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Abstract: Viruses are the most abundant biological entities on Earth. They play an important role in
biogeochemical cycles and the evolution of life by regulating host community structure, causing
mortality, and mediating genetic exchange. In recent years, the development of metagenomics has
enabled the global-scale study of environmental viruses. A large number of novel viral genomes have
been uncovered, and the roles and contributions of viruses in ecological processes and biogeochemical
cycles have been recognized. The important role of viruses in ecosystem is mainly dependent on the
infecting host. However, host prediction of environmental viruses has lagged far behind the studies of
environmental viral genomics. This review aims to provide the latest knowledge of the main approaches
for virus-host prediction, their pros and cons, and application, to reveal the importance of host
prediction in the ecological research and bioengineering of viruses, and to present an outlook on the

future development of host prediction approaches.
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Figure 1 The timeline of the current major approaches for virus-host prediction.
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Table 1 A summary of representative technologies for virus-host prediction

Categories Methods Principle Main advantages Main limitations Tools/Pipeline
Sequence Gene homology During historical High accuracy This method depends BLAST, Diamond
similarity infection, the on a reference database BLAST,

horizon gene
transform (HGT)
between viral and
host genomes.
Conserved signature
genes between
viruses infecting the
same host

The genomic
similarity of viruses
infecting similar
hosts or genomic
similarity of viruses
and their hosts

and frequently HGT
may result in genetic
homology signals
useless

phylogenetic tree

It is
database-dependent.
The complement of the
viral genome
significantly impacts
its performance
Viruses lyse host Database-independent. Complex virus-host
cells to produce viral Increasing number of interactions and
progeny. The metagenomics sequencing ecological processes
abundances of projects may improve the have a significant
viruses and their performance impact on this

hosts in environment approach

often corelate

An acquired immune

BLASTN,
tBLASTx

Genomic
similarity

High accuracy

Co-abundance Bowtie, bwa

profiles

Co-existence

Coevolutionary CRISPR spacer High accuracy, high High false negatives =~ BLASTN,

patterns

replication,
transcription and
translation
machinery, and
evolutionary
pressure to avoid
recognition by host
restriction
endonucleases

good performance in host

prediction of the

fragmented viral genome

information matching mechanism evolved specificity, up to the because only ~40% of SpacePHARER,
by prokaryotic strain level bacteria and ~70% of and
microorganisms to archaea encode a CRISPRDetect3
defend against CRISPR system
exogenous genetic
invasion represented
by viruses
Temperate The full length of The longest exact match  The short exact match Prophage
phages prophage can be (prophage) with high (homologous identification
identified from their accuracy recombination sites) tools
host genome or the may lead to false attB and attP
exact match of the positives sites
homologous identification and
recombination sites exact match by
the BLAST
Oligonucleotide Adaptation of Flexible and convenient, High rate of false VirHostMatcher,
frequency (ONF) viruses to host database-independent, positives HostPhinder
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Categories Methods Principle Main advantages Main limitations Tools/pipeline
Machine Random forest Learning from Good scalability, The challenge of RaFAH, HostG
learning classifiers; features of flexibility, and machine learning lies in
methods Gaussian model; existing convenience building a robust
neighborhood virus-host classifier that covers as
regularized; pairs and many diverse viruses,
logistic matrix building a host taxa, and virus-host
factorization; virus-host interactions as possible
deep convolutional prediction to avoid over-prediction
neural network; classifier Need further revaluation
graph convolutional
network (GCN)
Spatial Single-cell sequencing Based onthe Can identify infection High cost Flow cytometry
proximity spatial strategies of viruses and and multiple
proximity of  obtain viral and host displacement
the viruses and genome sequences amplification
the host during (MDA)
Viral tagging infection High specificity than Adherent rather than Flow cytometry
single-cell sequencing infection may cause and multiple
false positives displacement
amplification
(MDA)
PhageFISH With a certain specificity, The limitations of FISH with phage
and can be used to study  probes and can’t obtain probes
viral infection strategies  genomic information
Microfluidic digital With a certain specificity, The limitations of Single-cell
PCR and Droplet digital and can be used to study  primers and can’t obtain separates and
PCR viral infection strategies  genomic information PCR
epicPCR Higher throughput than The limitations of Single-cell
microfluidic digital PCR  primers and can’t obtain separates and
and droplet digital PCR ~ genomic information PCR
HiC sequencing High throughput, ability to High demand for HiC protocol and
identify viral infection experimental operation bioinformatics
strategies, and and bioinformatic skills analysis
cross-species infections
Microbe-Seq High throughput, ability to High demand for Microbe-Seq
identify viral infection experimental operation protocol and
strategies, and and bioinformatic skills bioinformatics
cross-species infections analysis
1.1 [FERER ¥, FLrh il oy BE D I RS E DR A T ok o il
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[1) J7 47 7 5 DR A A A v %) 3 B A S P AR B
R E BTERRGL TR . — BN F oA
KB EMRIHEEE ERARPE LR, BIE
AH IR B A [) i 7 22 1) AT 29 20K Ay AL [
(=

