics dysbiosis of gut microbiota of patients with
IBS-D and further indicated the associations between gut
microbiota and host. According to the relative abundance
of the OTUs aligned with Greengenes and mapped onto
KEGG metabolic functions, four functions related with
fucose significantly differed between HC and IBS-D
[Figure 10A], where mutarotase and isomerase of L-fucose
were enriched in HC, while GDP-L-fucose synthase and
fucose permease were enriched in IBS-D (g < 0.01).
Table 2 displays the Z values and g values in the Wilcoxon
rank-sum test.

Besides, the relative abundance of several proteins for
sugar transport system (substrate-binding protein, perme-
ase protein and ATP-binding protein for multiple sugar
transport system, and ATP-binding protein for simple
sugar transport system) were found enriched in the HC
group (g < 0.01) [Figure 10B and Table 2]. Since sugar is
one of the essential substances to maintain the vital
movement, the sugar transport system is playing an
important role in the healthy gut microenvironment.
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Dysbiosis might lead to reduction of the related proteins,
and meanwhile, the functions of six subunits of nicotin-
amide adenine dinucleotide (NADH: ubiquinone oxidore-
ductase) were found enriched in IBS-D (g < 0.01)
[Figure 10C and Table 2]. Herein, NADH is the reduced
form of nicotinamide adenine dinucleotide, and is the
coenzyme in the reaction of glycolysis, during which CO,
may generate as the final product. Hence, we can indicate
from the enrichment of the subunits that increased
gas production existing in the bowel of patients with
IBS-D may potentially lead to recurrent bloating as the
symptom.

Discussion

Due to high epidemicity and intricate pathological
mechanism of IBS, studies on IBS have burst out in
recent years, and it is commonly received that the
gut microbiota has a potential association with IBS
symptom. We analyzed the16S rRNA sequences of 20 HC
and 40 IBS-D fecal samples of Chinese patients, where
the sam]iale size 60 is enough for the comparative
analyses.'>1%221 A5 is known to the field, age, BMI,
illness duration, and constitution of diets may influence
the gut microbial composition, but we have demonstrated
in our previous study!"*! that these factors did not result
in different microbial composition between the HC
and IBS-D groups. Of course, how the above factors
are associated with IBS-D still needs further investigation.

In the current study, we showed the significant increase of
Bacteroidetes and decrease of Firmicutes as dysbiosis in
gut microbiota among Chinese patients with IBS-D, and
characterized dysbiosis as directed alteration of the
gut microbiome composition leading to a greater
disparity between relative content of the abundant
phylotypes, resulting in an unbalanced structure. We
identified three types of gut microbiome that were
Prevotella dominating, Bacteroides dominating, and
relatively balanced, and showed that the individual with
relatively balanced gut microbiota is healthy-like.
Interestingly, two genera, Lachnospiracea incertae sedis
and Ruminococcus, were not relatively abundant in
the Chinese individuals in the current study, but
were found potentially dominating among American
individuals suffering with IBS-D!*?! as a consequence of
different types of gut microbiome composition among
populations around the world much more likely due to
diet or drug intake.l”3%37] Besides, Bacteroides and
Lachnospiracea incertae sedis were identified as core
genera among the total 204 genera in the 60 individuals.
This finding was not consistent with several studies of
European countries such as Finland and Sweden,!!*16-1%!
as a possible result of gastrointestinal disease, diet,
inheritance, or other potential factors that vary with racial
populations.!>"2°!

