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Research and application of human gut bacteriophage
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Abstract: The gut is the largest reservoir of human flora. In the last decade, with the increasing
investigations on the relationships between gut microbiota and human health diseases, gut bacteriophage has
also drawn more attention. However, the research of gut bacteriophage is still in its infancy, hampered by
delayed progress in the experimental and bioinformatical technology for gut bacteriophage and virome. Thus,
this review first summarizes the research methodology of gut bacteriophage in computation and experiments,
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including sequening analysis and phage isolation, etc. Then, phage taxonomy, phage-host interactions, and
the clinical applications of gut bacteriophage are also discussed. Finally, this review looks forward to the
challenges and opportunities for gut bacteriophage research in data and physical resources, bioinformatical
and experimental technology, interactions with intestinal bacteria, interventions on human diseases, etc.

Keywords: virome, phage database, gut phage mining, phagebank, microbial therapy, gut microecology,
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Figure 1 The resource mining, genetic diversity, biological characteristics and applications of human gut bacteriophage
Note: Phage particles reveal phage resource mining; metagenomics reveals phage prediction and the diversity of genome; combine phage
particles with phage genome information show the phage biological characteristics; the research on phage and host interaction is to
explore the applications of gut phage and manipulate the human microbiota
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Table 1 The list of common bioinformatic analysis tools

BERR, AR IS REAS T TS N A 2 ANk

TE Tools IJ15E Functions 2%k References

FastQC Quality control https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
Fastp Quality control [36]

Trimmomatic Quality control [37]

SOAPnuke Quality control [38]

Prinseq Quality control http://prinseq.sourceforge.net/index.html
metaSPAdes Assembly [39]

MEGAHIT Assembly [40]

CD-HIT Sequence clustering [41]

MetaPhlAn2 Species identification [42]

Krakent+Bracken Species identification [43]

Virsorter2 Virus sequence prediction [16,44]

VirFinder Virus sequence prediction [17]

VirMiner Virus sequence prediction [45]

VirusSeeker Virus sequence prediction [46]

Metavir 2 Virus sequence prediction [47]

Prophage Hunter Prophage prediction [48]

PHASTER Prophage prediction [49]

CheckV Completeness assessment [50]

vConTACT Classification [51-52]

CRISPRCasFinder CRISPR spacers prediction [53]

CRISPRminer CRISPR spacers prediction [54]

MinCED CRISPR spacers prediction https://github.com/ctSkennerton/minced
PredPHI Host prediction [55]

PHP Host prediction [56]
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Figure 2 The pipeline of bioinformatic analysis of metavirome
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Figure 3 The pipeline of isolation and purification of gut bacteriophages
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Table 2 Human novel intestinal phages based on the classification of genomic characterizations

Ey i USRI LRI ZH )N e 225 30k

Name Identification methods Genome size (kb) Hosts References

crAssphage Phylogenetic tree ~97.0 Bacteroides [70]

Lak phages Phylogenetic tree ~540.0 Prevotella [71]

Gubaphage Phylogenetic tree ~80.0 Bacteroides and Parabacteroides [34]

Flandersviridae Phylogenetic tree and ~85.2 Bacteroides and Parabacteroides [35]
gene-sharing networks

Gratiaviridae Phylogenetic tree and ~107.4 Bacteroides and Parabacteroides [35]
gene-sharing networks

Quimbyviridae Phylogenetic tree ~75.2 Prevotella, Bacteroides, and Parabacteroides  [35]
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O AR | TART B A2 B0 N B AR I 45 Hh B
AR R BHE LD, 3) T REKRTHKRZM
e R 28 AR — SR R KB LR
FEPR L W 28 255 ke , B Gt T T T A
53208 BT W R AR 7 2 B o BBt A — TR AR A 2k
W 18 2 FE DR 2 A5, 3 3l X G B R 2% 0 il I 5
(TerL). AKFTE ] 2R S5 W iR AR i 2 R IE
PN T, e 3 738 AN R 52 4K 1 i W
AREE L, JFARBLT 3 ik i m i (4R
Flandersviridae . Quimbyviridae I Gratiaviridae™,
ItAh, @it vConTACT #4) 4 i 5L R L S R 2% &
M, 3 A AHTEE AR Y Flandersviridae il
Gratiaviridae 5 H:Ath £ 1 W3 1R 1A 7% (8] (19 3% $21R
55, BRI I S I R A fry 5 DR 1 5 S 2 2Rk K
(0 L DR B it 22 S A, R B AT AT BB T A9 W T
TRR,

3 MBWEESEEREME

3.1 MEE RS A EH KR H AR
gt b, Wit T A A A i Jo S0 PR 2 i 2 T T
PR AR G T 3k A TR 1 38 R o 26 U (Lytic

Cycle). I F )5 (Temperate Cycle) IR %
(Pseudolysogeny) "> . W i 1A 5 T 3= B =22 [ 114 A
HAEHALT—Fh S Ae 4k, Horpr, < RIEIEFE
(Kill-The Winner)BBUHAR 1 W5 IR K S 15 14 =Z 7]
(1) Z2 FEVE RN = BE B P A2 Ak, RI Rl & O 35t T 9k
FEREDA AR AL, BE T v At 20 P 23 42 1ok D 34
AN, T B S A S L O Y W P R CRBE, DA
FERETE P TR IR S5 18 B A ZRErE T B
W2, TEFR o UAE I REIE G b, WD R 247
LS00 05 R S % P A 5 T A R e R AR -4
& He 5l (Virus-To-Microbe Rate, VMR)A &, HIff
B> (Piggyback-The-Winner)f B4 245
RUPRH, FfCE A0 BE RN, T K S
LRI PR AR, R 240 o 3 AE T A BN IS A H
o —ME T, ZERLE T VMR 8w A
YiResE B RERRY], TER S VMR AR
BRI A BT A A e
BRI IGIE P9 VMR 8418, (IR e AR
18 b s AT A e it — 22T