R pE R E S ¥ P cARE (I S
VRV K AR IR 855 555 VRI i 18 B 85 1200 o ) 9 75 g
F M . Lima-Mendez %t Tara Oceans 7% 3 [H
EHAEAS b B AN AE 09 e A B AT T
5T, H@RRVIRKF RN 5B PR 7 4
BT IEF AT TETT2RAATE 1869 X IEAH
KKF o Horh 8 X0 s 25 5 15 F2 Ak ¢
R IR R A . LBV 2 S5 R R B
29 A3%HRE AR UA B — I 1E T, HARE R T
9 A X ZE Y, Dutilh St ) RO
PN 151 AN AR A 9 7 5 DR 2 4 v J0)
crAssphage 2SI FE (A (1) 85 76 1 2 S 40UFF 141 20
&2 Coutinho 28 111343 B T Tara Oceans
T e R R A v R 5 3 2 i R 4L R0 2 R0 2
12 2% 9 B 1 DR 2 1% 3 B AH DG o 5 0 R 1 57
TR S £, X1 279 SRR TR AT
TAE FETO G5 R B X B B 32 L TR
A R R AT P

FE T = R DG 1) PR B B i T TSR
TR, HokE e TR RS F R B
SR RAC R BHE(E S B R By R 8, 1t Ah,
R T % B DR 000 7 B 05 Tl 26 0 8 A Dy ik
Ty e HER A R BT R TR R, T
HOZ H 25 35 By JE T B 0] )3 51 25 (8] 79 9] 1 2
B PSR T

SR T2 MR R, 150 T
BT, e, B EERIE A Bl
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AR . N TS 1E ) E B E (virus to
microbe ratio, VMR)%H F R R AL 55 15 A0
YL VMR 2 ZF IR R W52, aiE 3005
PE . R EERIREMEAR | B Y AE A7 SR I 0 PR 45 ]
E e S NS R S L O N T3
A=A, AT B0 B A S 32 09 =R B AH OGP
AR RARLR MR, 1 U B T

Hyk, siE e R EE A ERES AT
1 T B3 ——< 5 3¢ i F) & {1 13 (piggyback-
the-winner, PtW)AG Jj b T4 58 <R A0 A
F Bk (kill-the-winner, KtW), AN 4R 51
A B B, B Y A T SR M A 2
fiff P R e e A R R DR R e O S R
Ba b 5 i B IR 2 BE AR a3 T B A HS g
e, AR R B BB, AT S B0
R AVE R AR SR, fEEREE o
BEAIE £ AOA EAEH 252 PeW (R UEZ i if &
FH KW fE b 52 ) bz JL 0K 5 R 2R 45 v oK A o 45
A, T e T 2 A S BR T AR T AR R Y
Pkl

JE, PEREAS R TR I 5 vk | PR
DNA iy & & A 4l 2 8 E 9 H (multiple
displacement amplification, MDA), LI Nkl
15 BYRE SR S TR T I 2 TR AR AR
G, AR R ER SRR AR R E
SEM o AR OCHERSEBIME SC RIS E vk
ST 75 RE A P 5 b Sz WL 7 A e 32 22 8] B A B
FL %532 JFi & . Coenen %5 % JLAFAH S 7 1k 1k
177, & E R A B 7 AN R o8 4 e
iy b, YOOI PR T AR W 2 (R LSS AR EAE AT, BRI
(e oy A I 2 N NN 1) B S L k)|
T2 FIR B R 25 25 A R B R A,

