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BEAT R G RON P A% IR B IE 45 4% 4F . CRISPR/
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IR BRI LK, sRth 1 25— AU RS IR (zine
finger nucleases, ZFN) Fl 25 — AR [ 54 35 0 208+
IR (transcription activator-like effector nucleases,
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RNase IIT £ 4 pre-crRNA Jll T. 24 % #4 ) crRNA,
I i B A V) EIE P tracrRNA-crRNA-Cas9 H &
&, i %5 X CRISPR/Cas9 £ A B A Wit fk, crRNA
A1 tracrRNA % fill & BN — 25 5085 51 5 RNA (single-
guide RNA, sgRNA) . sgRNA [ 3 & i % f 11 &
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2013 4, F}5 5K OFFH CRISPR/Cas9 % 4t 5L
LT XL I WL KRR N2 3 DR AL 1 5 0 g e
E B 7 BR AR A W A ) A 0 T A B A R e
I f8. BEJ5 CRISPR/Cas9 R &4k iz M T &
% [6]‘ EE?K [7]\ :&Hﬁ [8]\ % ﬁi [9, IO]‘ j(_\EL [11]\ j(
FWOHEMS, B B EsEsh, &
PR R . FEER R Prk & A DL K i R AR
SCPE A T T AR B T M M SR
F CRISPR/Cas9 % 4t 4y 7 % JHl | NtPDS F1 NtPDR6
FE SR T e AR N, AR @R L T
CRISPR/Cas9 i K& R, A if @41 F] ] CRISPR/
Cas9 F AL 258 7 — AR A KA B A
NtPIN4, 5K 5748 J5 M0 B 28 20 B LG 87 A= AL Y
DL, HRABRMMEMYEEREBEET
— AR T, W AT 25 F CRISPR/Cas9 7 A 5
B Y i 8 (Potato Y virus, PVY) %A elF4E #E47
TEr g ", BiE %S5 R F CRISPR/Cas9 £ AR X il
R FI AT 5 B L e KT 5 K] NtabMYC2 347 T 9
B, IR TR R A R 1

b & R g R PO R R, RV 2R R
] B g 4 22 AN SRR IR R IB 20 i, fEMME B M
W, B MR 2R R EA R g, SCIL T IR R
W 3 DR 4 A [RIYE ) PDS 4w i 3 [K (PtPDSI Al
PtPDS2) PO, FEKFEANPLRE I A, M 1 22 JE DR ok
P 2 e85 ) S AR SO RE T R /KRG 22 IR SR 1 2 AN S5 A
PAJG B FE R ) 2 AN S, FERA RS — ARS8
TR 52544 BY, FI ] CRISPR/Cas9 F4iAE/KFE B il
o E A R o [ I G TMSS . Pi2l F1 Xal3 R, T
W B R AR 1 & B b RO I A AL 2 Bt
MR RAE R Y. B2 RN AR, RS
St H S T AZ A T 3 AtRPL10 M 58 ) = A [F R
DK AtRPLI0A, AtRPLIOB J% AtRPLIOC HEAT T Yt
I DR AR ) = AN TRIB L IR S8 A7 AR 3 (R e A 2,

TR SR VYRR AR AEY), 2 LR i & 1 3
SEAS R, OGN R A R 5 BR] T R R RIS RN A O R
A& BTN E . EEES, X2 ANEEREL G
L AN TR P PR A G 225 TR 1 T3] B G 8 1D PF 0 0 o A 4R
. AN, FETHE G 2 1) CRISPR/Cas9 & 4,
ASCIEE LA 5 AN SEEE K I i2 CRISPR/Cas9 /i
B 5 9 BB B T eIF4E & e sk 4R I+ (eukaryotic
translation initiation factors 4E) , PVY ¥ % @ i @
B 1) 2 A 41 3% $2 58 1 (viral genome-linked protein,
VPg) SIS E elF4E R K 5 i 53 A0 HAE

M 5 296 B 7EAE 0 U 9 IO B0 B 536 TE . elF4E &
R AR & SR R I E A5 M OB sk, 7
B VAR eIFAE B (1R AMEFR P90 AR, B
A Je 5 8 00 B R AR B N elF4E JE IR, A REfE
TN PVY P24 — & gtk 25, ToOM1 Fl TOM3
SR TG (Tobacco mosaic virus, TMV) A1
PEFSEE A, BFRRI TOM3 A5 TMV Jk 35 5F
FE, MR ERE a6 hBEERREL F,
{RAIE 7% #5 / E H P7. Sunil Kumar 2558 13 #4 TOM1
I TOM3 BT HREAKR, 357 8 08 5 A 0 3 P A
DR, ok 2 3 DR R 6 TMV (1) g 1 S B i 2%,
TE A I Hp v [ 7 400 I R R 2R R NbTOMI, 53 Ht
UE W 55§ NbTOMI YiBk)E, JLFse4ia] 7 A
[ R TMV (5286, R PR b JH # 1) TOM 1
1 TOM3 B[R J, I Bt ik R 08 5 i % A 28t 400 o)
TMV AR 8™, BRI A A e 1 A A
B MRIER NePCST, R RNAI HAR K NePCST 3
RIS R G, B 8 & 2 FRK. F)
F TILLING i AR K 55 5 38 B2 R NeHMA2 (R 78 )5
TERRIE TR, 55 HEAH bl 5 A8 AR - mp ()4 7 PRI
36.84% . A SCHEIE XS Lid 5 AR [E MR ) SE R
JF J& CRISPR/Cas9 £ 5 K 4 (IR R A 7L, B1EN
THEZAS CHIRD) JE R Th RS T 50 R I A% o R AR AL,
AR -

1 #MREFE:

1w

3 B B R ELK 32678 B 1 1 9 T B RO B 3
LA e o N AR % s B K326F FINL.S
mLE D& T, IINT mL 15% SRV WO %
15 min, LHEKEWS~6IK, FFEHFEMTMSHE
Ra TR b . MSHEMARE TR IS e 4.4 g/L MS
(Murashinge&Skoog Basal Mediun) }57%3E. 30 g/L
FEWE. 2.5 o/LIEIEER . B5 35 2% AHNHE FE60%,
JElE16 h/28 °C, %8 h/25 C.