WAL, T E TR R A A SOR R
52 1, AR 8 b s TR AR 1% A i ] A A7
EEZMATRE. 0, ANAKGIE D RFEMRER
PEWE B & crAssphage 5 il A1 Y I B (AR, AN 2>
PR 78 3= T i AR R NG A BT S 0 E R S
BESLAE, SR, X crAssphage &[R4 /0 M F %A
KRB AT 5B IR DGR LR 5 [mA,
A HAE AT B 9 356 K 4 I Z2 2] crAssphage
(T WA B A7 5 2 . 3 ol X AT TR e A 1
18 E WM oo, RIRLAT & 2 I 2 bk
(Capsular Polysaccharide, CPS)HH7ZE Fl & £k i) B
BFHUPERT 2B, crAssphage S PAZfR 7 =0 HI Y,
I crAssphage 7EZL#1E 3 1R I - JC W B B R
), HISEHEART (1) 18 F 00 m BT fg e
BRI HPE TS FE ARG, XSk s S
] GRS T 2 BBk 2 (2) crAssphage
A BE 23 X 18 T TE TE TE PR B0E T AR K F & AR
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Kill-The Winner f8hZ&78 4k, (A1ETE ERAEAKF
AT BE R A I B RS PR AR E I, R AT RIS 2
5 Piggyback-The-Winner [ 32545 7476 e
I, crAssphage 5 UFF IR (1 AH B AR FHHLE] R w5
N2 18 s A S 1 FAE EAE SO E A )
MR ER SR At T ny B, Hirh e ERRE
(1% & Y S Jo 1k T B A B 5 S 2 M W T R 5
T8 3 TR TE A D 41 e BAE RO HLEL, TR
IF DA Wk T 3RE Ay S8 5 s o 1 O e D AR B AEE S TR
PR
32 BEZIMEEARSEEIEMNHEEER

R T W5 TR A 5 1 A TR A A, R A R
TEAN [7) 25 [ B 73 A1 22 5 SO 5 118 3 20 T ) 42 fi
FOR[, s me HAB AR, I 7T 5 ma 21k
WG DRI TE 1 1 TR A AE DR A o FE— TR B PR TR
5 HAE EARE LA/ N BB E R RS T,
ZR0 B e A ZA P I R A AR, AE R AT TR
By, AR N AR B 5 33X s ] S5 o A 15
W% AT A 15 i = 200 TR o s R R 2 TR0 D] B T ik
FREE2E 5, DA BRI 1 204 0k K 1 £ 4 o 4t T
BUPER A, (0 O R A 2 A P A DA 3
U AL, 76 B T i = T A T R ] AR
A% B I TR AR ) 5t 5 R TN B ORI
Jiang 55 & BAE N 18 1A 3 3 A7 78— PR <847
7 HoAe & A AT MR i SRR A X s, B 05 B0
FHEIN T RZ TSN, IR R,
It H B ] DAl I 458 1 i PR R IR A TE
“HE RIS Z TS T AT T A S
W AR AR 7T LA S B g A G LA T R AR
R Z2 00 4UFF TR AT DA 2 5028 AH AR BR 2R 1 3R 8k
SLI A AR NIE 87 S N S 7B 1= e 1 Sl VA Sl ]
R IR 5 5 ) LS i 3 RA S T B Y BLAR
A e — 25
33 BERMEEEASEEHOEEER

Ji7 18 P9 R e W TR A 2 LA L A 0 T (AR S AT
FEN o SEI0 % B I R AR 2 R C

SR ANR B A BSOS AR HILTH R O AN v
PR BARAAETT , AN AT A2 B ARy
GRETW) LI S5 R, AR DR AL PN Rt R it R
A T T R R W B R AT A Dy Rl RS sl gt A oo PRl B
TERIEFR T, 5 TR 4R BT A9 A 2 [ 9 O
ARZS I , 30 AT BEAT A AN ] T bk A ) T of 22 1]
OB Sl A I 17 K R S S N A R S S NIV E T 1S
PR [T A S A At P R R M A A
(i B . At I TR A A R IR 20 P
JE AL I BE 2 i A B R AR AR, S i
PRI . ANTE R AT, AT R BVOL Hi
AL AT AR BRER KSR B SCIE N TopO B
B2 6], MR AR T U R X
BT PRI AR AR, Oh i@t 45/ U AT
FEBENRIWITR , 155 T/ U IiE N i 2 O FLAF R AT
WE B AR, ek T2 OHRFLT I SRR M0
FHA MR N A5 532 W T A AT LB e i 2 T 1
W sES T,

4 i e v A 7 A8 b T T 10 o Y B
4.1 BHEBEREKEIEMRRNIPIRE a5 A

BEA B RE R AR BT, WFEE T IR IR R
07 Ji 0 TR AR Ofe T 03 9 M 8 95 8 e g R
HEBIR M Z R YR 2R ™, A5 BoR,
1E 75 % BUK (Crohn’s Disease, CD) & & At [0l iz 2k i
bE R — MR B R G 1 K B #F T (Adherent
Invasive Escherichia coli, AIEC), Galtier £ M {57K
B E) T 3 BRAT LIRS 1] ATEC RYRETR A, Jf
FHAZ W TRAA XS GV FH T 3R 35 ATEC Z AR/ B
BRI R BT S A /0N B A5 0 A 0 R O3
AIEC & AR, I ELE 50 5 0 Wik 17 14 0 2 g T
PITE 2 JAIN /> ATEC B & 56 3T 79 B 1 98 i 4R 1)
HE R8T