LA NBAZ RN, BAREETEET
2 BE 43 A 5 2 Y v 0 AR B 30 B Y 1 3 SR
REST A BR , SR Bl & PR I A ) 2 i 98 B A i
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Xk PR B A FEAH B A A 200 A P
IR LA K = B o3 A i X 0 AR W45 D7 ik
SR, BCRTAR R B M 5 T A2 o0 A A 3T Y
PEMEE ST, Xt K Am PRI5E B 2 7 A = (]
AR B B HAT BRI T .

4 NBFIEREHEIFUAAN
N A

FE T 7 2 i 3 P AE 52 B v A AT
fAfE—Sen) i, BoE, AR EERAE EXR
TRAE R AR . ok, T2 T ORI e
J&FEF CRISPR spacers 4 E 741, 55 FlfE
F 2Z 18] 5 4 Fe R AR A7 R 45 A i 2R 55 BRI Y
0L, SEWRTE IO A HERG T . ARk, HLAY
22 5 A N TR R RO, DARR
FMEGETH R A R

JUAE S AL S T IR R — R
M7, BT ORI E B i T ] A
Yk R, FREHLER A T EX R 402
2 MBS RIYIN LR . X R — HYIZRTE R, W]
DIH#EM TG RSN RG0S 8 E, A%
K TS RAS o FH P A AT DA H 7 A F 9 A
JH A A TR RIS, B I ZRE
AR TR ] 1 X e s s m M b i A 1 4 E N, 2 —
PRl RGN k. BT EZmpLgsss ] T
H R, UERILARA 25R mil
RREAIUT A0 35l 1 U] Ak 8 R A g A R TR IR
JEE 4 R R 228 ) 245 L4V I 5 AR 245 112

Roux 5 Fl| FH 22 MR W AR EL (Inoviridae) i 7%
{14 5 DX 2L AR AE AN AT il 56 R A 2 T BT AR AR 43
Heti o LM N ISR BE L W S DR AL N 7 3
DI FEAS (R P4 B D A R ) S 10 295 224k
T [ W i ST S
Coutinho S5 FF & 1 #l#* > ¥ {'F RaFAH i 17
W EETE I, AT E SOk A © e AR
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BEMEOFIRENEORE, AEHERA R
A B IR D RH DG FR B8R s 7 B DR 4 R AR R 22 [
YRR I, 30K 1R R e T e A A B AL AR PR 23 26 48
3 2 S X o 2 R A R A R
RaFAH 7E 53 7 JE R 2 i 28 1 E N & R
GFAFRIL, JUHRTE T B i B0 b R B
%, Coutinho %5 F ] RaFAH M FRE% 72 3 K 41 Pf
B A % e 537 A TR R L AL, Hoh
AT 97 MEAIHRPE A 1L 7). Shang 4
Pt T e W A o R R (00 B A Ty
2: HostG, FIJ 195 8¢ 2 B2 41 A AL A 2
51 3 DNA JEHIARAUPE R 2 AR B 3, 38
45 BRI 4% (graph convolutional network, GCN)
[e] BN 2 19 FE AR A8 3 B9 2 A T4k
AL, o3 n EIEFR M 25 54 Be 8 1 e 27 >
FEREE R R, R B e R TN
T . XA IELENN H 45 5 0 REAL A )
FE TR 21 2 N 43 IS HE B AT 2 AR 1) 3 oy 1 1

ML 27 > J7 LA B TN U B AN 1
T, WORHAR & 1 A J B 5L DR 2H Y Al
a5 F T, SR, AL T AR O AE T —
Mg R rds, T2 ] RE BT w5 2 FEAE Y
R E NS ERBE A S EROC R, s
Ak 5 2 M R B8 A i Al B S O B o X
B A A A P 5k TR 2 A 42 0 DA B 2 FR 75
ZIEAHEAE AR, 2 A R {5 S 6
e w T AL 7 > e I 2, ddem 17
IO A R %
5 WEEIVERMER

