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i HRAMYEREENHNHRZ —, RERBYN S ERH E LAY &N EZRA, Ed TRERE
AAFRE LB, HNA B RE|. ok oy AR e B X E A 75 KA K & A (clusters of regularly
spaced short palindromic repeats/CRISPR-associated proteins, CRISPR/Cas)#t F 4 % £ A 7 LAt B AT 2 H L3 2 &
B, ARk, NTIE 0 E G RA gy . B AT, CRISPR/Cas9H AR B Ak Wy 2 I AH 4 F 48 & £ [H o 4 Fo AT
REZEWEETFR, ERBARERUDFEMEARAAMYE R T HEAZXREENER. WA TREHF
W Z A%, CRISPR/Cas97E 7 i A8 40 o By B il A7) 44 T W 2 68 280 ¢ {1 A B i 9 Bl /D % 1ol B, AR U483 7 CRISPR/
Cas9 A2 R & R & IR 12 B 4% KB 42 07 W B B, 45 & CRISPR/Cas9T I 8y 5] B2, X $A By K& 7 ] #E4T

TRZ, WA EAE KR AN ) R RESE

el

FE D B B AR FHASE s A e P A T ol o 5 [T 24
B—4FE DNA JT Bt A7 By U5 7 A SUEE 1B ¢ (double-
strandbreak, DSB), #RJ5 I WA A B BB R 550
IR EDNA BB A B SOE ARAE,
1717 S5 BUHE KL A B4 P 81 B0, E TS R PR 4 2 is AR
AEM. B 0 KL 1] R 194 1] S 7 42 81 R 4 (clusted
regularly interspaced short palindromic repeats,
CRISPR)/CRISPRAH X4 I (CRISPR-associated  pro-
teins, Cas) H [AITH: LSRN T A= Pk} 2 2niel i 35 2211
SN g T RZ —. ST AR N g i BOR A L,
CRISPR/Cas # 4 F FIRNA-DNATRGIJF B, FY 425
S BORE BRI,

WA Casii 5 5E K 7 91 ) 22 57 CRISPR/Cas R 5¢
Sy T TORTIARS. T 0TI AL 3 8 i 2 W 6 2 1 -
CRISPR RNAK &y, i I BULH — A1 2 5E

2 A4, K & R4 54, CRISPR/Cas9, 4 4 & ., % i

FIATEThEE. CasOM 2RO, HRETHIR N
JIZ I CRISPR/Cas9 R GE /2 1 1T BRI b 0% e i
kP4 CRISPR/Cas9 R 48 TAEEH: & AW crRNA
(trans-activating crRNA, tracrRNA)FIcrRNA(CRISPR
RNA)EA A B—ARNARG SRk, it it 5 4k
Jie %o A FH 4 R 50 4% ) SFRN A (single-guide RNA,
sgRNA), 5Cas9%5E KIFIEM. sgRNAFIHE UL
AR B 7 91 4B 3T 3 17 (protospacer  adjacent motif,
PAM)JF51, $5FCas9%E F7EPAMT A L7 55 3~41
FAEHATHIY). Cas9O B A PN LIRS T3 HNHZ
Ml 1 BT EIRL RS, RuvCEA Fa el 17 57 40 51 A g
APIEI (D). DNASEERTZS, o RIS s
(homology-directed repair, HDR)FI [F] 5 A vt 7% %
(nonhomologous end-joining, NHEDFiFh H G116
BLE". HDRIB I Feif7E SR R I DN AR 7716 117
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0T 4 A B R E AR P4, W] LS L
KRG Mg, (HUZHDRIEA KA HE A DNARIR 28
MR 2, HORAEMERER. NHEZR R B a4~
DNA B, 7T el % i ieid A sk, i
SRR . A A BB T, 1 O R A R A
Brffe. R ATERR, S0 SR 0 1 R s B, EIN
M REE LA T RE (& D).

20134, CRISPR/Cas9F A1 Rk I M5 (Vi
cotiana tabacum)FM AR I¥ (Arabidopsis thaliana)f, H
W LA A TEAS [FI A b A T AN b 10 S R R A 3R

