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Research Progress and Applications of CRISPR/Cas9-Mediated

Genome Editing in Improving Important Traits in Wheat
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Abstract: Wheat [Triticum aestivum L.] is one of the most important cereal crops worldwide, playing an indispensable role in
ensuring global food security and sustainable agricultural development. With the continuous growth of the global population and the
increasing impact of climate change, there is an urgent need to enhance wheat yield and quality. In recent years, CRISPR/Cas9
genome-editing technology has been widely applied to functional gene research and trait improvement in major crops such as rice and
maize, achieving remarkable progress due to its simplicity, high targeting specificity, and editing efficiency. However, the polyploid
nature and structural complexity of the wheat genome, coupled with its relatively low genetic transformation efficiency, making the

application and advancement of CRISPR/Cas9 technology in wheat particularly challenging. In response to this situation, this review
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systematically summarizes the discovery and underlying mechanisms of CRISPR/Cas9 system, outlines the four main types of edits it
can induce-inculding short fragment insertion, fragment deletions, base substitutions and large fragment insertions, and further
highlights recent advances in applying this technology to improve disease resistance, stress tolerance, and yield related traits in wheat.
Additionally, considering the current challenges in wheat CRISPR/Cas9 applications, such as limited editing efficiency, off-target
effects, and imperfect transformation systems, potential optimization strategies and actionable solutions are proposed in this review.
Overall, this review aims to provide a theoretical foundations and technical references for future molecular breeding research in wheat,
thereby promoting the efficient application of genome-editing technologies in wheat.
Key words: wheat; genome editing; CRISPR/Cas9; disease resistance and stress tolerance
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RNA)D Tl A0 40 ) %08 45 B K CRISPR-Cas %I 73 MWK, — 3¢ CRISPR/Cas il £ i Z M ERAKRA S
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CRISPR/Cas9 F % B CRISPR & [A Ji& #% 5% I BJ U] & B 1 1] 38 RNA  (tracr-crRNA ,  trans-activating
CRISPR-CRISPR RNA) #1 Cas9 tH MM E 73 4L, b tracr-crRNA 1151 5] 5 Cas9 7 4 XU DNA [
(DSB, double-strand breakage) , I EIN7 sz T PAM A7 55 () B Cas9 2 (2% —Ff DNA 5 5% i R
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AR, SEHLK AN AT AL R L D R BR U3, CRISPR/Cas9 AW AT AR ThAE LB, 7] DARSRA 2 7o 14 A

miRNA 25 H bR X3R04, X{§i45 CRISPR/Cas9 % 35 K 3 1A fr R 3 44 o v 1 [ B B .
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The CRISPR/Cas9 system recognizesand Three types of mutations generated by the
binds to the target locus, leading to the CRISPR/Cas9 system.
generation of DSB.
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The cytosine base editing system The cytosine base editing (CBE) The adenine base editing (ABE) The adenine base editing (ABE)
specifically binds to the target system converts C+G base pairsinto  system specifically binds to the target system converts AT base pairs into
sequence. TeA base pairs within the target sequence. G+C base pairs within the target

sequence. sequence.

D 3| 545%8 Prime Editing (PE)

IO
The prime editing system binds to the The PBS pairs specifically with the The reverse transeriptase catalyzes the The sequence encoded by the reverse
target sequence and nicks the non-target  targetsequence. synthesis of new DNA based on the transeription template is integrated into
DNA strand. template provided by the pegRNA. the genomic DNA.

