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Table 1. The topological features of network
Average Average
No. of No. of Average Average nearest- . Clustering .. No. of
Parameters Connectance . path Diameter _ . Modularity
nodes edges betweenness degree neighbor length coefficient modules
degree
P-network 47.000 60.000 3.894 2.553 0.056 3.617 2.017  5.000 0.522 0.575 13.000
NP-network 45.000 44.000 8.178 1.956  0.044 2.302 2.804  7.000 0.316 0.622 16.000
A(P-NP|) 2.000 16.000 4.284 0.598  0.011 1.316 0.787  2.000 0.206 0.048 3.000

P: equol producer; NP: non-producer.

http://journals.im.ac.cn/actamicro



2014

Yue Ma et al. | Acta Microbiologica Sinica, 2018, 58(11)

2.3 K AR

kA% 50 M J7 1543 S R T T 2 I 4% Y 4 A
(Bl 1), ATLAA BRAEHE S M E 2 rh, R
W28 NS R AT 4 2R (LB R4y, iR
PR B A P TR A S RN G R 5 T 3
=
24 MIBIINE R FAE

W 15 Je 85 AR Ta) IR LA B A [] B2 T 97 1Y)
Erdos-Réyni [ifi 1 ) 4% () B B Box He &k B, HE
10000 ¥ iz 5 B A [ RS BEATL I 2 v | MR AT ) B
BB — B B AR AE BEAIL Y 45 1) 7= A 2 A AU
0.0308 (IE= A= # 4H M 0.0408), [l 10000 ¥k
iz B A R BE R S REML I 25 H s B e R — A
AR AL R0 0 (K 2) X DL 1 M 5 )
A ARG TR AL A7 P 28 R F NS M TERR AR I A 2 T 2
BEAIL A, X EE /R T 3K 9 2 A A LA P 8 4 b
G5 EA —E WA IRYE . RIS FRATTIE X b T TR B
BLR 26 b - B B AR K R R 5, R BEiR
S TE ME B 1 7 A 2 B D 1 Al 7 A Y RS
2, B TREILAE 45 R EL X I BE AL 2%

(A) P-group
&° »-e ®
.. 'Y
[} [ 1) o
L Y * R
S L
' o .
o.\
e, = .o'

I EAT SR R AR R /N B AR K
(% 2), X —Z5RULH] T2 S 0 25 34 5 A /M
FURRPE, RIS AR ) RS ) B AIL 0 268 A B BT SR
WERRE . WA G B oA & Bl LU
V2L TR A 18 B8 0 A BT A 0 A R, R o Y
WREAMEARRME, RAVCBER.O AR
MR, W PN AL X 5 T T AR I 4%
(Scale-free network), FH HAG AEFEHLAYIAFAE
(B 3)
25 MERINE SERAER T

W L W 7 A 2 TR A I 2 24 DR 20
SUZ I PASCPE R TEA DG, HA 2 4ok,
P 3K L B R R 5 v AT LA
e E T 1y 7 A 2 R TR LA 0 48 A b A v AT
— AR, ZEHAE T 16 M5 AL, JFE
IXSEHT S 2 (B B AT BN S AR Rk S5 M . AHELZ
TR A B R MR AN A 4 SR AR
3, HoW 2 AMEOREE, 4rnilts 9 fl 6 ATy
R S AR W M NS R AR L, X 2
RGP 5 2R B B/ 4).

(B) NP-group
& e e .
L]
(]
[ ] [ ]
e [ ] L
e X '.
L ]
g,
e L ]
L ]
[ ]
L] * "
[ ]
% css ® e

Bl BMEEMLEME k&SRR

Figure 1.