A B DT R W R S T O 2 — A Ak
T AU W T2 000 Jr v o XS AT —
IR, FERRAEUUT IV, AT
S 5 VE AT REAAAE R PR, AR Z 5 R
REAEREARAR PR A 32, (HIX o i IR i g S
T R T 2A Z R RE 0% S WU O R I

WA AR5 B0 P SRRAE SR AE SE BRI A
AEARMESCIL . Hok, W F ISR B 2R AR
REARMIEFEAA FHZHE, RTWREEME EZ
] B A B AR AR AR w2, A 15 B
207 VR I N AR AR K sz B T RR R, H A S
AR E T 84.7% 195 B A BE VC FiC B AT AT AT B 1Y
(FEX IS Y= 3 | A I NN 3PS
A DR K B[] ) b B B 5 PR 3R S ) 1
ARAE T SR AE R R 4L 1 Bt A4 5 5 R 7T R
SN T A B T 5, AR IR — E BE S Y
A AR 2 2R G0 s 7 A7 2 B S AR VR .
AR, —RIETHEETE EY I G R
) 32 720 Sk T B PR R R SR B 1 g
T o 33T vk A R E R R R
MRRAEZS R BE B e e, s e BER
SR R S E R R, IR R
fE FRP R . XEIERRIRHETA
MRAF B A =2 B0 P LA R 4 A A 8 9 1)
[ S RRAE , ELAT Il Sy 5 IR R e e
FWERE T . BT E R Al s
BT R R AN P E AR | R RS
WD AR RS . IR ECT PCR. R EL
¥ PCR. 4l flA SR . Microbe-Seq
AR HIC HAZ,
5.1 E4HAEN R (single cell sequencing)
B R 4 AR R AR A AR K B, X
20 e PN DR A 8 B i L R A T R D )
Ko HRELFAFARMEL, S0 AR AE
TF 5 AR P9 312 B DR 2 4 R g i () A B4R FH 55
JE A AR R R T A I T 4
AT A2 B N T A R A T AR
L JER P 2 240 L 1 9 A B 0 e R ) Ak
BN A AR B 0 T IR R W o
W, BE A CH T S AR AR R R i 1 5 A
M2 —, TR UL IE 5 R BT A A
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B PBUG T — R

Roux 55 1| FH B 4 A 0 7 152 AR DAV VEfIK 4R
XARAT T 127 DRI IR AL A TH SUPOS JE A
69 M EE RN AL, Hrh = —iTE E 4
IR FE e . DFFTIR SRS T XU DNA i 8
FIEEE DNA a2 7] —fif L3t g™,
Labonté 55 B 5% & IRAE 2T b, 9l 25 K
Ju R AR L2 7 BT ALY 34.5%, BESEIEE
WHGE VIR A ) EROAT] . e
BRI RIS TR B 1) S5t A= W s 3171, Jarett 251
TR K B B UL |12 R A E IR IR
AT PR B a3 1B ) 130 i Wy H 2
JL, W e B v D 43 22 =R A Lz D g — b
W EE Y o G R N A 2 A i e X S B
BHESNIFAEER, R X e al BRI
PP A TE D7 2, SR POW BB IS A 50K
%[68]0
B LI P R W AFAE S — Bk . R
2 53 e 4 AR BE A5 MAR DA i v 23 B 1 B L
AU, X ALRE T A S AT BE A T M ER
Sirhpe e AE FAFEICE R T A, R
BRI/ 1E . A BR PRI, A EATI Y
X OB A — I g AR 8 TR
5.2 fREFRE (viral tagging)

I BE AR A R — I T EE s SR fin
7 BRI TR FEEN T . BERAAE
M 25 T 1 1 7 X B A% R iE A T 2R i
JEEAEE PR A M TR SR, Y
W TR YL IR TETE B, SZIRYL A Y A MR AR
e YOGS, AR JE 8 A 28 I U i e ek g
K ZR B ) FH O = A A A3 28 4 AR H A 20 i 4
TEH K R RIR AR FELLE 50O B R
RS - B 48 2R PR b rp R e i 1 i 1
bt i A B e H R B Bl 4 B e
bk S o BB ORI, e BE M e E A
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FRFE AN BAAFIHIN . HEDR R A
OSSR B 1 B . PR B R
19 7 DA S R Hho i TS TR O OC R
A HFBUY,

