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CRISPR/CasEFAmBEF A MRFER X EEBEHHINA
THELRNME, T’ BB, TRZY, shag!

VIS AR B AL SR A AR T O, AR R R R A B AR G T B SRR =, 651100097
4 BB A o el 22Tl bR 25, 7 57210000

WE: K285 KA R A AL BRBE VA A Ao T TR 69 7 K Robeik BOEAEAR B 20, nig T Kb A R A=
AR H A 69 AZ . TR S4AC A ITA CRISPR/Cas9 A B 40 % BB KR ) &L B F % A shAidh . CRISPR/Cas9
FGET A 69 AR R ADRNA K 48 5 T 2 6 9 2] A B LA DNA S, Sid i 3F F) IR R i E(NHED A= Rl /R £
28 (HDR)AUH] AT I BASA6, Afn SO R 20 ¥edm i ) 69 2 B 8k . R4RE A4 7 CRISPR/Cas & 4t 45 4 &
VBB 522, it T CRISPR/Cas9 % % 6 ¥e. 5 30 % . BL¥esl 5 vA & Cas9 R Akt ik, 32 CRISPR/Cas9 % 4t
FOEAE R RATT 547, RE HA1iE @ L T CRISPR/Cas93L K [ AE 4 + 44 5% # j JF it &, F+3+ CRISPR/

Cas9 & SRt KR Ao L AT 7 HAT T R, A B AT RALY R B LG 507 @ 09 AR AR RAR S

X %#17): CRISPR/Cas9; 4 F 40 %4 t44h

5= IR 2H % 48 (genome editing) 5 AN a2 75 5= K 2
IKF_EXTDNA T FIHEAT R s B FHAS I (1) 4% 1
EROR . IEJUER, BEEZE RN FHEARMA LS
S B4 1 A% FR T (sequence-specific nuclease,
SSNs) s A& Jig, 26 DR 2 g B 4 AR gk N 17 PR
RIS, EAERFThRe A, EVMEIT . MY
WL RNy B AR T T R AR HEER

201 ZE8OLEAR, Wk 7T AT AT LA H 7] 95 52 24
(R 7 R R0 R s I 2 PR AT SR I 2 1 . EL 32002
A, i DR 2H 9 B2 RAXAE 7N B (Capecchi 1989) 1 5
g (Bellaiche % 1999) 45 /I £ 47 M v S EILHE [r 2 115,
HACERAR . #2114, N TAXIREESSNsH R
R H IULFN 56 38, 45 25 DR 20 9 8 1R e 0% 0 B
YR A7 r AT R SORURG M ) B 1) G R, AT A
FFUCTE AR BA T2 (1) 5 i s A S ANE -

H A, SSNs 445 I A% R N V) i (mega-
nucleases) (Stoddard 2005; Smith%$2006). #¢5#%
I Wi (zinc finger nucleases, ZFNs) (Urnov&£2010;
DavisflStokoe 2010). & S K1 RS A%
I Jiff (transcription activator-like effector nucleases,
TALENS) (MoscoufliBodganove 2009; Boch%$2009)
A % RSG5 1 A0 A8 ] g ) % [B] S =2 K 7 31 CRISPR/
Cas % 4i(clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated Cas, CRISPR/Cas
system) (Bhaya%$2011; WiedenheftZ5$2012). ZFNs#ll
TALENsH AR EHMERE K. A, CRISPR/Cas %

G S L DR 2H S A H T HAICAS RS 1 AR
M, fEAEY AL L R A1 B R B A B R
{6 . CRISPR/Cas & 4t A DNA X% Wi 4
(double-strand breaks, DSBs) i 3= Zi i AF [F] 5 A&
Ui 1% 4% (non-homologous end joining, NHEJT) &Y [7]J
i 2H (homologous recombination, HR){] J7 21715
& (Trevino#1Zhang 2014; BortesifFischer 2015). i
X A 7 AR FE E, CRISPR/Casti AT LA
R RRA & e a. BahFX. 4R+
GRtE A0 NS ARG 7 51 A1 R B 3 X 523
JE RFERI R R ARG OE RUBM . BRIt
Z 4k, CRISPR/CasHe AR ] W ] T #2171 i A
BB . BRSO EE . BRRNAZR ., £
3L [R] il R 25 77 THI(Li%52016; Cheng452013; Abu-
dayyeh%s 2017; Zhang%52016¢).

Hrp, IIAICRISPR/Cas9 REL CL) Z N H T2
AR WREATEHREMED, R
TN H P gRNATRIAHE, #1120 bpR¥EA7 £, il

ks 2018-10-12  f&E  2019-03-15

B/E EXARREEES(31800567) AL AR MRl R A1
FrhE 1 8% T(KICX20170203 MIKICX20180201). b
HTT SRR FE S EIH (6192007) 4 5L 2L W3
s E KI5 (2018Z2X08020002) K1 [F 5% # A HF & 11Xl
(2016YFD0600104).

* JLEPEAE#: 1% 2 (wanghongzhi@baafs.net.cn). 2L

¥ (weijianhua@baafs.net.cn).
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L TR G He e o K2 1 gRNASHE 22 2 i3k 0
SEPL T CRISPR/Cas97E Uy fig 2 (K 20 I vy i & (1 B
H, FH AT LASE 2 88 s 8 4F . CRISPR/Cas91]
DA 55 i 5 DR 26 o T A P 2 R, ] DL o 7 [
— Gu i b B ) 7)1 A TR B PR RS B R A A
SEMEE R KRBT AR . B e E . A
X CRISPR/Cas 2 4t I 465 /4 Fl 5L B . T CRIS-
PR/Cas9 R G [ 58 SRR . BFEAN. . Cas9RAL
A4 [ 97 1% UL B2 CRISPR/Cas9 & 45 [1) 3¢ Wit A% 1 32
ST TR, FHEER T RS 1) s
R .