Hence the HC or IBS-D individuals living in the same
region or from the same racial background present more
similar gut microbiome composition and thus the
aggregation of different populations with various back-
grounds reveals a potential gut “pan-microbiome,” which
is larger than a single microbial community. Unfortunate-
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Figure 8: Genus networks with peripheral bars for cluster index of HC (7 = 20) and IBS-D (n = 40). Each little bubble (node) represented a genus, whose color varied with phylum according
to the legend. From the direction of 3 o’clock, the average abundance of phylum decreased anticlockwise, as well as that of genus within the same phylum. A connection between two
bubbles indicated existence of the Spearman correlation magnitude >0.4 and g < 0.05 between the two corresponding genera, where red and green connections stood for co-abundance
(positive correlation) and co-exclusion (negative correlation), respectively. The peripheral bars showed the cluster index of corresponding genera in the network. HC: Healthy control; IBS-D:
Diarrhea-predominant irritable bowel syndrome.

ly, since the ability of existing studies to contribute to the = However, through the comparative analysis of taxonomic
investigation of gut pan-microbiome of IBS-D population ~ composition at both phylum and genus level, it is still clear
is quite limited, our current study can only give rise to a  that the abundant phylotypes are even more enriched in the
brief discussion of the gut pan-microbiome herein.  gut microenvironment with dysbiosis, which may disturb
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Table 1: Neighbor genera count and cluster index of 13 key genera.

HC (n=20) IBS-D (n = 40)
Neighbor Cluster Neighbor Cluster
Phylum Genus genera, n index genera, n index Key case
Bacteroidetes Parabacteroides 14 3.26 7 1.87 HC
Firmicutes Faecalibacterium S 20.00 8 2.80 HC
Ruminococcus S 3.20 2 0 HC
Dialister 6 3.43 0 0 HC
Clostridium XIVa 6 5.20 N 0.91 HC
Butyricicoccus 6 5.20 0 0 HC
Clostridium XVIII 5 3.20 N 3.20 HC and
IBS-D
Streptococcus S 6.00 0 0 HC
Veillonella 5 3.20 0 0 HC
Proteobacteria Parasutterella S 6.00 0 0 HC
Actinobacteria Bifidobacterium 10 3.33 0 0 HC
Fusobacteria Fusobacterium S 20.00 1 0 HC
™7 TM7 genera incertae sedis S 6.00 0 0 HC

HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel syndrome.

the interacted relationship of the community and occupy
the living space of the phylotypes with low abundance, and
thus become a potential factor of the disease.

Therefore, we analyzed the interactions among the gut
microbiota community, and found reduced network
complexity of IBS-D from the genus network. The more
co-abundance correlations (than co-exclusion ones) in the
networks of both HC and IBS-D indicate stronger
symbiosis in the community. It is widely known that
human intestine is colonized with an intricate community
of indigenous microorganisms such that a symbiotic host-
bacterial relationship exists in our intestine,*!! where the
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microbiota with its internal interactions are shaping a
reticular system to maintain the organism. Accordingly,
the strong symbiosis in microbial community, or namely, a
symbiotic bacterial group, is more likely to be mutualistic
with the host, and thus networking with the immune
system to mediate anti-inflammatory responses necessary
for mammalian health.[*?! Whereas dysbiosis may weaken
the symbiotic network and alter the normal function of
immune system, thus become a major factor for disorders
such as IBS-D.

In the end, we identified the metabolic functions in the gut
microbiota of HC and IBS-D groups to indicate the
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Figure 10: Functional abundance of several saccharides-related metabolic functions. The KEGG ID shown in the figure all satisfy g < 0.01 in Wilcoxon rank-sum test between HC (7 = 20)
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associations between the gut microbiota and host enrolled in
the disorder. As one might know, fucose is component of
mucin in the gut epithelial barrier; hence, the enrichment
of fucose permease in IBS-D may alter the normal function
of the barrier, which is reported to be associated with
bacterial conglutination and invasion against host cells.!>*>4

901

It also implied that with the barrier thinner, the increased
fucose synthase of gut microbiota in IBS-D provides a
protection to the host. While in the case of HC, mutarotase,
and isomerase of fucose may keep the normal function of the
barrier. Moreover, we found the enriched functions of
proteins for sugar transport system of great importance in the
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Table 2: Statistical observation of the different KEGG metabolic functions between HC (n = 20) and IBS-D (n = 40) in the Wilcoxon rank-sum

test.