CRISPR/Cas9 # 14 pORE-Cas9/gRNA Hi 7§ F§ k
2P Taq M. HEHY) DNA SREGAF & B [
WA KA DHSo B2 5400, A TOPO-TA
PCR 7% B 57 & 3 0 B AL 52 W SEAE MR B TR 2
wj; DNA Marker 1 T4 32150 5 5 AP THE CRIED
ARRAF: 51WE SR BURL 3 B & B AR T AR
T (R BemARAR: BRSO &
M ZFEDFRHEARAF s BREENVIE Bsa 1 1 H
NEB (Jb50) A ] fHY)EE R 1 Murashinge&Skoog
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Basal Mediun MS % 7% % 1 T 3 [E Sigma A 75 JiE
BE. 6-BA FINAA T4 LAY TR (L) Ko
AR . Hi-TOM a8 A7 sk Il 71 608 B A6 5
W ARBR A BRI AR AR . PCR X Applied
Biosystems Veriti® 96-well Fast Thermal Cycler (ff
Eppendorf A #]) 5 BEIZ H B ARSI LKA (35
BIO-RAD 2 &) ; & 43 /6% B it Nanodrop
2000 (Z£[E Thermo AH]) .
12 Hik
1.2.1  sgRNA BEi S i

PR EREEAFSE LR, @dEL T A
CRISPR MultiTargeter Chttp://www.multicrispr.net/
index.htmD) , Wit TN gwmAB A S (R 1D
W 5 AT A B 4 ) 42 026 Ja B A& R JE R
WG, IR TE BB S I A 3 5] N Y Bsa 147
MG AT B, ARG FH Bsa TEEY), IF 5 Wik
F Bsa 1 i V) 1T ) CRISPR/Cas9 #% 14 % 2. 3% #
IR Z&: BEVIE AR 3 uL, 3B KFE4) 2 uL, Solution I
5uL. 16 C % 4% 30 min, HUE % 724 ¥ 1 DHSa
K32 A A, 37 C#% 9% 12~16 he A U26-JC F:
5TTAGGTTTACCCGCCAATA-3' £ %-# 7 51| K ij5 51
W B BEE AT B 58 B A PCR 184 e e A0 0 5 67
%
122 fH ¥ PCSI. elF4E. TOM3. TOMI F1 HMA?2
2 DTl R AL £ 1Y) cDNA 3 B

DA A [ R B L PR ZH B o PCSIL elF4E,
TOM3. TOMI F1 HMA2 3 [N [ ¢DNA J¥ %, W
it A Y B PCSI. elF4E. TOM3. TOMI 1 HMA2
sgRNA J¥ %] ) cDNA F B 45| #). PCSl-cl F:
5-GAAGACTCCAAGACTACCGGG-3', PCSl-cl
R: 5'-GCCAATTCGCAACTAACTTCA-3', eIF4E-
cl F: 5-GTAGTCGACGATGGACCTGAA-3', eIF4E-
cl R: 5-CATGAAATATGAAGCCAATCG-3', TOM3-
cl F: 5-GGATGGGCTTAGACCTAGTTT-3', TOM3-
¢l R: 5"TTAGCGAATAGGGTGGTACTG-3', TOMI-
cl F: 5“TGTTGTAAATGGAGTTCGTGC-3', TOMI-
¢l R: 5'-CTCTTTTTGGAGGCAATTTTC-3', HAM-cl
F: 5'-GCATTAGCAACAGCTGACATT-3', HAM-cl R:
GCGATGAGAATGAAAACCAC-3', LL K326 /i Ffi i)
cDNA AT PCR ¥ 1 R . PCR RNk Z (25
pul) o FER E. RS (10 uM) % 1 uL. DNA
FESL (100 ng/pl) 1 pL. Taq B 12.5 uL, 1 ddH20
M EZ 25 uL. PCR BFEF: 94 'C FiAE % 5 min;
94 ‘CAFM: 30s, 58 C iBk30s, 72 °C ZEff 40 s,

30 MR 72°C #EAH 10 min, 4°C{£iF. 45 PCR 45
WG AT B NEFEAE R FIK, RIS 4liAr PCR 724,
TOPO-TA PCR e B &ii AT TA welE, 1t DH5a
Z Y, 37 CHEE 12~16 h, 7% PCR PHE
T, B I

123 ERBURFEAANT 1 S FE AR F AL

H I 7 BT B R VR ORI, BREUET R, FIA
FHL 0 B H G i A e N R AT G V3101, BAR )
AL A VR LRI 2 B
1.2.4  BHERAKRICERIS B2 578 Al

FrFAEEMRIIAR R AEK RIF/S, S0 T3
i, BT R IR AR AR 60%, J6HE 16 h/28 C.
B 8 h/25 C N LAMREEFRAE P IR . REE Wbk
A, PR DNA. BARD IS GeneAnswer
GenePure 1 7 97 5L X 2H DNA PR 3s £ B 771 425 10
B 5. & 1 Cas9 & 2 B A il 51 4, Cas9-JC F:
5'-CTCAACACAACATATACAAAACAAA-3', Cas9-
JC R 5-CTTTGGCCATCTCGTTTGA-3', Ll % 1 #k
DNA MR AT PCR 14, #1IN4ME DNA f B
HOLHmANB DR A F. PCR N AR R MR
A 1.2.2,