1 CRISPR/Cas%& %

1.1 CRISPR/CasZ& G451 R AERHLHI
CRISPR/Cas £ 4t /& 41 b Al vk 25 T A4 A ) — Fof
FAFE G BEMLA, 75K L150% I 4 B F190% ) iy 2E
FFELEE IX Pl & St (Makarovag52015). CRISPR
PR E R MR SOT A% Do McREER
# (Streptococcus pyogenes SF370)H] 81 7 Type 11
CRISPR/Cas9 A1, CRISPRAV 25 i H 45 i) e &
TR 1) .52 7 ] (repeats) Al 1l b5 1T 51 (spacer) 41X,
F—NEG T LIFETS 78 (leader sequence)fE
MR B A B CRISPR T #1653 7 A2 4E 4w i CRISPR
RNAs (crRNA). Cas [ 2 £ /£ CRISPRAV £ Fff
i e SN NE N 4 I S PSS SR A
R T RE Ik crRNA 55 [z 200 [ trans-activating
crRNA (tracrRNA)ZH i [7] FRNA (guide RNA,
gRNA), i 5 Cast& [l It 7 2587 - PE D) ENE
{ZDNAY] Wr(Brouns252008; GarneauZ52010).
1.2 CRISPR/Cas R HIEAZT A
Ishino%5(1987) & IX1E K 4T # (Escherichia
coli) K1 2G50 1 i 195 T 2o 8] F PR IX 3 A 3 T B4R
S A% ) o PR [m] SC L 27 1) . Mojica§(1995) 7
S A 24 0 o 0 A ORI T X — SRR T B
Jansen5(2002)#fi & CRISPRAH K [ Cas K R & F
DNAFE & 751§ #%. BolotinZ:(2005)#F 52 A\ 51 &
PLCRISPR [ [8] K& ¥ 41 5 1 3 1 (15 7 DNAJT 41
e P TR, AT HE U I LR Bk P 410 T g 5 44 T 41K
PUAME ALY BN AR B BT AL A 5C . Makarova
25(2006) 4% Hi CRISPR A g i i — R 2K oL T B A% A=

PIFIRNAINLHRAT )2 TN EE . Barrangous5(2007)
fifig 7 CRISPREEJ7 5|1 Thfe, & R ILIFUE B
41 B4 1 BE F FH CRISPR % 4t Xt R BT B AR AN 1R
Marraffini%%(2008) X & B4 1% CRISPR £ 4t GEFH. 1
HMIE TR R RS, 1 UCR] SR8 56 UF T CRISPR &
LRI EE . GameauZs(2010) k& B8] b@ 7 41 i8 &
Cas9tJ#| HFrDNAF 51, Deltchevad%:(2011)H &
5Cas9 L BE M HerRNAFflltracrRN A & 2 g & T %
ff1sgRNA. Jienk“:(2012)# 5t F| FJCRISPR & ZifF
T & HAMNTFI R HFRDNA, I3 2] 715 1%
DNAFFE A7 s IR W 2L, I 5 RNA A 5 1 2k
DRl g B8 1 Bkt o S B JRR 48 3L T 2% B ok B S e
Z [FIRan%5 (2013 )i 7t < LR [ Cas9 V) FI g R 2
e AN o [RIAE, TR RIS i 5 2% Bt George M.
Church? 58 5256 2 [F] I & 3RS0 H, Fesatod 1R A
CRISPR/Cas9 & 4u1E N 40 A/ R 40 g o e Th 5ot
H b5 5L R SE I T 8 2 48 (Cong®52013; Mali%s
2013), MITF S 7 CRISPR/Cas94% A [ #4] .
1.3 CRISPR/CasR %43

R4 Cas 3 [R] 1 43 28 A BH 38 52 A 90 1 ol
CRISPR/Cas % 4t 1] LL 73 AR, IX P KK —
I3 N6, H HARAS R A REE (1 Cas £ A
(Makarova%52011), Class 128CRISPR/Cas &4t 1,
Frtype I, type Il type IV=Fp2RAM e l& £
FhCast HE &WHAT TH. Type Ifbr EPEE
seCas3, ‘B 45 & HAh R a4 ) D) F) S MJEDNA .
Type 1A R 4RI HBE R E A4, 10 SR o
45y I Stype TEARHUARIE: . Type IV R G
KL T Cas5. Cas7HICas8[K & H N S ICRIS-
PR/Cas % J% 25 & R (Koonin%$2017) .

Class 22ECRISPR/Cas & 43 &type 11, type
V. type VI=FHEA B4 o B AN RO B AT T
. Type URG 2 &) 72 FJCRISPR/Cas & 4,
Cas9%E )& Ttype TI2RAY, "B 45 & B XUBERNA
(tracrRNA: crRNA) =G #E N T4 i) 518 3 M RNA
(sgRNA) L% IR N VIEG 1) Thie, L&k e A
TAEH S I T H . Cas9il ik PAMAT 23R 51 H
FRDNAF 1, 5 7E 5 MIRNA 15 S N 5 DNAH
AL, CasOTEPAMA £ 1) L3i73 bphb = A= XUHE W
2, Type V43 AV-A. V-B. V-C, 43 5IINHSE 2087
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/& Casl2a (Cpfl). Casl2b (C2cl)FliCasl2c¢
(C2c3). HrAtype V-ARI [ Cas12aA 75 EitracrRNA

