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455+ SO AR R B X F R R B Rk AT R R MR AR o R S B R S E R R T SR
ZFNs » TALENs & CRISPR/Cas =#& & 4t > - ¥ vA CRISPR/Cas #:F 8 & % - BB E RS AR LA R A
BAKOE S BEbR & B AT ER o AE B4 VA CRISPR/Cas 3wt - EmE R EW S AN EH A% -
XF A RERY  REBERRLZL - % gRNA KRBT X ARAERG Y IR B dmE s FRA
By b F AR R LSRR 0 PRI B B e AR > HARE A BT RA B AT B BT R S FRIE

RASRE - ZEANRE RS - BEMWIRENR - FEIFENA -

E‘fjg clustered regularly interspaced short palin-

BB LI 80 [ - T 2050 4F dromic repeatsF(PCRISPR)/CRISPRP—associated
AT EE 07 i M £ A S H T 70-85% protein (Cas) » F5f# CRISPR/Cas/%‘r ° ZFNs.@i
- HE [ JE B (Zafar er al. 2020) « AT 3 4E TALENs %%ﬁ’:\ﬁﬁgﬂ"\]&?ﬂﬁ@%%ﬁ (protein-
RS A L Y B 5 based nuclease system) > 77 5 2 {45115k (domain) »
P RAEIE » PR AR T - by 2 MRS TALE SRS H RS
G RIS N B g oo | THBESEIRA RO © ZFNs
2021 4553w BEL R 3 i (new genomic tech- 5 TALENs N EmfEakat - #R/FodiE - RiERes
niques) P8RS » @ALEMILiAyE 0 RO LE T A CRISPR/Cas 4464 i
bR A I A B (Zimny 2022) « Bipdg R (Ho et al. 2018) - CRISPR/Cas %% 2
BRI 0T SRS E P IETIER (knockour) « ZEDCBCHERXRRELER HTTHO A 6 (RNA-protein
B A (knock-in) ~ ¥ (replacement) 5% i BEZE based system) > 5[Z RNA (guide RNA; gRNA)
% (point mutation) » EHESEETE (precision A ek HEEF > Cas9 i Re B & K UJE] -
breeding) Ay F 12 > 41 Lusser %58 % () 2 3% » gRNA 43 ¢ CRISPR RNA (crRNA) i trans-
JB 1 3 B ) & FE £ 17 (new plant breeding activating crRNA (tracrRNA) 2 {E &4 » H
techniques; NPBT) (Lusser ef al. 2011; Enfissi ~ ¢rRNA /& 1 B¢ B B L 51| B iy 17-20 nt ¥
et al. 2021) % F £ R 45 88 T B A §E zinc 5l » tracrRNA F ZH I 58 2 (& &fi pre-crRNA
finger nucleases (ZFNs) ~ transcription acti- KB IhEE 27 K # crRNA » U B Cas9 % Bl
vator-like effector nucleases (TALENs) » DL REERS BT HEEE A ATEKRD
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77 =B ctRNA B tractRNA & ff » i B single
gRNA (sgRNA) » HIF] 5[ & Cas9 % Bz B #E 1T
GmiH o HY sgRNA Beat S (EE Lg% - (15
CRISPR/Cas % 4 5L 75 6 %3 {8 4 ) 8 3
(Cao et al. 2016) - [t:4p » B ZFNs 5 TALENSs
FHEE » CRISPR/Cas Z: 4 7] % 3 B — Cas %%
il 1 % fd sgRNA - [5] 51T 2 {8 i 51 i B HY
4548 (Chen et al. 2019) » #E1f{# CRISPR/Cas
Ftg A F 5 IR B — 5[ E {ir B (mono-guide)
1T AT $t 35 2% (8 {ir 85 > #E 1T 2% BN 4R 18 SR I8
(multiplexed CRISPR strategies) » # 4 fiTE
2 R B B i R R D RE PR B B 4 B T I R Y
{2 (McCarty et al. 2020) - #% » /EYIHVE
SR AV EIREY RS EE K
B% > ZRYUEENR - MEEERFEAES
e TEN ) dRiE 2 HARER - EHATIRE
BEVBEERAIRI - AL KRG L% E
ER4mig 2 B - 2 EARGE 2 RIS R EE
B 2 FEFHET 48 0 SEETE RIS N B
THHBAR T 2 25 1K8E -

ZEERRE 2B

% B AL N e B AT (B B4 A 70 [R5 4 8 25 (6
AR > 1o o] FERTRY T3 3 R £

BEEYE (synthetic biology)
EREYEREGAHEE T EAEER
o DARATARELEBEERZRE > &
FEEERN - RERE LRS- EmHFEEA
AARHE R - HAT CRISPR/Cas &4t A] 4Bl &
HERGRT » (EXBRERDIREGRIERY Cas B
B RS EE N EE(LAE I (activation domain)
B [ E N 4538 (repression domain) » &
4 2% FE I RE Y CRISPR » 41 CRISPRa H & #
#% (LI AE - CRISPRI B4 # 8% fl D Rk -
Lian et al. (2017) fEEREE IR, dSpCas9 »
dSaCas9 ~ dSt1Cas9 Jz dLbCpfl ZEHLE[ERI Cas
EHE » BAEThRE 2 & A B 4SS G 23
5% v B3 CRISPR-AID £ 4 - i A2 4.5 dL-
bCpf1-VP ~ dSpCas9-RD1152 K, SaCas9 = f& I
RETURXFRBEAEAH - ] oy S B AR A R T 8%
AL~ R AR DIEEMER - WEHIFELE

rere

]