A: CRISPR/Cas9, CRISPR/Cas9 itid 5] PAM fir s 5 H AR J1 B4 & FF DI EIXUEE, U1 4L DNABILE &P AL VIR R s A (K BEE = A A%, DI o B
SRR BRI B AL B A B Bk 3 MRS B~C: R SRR T, Cas9 L MIREEIETEE, AN RAGES HisEA% G
JEANSUIENEBRAL A, TR AL B B B A PR o0 bR s AR s PR I MR O R L A M B O TR A PR PRI I, ST AL A
FHE 2 R 5 R Lk 2 IR A PR R R NS, R AR S AR P A O SRS D BRI Cas9 E 1 NIRRT
PR s, R UIEEEmsE, 7EVIE]JS PegRNA [ PBS X 25 S 7EYI TIAL, HFTEW A% RO B) T ( DNA S5 Wi SARE R, TS
PR BUSI N S R 2
A: The CRISPR/Cas9 system recognizes the PAM site and binds to the target sequence, where it cleaves the DNA double strand. After DNA repair, three types of
variations may occur: (1) base substitutions at the cleavage site; (2) short fragment insertions at the cleavage site; (3) fragment deletions at the cleavage site; B-C:
In base editing, the nuclease activity of Cas9 is inactivated, so the system does not cut the target site after binding to the target sequence. Instead, bases at the
target site are modified through the action of a base deaminase; In the cytosine base editor, cytosine is deaminated to uracil, which is recognized as thymine
during replication; In the adenine base editor, adenine is deaminated to inosine, which is interpreted as guanine during replication; D: In the prime editing, the
nuclease activity of Cas9 is partially inactivated, allowing cleavage of only the non-target strand. After cleavage, the PBS region of the pegRNA anneals to the cut
site, and with the help of reverse transcriptase, the DNA single strand is extended along the reverse transcription template, thereby integrating the exogenous
fragment into the genome
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Fig. 1 Principles of the CRISPR/Cas9 system and its variants
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iR Ay, A% OS5 MBS AL R TE 1) Cas9 (dCas9, dead Cas9) E{ ) HIHEE AL Cas9 (nCas9, nickase
Cas9) SR ARR G MR, ZRGTELTIHS DSB A=A MATH T, 8 m B2 R N sEHl /G 2
T/A B¢ A/T | G/C g L 400,

LG g 42 CAEAE A P R R . 2018 4R, Li SFUTR AR R B AG 5 Cas9 B AR A R T IR
M2 i g 2% (ABE, adenine base editor ) , FEREYI4HMIRESCHLE A B G 4%, N T7KA% /5 Sl
T LA EE A RAEEEER B bR DX R AR, KRR & T HURE R R . M, Shimatani %01
5 T M It 2Bl o Pt LR & BB DR OsALS AT 20 A7 s R PRI S 4, 0 Dl A /K A 3R A5 1 Bt
PRECFIIRAT . SR, BT/ A B B AR v, S B g R 25 7E /N2 vh 1 BT AH X B - Zong S U9TF]
AN U5 M I 2 B APOBEC3A 5 nCas9 25 H fil & 3 15 JE B0 i W% IE B B L 2 % 4% A3A-CBE
(APOBEC3A-Cytosine base editor) %f/NEZ W AR & BB 3L R TuALS AT 1 9l LD 25 D] ) O < s
1 Pro197 MR & 4 K 2R« Zhang %5 ROV 3@ 1o M e B S Y88 33 065 /N2 1 TuALS HE R AT B 2
G, W EEDR I RSO A Prol 74 3EAT T Eh AR B 42 IR BUR N EURR IN e 48, A8 SR AR P A U BR 577 (1) i
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51 9 2 H TR 2% B CRISPR/Cas9 24k, M —2Kfh& 1 W5 B H Cas9 M 5] 3 4 45 7] 3 RNA
(pegRNA , prime editing guide RNA) #J (& 1D) . pegRNA By 5 % g — B 5 HARFEE D B AN 5 41
RI5I¥45 &40 55 (PBS, primer-binding site) , 1M 3" S #5717 4 00 5% AR X 3k . Cas9 25 45 & 2 H br A
FEV)%I DNA 5, WidFi a5 pegRNA FLANECXS,  FHEyF i i s 7 B A Ak, AN TAHG S0 4 AR b 1y A8
SOl NBHFR X, A SeERS LTS TR, WA IR E AR, R ReIR
DA I B R A RN CR, Bl T AR SRR B T R, 515 g 4 1 e 4 AR A T A
AR S N E RS, 51T gm i R U B N R DA R B R 3 R S 2. Lin Sl 5] S
Y BT KRR AN AR i S AN B A A B L L Rl OSCDC48-T1 7241 6 bp HIFENFIE AR, RAZKF SN 1.2%
A 19.2%. S5 3RS FE 115 5 DNA 742 3 MR ARG RAR, (H & RAZRLAR A I AU CRISPR/Cas9