Wi 1 A A BE A 5 Y 150bp-180bp DNA F Bt
514, DAk E R R T s B dmf . PCS1-JC
F: 5~ATTGCCAGCAGTAACTTTGATGTT-3', PCS1-JC
R: 5-GCCTAGTCCTAATTTTTTACTTGCC-3', eIF4E-
JC F: 5'-ATTGGACAATGAGCTTTAGTAAGGG-3',
eIF4E-JC R: 5'-TTCATTTGCAGCATTCTTGGTC-3',
TOM3-JC F: 5'-ATGAAAGGTGGAGTAAT
ACTTGTCT-3', TOM3-JC R: 5'-TCAATCAT
ATCCAGGTAAGAAAAGT-3', TOM1-IC F:
5-CTGTTCATTGGGAATTCGTAT TOMI1-JC R:
5-GGGAGGAGAATGTAGTGAGGAA, HMA2-JC F:
5'-AGCAGGTTATCCATTGGTTTG-3', HMA2-JC R:
5-TGACATCTTGGAACACACACC-3'. 43 % 7£ PL |
K IE W 5111 5" v BT 0 ggagtgagtacggtgtge, % A 5
Wy 5' Al AN gagttggatgetggatgg. LA Cas9 BHYEME K DNA
NRERR, #EAT PCR ¥ 1. PCR [ B AA & FAE P[]
1.2.2. £ PCR %55 5 8047 B g W e i 9K, 4% FH g
AT R, B T PCR IRRMNAK R (20 ul)
ddH20 9.0 pl. Hi-TOM Mix 1 0 ul. #—% PCR ¥
1.0 pl. 94°C, FHAEME 2 min; 94 ‘CA&EME30s, 58 C
Bk 30s, 72 °C 1 kb/min, 35 MEIR; 72 ‘CHEM S
min. PCR £550/GHL 3-5 uL P=9yit A7 Bt i R 48 sz FEL 9k
Rl 491G 52 LI 2R 5 PCR iR &, BURS
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J& B PCR 724 200 uL, BEATEARREEE R Bk, DIk
Al . &L R B AEYE BRH A TR A =) 3
AT R T .
1.2.4  Jufe by

LA RSP BRIP40, 43 A 0 e
(R4 $ 5 122 1047 Blast ELXF, 78 4235 K95 L -3
AT BEAFAE ISR 2T o TEAGE BB i 7 A A5 E
NS, I TR AT BAIE .

2 ERSHM

2.1 ZEFBBRIEEASAR sgRNA &1

IR A ] J0R H  [R] 2 S04 S PCST elF4E.
TOM3. TOMI 1 HMA2 3 (A 1] ¢DNA J7 %1, @ i
CRISPR MultiTargeter £ 2k # 1 Xt PCSI. elF4E.
TOM3. TOMI F1 HMA2 ¥ i1+ | CRISPR/Cas9 fi [
1) sgRNA SRR T A, PR sgRNA T
HI 53K 2H DNA #EAT 7 BREC /0, 9773 H v e e 1t
sgRNA, JHERR sgRNA 751 N 1 1A ml et
PAFUR 1 PR IEIER sgRNA.

x| ZERRFFRA sgRNA ERZHRF
Tab. 1 The sgRNA oligonucleotide sequences of multiple genes

| Ge
zij SgRNA ¥ 1] (5' = 31 PAMKX 5

PCS1 TCACCAGCAAAATTTCTGGA TGG  40%

elF4AE  AGTTAGCGTCCGAAATAAGG GGG 45%
TOM3 GGAAGTTGCCTCCAAAGCGA GGG 55%
TOM1 GCTTTCCTATTGAATCTAAA GGG 30%
HMA2 AACAGCATGCTACTTCTACG AGG  45%

2.2 {HZ PCS1. eIF4E. TOM3. TOMI 1 HMA2
EHF A sgRNA X1 58iE

N T FHE R S DR AL e R R R R 2,
TR AR SR BT A7 5 R S R R o, DS
FBAT 5 sgRNA 751K cDNA BT 7R IIE. @
R SR 1 514, PLK326 SR cDNA AR,
SR T PCSI. elF4E. TOM3. TOMI F HMA2 4
AL BT HI ) cDNA B, Wil 1 frs, MUK326
HrE B B T /N cDNA B, kAT T Atk 5
. W4T SR, PCSI. elF4E. TOM3. TOMI
Fl HMA2 cDNA J Bt H i) sgRNA ¥ 51 fil PAM [X 5 3%
1 H AT E ) sgRNA 741 & PAM [X 584 —%, A LA
1E Cas9 X AH R PR B () sgRNA

CATTGGACATCATCACCAGCAAAATTTCTGGATGGAATTT PCS1
2000 bp

TTIGTGGAGCAGTAGTTAGCGTCOCAAATAAGGGGGATA elF4E

750 bp
500 bp

250 bp

CCTTTITATTTIGAGGAAGTTGCCTCCAAAGCGAGGGATC  TOM3

TCATGCTOCGGCGCTTICCTATTGAATCTAAAGGGAGAAT  TOMI

CTAGTGATTITGAACAGCATGCTACTICTACCGAGGAGGCA  HMAZ2

1 {88 PCS1. elF4E. TOM3. TOMI ¥1 HMA2 cDNA KB
KA S

Fig. 1 Electrophoresis detection and sequencing of partial cDNA
sequence of tobacco PCS1, elF4E, TOM3, TOM1 and HMA2
2.3 CRISPR/Cas9 /1 & % & A 5 & BY sgRNA &1t