Deng 4¢3 1 B8 XA R X sEbR B E AT T
Bk, SRRV RN R B A R 5
BESE  k— 3, FEZ ST, Deng 4§
AV K BB TR 45 107 BRI IR
PREER ARG SRR EE, H A HEH O B bk
R FEE TR T RIRER ST
(135 1% Z e U2, Dzunkova S5 F) FIR BEpR &5 1
ARAFAS ) N 2 AR A A5 J 004 T T ARic N Ag
SOy, SR 363 X #E Fl 1
FIRP KR, WHE/R TIRE A REA R AL E
IS A KT 3 PR RS 1) S AR

RS N A — R bR T LA
PR, &8 T kiR v AN 7 5t
EAT SR AR F A3 r o B 00 1 3 40 B 1 SR e £ 7
Sy, DR PR v v o R A A A RIOR
B FREEREE B, W RbR IR 1
FEAE N RE S0 BE UG M U R, PRGN R
R Qe T AR T BRI L. BJE . NEE
T4 L %) Py B B A FE T R SR PR, TR
FEAEAR R VR, X — o R R R
iAWY
53 TRBRAIREAZI (phageFISH)

2é )6 L A4 A& (fluorescence in  situ
hybridization, FISH)J&— 357 45 & A4 643
THREN 5 AN A R P B 42 28 91 3 2 't (i i 4
W AR . Allers % 7E geneFISH 34l I JF
JzH phageFISH, AN {SUF 20 A (4 G 0 4502 i it
KB 40%FE = E] 92%LA I, HRES [R] A4S I A
A 15 11 975 2 AT B JR % AN R P )9 2 S TR LA B
5 rRNAUY, 41, phageFISH i@ it b f 4
T 3 200 BE AR X0 B 1A B TR DUEC, AT
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0 1 3 P Ak R GLIR S
JIt SR B SR e e g U4
phageFISH REASTE A0 FR35 X0 s 7 I g 2
Z ARG O R AT REVR KPS, X EREE
Y5 B AN TE R A S A R A & R HE SR
. SR phageFISH tAFE—ERIRRE. B
JG, phageFISH KHi5 | W45+ R %t 88 18 3
HATAAS, BT R I AR AL A Y B R
SRR BT TR AR T, BRIAE S BR Y
P 52 BIAR KB BR o A1 2% 58 R 4H 242 4 R
B w1 AT R 5 | 90— e R BE B ] LSRR AR
WM ERRR . Hk, W TIEERERE
ZH)Z % phageFISH Fir %22 (0 251G 61T
YiFp e, L phageFISH X 75 15 32 % E 1Y
Gy PR TR B RIS A5 W BT 55 Y
YIRhRE
54 WURISHEE PCR (microfluidic digital
PCR)F;%:#E# = PCR (droplet digital PCR)
B4 HH% 2 S0 (polymerase chain reaction,
PCRWLH ] T s fE F 450, Hh a8+
PCRUPTRIH $ T PCRUCHR 2 284 i
IO AA £ 7 PCR I O 4508 1 K 4 B A 43 1
L NE S, R — N NERERA -
i, XTEAS/NE R T AR S, L
PCR HARBIAIX/NEH A DNA JEAIHA T8 1
AT . Tadmor &5 FHAS [R W &1 44 7 25 1 5 | 0
fii £ 16S rRNA FE[H 51 930 ot 45 /0 = H Y
DNA BAR#HFT PCR 473, 4 W] isf 4 D0 3195 75
it ERE S, BRI af oA =g FldE 35 A0 sk e
RF, A BEFE )RR S AT P 3 e
FP A3 BN BAET, BT PCR PR FE & b i 4
L3 HC B v B K R R T R R
07 PCR LR, 1 240 i 24 4% A1 J5 22 ) PCR
F A ERTE WO T AT, fE—E R BT
G0 )35 5 R AR T ARG Ay Jl A O