Visual representation of the k-core decomposition of the gut microbiome network. P-Group means equol

producer group (A), NP-Group means non-producer group (B). The color of nodes means coreness one (black), two
(red), three (green) and four (blue) are shown at successively smaller distances from the center, with the same

distance for vertices within each core.
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Figure 2. Distribution of numbers of module detected for random graphs of the same size (blue) and degree
sequence (red) as the gut microbiome network. P-Group means equol producer group (A), NP-Group means
non-producer group (B).
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Table 2. Coefficient clustering and average path length of random network

Random-graph Clustering coefficient (mean) Average path length (mean)
P-Group 0.0528 3.758
NP-Group 0.0417 4.399
(A) 15r P-Group (B) i NP-Group
®
6 (esee
5 10 o o
ED * Eb 4+ eoee
A L] [a)
5 e
_ne 2F osssssssese
L]
L]
0 0

3. MBEHBIMHETR)MESHE
Figure 3. The distribution diagram of single species degree. Y axis is number of degree, and X axis is single
species. P-Group means equol producer group (A), NP-Group means non-producer group (B).

BaEJ, KRG B G BIMA R AN BTSRRI R, TR AT, R
25, X B AR AR AT TS 0. Buh EEORHCR A 3 AR 13 AR, X 3
W T B 7 Az 2 0 TR R LA 0 28 B R AR e 15350052 Bacteroidetes (741 1) . Firmicutes
FHI NS B 2, BT RN TR E =0 2 (JRBERET]) M Proteobacteria (ZEFEHT]), 43 3lA

http://journals.im.ac.cn/actamicro



2016

Yue Ma et al. | Acta Microbiologica Sinica, 2018, 58(11)

8 4~ 4FN L ANEEFR . TAEME S AR A AT
REAF I 28 de R 2 A sekrp, 40595 80 9 1Y
B L 9 N TA R4k F T Bacteroidetes 75 1
TR 6 MR 6 ANTEFIN AR B T
Bacteroidetes | ]l Firmicutes [ ], #H T P4
LAF 28 p R WA s | vT DL B 5 1y
FRAEE A, R R B R I S R A
TEHCR B AET ) B 2 8] A EAE

[Fi) sk 4171445 V0 260 T v g 1 7 AR A OC
FIRFRIC R (B 5), A BEAE ME 5 1y 7™ A= & B T
HE P A Z A e 8 o B ELA D W e 1k D RE Y

(A)

Bacteroides ovatus®, DIJ 2 A~ HA 5 E1F
(Daidzin) %% fk i ¥ & 1 JT (Daidzein) fig J1 )
Bifidobacterium adolescentis #1 Bifidobacterium
bifidum®®, I FLiX 2 A~ IR B2 ] AR DG
A A R — BB, AP R A Bifidobacterium
bifidum 7EPILZ A B A B35 22 5 (P {Hl 0.083)
HRETEME S - A F . SR A4 & 1
WAL P AEER 3 Fh Bifidobacterium J& A4 14 A H.
AR EA ARSNGB e A S 8 L OTRE I RY
1717 3 JL P T2 o £ PR 20 22 0] 4 & 22 5 (P fHHY K
F 0.10),
B)

B4 BEERLFEMEERY
Figure 4.  Number of communities of gut microbiome network. The lines between species means correlations: red
bar means negative relation; black bar means positive relation. P-Group means equol producer group (A),

NP-Group means non-producer group (B).
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Figure 5. Equol metabolism relative species in gut microbiome network. The blue node is the species that has
significant difference between two groups, and the blue bar between nodes means negative relation. a:
Bifidobacterium bifidum; b: Bifidobacterium adolescentis; c: Bacteroides ovatus; d: Bifidobacterium longum; e:
Bifidobacterium pseudocatenulatum. P-Group means equol producer group (A), NP-Group means non-producer group (B).

actamicro@im.ac.cn



IhHLAE | B ek, 2018, 58(11)