XAy AT AR B AneE Bt HA2WETE £ M X
. PAMAL siB RIS, crRNAFH ARDNAZ [H]
TE B FE AL X, V)EIDNAXUEE, 7EPAMIZ i 4 71 7=
HESHNT bp A A XUEEWT 2 . Type VIRG & H 24
RxxxxHZE 5, 1% 863 7 02 FERNARG 3 W17 5 25
B AN F AW R (higher eukaryotes and pro-
karyotes nucleotide, HEPN)Z5 &, H A Zmfd &
HEPNI¥) 253 85 1 Cas 135 H fthclass 2548 & A
[, Cas13¥)#| BLEERNA (ssRNA). Casl3/f
crRNAZRFE 47 H brssRNABE, BN FEA TR 2
tractRNA[(1Z 5,

2 CRISPR/Cas9 & G AU4E SR

CRISPR/Cas9 &4t & H 1 W H i M) 72 [f]Cas
FH, CasOXIAFIBE S IPI IR Z IR K. T2
M2 Ji T #E F-75 FECas9 il i e it 25—, ROt
ITHE S TR E . Moreno-Mateos5(2015) & HLEE
B G = ART LI hnsgRNA [ A2 5 PRI 5
Chari%s(2015)7E 3 11 40041 2 FlsgRNA [ HE il
IR T sgRNARIVE S R 55, HRTE B PAMAL
R-UALE AL, G a5, TR 2 . BhAk,
A V2 F T sgRIN AR AE 00 A0 e #2467 25359 530 1)
BT RGRD. RIFIE TRETARERK. £
TERFAEFI P L . 25—, fRAbsgRNAE ZL)7 51,
Dang%5(2015) 7 53 4 i sgRNAZE K T 104k 2,
FKrsgRINA H 3% 8 i fig ma g o 1) 28 44 R A2 N g
WA T B S RS 28 3 R AL [ sgRN A 43 CRISPR/
Cas9 R A MR FRRE I3 =1 T K 50%. 25 =, itk
sgRNA KL WL . XieZ5(2015)F] H A ¥ I RNA
AbFR R G, 38 iR A b D) RN A IR (1) 9 i 2 1
CRISPR/Cas9 R 4t [ B[] 14 A1 22 B 4wf e 1. 2610,
18 FH R SV B B T I B Cas ORI () 2 ik . FEK TG
H, H UbiquitinJ3 ) ¥ AR CaM V35S 5 81 30 %
w1 (Hu%52018b). fEMLF I+, I CaMV35SIE )
Cas93EFITET AR A THR GRS A 2liA 7 BN
ST R R AR (Feng52013, 2014). SR, ¢ 51 4H i
B SV R B T Cas 9155 5 B ] AAET ARAE

= AR (Wang%52015¢; Yan%$2015; Mao%s
2016). Feng%(2018)i%k £ T KB H 73 B4R e FE K]
DMCI) A 8T H T I8 Cas9FE R R, HetbfE
JiC A STPA R R SR R A G e, T ARHE R R R A
60%~70% 140 & BOWAFE AL (R AR . X FH R fE
R E L BT AR, S 1 TR PRI 2 1) e Bk

3 CRISPR/Cas9 % %; B4 it #5355 iy

5 D] 20 o 8 o AR A R R BRI A 1
BN RS T AR AR P I E], PR A T A
()54 X /= CRISPR/Cas9 & B B [ 5k . 0 T
CRISPR/Cas9 &4, 1A 1 1) sgRNAFIAX R 1 5%
A BE A A B PR I O AR B A SR I R AR . B
TR T REMADE S T HR R &AM sgR-
NA, Jf H—8 R o & kR 76 BT FFKCRIS-
PR/Cas9 7 43 1) [ A5 BE 14) SRS
3.1 PE{ECRISPR/Cas9fit #0551 H 5 1%

B R A P A TSR TR H AR R,
L i S0 U ) )X 35545 - CRISPRscan, E-CRISP,
CRISPR-P, CRISPRdirect, CRISPR Design, CHOP-
CHOP. CCTop~ Cas9 Online Designer. sgRNAcas9
FICRISPRseek 5. [ T X Leid@ FHFE T 2 Ah, (71
BV AL A FLF i Cas OFFinder, CasOTHIGT Scan
S, TXELFE R AT DU TN A AL a5, H o LA
T AN T SRR AN k. Rk,
FALTREME FIRN A J A 7] B K], o0 [F] — %
BR] FR R [ S5 131 %2 gRNA R IAHE, T Be 4 1E [ —
R o P2 AR g (MikamiZs2015) . FuZs(2014)4)
TE K gRNAK E /1 J5UR 120 bp#ist 17~18 bpH]
DA RCH D AR I FE 26 . A 1 gRNABE RN A AN
DNA Z [8] (1) 454 Be FEAKF — 2 A2 B2 AT % 5 — >
FrE 8. A4k, 5 N CasOFIgRNA [ 77 V2 RE %
S i B SR AR (R . Cas9MIgRNA [ Bk 22 1k
(I mRNA T 25 ) Bl ff B Cas9 2 [ flIgRN A
AP K AR BT R 1A Cas9 R [ I 7 =X, X L83 it
IS HE A 22 BB 1) I FE TS M (Kim2562014; Woo%E
2015; LiangZ%2017).