AT S R as BN B 5 (RN ALURE P, 51 S BBCA B 2 N TN R AT e
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@I CRISPR/Cas9 1 LATE K R 2R 5 A £ 51 N BE B0 4TI R: 1) DNA J7 41, A iEThae 5L A
PR TOIE . PR A BRSSO N T T IR N R T B e, Ui o E R S
RIERHRAE, § R TR AR TR . G0 R Bl N 32 ZEAR i CRISPR/Cas %55 H A 22 K 7=
4= DSB, JEBIEVEEL] (HDR, homology directed repair) ML A5 45 H b X 18 [F Y55 (1 it & DNA.
SR, I P 2 B R FIVR AR i e e A T, HE Y b HDR 2 w5k, ™ B IR TRy
Ba A M Fe e M 5 262,

N TGRSR, 51T g 4 A AR AR B R Y 5| 34w % (TJ-PE, template-jumping prime editing) ##2
H, ARECF 515404, TI-PE o] LLDIEIBI AL, FIRE TI-PE &4 AN 518 & 008, EV)%] DNA G A
GGG AL A RS PP 41 AT DI 300 3 s ik B2 5N B AR X b 24, i T A PR32 3 pegRNA K 1 PR
i, TJ-PE AJ LAd AL 100 bp FFA1, 140 Li FE2IEKFE A H TI-PE & BINFEAETT 215 A K2R ]

OsC1 75 FSe8l T i 710 bp (A

3 CRISPR/Cas9 fE/NE IR

EANER, & M. PR, EERNRITZEMOZOBR. BET, NEPRKZHEZE T
CRISPR/Cas9 1 B ¥y K & A2 58 Fr Wi o 3 AN T R B AL, AR R R AR e (3R 1) il R A
DhRERE I H 1
%% 1 CRISPR/Cas9 #E/NEFR AR

Table 1 Applications of CRISPR/Cas9 in wheat

B RS HE PRl bR e AR R AR T AL I7E 2 CHR
Gene name The plant phenotype of gene Transformation method References
knockout
TaARF12 NERRRTEF IR, R RITHE [26]
TaD27 INEZ B BRI R RITE [27]
TawuUs NZE TR A BAR BT B A [28]
TaZnF-B NEFEA B R AT B A [29]
TaPGSI SPETFRIE LR AR A RITH A [30]
TaSPL13 AR FBRR BT B AL [31]
TaFT-DI VO LRSS R A — (321
TaABI3 FRAAKFRLUE R & B B — [33]
Ta33-mer N BB A SR [34]
TaASN2 Ui SR A Bt 5 PRI R FAL [35]
TaIPK1 TR B AR AR B R BT B A [36]
TaPPO T 196522 FEA AT B A [37]
TaMLO AN FURR IO - [38]
TaPsIPK1 NSRS - (391
TaCIPK 14 INER SRR U RITHE L [40]
TaelF4E NPT S — [41]
TaPDIL5-1 AN EE AR R U B RITHHEAL [42]

TaEDRI ANFEXE ERR BT B - [43]



TaHAGI NFEXT R B BRI BRI REAL [44]

TaPAD4 INFE S ERY IR BB BRI KA AL [44]

TaNLR NG Kot ZE A B U B A KA AL [45]

TabHLH27 NS [ 5 AN K R FH 26 BRI — [46]

TaSall AN T R BRI [47]

TaGW?2 LR MR R AT TEEAL [48]

TaATI AN E R AR PR — [49]
— FORAICE P A B i

— indicates that the gene transformation method was not mentioned in the original article

3.1 CRISPR/Cas9 ZEI B/ NEFES BRF IR

N PERR AR A A I R E B MR, R TRERG S BAEER . WRRY, Rk
R WA B R F K] TuARF12 A LAME SR PR (R ROR AL P 1 0K, 7= i3 v 200, gk 1 43 BE 1 SO 42 8 1
TaD27 FTUME/NFZ (1153 BEECE N, AT AE/NZ 1) 3 BERORAF R BCR w270, SRR AR AR SRR B T US128),
MR WBE1E 5 M R BE B TaZnF-BP). il Y5 K & 08 s BB 7 38 K] TaPGSIPO) ., SPL #% 5% Rl 1 2k A
TaSPLI3BY, K& M 3 R TaFT-D 1B A TaABI3B45 55 /INFE KPR IR K /INHR 5% 1 56 R 415 1T DASE 35 32 b
NN TS T