2% W3

[ AT A S B 7R 7€ (mevalonate pathway)
FE4 B-EHEEE Z - Hd HMG1 Z 5 A =
W LR E G A %25 (3-hydroxy-3-methylglu-
taryl-CoA reductase) ~ EGRY TJ {& [k £ ik i 5
& ¥ 5 (farnesyl pyrophosphate; FPP) & i
%)% (squalene) » 55H ROX1 Bk A+l %
T FH ST R (S B X 2230 E ] CRISPR-AID
ZA TR R B-H2EE R A SR AR
[ERFE T E IR 2 HMG1 ZRRFE - 1% ERGY
FRNFEH - WM ROXT ZERIhAE » SHEEE
LG R =R IE A 2.8 £ (Lian ef al. 2017) »

HE AR AT
FEELEY E2 - WE - HEERE
FEIVERFEHBEEMREFEE (quantita-
tive trait loci; QTL) FfrfZ 15 ¥ E MR Z
2 (8 5 R P 4% SEERE %R HE —
SRR BRI 2 AR RS ER
(polygenes) o A& (il QTL {£ A & 1F FI B -
o FRAIE BRI - I > FIHESBEEEE
(AR EST QTLs AYHES: - H B o 8
TRERSHEHERNNWIIE FEHGHE
HEA B AR B EE R EEE (Gao
2021) - FIHZ BREARFEF - AT HREAR
g EMR Y 5 -

HERK&Z A

i i 4 EL [N 4H & (whole genome du-
plication; WGD) B BE %t [N & # (single-gene
duplication; SGD) % 77 3 » /K B (N 7% 8 50 18
BUEGH AL E - S RE AR R/ - 455
48 1 7 T LR K Y 25 B M (Qiao et al.
2019) « R R G ZE—BFE A HOE R
HEeTRENEDE - AELERER > Y
4% 3% WGD ~ SGD B & [t &5 ¥ (tandem dupli-
cation) ~ ¥TIFEEE (proximal duplication) ~ ##
fiI T-EE# (transposed duplication) Kz EXE®
(dispersed duplication) Z 55 » MfEY) ¥ IR
F 28 JEE (5 15 22 e FR PR A [E] W R R B B Y 7=
F o WIEH IR T LBLITIAETUER (redundan-
cy) » ABI# PRI E(L (Fang et al. 2022) -
RN ERREEA FHIRSFH > Fl A CRIS-
PR/Cas Z & 0] [ 15 4 8 2 (M AR R R R &
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P EEEYERNRRET R DIRETE

B5E -

Z B E R iREE 2 RHET
SEERREHEEE

LRI BT (two-component transcriptional
unit; TCTU) Z&#t

B T (4 5% B 248 2 R Cas 1% B i B
gRNAs 73 FIFRBN —THE IS S A4 (B 1A) »
Al & B 5 — & RNA % & B B &) 7 (RNA
polymerase II, Pol IT) EE&f » {H/\N 5 B gRNA(s)
RIIE] 8 £ Pol 1T B #2055 =4 RNA & 1§
(Pol I1I) E#EhT-EEHE) (Lowder ef al. 2016) » {{%
RS FREEHVAE S - TCTU &% XA 5T R
Pol 11 B Pol 11 JR & # T B Eh T (mixed dual
promoter) » B¢ Pol 11 £ 57Er#) 1 2 fE B!, (Ren
et al. 2019) - Pol TIT B+ Ay BB G5 8> 1%
(ubiquitously) EAFF4EE (constitutively) @ &
/INF B RNA RHL B H R AR A TR
IR BRI A B AVER - WETT L EERS
HE I - RS S TR A {lE Pol INT L&)+
M BEFEESEY) 24 - A R AKIER Pol
11 FIHE AR 0 FEEA (Tang er al. 2016)

(A)

sgRNA2

(B)

Itah - EAE A AR E R ED & 5 i R KR L
HE (Belele et al. 2013) » 52 2 T BN
TBEME (Peremarti et al. 2010) - [ Cas 1% [ i
Bl gRNA fEEFEMEA AR > WEReiRiE
RERY S A A BB H A R AT 4R IR [E (K
(Mikami ef al. 2015) (F 1) -

B ICH-iEi g4 B 37 (single transcriptional unit;
STU) %k

BT B BT Z 40 2 o R b B — R
TR BES) Cas IX NG S gRNA(s) HYFREL ([
1B) » A&/ CRISPR/Cas K (K 4 i & £S5 K
HIRR ] » [E10F AT {58 &% f s AU A Pol 1T B
I (R E B A B 2 B HA AT ALY 4R
i85 o N AT oy Al AR 7K RS B P 4 e o T R A AT
% R 4REE (Yoshioka et al. 2016; Ding et al.
2018; Xu et al. 2019) - i {b B 7T {4 #5 5 B2 fir
(simplified STU; SSTU) %45 » RI/Z2EH Cpfl
Z pre-crRNA & UJ J7 B 3% 5t 5 /D % 55 1 58
I gRNA(s) Fy#EVIooff » Bl TCTU MHLEE
ZyfEEE - Hal A s s R 1T JE (Wang
et al. 2018) - N #& » f > STU B SSTU HY &
SEOREE > (R BEAIMHE RSN BRERE
HI4EHE A o] pE &2 2 E sk A YR IRE - [h
Gh > STU B SSTU ZH & HY 3% 51 B 1 {iE Cas #%

. r— - ———

sgRNA3

Poly(A)

(©)

sgRNA1 sgRNA2 sgRNA3

sgRNA1 sgRNA2 sgRNA3

1. ZERERGEHEEERET - (A) ST R4 (B) BT BRI 240 (C) ERBE T EH AR -
Fig. 1. Vector construction of multiple gene edition. (A) Two-component transcriptional unit (TCTU); (B) sigle tran-
scriptional unit (STU); and (C) bidirectional promoter (BDP). Pol III promoter: RNA polymerase 11l promoter; Pol II
promoter: RNA polymerase II promoter; CS: cleavage site; T: terminator; PolyA: poly A tail (McCarty et al. 2020).
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Table 1. Comparisions of multiple gene editing strategy.
System” Advantages Disadvantages Editing efficiency References
TCTU -common system -gene silencing low Belele ez al. (2013);
-poor efficiency Peremarti et al. (2010);
-High off-target Mikami ef al. (2015)
STU -common system -Unequal distribution of Cas and low Ren et al. (2019);
-conditional gRNAC(s) expression Peremarti et al. (2010)
-simple -poor efficiency
-highly active system
BDP -equal expression of the two genes  further evaluated high Ren et al. (2019)

-avoid gene silencing

“TCTU: two-component transcriptional unit; STU: single transcriptional unit; BDP: bidirectional promoter.