PAMA 5 )RR S MR A 242 82 i CRISPR/Cas9
YN EI R . BT Cas9ZE T4 RUH 1) T [RIRN A%
FREEA K T PAMT B 2 11 . SpCasOFlVRE H,
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#1 CRISPR/Cas9 sgRNA T H151]#
Table 1 List of software tools available for CRISPR/Cas9 sgRNA design
AT AR FERHIE IRR] 3k -

CRISPR-Plant Efficacy prediction in plants http://www.genome.arizona.edu/crispr/

CTISPRz Efficacy prediction http://research.nhgri.nih.gov/CRISPRz/

WU-CRISPR Efficacy prediction, Off-target prediction http://crispr.wustl.edu/

CRISPRscan Efficacy prediction, Off-target prediction http://www.crisprscan.org/

sgRNA Scorer Efficacy prediction https://crispr.med.harvard.edu/

CRISPR-P Efficacy prediction and Off-target prediction in plant http://cbi.hzau.edu.cn/cgi-bin/CRISPR

CRISPR RGEN Efficacy prediction, Off-target prediction http://www.rgenome.net/

E-CRISP Efficacy prediction, Off-target prediction http://www.e-crisp.org/E-CRISP/

CRISPRTarget Efficacy prediction http://bioanalysis.otago.ac.nz/CRISPRTarget

CRISPR MultiTargeter sgRNA design for common and unique sgRNA sites https://github.com/SergeyPry/CRISPR _Multi

in transcript isoforms and duplicated genes Targeter/

CRISPRdirect Oft-target prediction http://crispr.dbels.jp/

CHOPCHOP Off-target prediction, PCR assay design http://chopchop.cbu.uib.no/

CCTop Off-target prediction, flexible target site definition http://crispr.cos.uni-heidelberg.de/

Cas-OFFinder Oft-target prediction http://www.rgenome.net/cas-offinder/

GT-Scan Oft-target prediction https://gt-scan.csiro.au/

CasOT Off-target prediction http://casot.cbi.pku.edu.cn/

GUIDE-Seq Off-target prediction https://www.illumina.com/science/sequencing-
method-explorer/kits-and-arrays/guide-seq.html

CRISPR Design Oft-target prediction http://crispr.mit.edu/

sgRNAcas9 Oft-target prediction, local installation http://www.biootools.com

CRISPRseek Off-target prediction, allele-specific sgRNA design http://www.bioconductor.org/packages/release/
bioc/html/CRISPRseek.html

CRISPR-ERA Knock-out, knock-in, CRISPRi and gene activation http://crispr-era.stanford.edu/

CRISPR-Cas Efficacy prediction https://en.wikipedia.org/wiki/CRISPR

sgRNA Designer Efficacy prediction http://www.broadinstitute.org/rnai/public/analy-
sis-tools/sgrna-design

CRISPI Efficacy prediction http://crispi.genouest.org/

ZhangLabGenome engineering Efficacy prediction http://www.genome-engineering.org/

ZiFiT targeter Design ZFN, TALEN and CRISPR http://zifit.partners.org/ZiFiT/

CRISPRmap Provide newly sequenced CRISPRs to standard http://rna.informatik.uni-freiburg.de/CRISPR-

classification system

map/Input.jsp

Ui Mg FBE R 1A (Streptococcus thermophilus) K1)

CasORAZE, B AT LUK 48 55 4 sl PR ) o 5 1k

StCasO I )\ 4 75 (58] % ER 18 (Staphylococcus aureus)
K1) SaCasOt % iE I Ae 6 175 A4 B An£E 4 (1)
£ 4% (SapranauskaseZ$2011; Ran%52015). StCas9F!l
SaCas9 s % B K [FJPAMSAT &, IX L84 (47 3 1] LA
P 1 DS 2 4 ) S 1, BRI BE X% . Kleins-
tivers5(2016)JF & 1 — i PR FL (1) SpCas9-HF 1 i
F, HA Tt od a4 B n 98 48 Sk ek /> Cas9 i
59ERE 5 EDNA il . 76 N R4 A ik B X K
R BEARG T I 08 280 7 1) 5 S b AN AT T ) 7K F

Slaymaker%%(2016)i% 5 SpCas9 ] 5 48 7= 4= eSp-

(5 . Ran%§(2013)FF & 1 Cas9 R Ak 1) F
(DI0OAFTHS804A), T F1 AT LLE N A2 i v A 5
FEY) AR SUREIBT L, 1 F sgRNA 23 Sl e ) A [+
BE 1 (927 57 A2 DSBs, B 5 & A HDRIE &, Bl F%
) gk 2R A A\ AT LAOK i B IIRCRISPR/Cas9 R i 1
F BN . Tsai%%(2014) K CasOitid Jy ok LA TG
P ff)Cas (dCas9), H i #IZF 7 SSBE DSBS 17,
B A] LA Rt 48 52 BI4E AL 5 . dCas9 5 Fok 1% 1
By sS MR A SIS EE, XMEEA S

TE R AR GE R 2 N sgRNABE ] H (3L [A], X
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PIANAL RTATRE 13~18 bp, MM {EFok 17 A2 = 58 ;e b
LR GG PE o T3 P /S PR B AR I B A7 5t B
JBRBE ) JUZE /N, PR ROR R 15y 1 2= IR o 6 1) R S
PEo o — Mo s B A R R T iR 1
X S B ik A B R E A AR R DR 2 AT I R, O
fs FHNHEJ 1 i1] 771 K 4 5 HDRAL 1 o
3.2 CRISPR/Cas9 i #B35 Bz 948 )

$¢ 157 B ERARRT U 7 V2 gl A 4 4 T S 1 4% () T A
JBEEEAT L, BT I B I PCR = 34T Y,
XA EPUE, EH T RZ2HELRE, HAE S RE
HA AL 2T RAR BB o A PRI 3 A AT PR
AN InDelsFISNPAL £, 38 1] DATR 51 45 #4745 54,
g, EE. EEMRESRKSE, HESER
AH I A o B BT HAE H T e b, IF B
BRI . AR TR 2P, AR 2H 41
I AT AR e/ (R4, RE 8 X0 g it o 1 f
DRI 51 A 4o 1 N /5, AT 3R 531 A7 S H R A O
RAL, AH 2 B A X A A 55 1 1 R A2 DA se Al
B, BLILEA RGBT FUEY)  KICRISPR/Cas9
Femte. HETC&IPR 1) UMi42 tnBLESS (Cro-
setto%52013). GUIDE-seq (Tsai%2015). HTGTS
(FrockZ$2015)f1Digenome-seq (Kim%£2015)% 3k
or W N S8 i A 0 B B AR A . S IR AL R S AR
5 T 1 gRN As [) 45 48 F— 25 32 5 CRISPR/
Cas9 Z Gt TR TE

