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I [R]JF A ¥ 3% 4% (non-homologous end joining, NHEJ)z{,
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Figure 1 (Color online) Model of prime editing
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Table 1 Optimization and application of prime editor in plants

R4 TR AT HAEROR Ll iE. Wy E PN
PPE2. PPE3. PPE3b  WAMLMk. Gz, A 0-218%  PEGASbfL. fefrminr gy 907 SZ@’;;”W J’iﬁcum [20]
PPE-CaMV B ek 5.8%. 0.3% PEG/ 5444k Oryza sativa [20]
PPE2-R. PPE3-R. PPE3b-R A >9% PEGA- 451k IATHE N FHe ik Oryza sativa [20]
PPE3-VO01. PPE3b-V0l P, HhA 0.05%~0.4% PEGA 444k Oryza sativa [21]
PPE2-V02. PPE3-V02 TR, JRA <1.55% PEGA4%1k Oryza sativa [21]
Prime editor basic TR 9.38%- 2.22% FEE A T AL Oryza sativa [22]
PE2 AR 0.26%~2% LA A1 Oryza sativa [23]
PE3 Do AL 0.26%~2% AR5 Oryza sativa [23]
pPE2 DA Bk, A 0~31.3% AFFRAN 5L Oryza sativa [24]
pPE3. pPE3b B, Bk, A 0~18.8% RATEA- 551k Oryza sativa [24]
PE-P1 TR 0~1.4% RAFHA T4k Oryza sativa [25]
PE-P2 TR 1.7%~26% PRAFHRAN T 54k Oryza sativa [25]
Sp-PE2 I 15.60% AT T4 Oryza sativa [26]
Sp-PE3 BIEEL. Bk A 0~17.1% BTN T4 40 Oryza sativa [26]
Sa-PE3 TR 0 LA A T4k Oryza sativa [26]
PE-P2(rice) I 0~5.9% LA AT Oryza sativa [27]
PE-P3(rice) e = 2.6%~92.3% BRI F510 Oryza sativa [27]
PE-P2(maize) e 222)d 0~7.7% PEG/ 541k Zea mays [27]
PE-P3(maize) e 222yl 2.9%~80% PEG/S#41k Zea mays [27]
ePPE PR HHAL BE 0~31.5% RFFHEA T4k Oryza sativa [28]
PPE3-evopreQl B S NN 2.6%~60.5% PEG/-34efb. RATH AN F451k Oryza sativa [29]
PPE3-mpknot BFEE. HhA 0~6.3%  PEGHS#%ib. LRATHEN 410 Oryza sativa [29]
MS2PE T 1.7%~55.6% PEGA-FHeAb. RATHAN T4k Oryza sativa [30]
pPEmax WL AL Bk 0 KFFHA S Oryza sativa 31]
enpPE2 LR AL Bk O AT % Oryza sativa [31]
pPEman-MLHdn BRI FAL B 0.18%~2.3% AR5 Oryza sativa [31]
pINPE2 IR, AL B 0.01%~0.8% BRI 5L Oryza sativa [31]
phyPE2 PR dRA L B <0.1% KPR T4k Oryza sativa [31]
ePE3max T4 ~40% BT 5L Oryza sativa [32]
ePESmax e 222l ~4O(§§)ﬁ% RATHE AN FH41k Oryza sativa [32]
PrimeRoot j(ﬁi%gi“?]if&% 0~83%  PEGHS#ffb. LT 410 Oryza sativa [33]
ePPE’ LR, AL B FI97.6%  PEGA-SREML. REFEA R Triticum aestivum [34]
ePPEmax LR, AL SR FH99.1%  PEGASEEL. RIFESHAL Triticum aestivum [34]
ePPEmax’ L. AL Bk FE99.7%  PEGA-SEHL. KRB FHAL  Driticum aestivum [34]
ePPEplus B, HHAL Bk 0~18.9%  PEGA L. RATHAN SH:1L Triticum aestivum [34]
pB-CMPE-¢PPEplus B Bk 19.6%~86.3% PEGHFHfb. KIFHANFHik Triticum aestivum [34]
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P A

[Ex3))
AR AR G R HAEROR Fedor=t Yy E= BTN
2%~21.6%

DS, S PES Sbreyd L 0~53.2% ARHFHIAT St Zea mays [35]
ePE5max L 15%~75% LA EN AL Zea mays [36]
pCXPEO1 PR BRI 0.26% FEPREA T Ak Solanumlycopersicum [37]
pCXPE02 LR, B 0.85% HEE A T AL Solanumlycopersicum [37]

2.6%, 0.025% RS-t .
pCXPEO03 B Bk 1.66% 4 A I*@é;fgﬂ?t AT Solanum lycopersicum [37]
pPPED e Sz 0.06% PRAF R T4k Nicotiana benthamiana [38]
pPPEDs T HhA 0.07+0.12% PEG /™S#41k Arabidopsis [38]
pPPEM B S NN 0.7%~2.2% PEG /- S#51k Oryza sativa [38]
pACt-PPE WL, B, HEA 0-5% KT SEAL, Physcomitrium patens- [39]

tetraploid potato

Arachis hypogaea, Cicer

PPE2. PPE3. PPE3b PR I 0.2%~0.5%
PE-Nt2 PR 0~1.4%
PE-Nt3 L& Sz 1.1%~7.5%
PE-Nt4 [E-22eid 1.3%~16.3%

PPE2. PPE3. PPE3b
PE(v2)