BREBHEHC 1 L0 LAY gRNA(s) > FlAESEATE IR
Cas #Z R ERHL gRNA(s) SFLLBIIRE - 1EM &
FIRHE NN REECRAE (Ren et al. 2019)
FD-

) Bl Bh 1~ 258 (bidirectional promoter;
BDP)

AR E Y BDP 4% - 2 B —EL
By [F] 5 BR Bf) Cas i L EG B2 gRNA(s) HYFREL
([ 1C) » {H Cas % EE B EL gRNA(s) W # F7 51
By K2 ] (reverse direction) > B STU £ 475 A [H]
Y3 5 (E Y Cas % FE B EL gRNA(s) AT EA &
H % 77 /Y 3'UTR =, 4% 45 7 (terminator) » &Y
A BEA BRI E > AR T s
Ml ERF RIS Y ZE M (Ren et al. 2019) -
YK IR BDP (nature BDP; nBDPs) & F 24
FORMVEEGRAS AL 0BG T 2 35 B (Schwarz et al.
1981) » W& A R 4H € Fr 5 filg B A= M) & R (Y
g fHY) BDP (YR Bl S Ham % - 1F
e[ 17 {H 7% (Bondino & Valle 2009) ~&ffJ[\ (Wang
et al. 2008) ~ EEH (Shin et al. 2003) K F&
(Dhadi et al. 2013) FR#HF » EEEERER
B BDP 2 4% - Ren ef al. (2019) L@ 7K 75
4 BDP 81 A T. 4 Ak BDP 2 B[N 4R 80%
G SR BT H P BR C A2 S 1Ay R B 2 8] 35S #%
BB TP B B 4H & 2 4R B XU EY 10-20% >
B i 2 i 35S %0 BB+ %5 B 0 _F 0 58
(enhancer) 1% » {REER IR 2 52% > S
F7K#AN E OsBiP1 BLE) T BEE) 2~ B A 45 B30
ZLAIAT 2 86% o

ZE gRNA RIFF5T0

B2/ (in vivo) %2 gRNA REIHES - 7
%53k 3 fE45 S (genetic architectures) @ J& 1T
TR - JF4 CRISPR-Cas £ 4452
pre-crRNA &1 » DL R i gk 1% # 1] (post-tran-
scriptionally process) (McCarty et al. 2020) °
] FI] F #S SN 5% (in vitro transcription; IVT)
7 EECE /N R B gRNA » F B Cas
EHBEHESKZEEEE (ribonucleoprotein;
RNP) 1% % A V)4l Ml - 2 T fi€ DNA | B
(DNA-free) H ARV ER R HEEA - CEIIEH
TEYIELFEITHIATE ~FAE B ROKFE (Woo
et al. 2015) ; #% %4> (Subburaj et al. 2016) ;
/2% (Liang et al. 2017); E>£ (Svitashev et al.
2016) ; K5 (Kim et al. 2017) DL FEF (Mal-
noy et al. 2016) » /& H Al a0 € Fy ik B JE AL A
U TE ST AR R GRiE R T o B2 N AR SR 6
in vivo 28 gRNA FIH 7 = -

Feini PR (individual expression cassettes)

SR E AR T > S gRNA £
HE& B BILNEE) T4 T (8 2A) - HP
gRNA Bt /N7 BE RNA » —fi 38§52 Pol I11 B
B+ (U3 2 U6 BB +) - (HEEE R E&E
HY BB+ 2 5115 5 i BB ) T T B B8 (pro-
moter cross talk effect) » [ K ¥2 55 gRNA %=
HE - B gRNA(s) FIRBAER K EE P
FIHL 3% A4 SRR R AVERLIL S (Belele et al.
2013) o phAh - IR IR E R T E AR
BE -~ E - BREEEEERE R EEE
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crRNA1 crRNAZ  crRNA3 /_-

crRNAT crRNA2 crRNA3

S
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2. ZE gRNARIITTH - (A) BILRF-FE : &6 gRNA HHEILHYEH) T B4 LT (B) tracerRNA/
RNase 11T &;LJ) : crRNA B tracRNA 4541% > BUE) RNaselll #E{7E; V) ;5 (C) Cas 12a/Cas 13a/Cpfl &) : A FEEE
tractrRNA Ei RNase 111 BIA[#E{7&;T)] ; (D) Ribozyme self-cleavage @ > gRNA #J I ~ g0 - HH 81 HDV ¢
B > EEEREYEI A HETTHHAEY) ¢ (E) Csy4 processing * ¥ gRNA _EJiFskat Csy4 Mg AT A 1 TEY) + (F)
tRNA cleaved by RNase : tRNA ¥4 sk =Y R: > v # EAZ YN 4 14:0T RNase P 81 RNase Z - sUAHE Y
RNase E #(V] - ™ FoREE 1 -