4 CRISPR/Cas9£ & 44 e TR F 1%

Ao U 5 AT 2H 9 56 7 A 1R R AR 1) 7 15 B35 PCR/
RE. T7EI#EY]. SangerllJ7 T~ —AXMF(NGS).
15153 HE R I # 73 MT (high-resolution melting analysis,
HRMA)F1%¢ HPCRENE B Lk« BFASJ7iLHD
HERIBRHI M. PCR/RE 7152 HAL i AR AAAEFR
il 4 N DTG Az 13 ) BR 1) (Shan£5:2014) . TTEIREY)
T BUFEDNA L, ASBEIX 73415 SRR FNET
AT, AN REIX 3 LS5 A R TEAR I % A RAS A
(Lena%$2015). Sangeril] /57 7] DA B B3I 548 (1) 7
M5 S o BEDR 2H 4 8 1 RAZ L v] DLFINGS#EAT %
JE, SR JE IS A W1E B AT i Cas-analyzer (Park
£:2017). CRISPResso (Pinello%$2016)F1CRISPR-
GA (GuiellZ%2014) 75 #r, K I 2 855 5 £0.01%,

AR T H e K 77 v, Sangerill 2 AINGS 2% FH 4%
o fELRMAME B 2% T HnDSDecode (Liu%s
2015)FITIDE (Brinkman52014) 7] LLH4EPCRY™ 18
F I R RS R AR S . HRMA (Dahlem%%
2012)F1 75 FPCREAN Bt FL ik (Ramlee%52015)
BRI A% . Hua%5(2017)iz H i 518 K
AR5 S A v 2K T b o) 7K e R0 B 1 8 347 AR A
e, 17V B A FR AR L AN 52 g D) A A PR A
IO A, & T R R I SR AR % . T, Liang
££(2018)F] F CRISPR/Cas 2 4 [l R 4 M) S5k, 78
NN R S ARG R S T — R R
B AU HIPCR/RNPHE ) 5 AR A i 14 e o 1% 77
AT DAFH T o U ik DR 20 g 6 ENHEJME 5 7= A (1)
Frfindel J874%, SR a4 Hh 1) e e R 5 SR F2 41t
TERA TR, M H AR A s e B N AR
HERF MR 1) 2 R AR A AN R R TR 20 R R R AR

5 CRISPR/Cas9 &G HIRIIR(EIFIE

U TR 4 368 5 48 1D 2 5 e s R 3 P R SR
() G i AR 1 1728 4k, (E B 0] DL SR R GEAT AT AN B
NS5 ] 2 A 7 AR AT A% 3k 3R BB 1 (Kwon 5¢
2017). iEid CRISPR/Cas9F A AT 2 W HE K 41 15
T A — ol 2 Rl R0k B R FE AH o An 2Y (r HA,
S X 2 R R 8 4D 25 AR 3 WL 383 A% L 1) 5 AT A 72 (Tha-
koreZ52015). K (2014)JF K T Cas9R Wit 1L 3%
J9; % (epiCas9s) i LAFE4RF i 47 s N T Hh 22 3 5l B
R5 2 IR R AL IS AL ARl X AE R — AN RIGHF
B SRR ZR RIS AL S 75 Tl 56 DR 28 1 42 ) 285
(1) DR SR 20

IEAER, IR TUME TE FTAE 78 3 X AR Mgt A%
FRAT TR, B0 T RS 2 R, R
TH T L 3 UL 1653 A% 257 AR AN AN A R A 36 7 A [R] g B
58, 1 HA R T e84 K K & (Thakore%2015)
3L CRISPR/Cas9 R 4t | fiff 484 2 WL 5k D] 2 1 A2
b, AT LS AE IR PO E . PURE MR £
PERIREY) . CRISPR/Cas9 £ 4 4 i id FF e Ak Al 4
AR IR L B PR = A RO R AR AL . 1K
A 2 L e [R] 2L 50 A W DA 5 2550 SN2 A2 D A R R
PUrE, HF HIE ] LS DR B R 2 FE I K B
HORERTDIRE . HiltonZs (2015)42 H — Rl (1) 5
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W, 3@ PLdCasOFIDNA FF R B4 7 g i B o FEL 4 JR
2T I LB A B I Bl 5 B 1 OV HE R, ERE
DRI v 7 AR R g A 2 AR A, DL P I 1 22 )
Kik.

6 CRISPR/Cas97fEiE I ifisidt R

CRISPR/Cas9 % 4t I 4 R 4 £ 4 1EAEA) i 2
A2 oy T AR B BT A U, LA T e 2 TR A
AR N ARV B AT A RO AR BOR
(Bortesif1Fischer 2015; KanchiswamyZ%52015; Teotia
£%2016; Zlotorynski 2015), CRISPR/Cas9 &%t &—
TofpRId R 1R 35 R 40 4 4 5 R AR &%, J8 i CRISPR/
CasO RGURIREIEY - & SR M. BREY)
AW RIAE AR Y B A R 32 A A, IXITOR A AR
T 731 A 7 AR ) 8 R AR U A5 31 V2 B
. BATELE T CRISPR/Casd RS {EM M) 4
VEDD. R ORAHEN) . FEAKE ) b AT HE D5 2H i
I 1-(3K2), IF HEAR T CRISPR/Cas%:[A]
o AR RO I ORI 8, 4R AR S 48 . DNA-
free DX 2H 9w 48 LA A HA Cas B IR N FH
6.1 RIHEEERRRERG