2017

3 it

W Py 7 A 2 7 AR 2 M TR A SR AR
IGFNES A —E W22 Rk, M AR
A A e i m, M PTRE & T
AT AR L A7 Do 28 v A 2801 X A B o 199 B0 2K B832% B o 5
Foth T A Z A AR BAE AR A i 2 8. AR
R RME E 5 7 A T — A R AR R 7 A 3 T
filERe 2 ANEAREAR MR, XA Re M T
Proteobacteria [ f) Ea -5 HA BT O AH ELAE T &
A AR BRI Sfih 2 IR

PIZE N 18 TR A7 I 250 N R A R
SRENLNZEARLL, R T ARIRIRRE T BEATL W 45 S 20
HAR R RS , R AR IR AN, Ui
RN A RN A1, TR 1 254
JEHA — 8 BRI Ak, 38 ek S AH R A Y B AL
WL LU R B, PIZH A T AL 25 2
/NG, k3 B PR 3 LA
W2 2 ] HA T R A R AR, TEBLSE A 20U
2% vh U Fe, ) TS P 48 SRR LA /N L, R
DRI g/ INTHE SR AT B9 X 265 A s 03 =2 [T R
RO TR . T FRATTHE T PR ZH A [l 4 G S AU Y
MW B TR A7 P28 ] REAFAE — LR RRIR I AR 2
X: N, 7€ Decroos S5 ARIFSE H e BHIE Ch B
SRR AT AN BRI A S8 X — R AR, B
WE T 3 AR A TR LA N8R P NS R T REAT
FIF 2R 522 SHESET, TN 1 s
A EAE T FRATHRIRIME B A5 2 P2 2% 11
NSRS BRI, WL A A A P A SR 2 A
JSH: i JURIAN R 11 A p e ] A A P T S 380
TTAER ™ A 38 TR T (8 R R A i (] — 1 T AT
iz A1 AH AR FIR B I HAES 5500719 90 Flls
EETRRILT 4 Pz AiaE R i 2 R ik,

FRISME S Iy A E TR . FRATA B T EPIZH ] 2
A7 0 22 5 R RO H B S My 7= A B X A T Y
B i S vE S W (R B E NA B DA = S NGB o
ZH, MUEAAE TR S B/ VSR A B A
O SR ] R FRA A EA RE ARSI E R, ReAH
RN R BRI B 2B, I HAWAZIR W
SrpTeR, DT 2T S R AR A A X ST, T
SERR LR BRI/ ISR A AR B 58 (AR S
R, FUREABITE PR X RIS AR A R ok

o 308 TR B ) R R0 A ik R A T R
ZREEIIT | 225 AT IR AR A B AR AR AR PR i)
R T . WL, WA AT RS
AN AL B2 [ B EA 5 S, 5 BEREAR S
Hr R R 71 B 55 22 A AR AB 4 Bm ) — X — 1905
KN TR 28 1 v DR RERS J /s o T8 TR R4 R 7
AN[RIAR B 2 8] B 4 JR 2 5, A3 s BRI R A 7
e, PIZEIRENEE R A4S, SCREMCEE H B TR o
TEREA 28 (REVR) H O B2, A TR R E AN ]
PO2% R AL B S o 28 b S FATT o0 A il T
FEERIRAE T — 9 WAL A R R B, Henl LA
R TEREA T — IR LB, BERE R 2L
W EANRE R B AL, FERARIDTTE FeAT]
PEZ B RZE Bk N, IR AT il
RS T SO AP PRI B0 A O 35 B

5 b, ASSCRE W28 234 I T g T A A K
fZHRZ 48R T AEAN R ME S R R i AR
PR A I 8 PR N A 22 [B] R 22 5 XN ) T LAAE
J3E AT T 12 o ASBEFE IR 5k B S T2
AN Z AR AR, LR PIAAS [ i S A2
T NAE P 3 LA R 4 A B 2e 5 . FATTIA
N W28 3 DAS R I S 2 1R SR T T TR A A o
Z AR B GR S ) — BB, AN R AR
AT DU H AN 5 7 B M T T A R BT Ak ) 07 B

http://journals.im.ac.cn/actamicro



2018

Yue Ma et al. | Acta Microbiologica Sinica, 2018, 58(11)

AR BEAS P2 PR BJZ UK, Sk e ml Lo 2 )
WFFE P OGS RN A SR b — LB HE

Z % X M

[1]

[2]

[3]

[4]

[3]

(6]

[7]

(8]

[°]

[10]

[11]

Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of
the gut microbiota on human health: an integrative view. Cell,
2012, 148(6): 1258-1270.