PE3-HS vector
PE3-AS vector
PE-DS vector

PE-DSM vector

TRAER
BRAE A A
PR A

B A
R, A

A 0~21.5%
3.5%~48.65%

Bk 1.3%~2.1%
Bk 2.4%~14.3%
Bk 3.2%~54.2%
Brde  1.8%~45.8%

PEGA 541k arietinum, Vigna [40]
unguiculata

AT RS T he 1l Nicotiana tabacum [41]
KA EN AL Nicotiana tabacum [41]
AFFR AN 5L Nicotiana tabacum [41]
AR5 Oryza sativa [42]
PEG ﬁﬁg&fh AT Oryza sativa [43]
KT RN T 54k Oryza sativa [44]
AFFREN 54 Oryza sativa [44]
AT EA T he 1l Oryza sativa [44]
KPR H AL Oryza sativa [44]

Uig AL RTAR 751 LA R A6 ZEpric i Bh ik S50t Ak
IR TEMH R hEE ST TPE-NU RS, JHEiiZ R 550
TNtCPS23: A A G-TIO BRI 4, T T 4R w4 e
R RE

i, MR CEZSHMEY S T 5 T4
AR, dFkRE. M. X BT, BRI
A, Hrp AR , SCF AR TP PE R G
UM RCRMRE, Ik, MY PER S iE—
AL, U es | S AR TEMEY & R i 0.

3 5IgRiREoARMILIE

BEXT 51 4R R AR ROR ARG — R, A58 A5
TESREY AT T — R 54k, a8 X 3800 24 1
nCas9-M-MLV RT. pegRNA. DNAf&E &MY
TR S LAk, anE2ER.

3.0 5IguiR RGOV E AL

nSpCas9(H840A) 5M-MLV RTRISHIE T 5154
BRGSOV EH, XFnSpCas9(H840A)FIM-MLV
RTHA TR 4 5 5 | 43 R ik i 2 —

3.1.1 nCas9ty 1.

nCas91E A PE F 4t "h 30U 8 1 H 24 R o 2
—, HA BT PE RGeS e I ek = 2 —,
I, AT LA A 5 nCas 9% TR i 1) V) H1 06 M R A2 R PE &R
GE R, TEMFLE A, ChenZs A 78
nSpCas9(H840A)FEAh [ 1 n24™ & FE R 28 48 (R221K/
N394K)Mhnm B EE Y BIGE 7, [RIE Rl A AN [ 27 1 %
FENAR T RIE T & T AR A PEmax R 48, IS
fosems, 7EM, Lig APLBL, SpPE2RGHILL,
pPE2max £ G815 A 7K A8 3457 A5 ) 2 B 803 S 24 44
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(@)
PPEmax-MLH1dn

REY (R221K/N394K/HB40A) (D200N/T306K/W313F /T330P/L603W)
 INCE | 1) [Fo ) E
nSpCas9 MMLV RT nSpCas9 NC MMV RT LS
PE2 (D200N/T306K/W313F/T330P/L603W) PE-HS vector L ———
[eeon T AT [T EeeD([ ¢eon] IIIT_[[HEaDbre ]
nSpCas9 MMLV RT nSpCas MLV RT
L (R221K/N394K/H840A) (D200N/T306K/W313F/T330P/L603W) PrimeRoot (D200N/T306K/W313F/T330P/L603W)
1T [ JA T R I 1 S I I N N
nSpCasd MMV RT nSpCas9 NC MMV RT CrelFLP

PEGa/PESD ARNGEH

SERE (D200N/T306K/W313F/T330P/L603W) (R221K/N394K/HB40A)

T eonn[ LTI T3 LT 10

nSpCas9 nSpCasd  evo-Ec48RT/evo-TH1 RT

ARNaseH

ePPEplus
(R221KIN394K/HB40A) (D200N/V223A/ T306K/W313F/T330P/L603W)  DPE

Ry 1l [T e 0
nSpCas9 NC  MMLV RT ARNaseH nSpCas9  DNA polymerase
nPE
CMP-PE1-V1 (D200N/T306K/W313F/T330P/L603W) (D200N/T306K/W313F/T330P/L603W)
[ eeon] JITIT T BT I ceos] [T
HN1 nSpCas9 H1G MMV RT MMV RT nSpCas9
PPE-TS (D200N/T306K/W313F/T330P/L603W)  Other RT
(O eeon] [T T e[ eso[ T T
T5 exonuclease  nSpCas9 MMLV RT nSpCas9 Of T
PE(VQR/VRQRIVRER/NG/SpG/SpRY)
0 ‘DZUONW3‘3FLGU3W’ I:leker |:|NLSS"“INLS"“V‘ IIbDNLSS"" IDDNLSS"“’Iucleoplasmm NLS