Fig. 2. Multiplexed gRNA expression approach (McCarty et al. 2020). (A) Individual expression cassettes: Each
gRNA consists of independent promoter and terminators; (B) tracerRNA/RNase III processing: After the cRNA
binds to the tracer RNA, RNase III is activated for truncation; (C) Cas 12a/Cas 13a/Cpfl processing: Truncation can
be performed without tracrRNA and RNase III; (D) Ribozyme self-cleavage: Self-truncation can be performed by
adding HH and HDV sequences upstream and downstream of the gRNA; (E) Csy4 processing: The Csy4 recognition
sequence can be designed upstream of the gRNA to truncate; and (F) tRNA cleaved by RNase: The tRNA may be
truncated by endogenous RNase P and RNase Z in eucaryotes, or by RNase E in bacteria. > presented the promoters.
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sgRNA1 sgRNA2 sgRNA3
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>

2. %EH gRNA KRBT - (A) BWILRFRE & gRNA BB ILAYEE) T 8145 (7 (B) tracerRNA/
RNase 111 &;tJ) : crRNA B tracRNA 4551% > BE) RNaselll #E{7E )] 5 (C) Cas 12a/Cas 13a/Cpfl &) : FFEEE
tractrRNA B RNase 111 B A[#E{7&;T)] ; (D) Ribozyme self-cleavage : > gRNA [y I ~ g0 - HH 81 HDV &
Bl > EEREYEI A T H HEY) ¢ (E) Csy4 processing : it gRNA _[JiEat Csy4 Mk SIEI A /TR + (F)
tRNA cleaved by RNase : tRNA #J&REBEk Y ImEL - A LAY A MERY RNase P 2 RNase Z - sl iy
RNase E &) - ™ FoRE@E T - (4)

Fig. 2. Multiplexed gRNA expression approach (McCarty et al. 2020). (A) Individual expression cassettes: Each
gRNA consists of independent promoter and terminators; (B) tracerRNA/RNase III processing: After the cRNA binds
to the tracer RNA, RNase III is activated for truncation; (C) Cas 12a/Cas 13a/Cpfl processing: Truncation can be per-
formed without tractrRNA and RNase III; (D) Ribozyme self-cleavage: Self-truncation can be performed by adding HH
and HDV sequences upstream and downstream of the gRNA; (E) Csy4 processing: The Csy4 recognition sequence can
be designed upstream of the gRNA to truncate; and (F) tRNA cleaved by RNase: The tRNA may be truncated by endog-
enous RNase P and RNase Z in eucaryotes, or by RNase E in bacteria. [ presented the promoters. (contimued)
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FHEL @ BEE &R BEREE - HRE1IE

B [ 3 Al RCAE R B Y S Re - T TR

Rl A E ISR E AV (Peremarti et al.

2010) - HilH B —RIFEK A G E—E

ERS o RSB R E RIS E S E TR

RNEFFE R ET RS, - B RFIR%

F IR 45 B £ [ AY[E B 2 A (Minkenberg et al.

2017) o fr DAANAR] 15 BE — # A8 LR Th =3 2% (|

gRNA sHifGHEEE -

A /AR BT

(1) tracerRNA/RNase III processing : HJE N E
4= CRISPR-Cas F I % 4t 2 pre-crRNA &
17750 0 MBS s — A (Class 11 Type
1) Z.4%i > pre-ctRNA &) [F# » £ ctRNA
Y | T i a% 5T B tractRNA B i Y E A7 7
FI > E )4 RNA FEY)HL tractRNA 4551
B Bl N ZE 7Y RNase TIT % 2 #E 17 RNA &
Y o E4Z(E ¢gRNA F Bf (Deltcheva et al.
2011; Mikami et al. 2017) ([ 2 B) -

(2) Cas 12a/Cas 13a/Cpfl processing @ J& * &
4 CRISPR-Cas I % 4t 2 pre-crRNA #;
17750 0 HRIBEE TS TR (Class 1T Type
V) Z4i 2 pre-crRNA #( V)[R B3¢ 5f © Cas
12a/Cas 13a (2 7% Cpfl) #% B §§ 49 1,300
{lEl fe s B » B Cas9 K [ Y /2 Cpfl A7 22
tracrRNA 7 R~ 55 Z 4 4y RNase IIT [l 0]
18 77 52 ik pre-crRNA # V) - fE B Cpfl &5
&2 gRNA(EFET 42 nt > HP19nt 35
I SR 45 FE (stem-loop structure) @ 3 Ui 23
nt 5 H &Y 51 (Zetsche et al. 2015) »
1F 1 £ B 7 pre-crRNA 7 #§ U) /& 4= % (&
ctRNA F E¥ (Fonfara et al. 2016; Ding et
al. 2018) (& 2C) » FLERHS 2 R DD FEF R 7K
W% B AR 4RTE (Wang et al. 2017) -

R Y] /20

(1)Ribozyme self-cleavage : 3% 5% )7 74
e R B R > BN R R (ri-
bozyme) EIZFEN&YET > KRG E—
¥ RNA (HEFBHHELY] (self-cleavage) Iy
fE » E gRNA 89 E ~ TlE 73 A0 A $# 555iR
% EZ AR 2 (hammerhead ribozyme; HH)

Fe 51 B4 D BY B 3% 9 35 A% 8 i B B2 % (Hep-
atitis Delta Virus ribozyme; HDV) ¢ %1
ek Y O] LT B REY) > T T E
4 gRNA » Z i AMIERERNEN S E
gRNAs iy & # (Lee et al. 2016; Xu et al.
2016a; He et al. 2017) (/& 2D) -

(2) Csy4 processing * 857 /A FHE 1%

B JFH > Csy4 (Cas6f) BINE—HE=
#I (Class I Type IITI) CRISPR-Cas &4 H71%
el T DAFEER ¥ 4% RNA | 28 nt 2 HEHR
4EFE (stem-loop structure) » &Y T iE 20
nt fi7 B (Haurwitz et al. 2010) > * gRNA
FaeEt Csy4 ¥ ak Fe 51 Bl Bl fT &)
7 4 % gRNAs (B 2E) » It 735 Bk
JER R 4HE ~ BEREE K LB YY) (Nissim
et al. 2014; Ferreira et al. 2018; Kurata et
al. 2018) « FEF i ~ /INEE ~ RERJE A& B
(protoplast) J 75 & A MHEFHI L EHE
R4RiE R (Cermak et al. 2017) < {HH
Csy4 B V) R4 B Z IR EINRHY Csy4d
EHE HEzEOEXRHEEHESK  5E
SR E M - EEHG  E AR i
= (Nissim et al. 2014) -