S5t

FERES sgRNA L7093 51 AU EI T U-26 JH 3l
T IR, H TR ML sgRNA Fik,
PRI ST sgRNA Rk SeAH R IR IR IG, 7E 5' St
3" 5INBEYI Bsa 1 i i, SRATUIIE 2A Fros i 5 5k
sgRNA FrBt. FIH Bsa 1 BRI 7154 Z R B B
$% % pORE-Cas9 fHY) KL% Ak b 437 LL U26-JC F
1 PCS1. elF4E. TOM3. TOMI 1 HMA2 sgRNA [f]
SIA 5147 PCR 718, il e s kA I 7, 5
A sgRNA DL EAR 7 B 18 21, I 230 %7
AEFNEm % (Bl 2B) , fFEHlHR. XKD
SR T g X PCSI eIF4E. TOM3. TOMI
HMA2 SER BRI CRISPR/Cas9 FKiA#H M.

PCS1 elF4E TOM3  TOM1 HMAZ2

Bsa | Bsal

750 bp —> [
500 bp —>

Y swwew

A. PCS1. elF4E. TOM3. TOMI Ffll HMA2 & [X] sgRNA (1] & Bt
/"7 E: B.M, DL 5000 Maker, 1-5.PCS1. eIF4E. TOM3. TOMI I
HMA?2 sgRNA- #44 v Bt PCR FiJkEl: C. M. DL 2000 Marker, 1-5.
#H Crispr/Cas9 # M4 FF 14 PCR 724

A. Tandem sgRNA diagram of PCS1, eIF4E, TOM3, TOMI and
HMA2; B. M, DL 5000 Marker, 1-5, PCR electrophoretogram of sgRNA-
vector fragments of PCS1, eIF4E, TOM3, TOM1 and HMA2. C. M, DL
2000 Marker, 1-5. PCR product of recombinant Crispr/Cas9 vector in
Agrobacterium tumefaciens.

B 2 & RERFRAY Crispr/Cas9 HikH5E

Fig. 2 Construction of Crispr/Cas9 vector for multi-gene knockout



76

rf [ JH 5523 Acta Tabacaria Sinica 2019 Vol.25 No.4

PEHLE 4L CRISPR/Cas9 # AR kL, K M ik
ANRITFH GV3101, &t 1= 055 22 R 48 - i & (1)
LR VK AT R 7E PCR BIE, BT 51478 U26-IC F Al
PCSI. elF4E. TOM3. TOMI I HMA2 sgRNA ] [
W75 Wik 2C Fras, 15217 300 bp & 47 K/
H #4645, 22 9] 41 CRISPR/Cas9 % 44 Jifi ki 28 1%,
I NARATH GV3101 FEREA
2.4 TOo RiFtEE ARG

I A HF B A T 10 270K B8 41 CRISPR/Cas9 #;
RN K326, 2l R RTHik, 7157 17
PR TO ACIRAL AL P 1 . AR 4T K & 4~6 Fr I,
PR SE R 4 DNA, PRSI 4 S Cas9 2 (A 2L A 1)
Cas9-JC F Fl Cas9-JC R 5| ¥ 3 47 PCR ¥ 3. T fis bl
i Lk 4 B R, AN 13 R A R 1 TR 500
bp A4 K Cas9 FEH B (3D, RPMEREA
CRISPR/Cas9 K] i[5 ok £ B4 N K326 FEkk A .
2.5 AH B PCSI. eIF4E. TOM3. TOMI F1 HMA2
REMUAMT ESRT S

WATRE S PE S Y, DL BH AR R DNA SAAREAR,
P4 AL RAFEEAL ST /E N I 150 bp-180 pb 1) PCR =
Yo 5% PCR ¥ LIS —#%& PCR =4 itk Fl
F Hi-Tom & 71 & 347 97 34 5 0 I /7 #2 3k 1 PCR Jx
N, HPEPIH S 44K 100 bp A 4. M
 PCR ¥ 8= v B K/ 4 P, aliAd [mli s
BEATERPEMT .

W 45 BB TR, PCST R RIAE R A7 Ak &k A
TE2MERMRE, QIEEARNEN SN 1T 24
44 5 NF 10 AR I MIBRFD 1 AT AR (B
5A) , REZHRAKEL PAM XL, Cas9 Xf
TOM3 R[5 [FIREREAT T Ehdwis, J3 i i s/t TOM3-
sgRNA J7 41| b 32 B A T 1 AN B8 28 A 2 /> sl 22 1)
Mk (B 5B) o 534k, 1E TOM3-sgRNA fif s 4k 73
SRI T 1 ASBRIE 1) B AL S PRIE AE N R AR
£ TOM1-sgRNA J7 54 4 MASFEAL A1 AN Bk 1)
TIBS — AN R 2 AN (1) 3k A B 2 AN AN TRV 55
T — C FIIE & (5 C) o 1F elF4E-sgRNA i 15,
FEUBIEMIBR N E, B 4 DAFENA A 1AL
THIBA o 1AM R 4 ANBEE A T AMO7 A 2 AN g C
5D) , X=FEA R R A S8 elF4E KA
TEARE A ThREE JC o X HMA2 FE I il /e 45 3 o
BT 7R, HMA2-sgRNA A7 s AU 1AM B
AFAE 3 A 6 ANFT 8 AN B (S E) o R
Y HAT A5 T B I R AR ) reads 5 5L reads B ELARL,
PEAL T Cas9 XA 54 2 5 30 % . Cas9 XJ PCSI .
TOM3. TOMI. elF4E. HMA?2 ¥EAT i kb i) 4 48 200%