> [

MMLV RT
(b) ©
epegRNA
1 S Tl
MS2-pegRNA

s L) »
Xr-pegRNA 5
C___ T

GPE
I B Ty
Extended pegRNA
2 S

B2 (RIS | SR e R s R K. () SO E AL, PEURFIAIIPERSS; PE2ILAL N THM-MLV RT; PEmaxfl
nCas9(H840A B A B ynCas9(R221K/N394K/H840A YLLK, F-RMbpNLS® . NLS™*; ePPEX i AM-MLV RT-ARNaseH, Jf-//IN TNCHE;
ePPEplus{EePPEI LAY [ ¥nCas9(H840A ) E A I FynCas9(R221K/N394K/HB40A YA, FFZEM-MLV RT-ARNase HASAI4AIV223A%8748, H.
AL TNLSHFZERI(E; CMP-PE1-VITEPE2/nCasO PIdiAs 1 YR AK;  PPE-TSFEPE2(InCasORT#SIN 1 —T54MIINE; PPEmax-
MLH1dnH PEmax%—A~Hph 3635 (IMLHdn#E [9; PE-HS vectorB il 1 ¥l 8 Z JL R #35 &; PrimeRoot HePPEHSfill T 4% & iff(Cre/FLP) FlINucleo-
plasmin NLS; PE(VQR/VRQR/VRER/NG/SpG/SpRY)#nCas9 54y HAL MM, DPEY THM-MLV RTH# HDNAR A, PE6a/PEGHTE
PEmaxJhitl 44 T/M-MLV RTH#t evo-EC485# evo-Tfl; nPENf T.FEM-MLV RTAl{ FInCasOfNfi; Other RTHR K T.FEM-MLV RTH Y
HAWAIRT. Pro, J53)F; NLS, #E(if5'S; MLH1dn, MLH 14 [0 RS 80W 3 B, M-MLV RT-ARNase H, —F BAT SR HE IR iEH
(RNase HYZ5HIRM-MLV RTZE(K; NC, —Fp BARRIBIE IR TER 1, X 2R S8 AR C I e BA 0T, VQR/VRQR/VRER/NG/
SpG/SpRY, nCas9) ZF (. (b) pegRNAZEHIHE AL, 125 iipegRNARI LR LA 3 UL F 42 R PEACK. evopreQl, — 45 HIILAIRNAERS,
(R AT 502 SMTRRIINERR MS2, — RO, k2 A A HOMS2SMFEEE Y, (LHE FLHASERE S0, XeRNA, JeoAi dp RO B b
RNAILF; G-quadruplex, G-PUsEAR, —Fl i & & GRURZER i BOE AR — 0 2540; Csy4 RS, Csy4iRAIF51, il LI Rk Je Z5449 17 1 pegRNAFR
k. (c) BlpegRNAZ I 5T

Figure 2 (Color online) The optimization of the PE system. (a) The optimization of prime editors. PE1 is the original PE system; Optimized for
engineering M-MLV RT in PE2; PEmax was changed to nCas9 (H840A) variant and prLSSV40 and NLS“™* were added; cPPE was changed to M-
MLV RT-ARNase H and NC protein was added. Based on ePPE, ePPEplus changes the nCas9(H840A) variant and adds V223 A mutation to M-MLV
RT-ARNase H variant, and optimises the type and location of NLS. CMP-PE1-V1 adds chromatin regulatory peptides to both ends of nCas9 of PE2.
PPE-T5 adds a T5 exonuclease before nCas9 of PE2; PPEmax-MLH1dn has one more MLH1dn protein than PEmax. PE-HS vector added hygromycin
gene expression box. Compared with ePPE, PrimeRoot increases integrase (Cre/FLP) and Nucleoplasmin NLS. PE(VQR VRQR/VRER/NG/SpG/SpRY)
for will nCas9 replacement for other nucleic acid enzyme; DPE is to replace engineering M-MLV RT with DNA polymerase; PE6a/PE6b is to replace
the engineering M-MLV RT with evo-EC48 or evo-Tfl based on PEmax. nPE is the fusion of engineering M-MLV RT into the N terminal of nCas9;
Other RT refers to the replacement of the engineering M-MLV RT with another RT. Pro, promoter; NLS, nuclear localization signal; MLH1dn, dominant
negative protein variant of MLH1 protein; M-MLV RT-/ARNase H, a variant of M-MLV RT with the deletion of the ribonuclease H (RNase H) domain;
NC, a viral protein with nucleic acid chaperone activity that influences a variety of reverse transcription-related functions; VQR VRQR/VRER/NG/SpG/
SpRY, nCas9 multiple variations. (b) The optimization of pegRNA. On the basis of the original pegRNA, adding a motif at its 3’ end improves the PE
efficiency. evopreQ1, a structured RNA pseudojunction that protects the 3’ extension from exonuclease degradation; MS2, a hairpin that promotes the
recruitment of fused MS2 coat proteins to reverse transcriptase by binding to them; XrRNA: zika virus external ribonuclease resistant RNA motif; G-
quadruplex, a special secondary structure formed by G-rich nucleic acid fragments; Csy4 RS, the Csy4 recognition sequence can form a hairpin structure
to prevent pegRNA cyclization. (c) Dual pegRNA strategy model diagram
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P A

T 4.384%. Qiao%s A7 F K A3 R B 7 R S 5,
iK% B, ePESmax & 4 M 4 48 A% 5 T PPE2 5K
PPE3R %, HHZARGRG T HA PR =R £
KHFIRGEIR. JiangE Nl FePESmax R 45315 T
IKFEGOsEPSPSFE7E BT 3 75 B Ff o B2 UL

AN, Doman AU i T HIT & i v % B 4
22k Z2 Bi PE-PACE(prime editor phage-assisted con-
tinuous evolution, PE-PACE)#E b A1 11T CasO%5#4)18Y,
I FHH RS 0k B F A CasO BB 1A LE 1, T PE6e-g, TEI
R3S S S T S AR, FEmizLsh
Y, LeeZs NN CasORYHNHEE 3 5 B brkt b &
A KE SR FEDEATRAE A B T nCas9ZE (R (H840A/
N863A), I EIHIZZEAN FHIPERS Al /A T &4l
JEE ARG T 2
3.1.2 M-MLV RT# 1tk

M-MLV RT/&PEZRSE RN & 1 # 7 — A~ 2]
BER Sy, WK pegRNA 3 AUt LM [ RNAJFF1 i 5% 53
A A BRI DNATTS, #i4 I DNAT S
I A B R AL A RIS 4L DN A H R S BUR
WA g™ P, iR EM-MLV RTRYREE M
AEPERT DR S PER S R SMERCE. N T HSRRTIYIG
£, AnzaloneZi A\"SE i 28EM-MLV RTI#54N LR
(D200N/L603W/T330P/T306K/W313F), L) Hida
SEPEFN 0 Sk B2, IR & T 3 @ 3K I PE2 &
4. TERYIT, ZongZ ANPE |34 TAEM-MLV RTHY
Hehili 2 FRRNase HZEMYIK, FF7EnCas9FIM-MLV RT
Z AR — N SRS ANG, 2t
TM-MLV RTHJIGME, JF% TePPERZ, fHi/KFEPER
B ERCR IR T 5805 AR R, V223A
AR AT DAERT HL P A= AURG 0. SE A 2 f FcDNA
SR SN TAE ST, Nids AP v223A5e1
5] ANePPE2 RS, #E/NERISANL M FIK LB, 5
ePPEZR S MY, ePPE(V223A)Z Sl 45 Rl 54 Al
/N BERR B gmARa8e  E B T 2.845.