(3) tRNA cleaved by RNase: 5% 1§55 77 {5 F

PR BV R > N4 M (RNA B V12 H Al
BEZEANEY - BIMEEEMEY—
TS - A DIT %% © t(RNA Z 4k
ek EY) 2 Ik TR B AN AR
RNase P B RNase Z > = 4 & 9 #Y RNase
E # t]] - RNase P 8 RNase Z & {7 {i7 & flI
pre-tRNA FP3ilfife » HAZHE (acceptor
stem) ~ D & (D-loop arm) K% AG &
TyC & (TyC-loop arm) & &5 % B[l A] -
tRNA ##3% 5 D) polycistronic I = HFR » H
tRNA B A 75 B A Pol 11T B &)+ 58 (LT
> WATERY (RNA B V) 24 il g oK &
A 4R sk Y (Xie et al. 2015) ([&] 2F) -
FEF A E R BEN AR (RNA BT 24 &
W R B YITER 2% B gRNA RHF & > Bl
WEZ I B 2 B OB V) SRS AHLEL » (RNA B D)
RES N A P85 > tRNA B 2% T 0]
R E Y E A R S R BB R S
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Higat [REZE S gRNA FHIREHEA 77
bp & EHY pre-tRNA [P 41 > IEF T E1E A
SRR B 4R BE ~ BHAE ~ KRG DL R 32 o 4 &
ZIERIR % AR 4REE (Xie et al. 2015; Tang
et al. 2016; Dong et al. 2017; Oliva et al.
2019; Zhang et al. 2021; Huang et al. 2022)

ZEERREMMEMBLETE
Z R

ZEENFEATIFRENR KR « Fii - /)
x> BREBRHEEFEY L EHEE - 88
Bor ~ URtE ~ DUESERE 7 KBS BR SR 52 1
FH - AR HRIIHIPT TR (F2) 0 &
AT ¢

R EEZBESE — KiaRhl

KEEEMBNKER TEHUAN AN
B EENE - RERATHE  2EEH
HEAEYMR - 2 2 B8 E MR E R
(quantitative trait loci; QTLs) H£[EFH¥E - ©F

2. (FYZEARGEENES -

B72% B3

21 {153 &7 7K R 72 2 A B 1 R B S R 49 28 T Y
A& > 4IkLAY (Grain Size 3; GS3) ~ KL (Grain
Width,; GW2 81 GW5) ~ Ffif& (Thousand-Grain
Weight 6; TGW6) ~ TR E 1T (Dense and erect
panicle 1; DEP1) S 58RI # (Grain numberla;
Gnla) &HE NGB EUR BRI I > &R
HZAFERT - EEWHEE TR OsGw2
OsGW5 ~ OsTGW6 F; OsGnla % F: A » F|
TCTU A%t Bl fig 17 R R EHY gRNA YR TT
NETHERERGE - iR - SR TiE
43 HI3E 24.21-25.32% ~ 19.79-20.46% k7 27.13—
29.84% (Xu et al. 2016b) - 41 - FEMFGE BT
P ies REZ RN HREEER - 5
R & i iR - R #2246 - Lacchini et
al. (2020) FIJF TCTU £ 4 #1 (RNA E U EHHE
4ntE JE NG OsGnla ~ OsGs3 K OsGW2 % 1
K> JEfF gnla gs3 gw2 &8 HEFHE
BEWEINT 24% o Ll TR BH% B RN 4R R
RISHE T ARCERE L AR LERITEEERE
MRz L E -

Table 2. The case of multiple gene editing in plants.

Plant species Target genes Method” Application References

rice OsGW?2, OsGW35, and OsTGW6 A yield Xu et al. (2016b)

rice OsGW?2, OsGW35, and OsTGW6 B yield Lacchini et al. (2020)
tomato SGRI1, LCY-E, Ble, LCY-B1, LCY-B2 A quality Liet al. (2018b)
tomato GABA-TP1, GABA-TP2, GABA-TP3, CATY, SSADH A quality Liet al. (2018a)
potato St16DOX B quality Nakayasu et al. (2018)
rice GBSS B quality Ma et al. (2015)
tomato SITOM1a/d, SITOM1b, SITOMI¢ A biotic stress Ishikawa et al. (2022)
rice SWEETI1, SWEETI3, SWEETI4 B biotic stress Oliva et al. (2019)
sweet orange ~ LOBI B biotic stress Huang er al. (2022)
rapeseed BnQCRS D biotic stress Zhang et al. (2021)
rapeseed BnaA.WRKY70.a, Bnad.WRKY70.b A biotic stress Sun et al. (2018)

BnaC. WRKY70.b

tomato SIHyPRP1 A abiotic stress ~ Tran et al. (2021)
rice SR B abiotic stress  Butt et al. (2019)
rapeseed EPSPS C herbicide stress Wang et al. (2021)
rice ALS A herbicide stress  Sun et al. (2016)

“Multiple gRNAs expression strategies: A: two-component transcriptional unit (TCTU) + individual expression cassettes; B: TCTU

+ tRNA cleaved by RNase; C: TCTU + Csy4 processing;

D: single transcriptional unit (STU) + tRNA cleaved by RNase.
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SEMEEN D IRERTE — DENZ
POAIZRER v -fZE T B (v -aminobutyric
acid; GABA) ~ BinE < B EY)
@ (steroidal glycoalkaloids; SGA) & 7K
2 et