M K326 1 2 3 a5 6
2000 bp —> B

7 38 9 10 11 12 13

750 bp —>
500 bp —>

250 bp —>

mamEa W- (] ---ee ol

M, DL 2000 Marker; K326, H74E# K326 fitk; 1~13, #6HEH
i

3TO RA&E#ET Cas9 EE FEE PCR Bk [E

Fig. 3 PCR electrophoretogram of the sequence fragments of the
Cas9 gene, DL 2000 Marker K326; Wild -type plant of K326;
1~13, Transgenic plants

2000 bp —>

750 bp —>
500 bp —>

250 bp —>

M, DL 2000 Marker 1, % PCR“¥; 2, H % PCR"¥)
M, DL 2000 Marker, 1, PCR product in the first round, 2, PCR
product in the second round

B 4 $B{IsFFIR PCR Bk E
Fig. 4 PCR electrophoretogram of target sequence

IR 13.1% 15.1% 6.1% 19.8% 11 16.8%.

FROMT R FE M, Cas9 XF LA L5 AN FE K s
W7 I dmiE, RIS T ANRIRAR AN TO AAHE AR,
I T AR R R B DL 1 AR IMIBR N, 2005 R
A 50% LA b, o 2 ANmE R DL & 2
ANTEEE M BR, 1 SBIE 3 2 T B R AR 1
HER R SRR AR R P51, K
I, TO AR NI A4

%t PCSI. elF4E. TOM3. TOMI1 F1 HMA2 & [H
1 13 BR TO ACHE R T I TR A il 1 4E B oA, i
6 i, PCSI. elF4E. TOM3. TOMI 1 HMA2 5
FE[A A AR 7 AR TO AME AR TS B D) R, 31X 7 #R
TO A% ¥ #k 4> % A T0-4, TO-5, T0-6, TO-8, TO-9,
TO-10 F1 TO-11. 5 3 PRIE [R]— PR 5 ] B 5% s
H 2K 53.8%. HARTEMK T A FIEF R HE,
HRARFLR L H 3545 3 A3 AL R, TN SRR R
A5 RS R AE 76.9% 5 92.3% 2 18], 2 W] 2 JE (A
Fr 22 48 B A B ) G i 00
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A
PCs1

ACATCATCACCAGCALLATTTCTGGATGGAL WT
ACATCATCACCAGCAL S ————— —GGAL  (-10, 1/13)
ACATCATCACCAGCALAATTT —GLATGGAL (-2, 11)
ACATCA-———CAGCALAATTTCTGATGGAL (-4, 13)
ACATCATCACCAGCALAL——-—GEATGGAL (-3, 6)
ACATCATCACCAGCALAATTTCTG-ATGGAL (-1, 2/4/3/8/9/10)
ACATCATCACCAGCALAATTTCT-GATGGAL (-1, 2/4)
ACATCATCACCAGCALAATTTCTGGTATGGAS (+1, 2/3)
ACATCATCACCAGACALLATT TCTGGATGGAS (+1, 2/3)

c
TOM1

GGCGCTTTCCTATTGALTC TALMGGGA WT
GGIGC — TCCTATTGAATCTALMGGGA (-2, 11)
GGIGCTTT-CTATTCAATCTALMGGGA (-1, 2/3/5)
GGGCTTTCCCATTCAATC TALMGGGA (T—C, 17273
GGIGCTTTCCCACTC AATC TALMGGGA (T—C, 1/2/3/4)
GGCGCTTTCCCATT-AATC TALMGGGA (-1, 3/4/6/7/8/
CoGCECTTTCCTATTRA- TCTALMGGEA (-1, 2/
GGECGCTTTCCTATTGAATC T-A0GGGA (-1, 273

E
HMA2
GUTAGTGAT TTTGAACAGCATGET ACT TCT AT AGG AGGCACACG WT

GCTAGTGATTTIG-ACASCATGCTACT TCTACG AGGAGGCACATG (-1.8/10)
GCTAGTGAT TTTGALCAGC-TGCTACT TCTATG ARG AGGCAC ACS (-1,2/3)

GCTAGTGAT TTTGALCAGCA-GCTACT TCTATG AGG AGGCACACS (-1, "6/T)

B
TOM3

ATTTTGAGGAAF TTECCTCCALMGFCGAGEGATCAC WT
ATTTTGAGGANF TT-CCTCCALMFCGAGGGATCAC (-1.. 4/6/11)

ATTTTGAGGANF TTGCCT ACAS AFCGAGGGATCAC (C—«A_ 3/6/ ll}
ATTTTGAGGANFT TGCCTCCAAPSGCGAGGGATCP{:(H E l 1 12}

ATTTTGAGGANF TTGCCTCC — AGCGAGGGATCAC ( l ll}
ATTTTGAGGANFTTGCCTCCAS —CRAGGGATCAC (-2, 4/5)

D
elF4E

AGCAGTACTTAGCCTCOCALATALCGCEGATA WT
AGCAGTACTTAGCETCOG-AATALCOGLGATL (-1,7/9)
AGCAGTACTTAGOCTCOC——AAGGCGGATA (4.11)
AGCAGTACTTAGCETCOGAL-TALCCGGGATA (-1.10)
AGCAGTACTTAGCCTCOC ALAT-AGGCEGATA (-1.5/6/8/10/11)
AGCAGTACTTAGCGTCOGAMAT A——GLGGATA (-2,10/12)
AGCAGTACTTAGCCTCOCALATAL -GOGCATA (-1, 1/4)

GCTAGTGAT TTTGAAC AFCATGE-——-CT AT AGG AGGCATATG (-6,3/12/13)
GCTAGTGAT TTTGAAC AFCATGE-———— AT AGG AGGCATATG (-8,8/12/13)
GCTAGTGAT TTTGAACAGCATGUT A—-CT AT AGGARGCATACE (-3,2/3/12)
B 5 Cas9 /" FUHE PCSI. elF4E. TOM3. TOMI F1 HMA2 EFERTE
VE: 260N sgRNA [P, 55 F 0 RIFRE T 9848 BT 2E 5500 B AR MR SR 5 WT: Bp AR 7Y
Fig. 5 Cas9-mediated targeted mutations of PCS1, elF4E, TOM3, TOM1 and HMA? in tobacco.