IR ] HERT 9 2

WO EL T PCR AR 47 PCR Ji ke
— R H sl i e B e R TR, AR
WP 85 5 AT LU # A fg R T dh e, 46
VAN EEE R E R HEAR A, X 2 ROy
2340 B8 T T D0 i 1 8 R R S, DA
KA AfE ER AR AR . A A 20
fJE, 5 phageFISH 2{bl, 4% %5 PCR i
WU PCR 5 ik [ 52 BR T AN [ 2R 1 i
B ARG, BAh, A8 AR ik
TR SR IK 2 T 7 V5 AN AT 2200 1) S S ] 7
5.5 HHAEAIRLE EE AR (emulsion paired
isolation-concatenation PCR, epicPCR)

YR A FE R R fe LR Spencer 454
WU T @S E Y A A sy S I BE 2
] AR 2R o L Dt L 1) D 98 0 it 455 2 A B
MLor 85, FEWCE N A Zh Re B 51 Fn 16S
rRNA J K 5| W8 (A= 905 2 19 1) e 25 TR N
16S rRNA FE[R %4z, lid PCR I il
1 2 AR W 08 W o 28 e LV e A RE . 4
i PN il B TR A AR i TR A A R G A T
fta? —— A Ry R A R T RE Y
KA N BN EEHEARFBZ U, 2021 48,
Sakowski 45 ] I TR 1K 4% W5 A% IR 340 i Tl 3 A
(ribonucleotide reductase gene, rnr)5|¥)E 1)
REJELA 51, 5 4t P il i DR B 0 ] i
B A U, DU eI g TR R
Flazim i, HoFRas R, TEVIE= R v i v
F B — N7 W0, SRR T VA BA e
FE e EE ) 208 &, HAH AR 53R
FAETS, A1 P il DR AR R A B S Pk
H e 0 A A A T R R, iR
TERFSE0E B 16 V0 | #8978 52 e 5 —18 FAH B
VT R85 0 A= A5 5K 3y PR 3R 25 07 T o B2 1Y
Bl SR, I EERAEE S HA AT S 1
SRR RBBR SR &=, AL, =05 EE
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15 F 0y R A E B2 A 2T 514 PCR 5
Er FISH BRI EETE 12 %€ 77 1l A7 78
4 [ R
5.6 Microbe-Seq AR
2022 4, Zheng SEHEH T — R i 1 AN

M FE PRI ZH 0 7 42 R Mlicrobe-Seq, I F7E R #E K
SAEAT A R AT e, B R
TR FANE BT T3 T ) B b A0 B AR R
W, SCE T EE SRR, HR, AR
PEFRZE XTI BT DNA 4 1FR 10 IR 50T
to J 8 S R SR PR A A Ak 1) ik R 20 20 % )y vk
M R AKCE B PRI R A5 B BB E 2
B AR ELAE o & RIS 55 1 B 40 3 4 AR
14 4 5 D] 2 00 R A I 4 e R 1) g 3 A 4G
R, TERREETE A A A BRI ).
— 7, AR S AR 2 (] S XoF VR 1A i B A
6 7 DNA #17h5iC, 5% 7 wees 4 n PRl
Ji—J7 8, 1R R =y ALk Y 2 R 2