HeAh, 24~ FATE s Pl T A RTES
#M-MLV RT, AT L% B 07 i ROk i A RT R4
PEZR S BRI, LinZs AP KRG it T 1Eapse
AR B CaMV RT(RT-CaM V) FI R FF EBL21 Y 52
BE ST AERT(RT-retron), {H5 TFAEM-MLV RTHJJHY
PEZGoAH LU AR 8. Chaifs AP T &4
201G FEBR 275 B SuperScript4(SS4) M-MLV RTZF{A&
(thermo fisher scientific), & ¥ 5PE2(Y T.#{EM-MLV

RTA LR S s5R, i CaMV-RTAY L FIPE 22 48 1Y 4
AR T TFMEM-MLV RTH B APE £ %E. Griine-
waldZ N 70 L SR IE IR 2, & UHERV-
K oon-RT 5 40 B R V5 AU TIAY PN 55 F 330 5% S B GsI-11C-
RT. Marathon-RTEA g6 14, Hid2ead TRk kE
JiiMarathon-RT(D14R/N26R/D74R/N116K/N197R) 1% P
BEEE, EEKE SnCasofF 4 5 & T split-
PE, KIS FRIMMPER SR BAT diB G 1. FeilL,
DomanZs A\ E L 34 40 i T SOFPAR [ Sk 5
FIRT, HAAE 20 RTHIAE I PE 2 Gefa i 21 2 16 P
SRIM, A RTH B PE R Gt 4 AR AL T TR M-
MLV RTHIWMPER S, 2l XA ¥ )1 MRTEAT
TARET, 1EZITA T evo-Eca84ii 2 PE6a R 4 Hll
evo-Tfl RTHTAEMIPE6LZRSE. Hob4ifdevoEc48 RTE
H A% IR 7 5K FE A PEmax R 48 H1 1 TR LM-MLV
RT%45810 bp, HtEFRRNase H45 55 FIM-MLV RT/
270 bp, HILZRGEAF Tk, N T 4w
S %, Doman® N “EPE6bAYELAN 454 LG
97542 i T PE6e, TEPE2ELRY X TFALAIM-MLV
RT X 4 W 16 Pk 7 5 B T B9 22 A 0 A5k 47 58 48
(T128N. V129A/G. P196S/T/F. N200S/Y. V223A/
M/L/E5), HApl T PE6d. Z:ilif % B, 5 PEmax/\RNa-
seH. PEmax#Htt, PE6c/d¥f A Bt A B4 e 3k
ESTE 2

LDNARGEEMI L, W5 SRR Z A g 5
Ji SR = IR IS A B 25 AN ) B LR & R %
55, X TTRESEPESHACRIR A — e N &™), i,
TEWHFLEI M, Lin% AVl FH—FDN AR
DNAR G (phi29)fUEM-MLV RT, HIEMi 4% H IR
A R EDNAR A BipegRNA 3/ K i fi7 4 URNA
WA, SEBLTAEHERSE R A i, R 1860%. [H]
i, 55—AF A Rl Tl HIDNAKGHEDNASR &
it {5 PE 22 4 Hp il B SR () SRS, A AT DB KA AT B
DNA R A BF1H S U B Bl Klenow F Bt S5 nCas9.
HUH R NYIEGRL G, JF& T AdidniEas(click editor,
CEs), J i R0% i 55 4126.6%.
313 EalE AT AWML

M TPER ST i ik B AN A A T S JE PR 4]
FEA g, PGE A I E N5 S5 A B FPER S
NSRS AfAZ, M4 s A R A i T, &
REPERG AR, ChenZE NIE I,  PEmaxfy
AL T, FEM-MLV RT CIfiihé inNLS ™ n] L g5

2429



M % b & 2025568 #H70% £16#

SRR, TE/NEE T, NidE APYL B, 7EnCas9 NIfiFR AN
NLS“™HibpNLS®" . #EM-MLV RT ARNaseH C3iii ¥
JnvbpNLS® O HINLS® ™, AT LIt — 254 5 4 AR,
M-MLV RTZ [15nCas9% [1 2 [al (1 fl4 5 2 A
M LinkerJ7 5%} 8 I RE A BRI, 77l sh
YA, AnzaloneZ A" %%, M-MLV RTHELZ %
nCas9 C¥ii(cPE) LAl & 2N (nPE)JmiESCR B . R
M, Xue NPT B, At 5 PR K R R 6K LA o
PRIRAA ZR H, nPEHR IS ) 4 45 550% 0 3 5 T-cPESK
W GO REE R T e P E AR BE
T A 25 7 T B 25 S35 Y. AP, ChenZE APl
AL M-MLV RTHInCas9:Z [A] i Linker/ %5145 5 T
PERGHIGMAERCE. FEMiZLsh P anfi, Velimirovic
2 NP4 IGFpm 1-NFATC2IPpI(IN)fil & $nCas9 Nijfh
DIsaR HOENE, 7 TINPE2R S, BEIEES TPEAR
Gy acR. sami, Ligg AP &M, KIGFpml-
NFATC2IPpI(IN)Fli 4 FnCas9 N 2l A JiRad51
() A EE DN A ZE A 4 BInCas9FIM-MLV RTZ[a] ()
RISRALPER S, TE/KAE @G 48 I A REHEE o
B4R, LiuZe AP T nCas9 5 M-MLV RT3
IEIYSERE, W EHM-MLV RT5MS24h82E FAMCPFil
A, LLEMS25pegRNAHE 4751 (Scaffold)fi 7, S8
nCas9-5M-MLV RTHIRIA. %M 27 (PE R 5t di i
MR SGPE2RG MY, {H5nCas9MIM-MLV RT & %5
BFGRIFEMEHIEL, 1Z RG] T ik,
314 BEEBERKIAKTFHLL
MBI AR AT A P LT, T-DNATESE 4]
Z M P DU, R DR e T L R TR KR,
MR TR g RCR. LA, R EPER S AL
IO R B R IR K AT LUR B AT N PER S F B, M
T EPER S Mg AR, Lude \C I Ak U
B FRPS5SA#:2x35S 7 85, UK5InCas9-M-MLV RT
[k, $25 T F i PER G B AR,