FARH g 4 (base editor, BE) & —Fh i it ik
DRI 4 i 6 22 458, B AESE DN 20 H br BB RS 7 B
JEE AT TR A% IR B 46, AN 75 ZDSBs i fiE/ADNA
R, B T NHEJHIHDR . 20164F, 26 [E il
K David LiuSEe 5 5 AR IE 15 T e g i 2
it 55 CRISPR/Cas Ol & T il ) SR i 3  HHE BOA
B AE — € B RALE 11 A SEI A % BE (cytosine,
C)FI| /g fims g (thymine, T) ) SBRAEF 4. I Ht
HIF5E R FH s i Jid Z B APOBECT (BEHEALCIIL R
FARRU, T ULEDNA S il i 75 b 2 PR3 B T) A
R W 8 L AL BRI FRIUGT (RERH Lh bR s g B 310
Bl K Ukl R Ak 51 RS HREE V) BR 12 B BIE KR T 55240
534 BT L 4 R B APOBEC-XTEN-dCas9-UGI
(BE2)HIAPOBEC-XTEN-Cas9n-UGI (BE3) (Komor
££2016). 20174F, David Liu4A|p\7E (Nature) I
M ARIE | — FhA] JE R I i & 8 5 CRISPR/
CasORl & SEHLA 3 GRE e () JIR R e Bl 5L 4 4 R 4
(adenine base editor, ABE), H J5 F J& — i IR NEL 04 it
RN (ecTad A) AT LK IR (A)EAT Mt 2% BUVLE

(I), T WLE fEDNA K i h 3 DNA S & By 01 4 5
L% (G), MM IE I DNA K& i T LA AL K 2 DNA
(1) A - T JE % % 462 B G - CHig JE X (Gaudelli %
2017).

PRI AR RV SR R T A E
ZRIRLFHAT R 20174F, MEBEMAANIE T &
RIRE ) LBl 2 22 SinCas9-PBE, R D) HL7E =
KEBEREVI(NFEE KFEFI T K) FE R sz gl
A R HEIR BB S s R (ZongF52017). 1%
S8 % 1T A F Cas 972 f (nCas9-D10A) il & K i
FFF T BB A 2 R R 2 JE I8 (ec Tad A) AT N T 5 1) ik
Ak, ) J T A it S5 g (ec Tad A %) — B8, 47 IR 4k
WAk, R R R ABE BATR U dR 48 R 4, 1R K
AN /N2 T ST AR A - T 2 G- CH i (1) 8 4 (Li
252018). Bk g 2R G0 tH 4 UE TR VF 2 B )
FUEY = A4 H b5 s R (Zong%52017; LufliZhu
2017; Li%52017; Hua%5:2018; Yan%$2018). B4
FEAR R B Lt 4 7 U 7 2 5 DN AR 0K [F] 5
A FERA, AT DA S R AT D T e, (EAE
Y| Fhoy R A BER B S HAME .

6.2 DNA-freeE [E‘HimiE RS

TE G [ 5%, AR R AT B M MR A5 3R 1A
FEIE N A, 1X0K 23 980/0 SSNsFEAE M AR F AR Mk
HHYSAE BB YE . R AR AT B . R B AR
JRAAR A 4 AR K SSNsAE L A7) H 1 BUmRNA Bt i}
L3k BRI A, fEDNAFE R 2 w7 5% i 295
SSNs, DNATE# & B E A BE DK 20 o 2 1 B o &
2, IR1FTCHMIEDNA L K (DNA-free) (1) 4 FHAE K -
B K CasO 2R [ A1 gRNATE 1A 4 41 255 i 1% b 4% 2R
& A A (RNPs), 11 A 72 ¥4 DNAJi i (1) J57 f i 15
B M)A T LAY AR 32 R R A R A N
ZHDNAFIA] GEPE(Cho%52013).

20144, RGEN (RNA-guided endonucleases)
RNPSTE# Ye N ARYH L J5 37 R 1) e o R #E A7 14,
S 38 T A P 1 P IR B O B, BRI T
Jlid B0 25 N (Kim252014) . WooZ5(2015)% RNPS A
PARGIT . MHEL, 58 KRG 4R 4 B J5 A2 I A
Refg 755 H AR BRI B 1, TR HIL F46%
Malnoy%5(2016)¥; 411k [)J CRISPR/Cas9 RNPsF %
S ON B AN R S AR A R, RIS R A
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22 CRISPR/Cas9%k [K 41 2 4 B AR LE R K
Table 2 Applications of CRISPR/Cas9 system in genome editing of plants