KEGG metabolic function V4 q Enriched group

K02431 L-fucose mutarotase [EC:5.1.3.-] -3.53 9.67 x 1073 HC

KO01818 L-fucose isomerase [EC:5.3.1.25] -2.23 4.44 x 1073 HC

K02377 GDP-L-fucose synthase [EC:1.1.1.271] 4.44 3.09 x 107° IBS-D

K02429 MEFS transporter, FHS family, L-fucose permease 4.58 8.08 x 1077 IBS-D

K02056 Simple sugar transport system ATP-binding protein -3.07 427 x 1073 HC
[EC:3.6.3.17]

K02023 Multiple sugar transport system ATP-binding protein -3.18 2.94 x 1073 HC

K02025 Multiple sugar transport system permease protein -3.98 4.84 x 107 HC

K02026 Multiple sugar transport system permease protein —4.00 4.50 x 107* HC

K10118 Multiple sugar transport system permease protein -3.36 8.01 x 107* HC

K10119 Multiple sugar transport system permease protein -3.61 1.10 x 107 HC

K02027 Multiple sugar transport system substrate-binding -4.14 2.59 x 107* HC
protein

K10117 Multiple sugar transport system substrate-binding -3.31 6.56 x 107™* HC
protein

K00346 Na*-transporting NADH: ubiquinone oxidoreductase 4.38 3.01 x 107° IBS-D
subunit A [EC:1.6.5.-]

K00347 Na*—transporting NADH: ubiquinone oxidoreductase 4.38 3.01 x 107° IBS-D
subunit B [EC:1.6.5.-]

K00348 Na*-transporting NADH: ubiquinone oxidoreductase 4.38 3.01 x 107° IBS-D
subunit C [EC:1.6.5.—]

K00349 Na*-transporting NADH: ubiquinone oxidoreductase 4.38 2.99 x 107° IBS-D
subunit D [EC:1.6.5.—]

K00350 Na*-transporting NADH: ubiquinone oxidoreductase 4.22 1.34 x 107° IBS-D
subunit E [EC:1.6.5.-]

K00351 Na*-transporting NADH: ubiquinone oxidoreductase 4.59 3.25 x 1077 IBS-D

subunit F [EC:1.6.5.—]

HC: Healthy control; IBS-D: Diarrhea-predominant irritable bowel syndrome.

healthy gut microenvironment, as well as another signature
NADH: ubiquinone oxidoreductase enriched in IBS-D
indicating the increased gas production potentially leading
to the recurrent bloating as IBS symptom. The results
revealed the alteration of host functional mechanism possibly
caused by the dysbiosis of gut microbiota.

Hence in the current study, we characterized dysbiosis
in Chinese patients with IBS-D as directed alteration leading
to greater disparity between relative content of the abundant
phylotypes, and showed the important role of a relatively
balanced gut microenvironment in the healthy individuals.
We presented the consistent feature of dysbiosis by lower
complexity level of gut microbial community, and identified
the disordered metabolic functions of saccharides in the gut
microbiota of patients with IBS-D, which indicated the
potential influence of gut microbiota on the symptoms of
patients with IBS-D. Moreover, we identified Bacteroides
and Lachnospiracea incertae sedis as core genera of the
Chinese individuals as a result of potential factors that vary
with racial populations. Our current study provided more
pathological evidences for IBS-D with the further under-
standing of dysbiosis, which broadened our horizon on the
intricate pathogenic associations between gut microbiota
and host. Nevertheless, analyses based on 16S rRNA
sequences are limited, and in future studies we will aim at the
more detailed distinction of potential metabolic functions of
IBS-D gut microbiota to seek diagnostic biomarkers for new
treatment strategies.
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In conclusion, dysbiosis associated with disordered
metabolic functions of saccharides in the gut microbiota
possibly partially accounts for the symptoms of patients
with IBS-D. Of course, the more detailed results with
respect to the associations between the gut microbiota and
host still need further research of metatranscriptomics or
metaproteomics. However, our current study presenting
the results by functional genomic methods based on 16S
rRNA sequences also contributes to the understanding of
the pathogenesis of IBS-D.
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