Tremaroli V, Backhed F. Functional interactions between the
gut microbiota and host metabolism. Nature, 2012, 489(7415):
242-249.

The Human Microbiome Project Consortium. Structure,
function and diversity of the healthy human microbiome.
Nature, 2012, 486(7402): 207-214.

Qin JJ, Li RQ, Raes J, Arumugam M, Burgdorf KS,
Manichanh C, Nielsen T, Pons N, Levenez F, Yamada T,
Mende DR, Li JH, Xu JM, Li SC, Li DF, Cao JJ, Wang B,
Liang HQ, Zheng HS, Xie YL, Tap J, Lepage P, Bertalan M,
Batto JM, Hansen T, Le Paslier D, Linneberg A, Nielsen HB,
Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu HM,
Yu C, Li ST, Jian M, Zhou Y, Li YR, Zhang XQ, Li SG, Qin N,
Yang HM, Wang J, Brunak S, Doré J, Guarner F, Kristiansen
K, Pedersen O, Parkhill J, Weissenbach J, Consortium M,
Bork P, Ehrlich SD, Wang J. A human gut microbial gene
catalogue established by metagenomic sequencing. Nature,
2010, 464(7285): 59-65.

Duran-Pinedo AE, Paster B, Teles R, Frias-Lopez J.
Correlation network analysis applied to complex biofilm
communities. PLoS One, 2011, 6(12): e28438.

Zhou JZ, Deng Y, Luo F, He ZL, Yang YF. Phylogenetic
molecular ecological network of soil microbial communities
in response to elevated CO,. mBio, 2011, 2(4): e00122-11.
Faust K, Raes J. Microbial interactions: from networks to
models. Nature Reviews Microbiology, 2012, 10(8): 538-550.
Proulx SR, Promislow DEL, Phillips PC. Network thinking in
ecology and evolution. Trends in Ecology & Evolution, 2005,
20(6): 345-353.

Thompson JN. Coevolution: the geographic mosaic of
coevolutionary arms races. Current Biology, 2005, 15(24):
R992-R994.

Chen L, Zheng Y, Gao C, Mi XC, Ma KP, Wubet T, Guo LD.
Phylogenetic relatedness explains highly interconnected and
nested symbiotic networks of woody plants and arbuscular
mycorrhizal fungi in a Chinese subtropical forest. Molecular
Ecology, 2017, 26(9): 2563-2575.

Steele JA, Countway PD, Xia L, Vigil PD, Beman JM, Kim
DY, Chow CE, Sachdeva R, Jones AC, Schwalbach MS, Rose
JM, Hewson |, Patel A, Sun FZ, Caron DA, Fuhrman JA.
Marine bacterial, archaeal, and protistan association networks
reveal ecological linkages. ISME Journal, 2011, 5(9):
1414-1425.

actamicro@im.ac.cn

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Ye D, Jiang YH, Yang YF, He ZL, Luo F, Zhou JZ. Molecular
ecological network analyses. BMC Bioinformatics, 2012, 13: 113.
Deng Y, Zhang P, Qin YJ, Tu QC, Yang YF, He ZL, Schadt
CW, Zhou JZ. Network succession reveals the importance of
competition in response to emulsified vegetable oil
amendment for uranium bioremediation. Environmental
Microbiology, 2016, 18(1): 205-218.