Note:

7o, s

T

elF4E. TOM3, TOMI 31 HMA2 £H
& TO RIEHRPHIRE ST

Fig. 6 Mutation distribution of PCS1, elF4E, TOM3, TOM1 and
HMA?2 in TO Generation plants

6 PCSI.

sgRNA sequence is marked in red, and the mutated bases and the corresponding plant number are marked in parentheses. WT: Wild Type
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2 FTR, 25 3 IR B AT 5 MER 8-10 v 15 46 1 PAM 7 471,
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< 2 CRISPR/Cas9 G EEAL = 2 A1 516
Table 2 Analysis and examination of mutations in the
putative off-target sites of CRISPR/Cas9 system.

RIT W
P HERE j%f{

FUREPR %32 Fit 4407 5

PCS1 AACAAAGAAAATTTCTGGATGG 7
elF4AE TAATGTTATCCGAAATAAGGGGG 7
TOM3 AAGCCTTATTTCCAAAGCGAGGG 8
TOM1 GCCACAGATTGAATCTAAAGGG 6
HMA2 CTGCCCCAACTACTTCTACGAGG 8

~N 9 9 93
oS O o o o

3 it

CRISPR/Cas9 & K 4 %5 R 4t H L LAk, ©
EXEY R R EHER T 2N . M0 i 5T
CRISPR/Cas9 R 4t NAEY 2 —, Gao & N & F-1E
R & Hp R il CRISPR/Cas9 & 4t B ) 58 48 NtPDS Fl
NtPDR6 3:[H . BiJG, 1% ARG ME I ZE . RAEACHT
P PE S5 AR A 2 VIR ) B B DR T e 9 5 TR AR T
FEAE R TP RSO 5 CRISPR/
Cas9 JEAHFRIE RS, B UCTEMH B A 5% AN [7] A2 4 2
PERI Z AT T gt 7t .

My TR AR B ¢ 2L Bl PCST i HMA2. PVY
YUk % N elF4E. TMV T 1% A1 5% 5 K] TOM3 FI
TOMI 5 A~ 85 [X] [F] i) i Bk /¥ CRISPR/Cas9 R %t, JF
AL B IR AR o 3 S O A A R A 1 35 IR 37
Mra B, 5 AMEREERTEMR R IR 2 T hdmiE, 54
FDH ) I 538 (4G RO 53.8%, 1% b9 5 7K A X
DU AN SEAE 5o [ B e B3R T LB AR 2 (44% A 67%) B,
T H 28 R 9838 A 2R AE 76.9% 5 92.3% Z 8], iX
5 JUR R R AR [ B R AR A I A 2 U, xR
B A ST 73 ) 2 BB 5 CRISPR/Cas9 £ 4t e W6 41 1t A
) PR (A [ 3 BRI R AT G, R R TR R PR 1
b0 40 R PR L B B R RARIE . S 4h,  El T
F2 B AR PR 28 B R O R RN AR 5 2 5 T R ) S Y DY
A, FEICIERIZH G PR B AN [F) A5 R B A A 2 L TR
MR, NMAAEREREREEZ . EFEEETRTN
MER . AR R 2 B 2 CRISPR/Cas9 & 4,
AR T 2 A E LR R R4, $ R )RR
BRI 9028505

D45 W], CRISPR/Cas9 £ 4t /8 M &b 5] i
oRAF, TR 1 210 MEMIMER, AP 1A
FEMIBR I RAR R i %, 1X 5§ HITE 00 A A AR )
HETR A R, X RARTE AR KRR 54
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FRRE AR, 2 7E HARAL 55 1A AL ) 3 (R 411X
AP AR R BT DI M (B RR) R K gm i
B T ik 2, AR 2 B s s s
R 5% WHLEETTE . KFE. MfEH Cas9 B¢ Cpfl 1)
JI B 2K L R I, 3 SO R ) e T TR 3R
gRNA H5 57 1, sgRNA ™V M & 115 A 20 B i S
SN R AE 2 PR AR T AE 5 AN IR R R AR
RAFRIRAR T, HRYE sgRNA 5 YR 50 40 5 Ji 0] 75
RN Z3H 7 AT e RO B BE s, 45 SRR R Rk AR i SR B
%, 507 M5 b X CRISPR/Cas9 fi 4846 1 45 5
— g U XA H bRIE R sgRNA $45K F ™ 1 A
HEA I, BT LTI 51 1) 4 25 DRI R 3 DG R e 11
PL K GC & & &) sgRNA. 5 410 (1) Bt S V15
R T 5 St — 2D R Al A S A 1 A 25 DR ZEL 00 5 40 A
W5t

4 g

AT SR X6 R B A [ PR 2 R A A T 2 A
i Bk ) CRISPR/Cas9 & 4t, K3 7 48 1 R AH ¢ gt
[Al NtPCS1. HMA2. PVY $u P AH K 2 K elF4E UL K
TMV HilE e 5K TOM3. TOMI [R5 A8 I B it
PEE, 5 AR R B 948 1R HE 360 53.8%. M HE K
REVEAS o3BT RN, 5 BT T I 4 (i 16 67 i B35 R K
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AE I BIF 98 A1 2L T CRISPR/Cas9 43 A (1) 22 11 4R o [ 24
& T Rt

SEHk

[1] Bhaya D, Davison, M, and Barrangou, R. CRISPR-Cas systems in
bacteria and archaea: versatile small RNAs for adaptive defense
and regulation[J]. Annual review of genetics, 2011: 45: 273-297.