BRr=Eah, ANFERIN TSRS E IR R R R OCE R, B, BB A 33-mer KBRS R FLBETS
(¥ ST R AL, Sanchez-Leon 5 B4il i BT 47 5714 sgRNA X HAR{R S XA TRk, BB T o- R
S S A S R, T BEEAER /N 22 (R SO o R R A T i PR ] T A SN2 7T AR LU 125 R
AT BRI I IR Ik /D /N 22 il b iR o T CUndeRs o BIOKE D b R w2 [ B30 40 TR AR Tk i 1 5 22
BRAR B0 KBS, w R LR TLRE R 2-BA WG 5L R TalPK I, g M SsoRRE o B AN (AR W s 2R 68 0, RS E:
BIRTCEIKT, SR EREIFRINERY . BRAh, iR 2 W SBR[ TaPPO W] S5 THR) 1IN 1 5 I e
P, A RGNH LT OB AR, I H 5 5 R IR E I IR, SRR 2™ S IR B BT

3.2 CRISPR/Cas9 FEIEE /N EMFE T AR

NFE BRI R EE E E R AR, RS R A A RORAT IR HL 5 A B2 1 e R
CRISPR/Cas9 43 A ik 82 (7] 2 5 B0 14 AH OC B2 R, el /2 2 2% (S, susceptibility ) FEPRIFIHIME (R,
resistance) HE[R, TIREHE RN EHURE ST, A RO TG SR P AR R PR s S PR
FRAE B 2 52T N IR BE /1, 40 Li S5E085@E 5 CRISPR/Cas9 & A B4 /N 22 i i 2 Rl AL i MLO,
R Bt 2k, BETRIRAG T X R o LA T 3 AP R /N2 s B R el IR 51 RS IR /N SRR
Wang S04 5 Y — PN B (UM AL R TaPsIPK L, JLAERIRRE 4R TR /N2 2R (P tE . He 5140
i1 CRISPR/Cas9 #4415 1 W IR I £ 9 AH LA 88 VS TuCIPK 14 RbR,  RASKR Z /N AR AH DG R Y

FIKKGSR, fEAF/INFZ X SR P AT IS I 52 P s Kan SEEE21L) T Zhangt 145 5 /i bk 2 [k R TaelF4E £k



SEIX 3. TaPDILS-1 ) E 2 [FUR 3R UL TaEDRI W E 5 [R5 RS RISRAG 158 48 93 LA K 108 8 B AT B 48
REJHIHT M R 52 ML, RO PR A AT LUd i i Bk 386 5/ 22 (¥ SR VSR B TE Th R, Bl Song Z5H441% /22
PR LTREERE IR N TaHAGT KL HAEFREN TaPAD4 AT R G, R IU/NZENT ORI P B, TIE S
T TaHAGI H1 TaPAD4 FIE T ; Wang SEUSHEIE BFR /N2 TP NLR FUR S H,  FRAR T /20 65 R E

3.3 CRISPR/Cas9 FEIEE /N EMFE AR

I F CRISPR/Cas9 #7115 =l A= V0 ol JEL WA SAF DG (1R OGBS IR, T A 25500 o) L A 8 i 52 1 P /) 22
FiST . Wang 25 4038 o fii bk 3 M AL Bl 11 052 T - 3 -8 g e 53 IR 7 2 R TubHILH27,  FRRINFRAF /K F FH 0% 5 i
M S S 3 R ) N 2 R AR R . Abdallah S5 4 BRAX IR G/ AL B IR B RE R TuSall J5, TR RILH ILES
et CRALFFEESR/N . FERERE N, WOIRAMAZ KD AR Id LG A, A HPE T R e Fiiik 5
i AR R B EN T B AR, B 7 HHTFREIRIFETT. Li U8l CRISPR/Cas9 % RING-E3 M #: 1
BN TaGW2 AT RBR G, RERE R 21 PR MK . CRISPR/Cas9 7E i i T th A BT S F 91 201 Sun Z5EM90KG /)N
A RS (RIS BRI 8] TuATT R 5, FARARAE BRI S AT T 1R 400 o A0 R AR v 2 S 38 AR TP A28, A T
TaAT1 1E /N 32 FPAE b iE U R (11 F

4 CRISPR/Cas9 fE/NE R RYBARBEE

CRISPR/Cas9 {FE A8 (L it RIS i v TR, s . R 5 RS v BE 1 (¥ 48 34 AR PR A ok
TR SR, 2P TN B B L R AL R A DA P AR AR BUR B AR AN, CRISPR/Cas9 7E/N 2
oS P R R R R S F AR SRR AR R BN Bk, R R AR L 1 G g Skt N S R 4
AT J AR TR D o SEXEIX— R, RGBT, A AR R e Cas B 2R HUA
fA R T B