PERRIC RS B L D 2 TR TR, Zeng AR
HCRISPR[RIH} 4 K FeT (Oryza  sativa)FEAAH I IE A
OsPIN5b KK/ I G HE R G.S 3 TR FE 1 AH DG J
OsMYB30, 345 T 2 ospin5blgs3/osmyb30=TE 5K,
SEPA R LG, 24 AR R A T, A G H B i 1) 7™ f
it FERES. FHICRISPR/CasOHs AR IR A= K 220 1z K 7
SIARFARIIIRENS, Fhi(Solanum lycopersicum)iH:
FAALIIREI AR, TR 3 FB 3 e i 32 PR 4
5, UESE T SIARF4Z: 5T MxT s Fg i ha ik,
1817 CRISPR/CasO#ii ¥k K 2 (Manihot esculenta Crantz)
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Figure 1 (Color online) Working mechanism of CRISPR/Cas9 system. The green structure represents the Cas9 protein, purple represents the sgRNA,
orange represents the recognition sequence on the sgRNA, and red represents the PAM sequence. HDR, homology-directed repair; NHEJ,

nonhomologous end-joining
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"W MeSWEETI0a£ N5 8+ T BFIEBEZS & UG, 28745 i
RAAAFPURBEMNBE S, HEA FEF A R —RE Y I 7 TR
AREHE, XONE T PUR B AE SRR UL T I
Al LA, R 22 B9 SCHR A4S T CRISPRA AR TR
B FZAEY . AKRAEY R P S5 4 ) 1o
Ji&, I X HG LR RBE Sy AT T el

245 AR vh 0 A A B A it R _E B F3 7 A
IRITEIR TR, i R PE I 25 R AR ) i o 1
BhRz—. N2 AR R B 2 B vk A AR g e B
WU PUREE PUBEE . PURAESEIEME, IR IR H
Pt T R, BRI W, B
A B 22410 & Je, 25 HREY 2 8 AR e, (H
HARA = PARAFAEE V2 A, Q™ & L T AR
SEVE. BEAERERS . HUE24E. CRISPR/Cas9f R &
AR R T B AR A P aa Ty A T
U8 T —E 13k . CRISPR/Cas9% &6 A W1k
7 AR AAC Y T s T HE RIS ). A
FFA 24 T CRISPR/Cas9FE K Z i 7 AR AE 24 FIAE I IR
AAR I AL 7 e B A, e A 24 PR ) 4005,
N FH T S T R R, SRSl i o s ) iy a1
5%,

1 CRISPR/CasOFiARTEL) IRk A= AR5
)L g MBIV

YA = W AR R AR ) B9 A K % B A i
ST T R FEEEAE MY 25 R T B U A AR
FHAY G N, IhmEds. AR RO N b
A (1 2) AR AR AR T B A R i A AL R
J R PR, BELIL SR AT AR Y
A A 25 M E R R A= 4. CRISPR/Cas9j&—
FRTRT R R R AT S ) D RE M B P S R R, 48
B ERTE A FN DI RE () A T B 5 S IR 1) R 2T B
TERAT A AR A A = ) By AR 2032
L. Ay E AT CRISPR/CasO4 RTEME S . E
W Bk A R DS e R AR A W A b 8 B (113,
%:21[2045])_