5790 AT A S 9t 7
— RGN . Duan SETEPPRT P28 A I ZEHRE
ARG A 45 B v R B WA A M R (R 2 T R AT 9
o 7™ B T AR T2 38 R A OC , R AT 58 3 M5 K

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3324 A

Microbiol. China

3 B 1) T SRS 1] 3 DA A4 L 2R S M K T 114 Wk T 1A
Jo W HAE T B /N USRS, /N BUF
JUE 240 L5 2R AT R, S 2 0l T A IR 5 0
IS B AN Yuan ZEAEAREAR PRSP T
(Nonalcoholic Fatty Liver Disease, NAFLD)&E & /Y
FEMEAEAS 3 A5 2 = ORS00 B i 4% S R AR T
I DA r 25 4 R HUAS: 5108 1) 32 TR A P e T £,
ol W5 TR AR o) T TS (A A 5 K L AS AR 21/ BLAA
M, ZBCHZ NAFLD R4, 5 pbfE s, wgiE
At gl a0 B T WA T R e 2 Hh P02
Kabwe 55 75X a4 I A 58 A0 G B A= i )
WFFE R, 43 B AR 3 AT ] <fi S5 BT A A R Y I T
A, IR W T A A A by B ) << s TR AR T T &%
HEAFI G LA ST 24 Fp Y Zheng 253 5o XA T4k
P v 485 L g R 55 L U AR B4 #r , T
RS E e B HAX AT I, 05 245 BT B R
FEA SR R M AR, IRRRmg R P2
WIT2YENT, TEAFRE AN RS I A R
SR, FL R HH— iR e R RO Bk
Wz b, S0 B S R I 5 A R 1 2
9 E A R R R B B 22 M R, Xt A i
GAAR A N, FHER HE T 22 A 8001 F R PR IR, (it iz iE
I R A TE B P Hh i g 24
4.2 MAELEE ARSI T R R A

H i A 2 A 2 w2 Rig PR s T T
RV R A i o AN ST F 2015 41 BiomX A A
RN A EL ) T R SR A 8 s TR AR i e T AR
TR, S LN A8 6 R Y7 P o 1 R
6 EZNSERL A R B AR ARELTE, k4 AR,
FEAEA LR35 58 by T AP 4E U558 5 BT B
BiomX 2\ vl H Aif WA AT %t T AR SV i
(Inflammatory Bowel Disease, IBD). [tk H:A#{L
PERHAE 4 (Primary Sclerosing Cholangitis, PSC),
Yk B2 48 . 45 E ¥ (Colorectalcancer, CRC),
B B9 . R AE, I H 24000 H 2 i AIGIKEY
B (https://www.biomx.com/our-pipeline/), H:H 4%

FERERY BXOOT J&— Wk B ANS BT ™ i, %
F) BT SRR AR e L 1) 5 AR A DG A N
PR AT BRI M R TR, s i oets , 84 H
i L8 I PR 1139138 #1%) IBD /9 BX002 4
S K DR A 2 7 i, SRS Atarashi S8R9
5%, HiES IBD KAEMCRYANE, Hrp—Fh2 il
R TLEAATA , FFET X0 3 S 240 TR A 705 P 1A 25 1 i
B, WELHBICEIRIIK T 8%, et
PSC il CRC B IR A i o 23 BEA T 1l R 1 4
il PR AT B Be s #H%) IBD F1 PSC YW B {4
7R TE T a I RIS Hh S B S SR, 53— SR
BIER/NF] Locus Biosciences £ 4T 4 5iE M M  Fo i
I IeE 2450 AN B SO | SRS R A s T o 3R AR S g LA
L8 T P8 S 0 R TE AR DG R BT AR 7 i A, i
A TR BT 3 328 56 B B (https://www.locus-bio.com/
#pipeline).

5 BEERE

WEHE Z RN R R, SOk B
BA R E A RIBETE, BiE i A A s
Wi B KR AR AR A A T A B AE IR B
FHRORBEA T3, WiE b P e VAR R TR R S e
Wt T PACIURE P 70 s L i JR 2218, X L8 0 T i
Wit TR AT ST BRI Ry T RO ST, it
ERMIFEENIAWRTIRE, Bold EY R
Jr S REAS T R AT A, BEXE H AR R
= R R A 2E AT H R R B I, AR
T PRV IR Ak g T A A 1 A R AR
IUIA 7 R HEA AR sl PR e B3 1 2k v
P, AW AR AR SE I TE W B AR LR R,
THRE R 5 BN RS, B A R AS A AE 1Y
AT B4 M T T R AR A 7 T, A B 3
AL i) i 19 i S W T AR, AT AR 3 AR U 1
Wit T AR (1 T s TR, SR i R
Fr 25 LB 3R 0 05 A Wi T AR R A TR 4, O
TE BEAT A% G WU - A i 2 0k Z Fir, R RLE o
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qPCR S5 I 1) 75 2O 418 A e B (R 04 7 o
PP AT AR HUGE T AR ORE ) LY Bk A,
BOL W R AT TR B, 40 F AT IR DN R AR fi o
BIF5E Be 2 HILAG S ) 42 BRIGE B 4 % (Global  Phage
Hub), i 3E 5 A A el R . Z2onfb il
BRI SIS AR SC IR, A 10 e o A e
BORFNGE U7 s LA 4 i o