3.2 51544 R80T pegRN AL AL SRmE

pegRNAVENPER G I3 — AT B BGHR 47, 4k
FFIERAE PEXTPE R Gt (4 S AR A B, PR Lkt
HFkFaE M. PBSHIRTTIF SRR 25 )5 #4704k
SR B SRR — iR 1R
3.2.1 pegRNAZ: #8141k

pegRNA 3 KuH#ESME I T —BRNAJTS, I Hix
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RNAFIIARERA T8, ZRiEAedniarh, 5 ani iy i
AN, S pegRNAZE IR FEE, FRILPER
GERISRHACR. I, $2 mipegRNAZSH Ay FE & M ] L
R PERI AR, EFL AT, Nelson
NN AT 4R 2 peg RN AL i ME RN AZE H £ ¥ evo-
preQ1 FImpknotfili & FpegRNA 3", By 1k H K Z&2Z 1
BEREAR, K PEM g EHACREE R T 3~4f5. W A GO
&N FHTE KRG EKRBPER S H, iEevopreQ13)
AE L P PER G I 4 AR 19 i Chaig A7
MS2 RNARE FpegRNA 33, H¥MS219 5755
FIMCP5M-MLV RTHlG, #4957 MS2PER S, TE7KFH
kI, SPPERGAMHLL, HImHACHEER T1.2~10.1
i, weAh, EmiFlshdrh, BT LGam A T
pegRNARZE PEIRNAJTFI 5 i3 pegRN AL 4 ok 412
EPERY AR,  NZE RN EEIMZAZ IR BT ERNA
P (xr-pegRNA)™. G -PUEER(G-PE)™. FRIRRNA
(petRNA)?FlapegRNAPY.

4 T pegRNA 35 RNAZEfH T8 1715 5 WAk i K
B, H:5'%iigRNA spacer/F4I fI34iPBS. RTT)¥41 2 [H]
FH ML 2 3 BlpegRNA R AL, M TTRFAKPE R SE 1)
GHRACR. Line NCH Csy4iR A 51 Rl 4 Bl pegRNA
39, pegRNAZRIAJG Csyd iR F 51 2 i & Je 4544,
MilpegRNAXL, M 225452 5 T PER S B dn i
ZhangZ5 NPVE IR, HpegRNAHE 1 #VAS M FIZE 184 H)
(4 By A B R A TS, LA EHPBSH
S ATE Z 11 15 5878 DL AR5 gRNA R TN (14 5
A i R PER SN g R SCR.
3.2.2 pegRNAFPBSFRTT/F 7| % it #9 1 k.

pegRNAJEPE R 4t “H 2 FIE e i OG5, 4045
sgRNALI KA T35 PBSHIRTT/ R4, Fitk, it
AL pegRN AN PE R Si g SR IR B EL. 1F
HFL S AAE T, Anzalone® A"V & B, PERSEHY St
BCRAZpegRNAJFFIRIERGFZI,  ANG/CE &AKM) 751
T E A K A PBS LASE L AL 5 | S g, iR
THpegRNARTFF ZEMNAA [FHS B Y PBSFIRTTIF 41, LA
SCEEH AR LS B EARE WEdn. fEREY P, Lindg
NP, pegRNAMYPBSK . RTHHR K Flnicking
sgRNARY( B 2N & i EHHPER SR gk, H
BRI LE A RN A R FE A K 22 57

HTFRM A, AIFZ N T —FR 51
HBIpegRNATIHFIN. JiangZE APV 90, 7651 54
B FE P pegRNAE B2 781 Bl i TR 1] A RTA Al 1) 431 32



P A

B, PR 7D R A A, SR T
pegRNABIHINZ LRI, RRHEHiE SERTH AR pegRNA R
B 1~3 R (CGC B TGC)E byt i SR TR AR (1
ZAbfE. XuZs NP2 KRR 2 AL A5 K S
BRI R R, FERTEAN 5] AL AR X
R, AT ESPER A MGIBRCE. 24 AT ie 2
HFES AL BRI S, RTAR 5L 43 flap4h
GRREMNES, AR TR R, XudE
NPT G ) SO R, 7 R AT fi e  fe
FHRRAT ST, [R)RE B SREm e 0 L 3 4 i b oAy 41
. Li%s AP i 7EpegRNA Y RTH MR Y38 24437 8 5 |
AR XA, FF R T spegRNA, H$4PE Z Gt s B4 1) 24
BRI B T HI3534%.