HASREME ARSI B s E RN AF R, B
3 L DR A K- 50 5 2 A 2 O A LA A

(A1t , Microbe-Seq 75 M55 9 5 27l 57 5 T 2
T PRI 5 o
5.7 HiC A

HiC (high-through chromosome conformation

capture)$2 A & — i 35 PR 2 i R R ke

kwEmHEE 4 REAE AR, KB
Lieberman-Aiden 25 % H % B% FHTF97 B A%

AW N SRR L7 S 22 R AR B A . A
T2 IR AR B ) B AV Y 0 2 () B A O
) DNA J¥ 41 A 752 B [ 5 , 38 3k BRIk 2
fifg XA ] o 5 ) DNA #E47 DT, S8 )5 1 DNA
HEREEE X AR IR A DNA A B 8T oK o 1k
TPIRGh , e A AN FGE B2 A IR I A A
Ehrid, $ﬁ%mﬁ¢%%ﬁmmﬁﬁﬁﬁ
PEATEE RN Y, B i A W5 B A
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eSS el e Rl TR s
Lieberman-Aiden % ] HiC #4417 4
RELODNE =~ TS KR DAY
H1C?§Z7I<X]‘?:
WAIRE S,
AR, WA BT I HIC FoR W]
T 5 5 BlsOR 5 AR I AR W e B AH ELAE
FH o HC g HR G B 70 IR 15 3 0 M ) i A
SR R ARE AN, SRS E F
FERATEAS 0] Eagdir, BIeT DA HiC 4
AR B A F2 I R AR — e, el
D 0 A A S8 27 ki D 8 R i 2 =2 1) 1Y
LR
HRTA NECR Z W5 FLH HIC J5ikxd
IR BE AT T 18 2 e FE B e EAH AR
i 5 . Marbouty 551 UHH HiC F2ARE T 71
SR o R A 4 1 R e 5 R Y Bickhart
g = AR A HIC B AR M 2F 8 1 i % 5E
188 X #E FlfE 2 AR &, BF90 06 K B
BAVE EZ AR HIC #iE, KR X e
77 7] A8 Tk R R R 0 A g O R
Marbouty 5 F| ] HiC £ AR MKW EFE i &
i 25 6 000 X EE AT X RS, AR
FZHAL A T HIC J5 3% SR VT K RE R 4 e A=
RGP R EE AT 118 FEE, YIS RERY
ok 7R R A E R AR C R, T
o AR S g O ol 2o [R) L T AT CRISPR
spacers XTSI AS RN IEUE . A (R Ik e 56
FRA R O A BRI s RS B2
ENIIE, XWR R HIC ) ke IR EE R B 0
BEIYTE EUE A B AT REN . U
FI BRI HIC BORTE P05 B 18 35 %5 0E F
B 1A A BAE S5 IS b HA R0 T
Jio B, METRESAEYFE L), HIiC
FARAALRE S TE W) Fh K P E s 35 FAE 32 =2 1]

XK R M EAEH .

PR 1R
] = 4 K3, X R
] B 55 45050 i DNA B AR 4711
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FIXTI DGR, I B T I PR 45 v i 25 1 5 g
YA, vk, 5 I A S 1 B AN
W B AR TR BRI, HIC BARH
O I S A R RN R R AR . BAh, S
TR IE ST 1 HiC i He BO7E F0 s 2 AE 1 7 U
THE 2 5 10 PO B B 0 55y 1HI AT B
AEEENAEREN, BXIEA R TN R
WE. BRI, H&F25 A EE & AR 9 0], HiC 7
PRI TE F40M A B DNA /9 HIiC A fE
B2 F 15 = DNA 5948 DNA WiEE:, )y
B R 2377 R S

6 MEEIRNIAERELESE.
BEAEUREENTREA FHNA
) 3
6.1 HEHRFENENL

3 2 A0 40 L 2 i P A R () A — B A i
5 e Ak G B R P E R R, H A OC T
R IE F 8 3 AR, (1) AR
VRABLADE + g 243 A VR T 40 TS 8 iy 2 300 1) 2t £ 400
Ji—RNA; (2) BAGMRUL: 55 B Al i A
BRI 5 (3) BEIRARUL - 95 7 kS U5 T N 25 40 g
il ) A kAL P D I, ARAS 4 B 32 A2
RE 1 IF A B T A A TG AR a2 R AR ke
VEANE AL 58 01 AR B AEIE, T LR
22 9 I 8 UE 5 7 A 1 5 40 M A9 st 4% A e Ak
PR TS EENEN, Wm0
W b B 2 B2 . BARR AR RAT
T2 P 3 3 45 b 3k ok e B i A A 3 2 ) g
AR CRE AL DT s, (R T R 20 B B
Z 15 A5 B O R g B AR W 9 B DAY R
B, o5 B R 28 22 ) A 2% A 1 A G
YA B EIR G B 4E 4 . Rk, s
BRI 3250 Oy IR T BB & A S A 5
i ESEE TAE, A BT BN 8= 42 m