IF1 T 7 3 Wt TR AR DG R 2 BT T — SRR
R, AH R R AT SR A7 AE R LB 5 Pk
(1) BEEWIEVETEW SR AR R, T iE
BRI A Py SR A HER SR 2T Y i
A AR A — . HRERANR, mi ez
(] A RH LSS HE RN, 5 BT K A P 7 v 5 3
s HERTUA, NS A& s — N
T W AR P SRR PR RAE M T (2) T8
Ji7 3 W TR P 9 8088 P, X M T L P R S A
PREAT R AR AT, LA T dk 27 7 W e £
2 U W T AR SIS TR DA i R R AT P ) T
HIF k. (3) M8 mAFEA RSN . AFARE R
RIEA 2251, T A2 5 B AHOC YIS H AR
2=, DR B 2 L AE AR NP A ) R B 7
W9, sz IR E R P RN CY), R
SERIRBUER TR AT RENE . (4) AWHE IR i iE s
PRI AR, 2 Fi v g 1 Wk e R RE DR 2115 R B 21
I AT LA 37 0k B A BE DR 445 8 LA SN B 22 A 2
R EYSNRISI AN 5= SN LN 7BIEL L LSRN g
JE, TS AL B S W B R AR W) 2 R IR L S
i B Z A BARSC R AT IR ABEST, HE M8 5E
TE W TR AT T Ak . (5) AR T PR
2t BN , ARG 25 , a0 A B 4
R, ST TR ESORN IR ; T RS
YRR HAREUR R 5 20T FHAREUR BRR A 4 L A
A, FZEE R N 15 2R H RSB0 BRI R A
itk , O R Sl PR R e R T B, USRS i
Wik T A S B T PN R o ) O 125, E TR AR
RN TE W T R 2R - AR S S5 0 AR,

Jigm 3 Wt TR A 2 A g L ) D0 AR (1B Y B
kR,

B, A T R AR SRS AR,
. ey 5K 9 ) g A R R AR S R 2 5 T A FLAT
i o AR TE RN S RE AR T i 1
A R R AR TR S PR A OGN s TR iE
Wk B AT A BT U, 255 Wik B ARE TR LA R 5 A 2
AL, WIS TE R R i R A B JFRE
Ji7 3 W TR A R DR P 2108 B B T AT
LASE B T8 Wk B ey BT 38 0 A4 £

REFERENCES

[1] Baquero F, Nombela C. The microbiome as a human
organ[J]. Clinical Microbiology and Infection, 2012, 18: 2-4

[2] Sender R, Fuchs S, Milo R. Revised estimates for the
number of human and bacteria cells in the body[J]. PLoS
Biology, 2016, 14(8): €1002533

[3] Li JH, Jia HJ, Cai XH, Zhong HZ, Feng Q, Sunagawa S,
Arumugam M, Kultima JR, Prifti E, Nielsen T, et al. An
integrated catalog of reference genes in the human gut
microbiome[J]. Nature Biotechnology, 2014, 32(8): 834-841

[4] LiuRX, Hong J, Xu XQ, Feng Q, Zhang DY, Gu YY, Shi J,
Zhao SQ, Liu W, Wang XK, et al. Gut microbiome and
serum metabolome alterations in obesity and after
weight-loss intervention[J]. Nature Medicine, 2017, 23(7):
859-868

[5] Forslund K, Hildebrand F, Nielsen T, Falony G, Le
Chatelier E, Sunagawa S, Prifti E, Vieira-Silva S,
Gudmundsdottir V, Pedersen HK, et al. Disentangling type 2
diabetes and metformin treatment signatures in the human
gut microbiota[J]. Nature, 2015, 528(7581): 262-266

[6] Jie ZY, Xia HH, Zhong SL, Feng Q, Li SH, Liang SS,
Zhong HZ, Liu ZP, Gao Y, Zhao H, et al. The gut
microbiome in atherosclerotic cardiovascular disease[J].
Nature Communications, 2017, 8: 845

[7] Yu J, Feng Q, Wong SH, Zhang DY, Liang QY, Qin YW,
Tang LQ, Zhao H, Stenvang J, Li YL, et al. Metagenomic
analysis of faecal microbiome as a tool towards targeted
non-invasive biomarkers for colorectal cancer[J]. Gut, 2017,
66(1): 70-78

[8] Feng Q, Liang SS, Jia HJ, Stadlmayr A, Tang LQ, Lan Z,
Zhang DY, Xia HH, Xu XY, Jie ZY, et al. Gut microbiome
development along the colorectal adenoma-carcinoma
sequence[J]. Nature Communications, 2015, 6: 6528

[9] Zhang X, Zhang DY, Jia HJ, Feng Q, Wang DH, Liang D,
Wu XN, Li JH, Tang LQ, Li Y, et al. The oral and gut
microbiomes are perturbed in rheumatoid arthritis and partly

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3326 A

Microbiol. China

normalized after treatment[J]. Nature Medicine, 2015, 21(8):
895-905

[10] Zhang YF, Gu YY, Ren HH, Wang SJ, Zhong HZ, Zhao XJ,
Ma J, Gu XJ, Xue YM, Huang S, et al. Gut
microbiome-related effects of berberine and probiotics on
type 2 diabetes (the PREMOTE study)[J]. Nature
Communications, 2020, 11: 5015

[11] Shkoporov AN, Hill C. Bacteriophages of the human gut:
the “known unknown” of the microbiome[J]. Cell Host &
Microbe, 2019, 25(2): 195-209

[12] Tao WY, Zhu S. Gut virome in health and disease[J].
Journal of Biology, 2019, 36(6): 1-5 (in Chinese)
FTAR, A3 BB REA S NIIEERDT ST (T]. A4
2R, 2019, 36(6): 1-5

[13] Zhou B, Lin Y, Zhu WY. Advances in the interaction among
gut phage, bacteria and host and its impacts on the animal
host health[J]. Chinese Journal of Animal and Veterinary
Sciences, 2019, 50(1): 14-20 (in Chinese)
JR, MR, R, T A S i i F e 32 b0 RO
XF S LA RS2 e AR R (7], & O R 23R, 2019,
50(1): 14-20

[14] Wang Y, Chen Q. Intestinal phageome and human health[J].
Journal of Microbes and Infections, 2019, 14(5): 317-322
(in Chinese)
EB, B, MR AL S AR R[], S R,
2019, 14(5): 317-322