IEAE, pegRNARJBLITH % IEgRNA . PBSHIRTHE
MR A BE FNZE A S 2R IR R .y 1 S0 a8
pegRNAK I, HETMFRARTESEYI K T 245
R pegRNAT I T, ANTERZL 3 4 A Hr 5 T[]
ﬁ%ﬁ?’iﬁ‘]pegﬁnder[w}\ peng[éo]\ PrimeDesign[m]\
DeepPEm]\ Easy—Prime[f’}]\ PE-Designer[M]\ PINE-
CONE'®'f1PnB Designer[66]. ERT, LinZg A7z
LB, MPBSINT,, (HAEIT30°CH, PERG ISR
e, PACAHARIEFT & T 44 M PlantPegDesignerfJpegR-
NAMIH T H.

3.2.3  pegRNAFK 3£ A-FHy {11

PE R pegRNAFR IR K2 3 R PE R Ge 5 K 41 Gt
ACRNABORNS, bR WA R RS 3 IR 3
pegRNAZ L Jiang% APPSR HCcaMV  35S-
CmYLCV-U6% &) 81 F Ik slipegRNA, & HFE T K
it H132 W ATREPE 2R G 1Y 4 48 2003 0 1 2% $2 15 2]
43.8%. [, Li % AP B, K 0sU3JH 3h TRl
CaMV 35S-CmYLCV-U6E & JridhF, Al Ll E 8 moK
FEAPER S HAOR. Ty —Fhdd m Rk i 77 218 n
pegRNAMHE %L, QiaoZE APVR I, Fokhid it
PPEmax 2 45 8 lipegRNA ) # DU BT i 4 S PE &
G IR RUR.

324 WpegRNA K #

Lin%: N % T WpegRNA R 55, %55 W 2 FH2
A-pegRNAZ I ) 1F SCHE 5 2 A, ff H ArdhdE 535
5] ADNAXUEH, LAY EPE 2R 48 1 S HA0R . AR /KRR
A AR R T, S5 pegRNAIPER S AH
FE, fi I X pegRN A S I 11 PE 22 45 (14 it BRI T 4 125
3.

3.2.5 nicking sgRNA % B

FENFELS AN, TR DA e R S R
FIDNABKE IR, WA DI LIPE2 R G AL, 155
A7 B RUE50~100 bp Y47 B ¥ Il— Znicking
sgRNAKHITEZIMAYI 1, R R Geam 4 WPE3; kT Ik
/Pnicking sgRNAFT A (g @I =9, BFREA G0
nicking sgRNAT 11 A #E [) 4 1 2 48 56 1S T 7= A 1)
DNAJTHIIF & TPE3bZRS. PE3 RS HIPE3b RS 4
AR ILPE2 RS T 4345, M S5PE3RSAHM L,
PE3bZA 4 i 08/ T InDelsi . ZeAti i ist
K, PEIRGIPE2 RGN HLIT AR W& P 5| 24
R 20222 A IR S FSE R & R, PE3 RGLAEMY
Y A SR BRI T5 18 Afnicking sgRNA, il 1 1
PEEA S TEAA TG 07 B nicking sgRNA, 7E7K AR
A AR AR 2R FHK R e S AR AR T PE3 R 45 T B 3%
PR R RO, Hitbnicking sgRNAR T BT
P,

3.3 DNABSEIRMGtTEs T

TEPER G RS Eg L FE b, 2 DNATERTAE
FHF 5 GG S5, g e 5 L AME 2 18] 23 T8 i T
FIDNAXUEE, T 7E P IEAI R DNABZ HLEIER T,
VIR BE NS Z AR SR eE, SCRURS g, R,
EZBE T, E AR R SR kA
R EPEREG SR — A RGREE. LN, THE
AT 25T DX 38R e 8 S RO SR 3 i 5 | R A R RCR 1Y
F—AREE.

33.1 DNABE®RRFAE

ChenZs N5 R R, A TR EDNASS 16 52 (mis-
match repair, MMR)IZFEINHIPE RS/ T 10 i 2 .
R, JHEMMRAG & A% 1) Ferd BE R Fe 1k ml e 2 4
PE & Gu 4 4 550CF 178 ORI 7EMf 7L s 4iffi, Chen
2 \PUR B, MLHI1ZE 1 EMMRIE & 35428 i el
F, FEARH A RI AT 525 0 HIMMRAE & i 42 14 & A A
R, R I A MLH P 6708800 2 A KMLH 1dn
TEA PRI N TEMLH 1 D) RE RT3 42 R PE R B2 1) 4 4
. [FRE, Da SilvaZi A & B, MMRCHEH T
A B 3EAE T PE 2 Gt g i ol R v 0 v ) 7= 4 G it
JE 7= HE R SR DNARUE), PRI 3E o8 W A4 1 5 2 A A
MMRCHE S FAIMLH1 0] i 35 38 =5 PE R G810 G 50K
MR, BRLIZEAC R, Rk s m
MLHIdnF AN RER EK FERIPE R G SR EEACR, ThifE
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ZIRHIBFE T, JiangZE AP R KRR A K it ik
KN IE I OsMLH 1 dns{ ZmMLH dn, W % 1 EPE
RS GERRCR. AN, TEMFLah, Ligs A%,
il FINHEME & 18 42 B4 il 71 DN A PK A 2 41 i v] 4 155
PER S 4 iE 5505