T T ZFRELT 5 48) H A A SCER
Y L FF IF (Arabidopsis thaliana) AtPDS3, AtBONI, ABP1, GAI, CHLII, FengZ52014; GaoZ2015b;
CHLI2, TT4, BRI1, JAZI, GFP JiangZ52013; LiZE2014
WH¥E (Nicotiana tabacum) NtPDS, NtPDR6, NDFLS2, NbBAK1 Gao%ZF2015a; LiZE2014;
LowderZ2015
AR IKAB(Oryza sativa) P OsRAV2, OsPDS, OsYSA, OsROCS, Os DuanZ2015; JiangZ52013;
FTL11, OsMPK?2, OsMPK)5, OsEPSPS, Lowder%52015; Ma%52015;
OsMYBI, OsDERF1, OsPMS3,0sMSH1 MikamiZ$2015; Shan%$2014;
OsSWEETI1, OsSWEET14 Wang%$:2015a; XiefllYang
2013; Zhang%2014; Zhou
42014
EK(Zea mays) ZmPDS, ZmIPK14, ZmIPK, ZmMRP4 LiangZ£2014; SvitashevZ;
LIGI, MS26, MS45, ALSI1, ALS2, ZmHKTI1 2015; XingZ£2014
INZE(Triticum aestivum) TaLOX2, TaMLO, TaGASR7, TaDEPI, Shan%$2014; WangZ£2014;
TaNAC2, TaPIN1, TaGW2 ZhangZ2016b
KE.(Glycine max) GmPDS11, GmPDS18, GmFE12, GFP JacobsZ£2015; CaiZ2015;
GmSHR 252016
B4 (Sorghum bicolor) DsRED? Jlang 2013
Hidt(Gossypium spp.) GhCLAl, GhVP. GFP Chen%42017
W AR AT FH I (Citrus sinensis) CsPDS JiafllWang 2014
%] (Vitis vinifera) MLO-7 Malnoy%52016
SER (Malus domestica) PDS, DIPM1, DIPM?2, DIPM4 NishitaniZ2016; Malnoy%s
2016
i (Citrus) CsLOBI Jia%%2017
YW (Popular tomentosa) PtoPDS, 4CL1, 4CL2 FanZ:2015; TsaifllXue 2015;
ZhouZ:2015
BRTEY) + 5. (Solanum tuberosum) Csyl, Csy2, Csy3, Cas6f, StALSI, StIAA2 RichterZ$2012; ButlerZ:2015;
WangZ52015b
H %5 (Medicago truncatula) GUS Michno%52015
Wik (Marchantia polymorpha) MpARFI SuganoZ£2014
A48 (Petunia hybrida) PDS ZhangZ2016a
PR3 (Camelina sativa) FAD2 MorineauZ52017
5 )(Citrullus lanatus) CIPDS TianZ52017
N (Cucumis sativus) elF4E Chandrasekaran“:2016

& fif(Lycopersicon esculentum)

SIAGO7, ANTI, SP5G

Brooks%$2014; CermakZ%
2015; SoykZ£2017

. [F4E, Svitashev&E(2016)id i 3 K FE 7 ¥ RNPs
SPANT KM A, HAEMEKIREEMERY RS

HeZ5(2018) R ] A %2k 5] 5 CRISPRE Al 5,
LR E AT CasO AL AR H R, TR

3:1:

KAERAHINE DL . Zhang?5(2016b) IDNAERNA
(1) 75 =LA A 4% 2H 27 A [ B 22 A CRISPR/Cas9
W, IETA A T R I HAiA 1) /N2 R4
P, X TBER RIA R R A R G R
KR AIA R . Liang®5(2017) 38 1 18 B I 20
FWITE /N2 R RNP A T 1) 56 DR 20 2 5 o ) 9 28
A7 1) J1. % ELCRISPR/Cas9 DNA ) 45 EAL/S % .

TR 0 JE R 10 119 25 K] 4 A 1 A 1 2 FH i it
TR T SR
6.3 BEfiCasTEHHIN A

55 IR Cas 93 TR 2 MK 1 4 3R 7 40 15
MK (SpCas9), M4k €475 % Bk g R I SaCas9
F A LeSpCas 9FE K 7 51145 1 kb, [FIFEEA SpCas9lt
B RCR (Ran%52015). K B ASFEFF 1) Cas 93 K
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RE N 0 5 € FIPAMAL £, I8 5] AD1135V/
R1335Q/T1337 RERALIM 7 EVQRA F K, &A1
XFAERLTE FRINGA [ PAMA 1 I H BA B/ i 52
RN (Kleinstiverd$2016) . Helr, — 48 &/ E ) Sp-
Cas97F K, A F5eSpCas91.0. eSpCas91.1. Sp-
Cas9-HF 1 flHypaCas9, W24 & B i LASE i
AR 514 (Slaymaker£52016; Kleinstiverd5:2016;
Chen%:2017).

CRISPR/Cpfl2& — A i .45 2 i1 Class 235
Type VIICRISPRIE (K 2H 4 22 4t, Cpfl5Cas9fy)
IR 77 AR, & A PR 1 5 i AT S A DT
Cpf1 FJPAMA s A THEEE & 4R 1 X35, JF H e
B 4542 ntffcrRNASE [ 4 Bh ik i s 310U
(11 %(Zetsche552015) . Cpfl45 (1 Jk K 4H 4 45
S WTRL S B I NHET ) 7 A TEE . B
AfAsCpfl (Acidaminococcus sp. Cpfl). LbCpfa
(Lachnospiraceae bacterium Cpfl1)F1FnCpfl (Fran-
cisella novicida Cpfl) D44k 18 B A B EE 75 1 (Endo
£%£2016; Fonfara%$2016; Yamano%$2016), CRISPR/
CpflIEOR SR N T R G AR RS (Kim s
2017; WangZ52017b). 3% LeH A ¥ w2 PRk i
Rt F TR 04 2 RAH T3 51 A SMEDNA,
AN 52 B B DR 22 4 AP ) it 1) PR o

Casl3fffJm T-Class 228VIHICasEEH. ©EH
20 S HAZ YA E AL AR T IR (HEPN) 45 &
(P9 V) Bl 45 44 3, BE A 5K T IO RN A BT 1) T B
(Abudayyeh%52016). HAi 2% 5E H3 M Cas13E
FKjti: Casl3a (LLRTFR AC2c2). Casl3bFliCasl3c
(ShmakovZ52017). 20174F, Fk45286 = ER] T Ca-
s13afir] LU TR kil T 1, Jf H.Cas13afg g i
E V) EI A0 B NS AE V) A0 I RNA, 5 5 0 f
AR AL S P A o ) YR PE RN AT 5 RN AZK
(Gootenberg#52017). [A]4F, 5K# 525 = ¥ Abu-
dayyeh®5(2017) A FII ] Cas 134 —FIRNAZw R 4t
REPAIR (RNA editing for programmable A to I re-
placement), J& i AL 235 H)Cas13 (dACAS13)F
RNAJRH i Z B (ADAR) &, R i e AL UL
H o IXFIRNAZG4E 45 A8 05 3& BURNA R SR A, A
TR A B R (G—A), BAERT 5 ANZ 1R
¥, EMRNAK A e, X RGEM T HRRE-