[2] Wiedenheft B, Sternberg S H, and Doudna, J A. RNA-guided
genetic silencing systems in bacteria and archaea[J]. Nature, 2012,
482:331-338.

[3] Deveau H, Barrangou R, Garneau J E, et al. Phage response to
CRISPR-encoded resistance in Streptococcus thermophilus[J].
Journal of bacteriology, 2008, 190: 1390-1400.

[4] Li JF, Norville J E, Aach J, et al. Multiplex and homologous
recombination-mediated genome editing in Arabidopsis and
Nicotiana benthamiana using guide RNA and Cas9[J]. Nature
biotechnology, 2013, 31: 688-691.



W/NAREE CRISPR/Cas9 /15 MH ¥ 2 JE (R 4 48 A R (1) 52

79

(5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Shan Q, Wang Y, Li J, et al. Targeted genome modification of crop
plants using a CRISPR-Cas system[J]. Nature biotechnology, 2013,
31: 686-688.

Jiang W Zhou H, Bi H, Fromm M, Yang B, Weeks D P.
Demonstration of CRISPR/Cas9/sgRNA-mediated targeted gene
modi fication in Arabidopsis, tobacco, sorghum and rice[J]. Nucleic
Acids Research, 2013, 41 (20): e188.

Liang Z, Zhang K, Chen K, Gao C. Targeted mutagenesis in
Zea mays using TALENs and the CRISPR/Cas system[J]. Journal
of Genetics and Genomics, 2014, 41(2): 63-68.

Jia H, Wang N. Targeted genome editing of sweet orange using
Cas9/sgRNA[J]. PLoS One, 2014, 9(4): €93806.

Ito Y, Nishizawa-Yokoi A, Endo M, et al. CRISPR/Cas9-mediated
mutagenesis of the RIN locus that regulates tomato fruit ripening[J].
Biochemical and biophysical research communications, 2015, 467:
76-82.

Brooks C, Nekrasov V, Lippman Z B, et al. Efficient gene editing
in tomato in the first generation using the clustered regularly
interspaced short palindromic repeats/CRISPR-associated9
system[J]. Plant physiology, 2014, 166, 1292-1297.

Cai Y P, Li C, Liu X J, et al. CRISPR/Cas9-mediated genome
editing in soybean hairy roots[J]. PLoS One, 2015, 10 (8): 1-13.
Lawrenson T, Shorinola O, Stacey N, et al. Induction of targeted,
heritable mutations in barley and Brassica oleracea using RNA-
guided Cas9 nuclease[J]. Genome Biology, 2015, 16 (1): 258-270.
Igbal Z, Sattar M N, Shafiq M. CRISPR/Cas9: A tool to
circumscribe cotton leaf curl disease[J]. Frontiers in Plant Science,
2016, 7(231): 475.

Mohan C. Genome editing in sugarcane: Challenges ahead[J].
Frontiers in Plant Science, 2016, 7(7): 1542-1546.

Chen K, Wang Y, Zhang R, et al. CRISPR/Cas Genome Editing and
Precision Plant Breeding in Agriculture. Annu Rev Plant Biol[J],
2019, doi: 10.1146/annurev-arplant-050718-100049.

Gao J, Wang G, Ma S, et al. CRISPR/Cas9-mediated targeted
mutagenesis in Nicotiana tabacum[J]. Plant molecular biology,
2015, 87: 99-110.

Xie X, Qin G, Si P, et al. Analysis of Nicotiana tabacum PIN genes
identifies NtPIN4 as a key regulator of axillary bud growth[J].
Physiol Plant, 2017, 160(2): 222-239.

WUAY, Xk, TIF5E, 55 R CRISPR-Cas9 2 [ 2H 2 44
R RS R MR B eIF4E-6 JE [N [J]. 20 FAEYI & B, 2017, 15(2):
538-544.

PAN Hongxing, LIU Xia, WANG Xiuqing et al. Directional
Knockout of elF4E-6 Gene Using CRISPR-Cas9 Genome Editing
Techique[J]. Molecular Plant Breeding, 2017, 15(2): 538-544.
PetE, A, W, % . R A CRISPR-Cas9 £ A G i 4 %
NtabMYC2 % K ) %€ 55 5878 [J]. 2 TR & Fb, 2017, 15(6):
2328-2334.

YAO Hen, BAI Ge, XIE He, et al. Targeted Mutagenesis
NtabMYC2 in Nicotiana tabacum using the CRISPR/Cas9
Technology [J]. Molecular Plant Breeding, 2017, 15(6): 2328-2334.
XU lE, Yo, R, 4% . R CRISPR/Cas9 HARTEMM
o RS 2 A BEE R 1], i#44% | 2015, 37(10): 953-73.

LIU Tingting, FAN Diran, JIANG Lingyu, et al. Highly efficient
CRISPR/Cas9-mediated targeted mutagenesis of multiple genes in
Populus[J]. Hereditas, 2015, 37(10): 953-973.

Ma X, Zhang Q, Zhu Q, et al. A Robust CRISPR/Cas9 System
for Convenient, High-Efficiency Multiplex Genome Editing in
Monocot and Dicot Plants[J]. Mol Plant, 2015, 8(8): 1274-84.