4l E T CA0 BHEHEE £ > £ R E
AR AR &8 R 2 E) R B RS (R AT EE 4R
FERHIE R G B e (isopentenyl diphos-
phate; IPP) 81 H S8 — B I 79 I A FE Bk I
(dimethylallyl disphosphate; DMAPP) 2 T i 5&
V) » IPP 81 DMAPP HEAT 4 & [ & 4 il & T
HEWIE &S (geranylgeranyl pyrophosphate
synthase; GGPP) » #R31% » 2 77 T 1 GGPP #%
NG ENMLLZEE TG 1 (phytoene synthase 1,
PSYI) fEALTE R 1 7 i Ay 15-IH=0 )\ &
F4LZ (15-cis-phytoene) - FREEH J\ @& H4L
%= L& (phytoene desaturase; PDS) BI{FE H
EE C-carotene B ELEIEY) » FHAE L HIAIME
FI » & C-carotene #EHR R HALE » FEHHALE
B-E2 {E T 1 (Iycopene p-cyclase 1; LCY-B1 i
LCY-B2) Hi B-FE 4L ZER(LEG (beta-lycopene
cyclase; Blc) B4l ZIR{LAE R B-tHEEE & -
F—TEREEMALE e-IR{EEF (Iycopene e-cy-
clase; LCY-E) Bl B-3& fii 4L ZIR (LG (Ble) i
AL ZIBACAER o-SHEEE & - |8 BELEY
HrEfEBEEER - ToREE REMBEHES
# o Li et al. (2018b) F| & m] 2 4 L5 11 %
BRER gRNA FH 7 > PRACE A 5RHg > —
R E MR E PR AR RN (Stay-green 1,
SGRI) Z BN T #E(T4m iR > [ SGRI fie 5 H
PSYI tHHEAEH » EMEEMLLZNEGH - =
R LB AL R IR(ENER > f20 LCY-E
LCY-B1 ¥ LCY-B2 ~ LCY-E P} Ble % F3lt 5
EERNETRE > A4 RIRE R o-HHE
BEEB-HHEEZR > EMES 5.1 SnslEN
HE -

GABA R RISHVEEYE » vk iF4E 8
JHEG M BR (Inoue et al. 2003; Nakamura et al.
2009) > A{E BN TIEBR D RKEENZE
Al - GABA T2 & BURTE Ry b B iR B B
(glutamic acid decarboxylase; GAD) # L-glu-
tamate 2 f I B F& 55 1 7€ £ GABA - i i —

i GABA %05 (GABA transaminase; GA-
BA-T) fi (LS B 3T A% 1 B% (succinic semi-
aldehyde; SSA) » fx 1% RII 2 48 HHIE A BE 1 B AL
@l (SSA dehydrogenase; SSADH) #3531
I (L B Ry IRIABE (succinate) W A
B EER (TCA cycle) - 55— 7RI FE 3 5
— 1& [5 B+ & 5L B% 5 4 &5 1 (cationic amino
acid transporter; CAT9) & B 6 Ay GABA
U K AR RS T o AR > 28 GABA 2
FIH&E - A GABA-T ~ SSADHLi ~ CAT9 2%
B2 Z AT % it GABA 2 & pl B H R K i
BN T - H GABA-TH2 EEER &
F& 79 BH % fic #8 M (pyruvate-dependent GABA-T;
GABA-TP) Hi o- i X — % (¢ #8 M (a-ketogluta-
rate-dependent GABA-T; GABA-TK) ° A H GABA-TP
ERWEEFENEHMEY F > il GABA-TP
o] 5 4l 47 i GABA-TPI ~ GABA-TP2 [} GA-
BA-TP3% 3 ([HEPIS - BRI Li ef al. (2018a)
1 81 GABA-TP1 ~ GABA-TP2 ~ GABA-TP3 ~
SSADH F; CAT9 » F| ] TCTU % 4 Bl 48 17 %
HREA gRNA REL 7 TREE > G578
TR 2 BLEF AR RIE ML - BER GABAHY
SEAEI 19 % LE GABA TGN 4 £ -
HAY 2021 4£ 9 H B4 S GABA FHhn b
(Gramazio et al. 2020) °

E$5ZE (Solanum tuberosum) &—7fE F 5
HUKE B EY) » [ERE T 4HEREE R T SGA » i
Ak g Wit BRSSPI SGA &
2 EERELESENEZH - Nakayasu
et al. (2018) ¥ &k SGA A&l 2 St16DOX
AN 3%ET T 9 {H gRNA > apf4 fy T1-T9 > F]
H TCTU Z4t 81 tRNA & V) HE R 4 182 i1
AR GRE 2 4G A B T1/T2 ~ T3/T4 ~ TS5/
T6 K T7/T8/T9 » &H IR AR A 4Rl %2~ SGA
a8 B RNEELE > Hrp DL T/T2_#6 B
T7/T8/T9_#4 Ri{E &1L ik %%~ & SGA -
SR ZLENGEE - B EERT Sr-
16DOX FEREARE R SGA - ek E M E L -

7KAE OsWaxy B[R 2 45 5 FERLB D & R B
(granule-bound starch synthase; GBSS) & 1% H.
HH Rty FEEL A > Ma et al. (2015) g% &t 3 {H
gRNA » FI|H TCTU Z 4B tRNA &) 5 -
HELT KRG OsWaxy N GRdE > G5RBURESL 1
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{5 2 [ fir BEZE /Y T, HEAREE T HE R
W a B 14.6% TIEE] 2.6% » SRE LU E