(D RAbidizdy . Tk, CHIE RN OG- RNA R RE(E 8% 84, 4 CRISPR #4541
GrEN/NE, SEDLT RIS R TR AR 05 . R T K sgRNA A Gk 2 LR E R IE Cas9 A
Berh, SCIRBERT Gt MERCT R SRR DTk, (DR S AL A T DL RSP IR, RS
H IR PR I B AL NI 5, BN 3 (GR T BRT  AV — A AR AT R o P B IR AL . L 25520 i
it K L E M B (BSMV, Dbarley stripe mosaic virus ) 14 2 ] BSMV-sgRNA #% 74 Bt o Sz 31 7 %t
TaPDS. TaGW2 A1 TaGASR7 RN IR, FFAERBARM T — AP AR R4 5, Ak ViZ8 R AA
AP AL

(2) ZALAgE. B RE 2 A A FEEE AL R TE sgRNA LU G /N2 RE R AL H A X387 A2 K
B e sl H AR X BRTE Ay By D et g b i IR B, A v o 005 1) — B £ 468 1T A 0 ¥



A0SR R B AOR ARSI ST IENE 2 sgRNA RIEF I, RANRIA S & 0T (1 5 3 71
2 b8, i B RN A ) 2 75 12 8T Golden Gate BY Gateway 25 2H %% 7571204 2 1~ sgRNA H BL7E[F]—
Fikgh, R, B0k (RNA SURTBTUIIN A & 555 7 U REAT 40 b, 5635 1 RNA 7EIN L RS EH
T L ) EI 2 A sgRNAB ., A 6K £ 4> sgRNA HEAER — Rk &, CHEMABETIANTHES
sgRNA P24 AR, JF & H K sgRNA 2RSS, X4 soRNA 2R 58 BAT R A sgRNA 9 T i (H [ 5 4 %
16, MR S 1 2 50 AL S A . R A A B A T RURE I 45 A O B BT R S
sgRNA, % §I ) {37 £ G 8 1 20% AT AR E— B3 v, 940 Wu S5 061F J% t— B8 L1 CRISPR/Cas9 H#)i8
ZEIEF ARG, XE RG] LUK 49 1 sgRNA HL1H] 49 A0 5324 3% AR BT DGR R 1 #0741
GwiE R AT 33 ML PIFAE A BU B . HEN, BRGR AR N 67.3%.

(3) & Cas EEAMZFENE. lId X Cas9 H FREAT € A S50 B B HAB IR Cas S0 B At AR AR
A L PR R BRI 10 R, B PAM AV AU SE A% 5 80 CRISPR/Cas9 JovE B H T AN 5] 137 51 1 i 74
W LAKiE Cas9 2 U RTS8z A & 56/, b (8 Sea0 Bt m BEE ™9, dny DLl AR 15 B 2442
P, M IARAEY) b TR H R 1) CRISPR/Cas 1E A 3t CRISPR/Cas9 [ #h78, i1 Zhong S5 107F R 2=
FUAFEE b 73 1 ) CRISPR/LrCas9 #1114 fhi i) AT &8 2 1) PAM 251, FE/KHE 4 B 1 1EAT 2L 1
W, WMPEIT R TR BT g A . K AN, Thomas 2 SUZE BT I £ rf [ S I IE W] T K IR A VI 5
CRISPR/Cas9 JL ik nJ LA 3 Ho 4 2% . Wang 25162 i ] Cas12 5 4MYJRE S5 4 B0 il & 25 1 dm B /N 22 11
DNA, #&8& 7 HImiE 8, WS T ETE Nl FE . A 0F FOE B G 657 45 04 18 IF J8CRT LA3R
CRISPR/Cas9 (1414 2 I 41 ] 5t #2103-641, - [R] S A5k FHY 991 A7 2 3 RS0 0 A B B 10 (02 4 €90 I 1) T80 P L3 5t
CRISPR/Cas9 [f] ] S £ A4 48 2505, il 4 Liu S50V Cas9 2 -5 36 5% B0 45 M Il & 2 il Cas9-TV
(Cas9- Transcription activation domain) Rl & & F45 M), TEKFEH = AR BRI 5 72 8l Cas9
AR 187 5 1.44 1, [F—WFFehie KB, #74E sgRNA [ ) X PRI 5] A 2% 3% 1) sgRNA  (Dead
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