[15] Breitbart M, Hewson I, Felts B, Mahaffy JM, Nulton J,
Salamon P, Rohwer F. Metagenomic analyses of an
uncultured viral community from human feces[J]. Journal of
Bacteriology, 2003, 185(20): 6220-6223

[16] Roux S, Enault F, Hurwitz BL, Sullivan MB. VirSorter:
mining viral signal from microbial genomic data[J]. Peer],
2015, 3: ¢985

[17] Ren J, Ahlgren NA, Lu YY, Fuhrman JA, Sun FZ.
VirFinder: a novel k-mer based tool for identifying viral
sequences from assembled metagenomic  data[J].
Microbiome, 2017, 5(1): 69

[18] Zou YQ, Xue WB, Luo GW, Deng ZQ, Qin PP, Guo RJ,
Sun HP, Xia Y, Liang SS, Dai Y, et al. 1, 520 reference
genomes from cultivated human gut bacteria enable
functional microbiome analyses[J]. Nature Biotechnology,
2019, 37(2): 179-185

[19] Forster SC, Kumar N, Anonye BO, Almeida A, Viciani E,
Stares MD, Dunn M, Mkandawire TT, Zhu A, Shao Y, et al.
A human gut bacterial genome and culture collection for
improved metagenomic analyses[J]. Nature Biotechnology,
2019, 37(2): 186-192

[20] Liu C, Du MX, Abuduaini R, Yu HY, Li DH, Wang YJ,
Zhou N, Jiang MZ, Niu PX, Han SS, et al. Enlightening the
taxonomy darkness of human gut microbiomes with a
cultured biobank[J]. Microbiome, 2021, 9(1): 119

[21] Hryckowian AJ, Merrill BD, Porter NT, Van Treuren W,

Nelson EJ, Garlena RA, Russell DA, Martens EC,
Sonnenburg JL. Bacteroides thetaiotaomicron-infecting
bacteriophage isolates inform sequence-based host range
predictions[J]. Cell Host & Microbe, 2020, 28(3): 371-379
[22] Porter NT, Hryckowian AJ, Merrill BD, Fuentes JJ, Gardner
JO, Glowacki RWP, Singh S, Crawford RD, Snitkin ES,
Sonnenburg JL, et al. Phase-variable capsular
polysaccharides and lipoproteins modify bacteriophage
susceptibility in Bacteroides thetaiotaomicron[J]. Nature
Microbiology, 2020, 5(9): 1170-1181
Shkoporov AN, Khokhlova EV, Fitzgerald CB, Stockdale
SR, Draper LA, Ross RP, Hill C. ®CrAss001 represents the
most abundant bacteriophage family in the human gut and
infects Bacteroides intestinalis[J]. Nature Communications,
2018, 9: 4781
[24] Guerin E, Shkoporov AN, Stockdale SR, Comas JC,
Khokhlova EV, Clooney AG, Daly KM, Draper LA,
Stephens N, Scholz D, et al. Isolation and characterisation
of dcrAss002, a crAss-like phage from the human gut that

[23

—_—

infects Bacteroides xylanisolvens[J]. Microbiome, 2021,

9(1): 89

Shkoporov AN, Clooney AG, Sutton TDS, Ryan FJ, Daly

KM, Nolan JA, McDonnell SA, Khokhlova EV, Draper LA,

Forde A, et al. The human gut virome is highly diverse,

stable, and individual specific[J]. Cell Host & Microbe,

2019, 26(4): 527-541

[26] Gregory AC, Zablocki O, Zayed AA, Howell A, Bolduc B,
Sullivan MB. The gut
age-dependent patterns of virome diversity in the human
gut[J]. Cell Host & Microbe, 2020, 28(5): 724-740

[27] Ma YF, You XY, Mai GQ, Tokuyasu T, Liu CL. A human
gut phage catalog correlates the gut phageome with type 2
diabetes[J]. Microbiome, 2018, 6(1): 24

[28] Minot S, Sinha R, Chen J, Li HZ, Keilbaugh SA, Wu GD,
Lewis JD, Bushman FD. The human gut virome:

[25

—

virome database reveals

inter-individual variation and dynamic response to diet[J].
Genome Research, 2011, 21(10): 1616-1625

[29] Zuo T, Sun Y, Wan YT, Yeoh YK, Zhang F, Cheung CP,
Chen N, Luo J, Wang W, Sung JJY, et al. Human-gut-DNA
virome variations across geography, ethnicity, and
urbanization[J]. Cell Host & Microbe, 2020, 28(5): 741-751

[30] Seo SU, Kweon MN. Virome-host interactions in intestinal
health and disease[J]. Current Opinion in Virology, 2019, 37:
63-71

[31] Liang GX, Zhao CY, Zhang HJ, Mattei L, Sherrill-Mix S,
Bittinger K, Kessler LR, Wu GD, Baldassano RN, DeRusso
P, et al. The stepwise assembly of the neonatal virome is
modulated by breastfeeding[J]. Nature, 2020, 581(7809):
470-474

[32] Biackhed F, Roswall J, Peng YQ, Feng Q, Jia HIJ,
Kovatcheva-Datchary P, Li Y, Xia Y, Xie HL, Zhong HZ, et
al. Dynamics and stabilization of the human gut microbiome
during the first year of life[J]. Cell Host & Microbe, 2015,
17(5): 690-703

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



KBS NP W B A B985 0

3327

[33] Clooney AG, Sutton TDS, Shkoporov AN, Holohan RK,
Daly KM, O’Regan O, Ryan FJ, Draper LA, Plevy SE, Ross
RP, et al. Whole-virome analysis sheds light on viral dark
matter in inflammatory bowel disease[J]. Cell Host &
Microbe, 2019, 26(6): 764-778