Kentd o HEMCERRLE -
EaFITRIE R ESTE — DIENS
ERRRIR ~ IEEEMAR R HREIRAH
FHihte s 5% 5 (Tomato brown rugose
fruit virus; TOBRFV) £ Tobamovirus %558 °
PRI L AT 28 i B A0 S B R T 2 T 52 31 B P A e
ZEEENR - HRICHEYRANNEEEDE
TOBAMOVIRUS MULTIPLICATIONI (TOM1)
SHRHERE > MEHTHEA 5 @ ToOM1 EJR
FHAN R B SITOM1a ~SITOM1b ~SITOMIc ~
SITOMId Jz SITOMle > tH 7> SITOMIe 3 IR
& fix (K [f] SITOMIa ¥ SITOMI1d [E] J§ M
=+ Ishikawa er al. (2022) L TCTU % ¥ %
Sl AL R 2 gRNA £ = 0 385t 3
& sgRNA » 77 jll 1 #f SITOM1a/d ~ SITOM1b
K SITOMIc Z2RNETHREE - Fifs —EHZEEE
Sltoml1bcd ~ Sltomlabd I Sltomlabc > H T&E
% > {15 \] {5 ) E| ToBRFV > [f] Sltomlacd $%
21 d A EHEEKFEH ToBRFV > i A
TOM1 [E] )7 B K & 28 8 2 Sitomlabed T~ ¥ 18
% 21 d Se & BAEHRE] ToBRFV -
JKFEE EEFRLR (bacterial blight) 25 JH A
Xanthomona oryzae pv. oryzae (X00) 475 Fd
FE g% E{LIN T (transcription-activator-like effec-
tors; TALEs) » 41 PthXol ~ PthXo2A -~ PthXo2B -
PthXo02C ~ PthXo03 ~ TalC ~ TalF 7 AvrXa7 & »
A &5 & KRB i & B R R SWEET B
X% Wi SWEETII ~ SWEETI13 F; SWEET14 E &)
T FHYFREIR 745 & & (effector binding ele-
ment; EBE) » Bt Hfj A8 [ ik PR 22 3 1 C5c 20 6
R AR R E R ANEIE S > fl40 Oliva
et al. (2019) FJFH TCTU FIH 245 81 tRNA #
VIR 2 - 5] 45 45 7K &5 6 {[E EBEs f¢ %1 » HL
% 5 {H EBEs {ir % [7 1% 5 4 4 48 2 Z€ 8 %
IR FEH & 2 Xoo ELA BB AT LM - M
[] HY SR % A, A M A 4 R M B R (citrus
bacterial canker) HiiEFEF - MIFGHE 1B
% B X. citri subsp. citri (Xcc) F 5[ #E » Xee
Tl % E (LR PthA4 » PthA4 3 A 4HAE
%1% & BB VI R 5 RO BE R (LATERAL OR-
GAN BOUNDARIES 1, LOBI) Bl &)+ ~ EBE
5 > EME(L LOBI ET - NGRS (Citrus

rere

]
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sinensis) R B filfi T (C. maxima) Bl fH & (C.
reticulata) HYTE [ FEAT » K 25 8 5 R 40
AR 2 EARIFENFEAMER - #H Xce FEHL
M > {1401 Huang et al. (2022) $t%55 1 AYEL 55
II 2 CsLOBI £ R B8+ EBE ¢ 51 5% 51 3 {E
gRNA s Fl|F TCTU F I £ 4 81 tRNA # V) &
HUETTEI S 22 EA R - HUG CsLOBI Z[H
R G R % ZAmEGHEA BT Xee fitk -
JH 3% (Brassica napus L.) &t 5L & 311y
HEHEY) » HZ B (Sclerotinia sclerotio-
rum) BLIKER (Botrytis cinerea) s Bk & -
CLAHIEFE AR E NS ER AR S (small
secreted virulence-related protein; SsSSVP) £
B A ] B SR 47 8 2 AR B 2 b-cl
HERERSFREIT (cytochrome b-cl complex
conserved subunit) BnQCR8 454 » {# BnQCRS
#7340 R 4R RS BEAS SIARRRE - 2 EBHEY)
WERAE R A#ETT 5 TOHSE Ry SRR VUSRS - Hodp
BIOM O 3 n i ‘westra® B A 8 {il BnQCRS [F]
REN - FIFH STU R A4l & tRNA B V)
J B #E 1T BnQCRS % B EL [N 45 8 » [ K Bn-
QCRS8 &1 SsSSVP Hy & &g /) - H e 7 {iél Ba-
QCRS8 BN [FEF # dmuBta ik - BA &I IUR
M 4RiE R YU AE I BEE BnOCRS AR YRR EL
SRV INMIEY - B AR EEE (Zhang et al.
2021) = WRKY 5% R+ B 25 FHAE V4190 [ HE
Sun et al. (2018) FEF TCTU £ L4 & 18
TLREZ gRNA R FH - &it 2 EERE
BEEKES o BF 4 (EDH 2Z BnWRKY70 [E R A A
BnaA.WRKY70.a ~ BnaA.WRKY70.b ~ BnaC.
WRKY70.a . BnaC. WRKY70.b # {74588 » o
BnaA.WRKY70.a ~ BnaA.WRKY70.b . BnaC.
WRKY70.b [EII 42 4R R 1% - 4RI R Y%
& & (Sclerotinia) BH BHFHUHME
BAHEIMPIREEN 2 RBESRE — U
B ESHaEERYESEE (HyPRPhybrid
proline rich proteins; HyPRPs) E27K &1k
2ABNERMEEERE (serine/arginine-
rich proteins; SR) %3
EVIERIVIREE IR - AR - BE -
mERESBE o HINEY AT mEE A
B Hpi ROl ERH e REENRES
J# %~ — (Van Zelm et al. 2020) » FHNEE 52
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ECRFLEAR ~ Ko B WO /D B s 44 P R AR )
HtaxE- - CHEYE 2MakNEaeE
H'E (HyPRPs) RIEVIHIREBEGEEERE » H
RUEEZHSEBRVRELE > FIUHR
R s B0 5252 K5 (Goodwin et al.
1996; Otte & Barz 2000) - #Fjii SIHyPRPI T
W HE S EY RN ENERER T &5
fiti SIHyPRP1 B[RRI 2 S HI 0 > & 25
SOD #iE (L G E I S LI RIFE0Y 54 -
remie st =M (Li et al. 2016) © Tran et al.
(2021) 1 SIHyPRP1 %A I N Iié5 ik (PRD)
ELLRSFRY JCE R E B B 7 (8CM) C I 45 £ A1
F TCTU %4 & 8 11 32 51 [ gRNA £
R et S EARGHERE - BUS 8 EAHE
HEZ GRR Z 0 AR E DR T T
B SR BURTY 150 mM NaCLEE R » L
PRD 45405 >~ PRIvI B1 PR3 478 Z it
BRI AT -