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Li S, Shen L, Hu P, et al. Developing disease-resistant
thermosensitive male sterile rice by multiplex gene editing[J]. J
Integr Plant Biol, 2019, doi: 10.1111/jipb.12774.

Yu Z, Chen Q, Chen W, et al. Multigene editing via CRISPR/Cas9
guided by a single-sgRNA seed in Arabidopsis[J]. J Integr Plant
Biol, 2018, (5): 376-381.

Ruffel S, Dussault M H, Palloix A, et al. A natural recessive resistance
gene against potato virus Y in pepper corresponds to the eukaryotic
initiation factor 4E (eIF4E) [J]. Plant J, 2002, 32(6):1067-75.

Han Y, Luo Y, Qin S, et al. Induction of systemic resistance against
tobacco mosaic virus by Ningnanmycin in tobacco[J]. Pesticide
biochemistry and physiology, 2014, 111: 14-8.

X5, EWI, R, S5 HERVEST PVY 2 elF4E-1 K&
JLMFH : CN201310687774.1[P).

Yamanaka T, Ohta T, Takahashi M, et al. TOM1, an Arabidopsis
gene required for efficient multiplication of a tobamovirus, encodes
a putative transmembrane protein[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2000, 97:
10107-12.

Kumar S, Dubey AK, Karmakar R, et al. Inhibition of TMV
multiplication by siRNA constructs against TOM1 and TOM3
genes of Capsicum annuum[J]. Journal of virological methods,
2012, 186: 78-85.

Asano M, Satoh R, Mochizuki A, et al. Tobamovirus-resistant
tobacco generated by RNA interference directed against host
genes[J]. FEBS letters, 2005, 579: 4479-84.

m ke, ERE, BICIE, &5 | R IS R R TAR AR ) 2 E A
DIRer T (0], JHERHL |, 2017, 5009): 1-6.

GAO Yulong, WANG Bingwu, LI Wenzheng, et al. Identification
and functional analysis of a tobacco cadmium transporter gene
mutant[J]. Tobacco Science & Technology, 2017, 50(9): 1-6

Cong L, Ran F A, Cox D, et al. Multiplex Genome Engineering
Using CRISPR/Cas Systems[J]. Science, 339(6121): 819-823.
Jinek M, Chylinski K, Fonfara I, et al. A programmable dual RNA-
guided DNA endonuclease in adaptive bacterial immunity[J].
Science, 2012, 337(6096): 816-21.

FY , %%, Frh, % R CRISPR/Cas9 45 A AT NILS H:
Rl A (3], R, 2018, 51(2): 1-8.

WANG Shanshan, YANG Jun, WANG Zhong, et al. Targeted
mutagenesis of NtLS gene using CRISPR/Cas9 system[J]. Tobacco
Science & Technology, 2018 , 51(2): 1-8.

B r, WEF, BE S BT CRISPR/Cas9 £ A [ 41 &
NtDXR FE[Hm b B Dh g [J]. R |, 2016, 49(6): 1-7.
NIE Mengyun, GAO Junping, LUO Pei, et al. CRISPR/Cas9-mediated
targeted mutagenesis and function analysis of DXR in Nicotiana
tabacum[J]. Tobacco Science & Technology, 2016, 49(6): 1-7.

Wang M, Mao Y, Lu Y, et al. Multiplex gene editing in rice using
the CRISPR-Cpfl system[J]. Mol. Plant, 2017, 10: 1011-13.

Tang X, Liu G, Zhou J, et al. A large-scale whole-genome
sequencing analysis reveals highly specific genome editing by both
Cas9 and Cpfl (Casl2a) nucleases in rice[J]. Genome Biol, 2018,
19(1): 84.

Feng Z, Mao Y, Xu N, et al. Multigeneration analysis reveals the
inheritance, specificity, and patterns of CRISPR/Cas-induced gene
modifications in Arabidopsis[J]. PNAS, 2014, 111: 4632 37

Li J, Manghwar H, Sun L, et al. Whole genome sequencing reveals
rare off-target mutations and considerable inherent genetic or/and
somaclonal variations in CRISPR/Cas9-edited cotton plants[J].
Plant Biotechnol. J, 2018, doi: 10.1111/pbi.13020.



80 r [ % 4R Acta Tabacaria Sinica 2019 Vol.25 No.4

Application of multigene editing system mediated by CRISPR/Cas9 to Nicotiana tabacum
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Abstract: CRISPR/Cas9 is a new type of directional genome editing technology, which has been widely used in targeted editing of
tobacco genome in recent years. CRISPR/Cas9-mediated multi-gene editing techniques have shown great potential in gene functional
research and genetic improvement on many species. In order to explore the technical system of CRISPR/Cas9-mediated multi-gene editing
in tobacco, a multi-target CRISPR/Cas9 system was constructed for five genes (PCS1, HMA2, eIF4E, TOM3 and TOM1) associated
with different traits, and then transformed into Nicotiana tabacum variety K326 by using agrobacterium-mediated genetic transformation
technology. Through screening of the positive plants, PCR amplification and sequencing analysis of genome DNA of target sites, it is shown
that the established multi-target CRISPR/Cas9 system can be transformed into tobacco, allowing simultaneous mutation of 5 target genes.
The positive rate of simultaneous mutation of 5 genes was 53.8%. The detection rate of a single gene mutation was between 76.9% and
92.3%. Further evaluation and analysis of the off-targets showed that no off-targets occurred at the predicted candidate sites. This indicated
that the multi-gene CRISPR/Cas9 editing system constructed in this paper could effectively mutate multiple genes, which laid a foundation
for the study of tobacco gene function and the improvement of multi-traits based on CRISPR/Cas9 technology.
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