[34] Camarillo-Guerrero LF, Almeida A, Rangel-Pineros G, Finn
RD, Lawley TD. Massive expansion of human gut
bacteriophage diversity[J]. Cell, 2021, 184(4): 1098-1109.€9

[35] Benler S, Yutin N, Antipov D, Rayko M, Shmakov S,
Gussow AB, Pevzner P, Koonin EV. Thousands of
previously unknown phages discovered in
whole-community human gut metagenomes[J]. Microbiome,
2021, 9(1): 78

[36] Chen SF, Zhou YQ, Chen YR, Gu J. Fastp: an ultra-fast
all-in-one FASTQ preprocessor[J]. Bioinformatics, 2018,
34(17): 1884-1890

[37] Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible
trimmer for Illumina sequence data[J]. Bioinformatics, 2014,
30(15): 2114-2120

[38] Chen YX, Chen YS, Shi CM, Huang ZB, Zhang Y, Li SK,
LiY, Ye J, Yu C, Li Z, et al. SOAPnuke: a MapReduce
acceleration-supported software for integrated quality
control and preprocessing of high-throughput sequencing
data[J]. GigaScience, 2018, 7(1): gix120

[39] Nurk S, Meleshko D, Korobeynikov A, Pevzner PA.
metaSPAdes: a new versatile metagenomic assembler[J].
Genome Research, 2017, 27(5): 824-834

[40] Li DH, Luo RB, Liu CM, Leung CM, Ting HF, Sadakane K,
Yamashita H, Lam TW. MEGAHIT v1.0: a fast and scalable
metagenome assembler driven by advanced methodologies
and community practices[J]. Methods, 2016, 102: 3-11

[41] Fu LM, Niu BF, Zhu ZW, Wu ST, Li WZ. CD-HIT:
accelerated for clustering the next-generation sequencing
data[J]. Bioinformatics, 2012, 28(23): 3150-3152

[42] Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G,
Pasolli E, Tett A, Huttenhower C, Segata N. MetaPhlAn2
for enhanced metagenomic taxonomic profiling[J]. Nature
Methods, 2015, 12(10): 902-903

[43] Wood DE, Lu J, Langmead B. Improved metagenomic
analysis with Kraken 2[J]. Genome Biology, 2019, 20(1):
257

[44] Guo JR, Bolduc B, Zayed AA, Varsani A,
Dominguez-Huerta G, Delmont TO, Pratama AA, Gazitua
MC, Vik D, Sullivan MB, et al. VirSorter2: a
multi-classifier, expert-guided approach to detect diverse
DNA and RNA viruses[J]. Microbiome, 2021, 9(1): 37

[45] Zheng TT, Li J, Ni YQ, Kang K, Misiakou MA, Imamovic
L, Chow BKC, Rode AA, Bytzer P, Sommer M, et al.
Mining, analyzing, and integrating viral signals from
metagenomic data[J]. Microbiome, 2019, 7(1): 42

[46] Zhao GY, Wu G, Lim ES, Droit L, Krishnamurthy S,
Barouch DH, Virgin HW, Wang D. VirusSeeker, a
computational pipeline for virus discovery and virome
composition analysis[J]. Virology, 2017, 503: 21-30

[47] Roux S, Tournayre J, Mahul A, Debroas D, Enault F.
Metavir 2: new tools for viral metagenome comparison and
assembled virome analysis[J]. BMC Bioinformatics, 2014,
15:76

[48] Song WC, Sun HX, Zhang C, Cheng L, Peng Y, Deng ZQ,
Wang D, Wang Y, Hu M, Liu W, et al. Prophage Hunter: An
integrative hunting tool for active prophages[J]. Nucleic
Acids Research, 2019, 47(W1): W74-W80

[49] Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang YJ,
Wishart DS. PHASTER: a better, faster version of the
PHAST phage search tool[J]. Nucleic Acids Research, 2016,
44(W1): W16-W21

[50] Nayfach S, Camargo AP, Schulz F, Eloe-Fadrosh E, Roux S,
Kyrpides NC. CheckV quality and
completeness of metagenome-assembled viral genomes[J].
Nature Biotechnology, 2021, 39(5): 578-585

[51] Bolduc B, Jang HB, Doulcier G, You ZQ, Roux S, Sullivan
MB. vConTACT: an iVirus tool to classify double-stranded
DNA viruses that infect Archaea and Bacteria[J]. Peer],
2017, 5: e3243

[52] Jang HB, Bolduc B, Zablocki O, Kuhn JH, Roux S,
Adriaenssens EM, Brister JR, Kropinski AM, Krupovic M,
Lavigne R, et al. Taxonomic assignment of uncultivated

assesses  the

prokaryotic virus genomes is enabled by gene-sharing
networks[J]. Nature Biotechnology, 2019, 37(6): 632-639

[53] Couvin D, Bernheim A, Toffano-Nioche C, Touchon M,
Michalik J, Néron B, Rocha EPC, Vergnaud G, Gautheret D,
Pourcel C. CRISPRCasFinder, an update of CRISRFinder,
includes a portable version, enhanced performance and
integrates search for Cas proteins[J]. Nucleic Acids
Research, 2018, 46(W1): W246-W251

[54] Zhang F, Zhao SJ, Ren CY, Zhu YW, Zhou HB, Lai YK,
Zhou FX, Jia YQ, Zheng KJ, Huang ZW. CRISPRminer is a
knowledge base for exploring CRISPR-Cas systems in
microbe and phage
Biology, 2018, 1: 180

[55] Li ML, Wang YN, Li FY, Zhao Y, Liu MY, Zhang SJ, Bin
YN, Smith AI, Webb G, Li J, et al. A deep learning-based
method  for  identification of  bacteriophage-host
interaction[J]. IEEE/ACM Transactions on Computational
Biology and Bioinformatics, 2020(99): 1