SR ZE H B F Hi% £ Y+ 2 Bl pre-mRNA
BOFE KR —H B T1% - RCR IR R
RNA > S EERRAEED > RILRERE
AR ey E S - KAEA 228 SR EQE
G BRACHYESRZE > 555k 6
qaft e Hep 3 {EsnR (SR~ RSZ K SC) £ E
ZAEY P2 IRSERY - MHEREY (SCL ~ RS2Z K
RS) RHEYIE—FTAH - IEHEYH » LAERHAE
JF SR EBHE M EIZI 0 K8 SR B8
18 - ABA ~ 2R R ESBEFREYHIRER
SEBUE - RIBEFIAH TCTU 4B & tRNA &
DI 45 45 /KRS SR BN RIE » FriE £ &1E
TR s WA BN EEST SRE QB EHEYAEE
5 RS TR TR (Butt e al. 2019) -

EeYHREEMZE I BESE — 2
enolpyruvylshikimate-3-phosphate
synthase (EPSPS) B3 Z B 3 B & BS
(acetolactate synthase; ALS) ER 734
75 P A2 fh e T DA R S L
'E o Wang et al. (2021) & 7 B 5 Bl 52 £ 1Y
EPSPS KA » FI|H] TCTU Z 4Rl & Cys4 B Y
JFH > ¥ 574 R (WT) BnaCO4EPSPS KR F
ES I 2 {E sgEPSPS1t and sgEPSPS2t (1] 45 &
fir B5 > % 3% homology direct repair (HDR) [d]
RAERBERA T - BB B TIPS

5, LFGAAGMCRL @& A » i 2 B
IR AAERE 12 d KAV EEE > DL 800x Ff
T 0N 5 H ik 8 (Roundup, Monsanto, Creve
Coeur, MO, USA) {715 B » 4583 H
10 d 18450 TIPS Bl LFGAAGMCRL 25 845 4
EEAER  GHBGER - AL
RN BERFZE - HEETTA > B2EEBEX
BN 4miEry SR - i o] 313 R e AR 5 0k
BEIREBIAM 2 - 55 0 ALS B—HE &R len-
cine -~ isoleucine J valine 2 g K it & # & Bl
MRS Z - TS EE (bispyribac-sodium) [
BRSNS B R E N - N EERERSET -
A TCTU &4 81811 R B -R [ gRNA [y
FH 7 > FE B HDR [EREREHK ALS B
AL W48 HFF51 - HELRE R (Trp) EpkH
B (Leu) » [AFF 55 40— fir it S627 HY 7
FIALESE > & &L (Ser) BR R ()
R BHFTERNGEZ > 7{E 100 mM Hy%
B PR ER R T o It BE BB
BN 4R ERAY SRS - W T B A T R
Bit bR S 2 M (Sun et al. 2016) -

+=A
A afl

&ro Ll > ZEANEECEZHEYE
DR B B R N THRE R B - 1B 3B % AN 4R iR [F]
Y & 22 (1] 3 )R 22 H AR IR 2 B N > LD
EROKR N TRk~ BIREREEE
SEEHAMBESR - PUR ~ BB RIREY
HEERMERZAE - EIREZBBE B
EREEARE BeEEZIZEHEVZR
MEZ A - (EYIE R AR Yy B AR Y M
BHREEE > RELERET SR -
It > ZEENGEMEREYS R EEY R
WHIDhRE R F R EE > A ERES EREN
Gt 2 HAE © % gRNA R AR B (R
ERERSE o R BIR BRI F P > SAETR (AT
P& - sHEAC RIEVIAV RIS B E Y
PREEE & 2 GiE ORES o ARSI AR AR 2
MEAR > 4k S T R B AT > SR B
LHBBNNIEYImE > EEEEYRESNES
B LAVRIZEB P EELR - HBARKEXK
iERZE -
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Application of Multiple Gene Editing in
Plant Precision Breeding
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Abstract

Wang, Y. W., H. W. Chen, S. C. You, J. Y. Wang, and D. G. Lin. 2023. Application of
multiple gene editing in plant precision breeding. J. Taiwan Agric. Res. 72(3):181-196.

Multiple gene editing is one of the highly efficient tools for novel precision breeding. Since two
or more different DNA sites in the genome can be edited simultaneously, it is suitable for the explora-
tion of important traits regulated by quantitative trait genes or homologous gene families. The systems
of multiplex gene editing can be roughly divided into three modes: zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), and CRISPR/Cas. Among them, CRISPR/
Cas has become the mainstream due to its simple operation, high editing efficiency, and low cost.
Therefore, this article mainly discusses the advanced multiple gene editing system that was developed
based on CRISPR/Cas. Furthermore, the subject will focus on the editing purpose, vector construction
expression system, multiple gRNA expression methods, and successful examples in rice, wheat, corn,
rape, tomato, potato and other food and economically important crops. We hope that this article can
serve as a reference for researchers conducting related research.
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