PAIRV2 (#1555 ELREPAIRV1 91915 . 20184F,
AT 3K CRISPR-Cas13a 555 RNAY HE 45 &, B
& T R I~ 4 SHERLOCK (specific high
sensitivity enzymatic reporter UnLOCKing), &l E
A PRI 5 (URNARIDNA . SHERLOCKIE
A TN Zika FUOE S0 B IR S MR B, [X 933
JRANE . FF 5 € 40 it JE DN A %R 4% (Gootenberg
552018), B HE RN HMME -

Ak, KIET EIEE B Lachnospiraceae bac-
terium)F)ND2006 V. 2 41 14 () Cpfl (f# 5 JLbCa-
s12a)th 245 J5fLlCas13af)“Collateral effect” %W
XFPLbCasl2a— H 5crRNAZE & 2 Ja, MRS .5
R A B BEDNA (ssDNA), AT AT DA FH -3 R R AR
Krll(Chen%52018), 20184F, David Liufiff 78 [ BA ¥
T — MR xCasOFT i, 7] 5 2 8 A bz oot
ZH P B A, BE R B CRISPR/Cas9H R4, [H]
N3 T AR 3 XUz (Hu%62018a)

7 RE

CRISPR/Cas$ A I H B 9 = 5 2H 7€ v G R 42
LT —ANSRA 100N B TR, X TZFENA
TALEN$; A, CRISPR/Cas3i [ 24 448+ At T
RERAS . RSB PR P, Y B R At T AT BT
KA T RENE, B HEDPIFABIE K . 155
SERITAICRISPR/Cas9 R 40 M fe N2 (Jiang %%
2013; Hsu%52014; Ma%2015), FF-7EAR A 7t 45tk o
UL T YRE H AR, 1% R G0 e SR AL SRR
BN R S RG I T LA B .

AT it 2 B CRISPRIBE SR % 22 1 ] T+ 1)
B R0 1 5 R AL 5 i R B IR Th g . 9 dn, A
Cas9FICpfI BT sk 4% . AL IR A %
SE 2 WAL A 1 AR 5 3 23 1 AL O T,
DA R S T4 FH IR 4 S BEIF 70 RS0 A% PR 45 5 1 B
BHRZ S MR RRE. BT EFHAR
42 4b, CRISPR/Cas9 2 4t id H T B B2 4 [ i 4) 8%
T U I3 85, I T 4 e AR 40 e 002 9 298 1 b
(Ji%£2015; Wang%$2017a), CRISPR/Cas9 R4ic)
2R TR LS R, iR EIRME.
PUEPE AR BR B SRR R AR 13845
Z BAER A g, BT 78 AR SR o AR R
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AR, B RO SCEE I R R R
7 A 2 R

TR AL DR 20 2 4 9 SR T I Bk R, R R
I )50 L N % AN R R RS EME T T . SR R
WAEEALROR, Rk FE il A N 2 g R R B
PRA 3145 5 22 1R A8 47 35 TR 20 4 5 98 A8 {4k (Zhang
22017). O WFFEUE I, i 7R IE N FKFE R A
th 5L [ i Baby boom Ml Wuschel 2F: R G #it i &
K e H ARG R R R A . LI R
T332 AT DIATEAR 4 358 A% A 1 sk 2 35 R RS g R k), A
T 0 9 ik (] 245 2 6 7 F 915 [l (Lowe 25:2016) . Durr
2018k T —FoFr )Y 5 CRISPRIV RIS .
AL B X 3 A& (pUbiICAS9-Red and pEciCAS9-
Red). =R sgRNAS 1% 5 A i 35 77 215
SRR = FH ML A, A E R A w s A%
(17 H A5 G 044 b oK R 7% R0 TR 9 4 1 71 D sk
Ko BEFLEEREM, X AP () CRISPR/Cas9 /7 V2
A DAAA B 0F 1 b 7 A 3 A% G £ R G O B A1 — ol
PRI A ORI A B T, 0K R Sk v i
HEYIRE AR —ANHET R, 546, 25
R RGN RE, FrrttBa)FREH L2
FhCas & 1 4 5 % CRISPR/Cas 3 K 2H 2 48
AR ANHE T R 2 T ARCOR S E F (Xing 5%
2014; Ma%52015; Wang%52015c; ZetscheZ52015),
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CRISPR/Cas genome editing technology and its application in genetic
improvement of plant
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Abstract: Targeted genome editing using artificial nucleases has the potential to accelerate basic research as
well as plant breeding by providing the means to modify genomes rapidly in a precise and predictable manner.
Until recently, the type II CRISPR/Cas9 genome editing technology has been successfully applied to many ani-
mal and plant species. The CRISPR/Cas9 system allows targeted cleavage of genomic DNA guided by a cus-
tomizable small non-coding RNA, resulting in gene modifications by both non-homologous end joining (NHEJ)
and homology-directed repair (HDR) mechanisms. In this review, we introduced the structure and mechanism
of CRISPR/Cas system, discussed the target efficiency, off-target effect and the screening of Cas9 mutants in
CRISPR/Cas9 system, and analyzed the epigenetic regulation of CRISPR/Cas9 system. Finally, we summarized
the latest development and applications of CRISPR/Cas9 technology in plants, as well as highlight challenges
and future directions of CRISPR/Cas9 system, which would provide a reference for the research in plant ge-
nome editing.
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