[56] Lu CY, Zhang Z, Cai ZN, Zhu ZZ, Qiu Y, Wu AP, Jiang TJ,
Zheng HP, Peng YS. Prokaryotic virus host predictor: A

interactions[J]. Communications

Gaussian model for host prediction of prokaryotic viruses in
metagenomics[J]. BMC Biology, 2021, 19(1): 5

[57] Nooij S, Schmitz D, Vennema H, Kroneman A, Koopmans
MPG. Overview of virus metagenomic classification
methods and their biological applications[J]. Frontiers in
Microbiology, 2018, 9: 749

[58] Nielsen HB, Almeida M, Juncker AS, Rasmussen S, Li JH,
Sunagawa S, Plichta DR, Gautier L, Pedersen AG, Le
Chatelier E, et al. Identification and assembly of genomes
and genetic elements in complex metagenomic samples
without using reference genomes[J]. Nature Biotechnology,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3328 A

Microbiol. China

2014, 32(8): 822-828

[59] Sutton TDS, Clooney AG, Ryan FJ, Paul Ross R, Hill C.
Choice of assembly software has a critical impact on virome
characterisation[J]. bioRxiv, 2018. DOI: 10.1101/479105

[60] Roux S, Paez-Espino D, Chen IMA, Palaniappan K, Ratner
A, Chu K, Reddy TBK, Nayfach S, Schulz F, Call L, et al.
IMG/VR v3: an integrated ecological and evolutionary
framework for interrogating genomes of uncultivated
viruses[J]. Nucleic Acids Research, 2021, 49(D1):
D764-D775

[61] O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D,
McVeigh R, Rajput B, Robbertse B, Smith-White B,
Ako-Adjei D, et al. Reference sequence (RefSeq) database
at NCBI: current status, taxonomic expansion, and
functional annotation[J]. Nucleic Acids Research, 2016,
44(D1): D733-D745

[62] Marbouty M, Thierry A, Koszul R. Phages-bacteria
interactions network of the healthy human gut[J]. bioRxiv,
2020. DOI: 10.1101/2020.05.13.093716

[63] Alawi M, Burkhardt L, Indenbirken D, Reumann K,
Christopeit M, Kroger N, Liitgehetmann M, Aepfelbacher M,
Fischer N, Grundhoff A. DAMIAN: an open source
bioinformatics tool for fast, systematic and cohort based
analysis of microorganisms in diagnostic samples[J].
Scientific Reports, 2019, 9: 16841

[64] Guerin E, Hill C.
bacteriophages[J]. Frontiers in Cellular and Infection
Microbiology, 2020, 10: 481

[65] Qin XY, Yang HJ. Research progress on techniques for

China

Shining light on human gut

separation, purification of bacteriophages[J].
Biotechnology, 2020, 40(5): 78-83 (in Chinese)
ZENAR, BUbir. W sy B AL E R TR R )],
AP TR, 2020, 40(5): 78-83

[66] Soleimani-Delfan A, Bouzari M, Wang R. A rapid
competitive method for bacteriophage genomic DNA
extraction[J]. Journal of Virological Methods, 2021, 293:
114148

[67] Hoyles L, McCartney AL, Neve H, Gibson GR, Sanderson
JD, Heller KJ, van Sinderen D. Characterization of
virus-like particles associated with the human faecal and
caecal microbiota[J]. Research in Microbiology, 2014,
165(10): 803-812

[68] Sutton TDS, Hill C. Gut
understanding and challenges[J]. Frontiers in Endocrinology,
2019, 10: 784

[69] Roux S, Adriaenssens EM, Dutilh BE, Koonin EV,
Kropinski AM, Krupovic M, Kuhn JH, Lavigne R, Brister
JR, Varsani A, et al. Minimum information about an

MIUVIG)[J].

bacteriophage: current

uncultivated  virus  genome Nature
Biotechnology, 2019, 37(1): 29-37
[70] Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ,

Boling LC, Barr JJ, Speth DR, Seguritan V, Aziz RK, et al.

A highly abundant bacteriophage discovered in the unknown
sequences of human faecal metagenomes[J]. Nature
Communications, 2014, 5: 4498

[71] Devoto AE, Santini JM, Olm MR, Anantharaman K, Munk
P, Tung J, Archie EA, Turnbaugh PJ, Seed KD, Blekhman R,
et al. Megaphages infect Prevotella and variants are
widespread in gut microbiomes[J]. Nature Microbiology,
2019, 4(4): 693-700

[72] Hobbs Z, Abedon ST. Diversity of phage infection types and
associated terminology: the problem with ‘Lytic or
lysogenic’[J]. FEMS Microbiology Letters, 2016, 363(7):
fnw047

[73] Mirzaei MK, Maurice CF. Ménage a trois in the human gut:
interactions between host, bacteria and phages[J]. Nature
Reviews Microbiology, 2017, 15(7): 397-408

[74] Silveira CB, Rohwer FL.
host-associated microbial communities[J]. NPJ Biofilms and
Microbiomes, 2016, 2: 16010

[75] Knowles B, Silveira CB, Bailey BA, Barott K, Cantu VA,
Cobian-Giiemes AG, Coutinho FH, Dinsdale EA, Felts B,
Furby KA, et al. Lytic to temperate switching of viral
communities[J]. Nature, 2016, 531(7595): 466-470

[76] Breitbart M, Bonnain C, Malki K, Sawaya NA. Phage
puppet Masters of the marine microbial realm[J]. Nature
Microbiology, 2018, 3(7): 754-766

[77] Lourengo M, Chaffringeon L, Lamy-Besnier Q, Pédron T,
Campagne P, Eberl C, Bérard M, Stecher B, Debarbieux L,
De Sordi L. The spatial heterogeneity of the gut limits