M-MLV RT# 553 J5 A & A B Asdais )y 5101037
flap, MHTiZ3'flap 55 lapht Fah& V-5, HAAES-3
it K% R ATt 0 VE R 5 flap DI #),  [RIAsF 3" flapii i
DNABE 25| AFEHF A A 1] 5 MPER G T 104G
gt FR) I, 7EPER S gnig s B, 5'flapht
PR A RIS I 2 58 DN AT 51 RE 75 48 4 31 3 A
HEAFEMN. Liang A" R, 7EPE2(v2) &%
OB TSR MRS FInCas9-MMLV RTINS 55 A
FIN, SPE2(v)RGH L, FEY AN Bl R e, Gk
RHAIHA D G B RCR L= T 1.7~2.96%. {HZChen%s
NV IR, TSKEIRAMNIINE 5 PE2 2 50 i B3Rl 20
LB A I PE R S8 = A R TR ), 3K AT fig 2 A
SRS A Y B DN A &2 L i 22 5.
332 FEFHREHEE

e JTT 3T 28 AN 2H B B S5 DR 285 ) % 48 o i T
Jot, SEITRZ M BE DA e 45 5 2R A7 25 B9 mT e,
I A A R Y Y e o T R o T e 3 PR g Y R
T eSS AL b, ParkZE AU % B, 8 3l
A E . gRNA spacer/F4 4 1450154 Fd 1Y
sgRNA(dead sgRNA, dsgRNA)FIHE (55 K (chro-
matin-modulating peptides, CMPs), 1] LIl i #2 w5 ge
] MR R PER SRR, 2, Chen%s
AORES:, P65SHER A MRS LI k3w PE3 R 4 Al
PES ZGE AR, Line N R, i H4lER £ 2
Pt AL it 100 1) 79 (HD A Ci) ] LU B PE R S T 8946 A
R SRR RSCR, HNRE RS a5 28728 (1) R 350%.

3.4 HAdEfbsEng
341 EFRBEEHMA

PE % 4t ' i nCas O A% i il F1 3 7 SR il 1) T A TR
SR, (EJEAEY R IR 0 s TR K FnCas9
FIM-MLV RTHHAE TARIREE(37/142°0). K, AT LA
SR P 2R AR 5 S R 11%) SR S 5 i e o O T
M2 PE R SR A B, Lins AP KR 50
PAIEAAR Z P HL#R T 26°C I3 7O CIF PPE 22 55 4 4 B RK
K, KRBT CIPPE- B304 6.3%, M126°CI
PPE R G- G 0% 13.9%. T TangE NP1 & 9,
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BEIEEE M 32°CHE = B3 7°CHF A BEHE i /K A S A oA
M AREERSCR. KRR A A I R B 29 228~32°C,
ZowZE NPVE I, SEAVTE SRR A T AL, Kbt
PR SV E F42°CH 772 hy 34°CHE IR M JE AU PPE3
RGN SR AR T 2445
3.4.2  HH B F K g

K T A b iR 2 FlpegRNA, i a] DLE A H R 48
(surrogate system) & 4 L & A= TE B i A ) 240
B2, AT R R RS PEGR AR O P AR A AR, XudE
NP 2 A R R (HPT Y O s R Gk B S AR 1)
Y, R T AR PER S M gk, Lidg AU
TR T —Fay bR gt 240, 7 ks B sk g [n
B RER T-DNA I hpe * FUK RGN Y 0sALSS ", i
T e 0 2R R o ) ) O BB O i A L R AR R U
MmO, FHIZ P R g R Sk H 0 R AE
PR B bR R ARG S R R = T 2~501%.

4 5ISHEDURI R E

4.1  IZBLK T BEDNA SRS iR AR

PE R 4 54K 0] L 2 /N i BE O DN A 4
A~ BRI 120 IR A 54, B SRR A B
BRI A SR IR IKOR AR, D TR S PER G
SR BER A B (4R ACK, Anzalone A\
TEMFLSh A PR T —FR B A twinPESR I, T
nCas9-MMLV RTHI—XfpegRNAsHEAT 1 4 2 A9 5 4k
s VIR K A BEDNAJF . ENiFLah P 40 i s b 1 4
THFLLEDREM L RS, IFPRIME-Del™. Bi-
PE"". GRAND""HIPEDAR"™. [RInf7Efish, Li%s
NS % T3 L TAE Y GRAND R 45 1 25 11 AR 25 )%
§, WNZHE R (His). 1M #E 2 (Hemagglutinin, HA)FI
FLAGHi AZKFERFLA. Sun% A\ s ePPER S 5 mi 4
SYEEMABECres &, A TPERSS FHPrimeRoot
Y5, AT LUK VLR K A BEDNA RS 21K R A R 3
A, BTl AR F BER M 11,1 kb, SRR
5 H6%.

42 T ET |4

FIFH 2 85| S 2miE T ISTEUE B R Pos R 4,

SRR R RN, Lige AR T — R

gt 258, JEMAIZ RS S T Rk 24> Y IR
DA A i . N YRS T R R osy B



P A

PRNUIREN S Z G| S RS, 1e/N A A ik
M ZR S8 T 223K 10 JE D Y ) I el DL BT
YEUEW]. PEZRGEAE RN 1R SO0 AR DT R B .

4.3 5| SguiE RS PAM IR SITE RN E

SRk B PE FR Gefl Y 2 Ak I PEBEER B Cas9
(SpCas9)y—Fh 25 AnCas9(H840A), HPAMJFH K5'-
NGG-3'. T #—RRPER S HPAMIR BTG, 18
LS ANHE & T 3T SpCas9ZE (A Y PE2-VQR
PE2-VRQR. PE2-VRER. PE2-SpGHIPE2-SpRY %]
PUIARRPAMITAIPERSE, Al LML A3ZPAMIR
HIPES ™. FEMIT, Zong® APV HIMI SRS T
AL InSpGAE AR LR AAPPE R G H inCas9, JFR T
PPE-SpG &%, 7F /KR I Az o A ik 4 28 ] S8
PAMT Y ANGHIPEAE HEGH, A0 40.4%~7.5%.
BEAh, A5 BF 5T R B A 0 Ak i P 4% 2R R Cas9
(SpCas9) X EnCasOt HIPER 4t, A ELRENS BT m R A
SR X — e,