Ve K 9 B F1 A 2 00 B L I 2%, 3 T Oy 37
BE RIS T2 22 0] 52 2% (4 R EL A R 2 1 = 33
Tl B A F S 1 B S
6.2 WEMHHEESYN

AR Bk b T s AR AR, TR
AR ER A E RS R, P A
HAE RIS MR A S R GE A T R, R
IR I T B SR 1 5 A B 00 4l B A T 1
(AR SR RN A VP 2 R E SR . R
S F AT S Al — AR AN, AT T M A
AT R G A A B 2 R R R O R A
o A A 2 LA R A A 2SR50 1 R4
DA 7 v 3 B B e 1 % o TSR (ATl ) M
HmdE A, YR, ReEs Rl
AR GRS RUAEY B AEY RN S0
—, SHEHREFERINL 0.3-0.5 GtC (1 GtC=
10" g B, 30 A DT I 2 5 TR A0 8000 o 2
H B AT T TR R 2 DR AL AR R, A A
B 0] BEIE A FLIE A ERISI amoC BEH S5
1 F BRI, MO R 4 BRG ZOC R G IR,
OB G T 45 7 A B 43 B bR O BIF T 45 R 3R 0T,
SR P P S8 0 SR 1 9 5 R R 23 B A S 2
ff, AR e s S AR T RERY. A
M52, WEEME R Z AR E A 2R
HEER, MASRGEMEERITERIGH "N
S AR, T R RN A 2 22 (AR O R
JE A S A AR R T AR, XM
i F AL T AR K AT R PR
6.3 EXITFNFER

I3 B 1) T 5 0 AR PR B KU PN A W 45 T
TR FE A B AVE . R IR E R K
SE 2 — M R EE T B sh S oo, 7E
Z: 5 Oy HE R OK P % vh 45 06 A
L USRS NS FIK 7 258 30 1) 52 M 558K 1Y)
AEFER, AnPiA R BUrE R R A EE ) R A
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ARk, Bk Z R R ESS T4k
RPN TEA WA 2B Z B s, 2
PrA: RPUm S R B s Rz —, HFHE
AT AR R YU SRR 5 A\ 805 3 % V1A
TN AN R AN FR A W Y
HBEIH T, o A 5 S5 A e e T
HEEIREM A . XX e ag M H S =0
REME, TR 2 R 80 S BUR T Y K
TS, WNE mATTIURE, A BRHS B BO
R IR I 0 D) b T ST a4 A IR AR S
WK R, XA R TS EB LR A E
SEOMIE AE A UAT, DT R4 7 5 A5 XU AH DG Y
J DRI PR A i ML S R B, o B e A=
Py 0 3 R 28 A O B A P B S
6.4 HHYITIERA

Rt 5 i AR 2R T BOW PRI AR ) @Y H 5
R, VAT A 2= P 2 e B A 9 (8l
WATHPUAE R ROHZE LR AT IR &
TR A BT AE 2 ORI T AR S Wi
BRI BIRYT o WETRMARTE T A T e i g
T2 500 20 TR T R B IR Y S B, B
Je— Rl R EAA T R RS A AR P A
BMFHAR, BMERRTAELS, et
RO I SF A3 H T8 J A 4 %o e 7
TRBTE AL, 2205 AR A R XS R I T
e H TR R AR TR T B R, R RN TE
T A4 BORA B T A TR AR T
PR B o TS BTl E A HOR
(Candps B m 28 ) WT 908 1 04 A 323 Bl R o i Je%
Y SR ARONE 25 T RIS, SRR 2 1 P T
HARIBIT IR EE NS HEN.

7 REREE

IR B A B R SR /N T R PR T
SN A, T 7 o 26 2 ) i 52 2 AT

<l actamicro@im.ac.cn, & 010-64807516

W EE AR OME AL, WA SRR R A S A
Y5 . AXRGLA T HEG LR IR R
M 78 5 ik, AR AR BAE O (Rl
XF . AR DT S AE L e EE AN TE SR A A
FEC L AR ) I T 5 A1 £ B4 Al
BRI BRI, XA
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