Piggyback-the-Winner in

predation and fosters coexistence of bacteria and
bacteriophages[J]. Cell Host & Microbe, 2020, 28(3):
390-401.e5

[78] Jiang XF, Hall AB, Arthur TD, Plichta DR, Covington CT,
Poyet M, Crothers J, Moses PL, Tolonen AC, Vlamakis H,
et al. Invertible promoters mediate bacterial phase variation,
antibiotic resistance, and host adaptation in the gut[J].
Science, 2019, 363(6423): 181-187

[79] Oh JH, Lin XB, Zhang SW, Tollenaar SL, Ozcam M,
Dunphy C, Walter J, Van Pijkeren JP. Prophages in
Lactobacillus reuteri are associated with fitness trade-offs
but can increase competitiveness in the gut ecosystem[J].
Applied and Environmental Microbiology, 2019. DOI:
10.1128/aem.01922-19

[80] Kreuzer KN. DNA damage responses in prokaryotes:
Regulating gene expression, modulating growth patterns,
and manipulating replication forks[J]. Cold Spring Harbor
Perspectives in Biology, 2013, 5(11): a012674

[81] Manrique P, Dills M, Young M. The human gut phage
community and its implications for health and disease[J].
Viruses, 2017, 9(6): 141

[82] Hu Q, Liu C, Zhang D, Wang R, Qin LL, Xu Q, Che LQ,
Gao F. Effects of low-dose antibiotics on gut immunity and
antibiotic resistomes in weaned piglets[J]. Frontiers in
Immunology, 2020, 11: 903

[83] Hsu BB, Gibson TE, Yeliseyev V, Liu Q, Lyon L, Bry L,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



KBS NP W B A B985 0

3329

Silver PA, Gerber GK. Dynamic modulation of the gut
microbiota and metabolome by bacteriophages in a mouse
model[J]. Cell Host & Microbe, 2019, 25(6): 803-814

[84] Campbell DE, Ly LK, Ridlon JM, Hsiao A, Whitaker RJ,
Degnan PH. Infection with Bacteroides phage BVO1 alters
the host transcriptome and bile acid metabolism in a
common human gut microbe[J]. Cell Reports, 2020, 32(11):
108142

[85] Wahida A, Tang F, Barr JJ. Rethinking phage-bacteria-
eukaryotic relationships and their influence on human
health[J]. Cell Host & Microbe, 2021, 29(5): 681-688

[86] Galtier M, Sordi LD, Sivignon A, De Vallée A, Maura D,
Neut C, Rahmouni O, Wannerberger K, Darfeuille-Michaud
A, Desreumaux P, et al. Bacteriophages targeting adherent
invasive Escherichia coli strains as a promising new
treatment for Crohn’s disease[J]. Journal of Crohn’s and
Colitis, 2017, 11(7): 840-847

[87] Small CLN, Reid-Yu SA, McPhee JB, Coombes BK.
Persistent infection with Crohn’s disease-associated
adherent-invasive Escherichia coli leads to chronic
inflammation  and  intestinal fibrosis[J]. Nature
Communications, 2013, 4: 1957

[88] Duan Y, Llorente C, Lang S, Brandl K, Chu HK, Jiang L,
White RC, Clarke TH, Nguyen K, Torralba M, et al.
Bacteriophage targeting of gut bacterium attenuates
alcoholic liver disease[J]. Nature, 2019, 575(7783): 505-511

[89] Yuan J, Chen C, Cui JH, Lu J, Yan C, Wei X, Zhao XN, Li
NN, Li SL, Xue GH, et al. Fatty liver disease caused by
high-alcohol-producing Klebsiella pneumoniae[J]. Cell
Metabolism, 2019, 30(4): 675-688.¢7

[90] Zheng DW, Dong X, Pan P, Chen KW, Fan JX, Cheng SX,

Zhang XZ. Phage-guided modulation of the gut microbiota

of mouse models of colorectal cancer augments their

responses to chemotherapy[J]. Nature Biomedical
Engineering, 2019, 3(9): 717-728

[91] Kabwe M, Dashper S, Bachrach G, Tucci J. Bacteriophage
manipulation of the microbiome associated with tumour
microenvironments-can this improve cancer therapeutic
response?[J]. FEMS Microbiology Reviews, 2021. DOI:
doi.org/10.1093/femsre/fuab017

[92] Dong X, Pan P, Zheng DW, Bao P, Zeng X, Zhang XZ.
Bioinorganic hybrid bacteriophage for modulation of
intestinal ~ microbiota  to  remodel  tumor-immune
microenvironment against colorectal cancer[J]. Science
Advances, 2020, 6(20): eabal590

[93] Wong SH, Yu J. Gut microbiota in colorectal cancer:
mechanisms of action and clinical applications[J]. Nature
Reviews Gastroenterology & Hepatology, 2019, 16(11):
690-704

[94] Zhu F, Ju YM, Wang W, Wang Q, Guo RJ, Ma QY, Sun Q,
Fan YJ, Xie YY, Yang Z, et al. Metagenome-wide
association of gut microbiome features for schizophrenia[J].
Nature Communications, 2020, 11(1): 1612

[95] Atarashi K, Suda W, Luo CW, Kawaguchi T, Motoo I,
Narushima S, Kiguchi Y, Yasuma K, Watanabe E, Tanoue T,
et al. Ectopic colonization of oral bacteria in the intestine
drives TH1 cell induction and inflammation[J]. Science,
2017, 358(6361): 359-365

[96] Yang FM, Sun JH, Luo HN, Ren HH, Zhou HC, Lin YX,
Han M, Chen B, Liao HL, Brix S, et al. Assessment of fecal
DNA extraction protocols for metagenomic studies[J].

GigaScience, 2020, 9(7): giaa071

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