5 REihhes

PE R GiNE R — ok v A L 8 2 i R el K b e
TR GRS, A SR 5 A s fL
R TR R AR SRR, Ak, N THRMPER
GLREEACR, BHIFA G HEAT T8 £ 07w it ik,
fIFE % nCas9-MMLV RT. pegRNA. ZilJif 5 H 2 i
P 35 IR DA K H A Al Bl O i O =X 45 O T i P Ak,
SR T ARSI A B N BEEE B K R BEDNA
FEH B A TR, JFFEKRE . TR RU/NE SEY
FIHPEE A QT H T ZFp EA 0 SR i 3 Fh i ¢
U8 AEAHY) T I PERGA T — AL Fndh I, andit i
HHRCR . R HNIZE RS,

XUF A 40 B PE 2R G5 Gt B RCRAT T i — A 42

RPN

. P EY TP PER S LR B — RN AL
A C S A i ARG T R AR, (XTI AR A v )
FHPE R GAMELL SEBIAE HESm B, HRTAEKAE . FOKA
INEERF Y P PER G FEE T THE
PERGEAY TP £kt . $EEPERGAYNG T M E
YL LAY N IEMMRAB SR AR AL, Ik, 1EXLT
MHAEYPER G0k i mT 2N DL LA 5 T R I
TEFLA s L B, [l HIDNASR G il iT LA A
SRS INPES Y, S kAL, DNARA R
ARG SIS = BERR S 0 3 AN ) B i HL
FREL G RE 1 R, FEASKAEYPER S LA AT ik
AR, pegRNAJFEFEFIE X FPE R 4t HA S K,
RIFHE A AR BERIPBS AN [ A R 25 %ot 2 4
BORPIARKAGEZ M, T £ XS AS [ 9 T & 58
R AL B pegRNA TP F T T DA$E i HAE A v 1 3
PEFRRENE. 535, AR, PERS: Al i —
TR G RAC LI K 7 B RS AR AR, 3l
PER S K AEERE S, RILAES S 5T tho] 44k
PE Z ¢ (1) )i R E — 251 i LA 56 DR 2 o 00 38 149 102
DISCIREE 2228 Y L 5 IO o RS v R I R G A
S D RE I BT SR T B AR AR KA R S
BEAR, 5 DR S R M 7 o 1 5 [T % 22 S PR
RGeS, R TE A SN S AL 2 S5 PEAS HE S
RGVNTIEZN P RERIR AP R A

R, PERGUN: g — om0 11 58 A 114 56 P 4 2
FoR, TEAEYHE D REMT 5T L S SEEAE Pk 1 1) 5 Tl
Al B AF 7 TH, BAA T RN TS il ans st X EY)
FER A TAE A M AB M, XTHESRS X 8 G 3h+
Je s YF L 5 SEAE (upstream  open reading frame,
UuORF) X i 47 43 F B TS5 R 26 3R 7K P sl R K
SRR, AR AR EIRNG PUR
BOBR R AT A A ) Foih i 25 7 T S IR PR e o i L
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Genetic variation is the basis of crop breeding. However, traditional breeding is time-consuming, costly, and inefficient.
The emergence of transgenic breeding technology has greatly accelerated the breeding process, but safety concerns
regarding foreign gene integration have restricted its widespread use. The clustered regularly interspersed palindromic
repeats (CRISPR)/CRISPR-associated (Cas) protein system allows precise genome editing in organisms without
introducing foreign genes, achieving modifications to specific DNA fragments. Compared with previous breeding
strategies, genome editing has markedly shortened breeding cycles, providing enhanced safety and efficiency, thereby
accelerating progress in plant genetic research and agricultural breeding. Following double-strand breaks at target sites, the
CRISPR/Cas system achieves targeted gene modifications through nonhomologous end joining (NHEJ) or homology-
directed repair (HDR) pathways. Although NHEJ is the main repair pathway, it produces random insertions and deletions
of small fragments. The HDR pathway uses donor DNA as a template for accurate repair, but the low efficiency of
homologous recombination in plants and difficulty of donor DNA delivery pose challenges for efficient and accurate
genome editing. To improve accuracy, scientists have developed base editors by introducing different types of base
deaminase into the CRISPR/Cas system; however, the use of base editors is limited by specific types of base conversion.
Thus, the CRISPR/Cas system cannot fully meet the needs of precision editing. In recent years, a novel CRISPR/Cas-based
gene editing technique, known as prime editing (PE), has integrated engineered reverse transcriptase with a catalytically
impaired Cas9 endonuclease. This innovation introduces genetic information into a guided-editing guide RNA (pegRNA),
allowing for direct and precise editing of specific DNA sites. PE facilitates not only any type of base replacement but also
precise insertion and deletion of small or large fragments, offering robust technical assistance for studying plant gene
function and genetic improvement. PE has been established in various plants, including rice, maize, wheat, and tomato,
creating germplasm resources with exceptional traits. Despite its establishment in numerous crops, the editing efficiency of
PE remains low, especially in dicotyledonous plants. Therefore, there is a need to enhance the efficiency and flexibility of
plant PE. This paper reviews the working principle of PE, its development process in various plants, and the ongoing
optimization progress of prime editors in both animals and plants. This optimization includes refining nCas9-M-MLV RT
and pegRNA, regulating endogenous factors, adjusting culture temperature, and employing other auxiliary screening
methods. The application prospect of PE in crop genetic improvement was explored, with the aim of providing valuable
references for further development of PE in plants.

CRISPR/Cas, plant prime editing, precision gene editing, crop breeding
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