Zhou JZ, Deng Y, Luo F, He ZL, Tu QC, zZhi XY. Functional
molecular ecological networks. mBio, 2010, 1(4): e00169-10.
Barberan A, Bates ST, Casamayor EO, Fierer N. Using
network analysis to explore co-occurrence patterns in soil
microbial communities. ISME Journal, 2012, 6(2): 343-351.
Lu LH, Yin SX, Liu X, Zhang WM, Gu TY, Shen QR, Qiu HZ.
Fungal networks in yield-invigorating and -debilitating soils
induced by prolonged potato monoculture. Soil Biology and
Biochemistry, 2013, 65: 186-194.

Liu BH, Qin LQ, Liu AP, Uchiyama S, Ueno T, Li XT, Wang
PY. Prevalence of the equol-producer phenotype and its
relationship with dietary isoflavone and serum lipids in
healthy chinese adults. Journal of Epidemiology, 2010, 20(5):
377-384.

Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G,
Pasolli E, Tett A, Huttenhower C, Segata N. Metaphlan2 for
enhanced metagenomic taxonomic profiling. Nature Methods,
2015, 12(10): 902-903.

Benjamini Y, Krieger AM, Yekutieli D. Adaptive linear
step-up procedures that control the false discovery rate.
Biometrika, 2006, 93(3): 491-507.

Langfelder P, Horvath S. Fast R functions for robust
correlations and hierarchical clustering. Journal of Statistical
Software, 2012, 46(11): i11.

Csardi G, Nepusz T. The igraph software package for complex
network research. Inter J Complex Systems, 2006, 1695.
Erdés P, Rényi A. On Random Graphs I. Publicationes
Mathematicae, 1959, 6: 290-297.

Newman MEJ. Modularity and community structure in
networks. Proceedings of the National Academy of Sciences of
the United States of America, 2006, 103(23): 8577-8582.
Raimondi S, Roncaglia L, De Lucia M, Amaretti A,
Leonardi A, Pagnoni UM, Rossi M. Bioconversion of soy
isoflavones daidzin and daidzein by Bifidobacterium strains.
Applied Microbiology and Biotechnology, 2009, 81(5):
943-950.

Ueno T, Uchiyama S. Identification of the specific intestinal
bacteria capable of metabolising soy isoflavone to equol.
Annals of Nutrition & Metabolism, 2002, 45: 114.

Decroos K, Vanhemmens S, Cattoir S, Boon N, \erstraete W.
Isolation and characterisation of an equol-producing mixed
microbial culture from a human faecal sample and its activity
under gastrointestinal conditions. Archives of Microbiology,
2005, 183(1): 45-55.



LA | R, 2018, 58(11) 2019

Construction and analysis of co-occurrence network in the gut
microbiome

Yue Ma'??, Jun Wang', Yongfei Hu', Liang Chen', Jing Li', Na Lu"? Fei Liu"?
Liming Wang', Yuging Feng?, Baoli Zhu"**"

! CAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
¥ Microbial Genome Research Center, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China

Abstract: [Objective] To explore the networked and the topological structure of gut microbiota, we applied
network analysis in this study to characterize the gut microbiome co-occurrence networks. [Methods] Gut
microbiome data were divided into two groups based on the equol-metaboliting ability of hosts. We constructed the
co-occurrence network of gut microbiota with Spearman correlation coefficients with FDR judgment in each group
and analyzed the difference between groups. At the same time, the topological structure of random network was
used to compare with the real network to uncover the significant differences. Finally, the species taxonomy
information was taken into the network and revealed different features. [Results] The networks of two groups
retained 45 and 47 different species respectively and show different complexity. From our data, we found the
structure of the real network topology is specific and more interaction within different phylum in equol producer
group. [Conclusion] By network analysis, we can discover the complexity of the interactions among the different
species of gut microbes, and demonstrate the feature of network topology that was rarely reported before. And the
method will also provide a new perspective of gut microbiota research in the future.
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