1.1 CRISPR/CasOH{ RLEmE I A it i H

ARG YR AR A REFIRR Wz —, ©
A 40000 i 2 G woE, HEAEZZ
Y RS YRS R T NI B
Bt 2-C-H 3&-D- IR #E B -4- 52 (2-C-methyl-D-erythritol-
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4-phosphate, MEP)i&F8E1H T-3-WH2 H M (glyceral-
dehyde-3-phosphate, G3P)FIFA iz (pyruvate), 7#£1-it
S -D-AKHEBE-5-B R 5 iU (1-deoxy-D-xylulose-5-phos-
phate synthase, DXS). 1-lit%-D-AHIHES-BERRIL i 5
HTi(1-deoxy-D-xylulose-5-phosphate reductoisomerase,
DXR)45 i (1) 3% ZEME AL T A2 L5 IO S IR (isopente-
nyl pyrophosphate, 1PP)/—H 3L/ N 3L FEBER (dimethy-
lallyl pyrophosphate, DMAPP)""*'l: HI ¥ i fin
(mevalonate, MVA)i&fE AL I5 F L B4 A(acetyl CoA),
1E LA B A A B (acetyl CoA synthase, AACT). 3-#%
FE-3- B TR FL.CoA & i (3-hydroxy-3-methylglutaryl
CoA synthase, HMGS)% i i) 41 kA F A= i 1PP/
DMAPP. 5/ M 3 AR MR 5+ A i (isopentenyl pyropho-
sphate isomerase, IDI) ] L L IPPFHIDMAPP 4>,
H BB 123 T DMAPPS AR 1 B IPPLEHE A JLEE
TR & h i (geraniyl diphosphate synthetase, GPS)-.
5 JE AL W2 5 W (farnesyl diphosphate synthase, FPS)
A A J LR 2F JLBE IR 5 i (geraniylgeraniyl  di-
phosphate synthase, GGPPS)fftEAL T 73 HITE B S /i
R4 ) LKL —BR (geranyl pyrophosphate, GPP). {52
/=05 A BT AR B2t JE FE AL W BR (farnesyl  pyropho-
sphate, FPP)FI i/ PO i (44 B 4le 2 LS4 4= )L
3L Wi (geraniylgeraniyl diphosphate, GGPP)™" ™, 4
=Bz ANEIHE S A i (terpene synthase, TPS)REAEL
GPP. FPPHIGGPPIEMUE AERYBE R AL &%, 1
TPSIEMH FIE AR R 2 A #E R, 54
P4SOE AL WL ALNE  WEIEG Al . I 2 A
LA WM E IR R R = 7 B 2 24
KRR, BOREZZ 5P U 5%
BRI € o8 1111 S
REZEMELRAE Y B BA EE WG, (Hil
TRIR GV B B AR B A 2R 1k,
LA AR, FRE T, Flan, §ER ARy
AW Z —. TEZESE W) AL (Arte-
misia annua) THEPCH T H E R IFTFAPELIRIT 09T
Tk, WIS 1201450 DUR AR Bl B, &
ARk, T BRI TR A 25, (H
THEAEE TSR FEERERE, SR, sl
G FHEY AT B S 1R BT BRI Pt
S e AR T IR 2 (Salvia miltiorrhiza)
MR PE WA G, B T AR T O i 4R
WIDIRL. USSR R PSR
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B2 (MR G LY. RN EY G OB, WY a s 3 BB 5—krBt: LIG3PRINERIREL L Z R A
JEH A IPPEDMAPP; £ —FrEt: LIIPPHIDMAPP A JRH)AE Ui /A %) FiGPP. FPPFIGGPP; 45 =KrBt: GPP. FPPHIGGPP{ETPS L i H]
TAEBRER NI EY. S5 A MR WIS DXS. DXR. AACT. HMGS. IDI. GPS. FPS. GGPPS. ADS. CPS. CY-
P76AK2. CYP76AK3. PDS. PPTa/g. cyp515018. cyp505d13. A=Wl Lh s SR & HiiA. 4-FR 508 QRN 22 U & L 2k S s e A= )
BRI B (S)- 4 B . o L ERZ T ISR IR A G, IPP/DMAPPZE MG BRI R L M PR D71, AR D& A A
ARG S A WA S R TR SR S . 2 5 ARG ORI REEAS: NCS. TNMT. MSH. SOMT. TDC. CYP719A19. STOX.
CoOMT. STR. SGD. 4'OMT. GI0H. SLS. LAMT. HSS. KNk MRS EIn THRNER. KNP v4-F TEEHRA, &SN
TIRARRAERDE ORI BT, 53.4- T RERFRIEADE IR B S 5 R NS SR M HS: PAL. C4H. 4CL. CHS. IFS.
CHI. F3H. DFR. ANS. GTs. C3H. CCR. RAS. LACs; # (A (A URIENLE,; O OIAREDIZE; SO aURIRE,; Laike
MR, IBEAFARAIET, WD RLIBARNRLZ LR

Figure 2 (Color online) Biosynthetic pathways of terpenoids, alkaloids and phenylpropane. The pathway of terpenoid biosynthesis can be divided into
three stages. The first stage: IPP or DMAPP is produced by G3P and pyruvate or acetyl-CoA as substrate; the second stage, IPP and DMAPP were used
as substrates to generate terpenes precursor GPP, FPP and GGPP; the third stage: GPP, FPP and GGPP generate specific terpenoids under the action of
TPS and modifying enzymes. Enzymes involved in the terpenoid synthesis pathway include: DXS, DXR, AACT, HMGS, IDI, GPS, FPS, GGPPS, ADS,
CPS, CYP76AK2, CYP76AK3, PDS, PPTa/g, cyp515018, and cyp505d13. Alkaloids use amino acids as their precursors. 4-ydroxyphenylacetaldehyde
and dopamine are converted to (S)-scoulerine, which is the precursor of benzyl isoquinoline alkaloids; tryptamine is synthesized from branched acid
through indole pathway, and IPP/DMAPP is converted into secologanin through iridoid pathway. Tryptamine and secologanin are converted to
strictosidine, which is a common precursor of monoterpene indole alkaloids. Enzymes involved in the alkaloid synthesis pathway include: NCS, TNMT,
MSH, SOMT, TDC, CYP719A19, STOX, CoOMT, STR, SGD, 4'OMT, G10H, SLS, LAMT, and HSS. The phenylpropane synthesis pathway begins
with phenylalanine. Phenylalanine is catalyzed to 4-coumaryl CoA, which reacts with malonyl-CoA to form flavonoids, and with 3,4-
dihydroxyphenyllactic acid to form phenolic acids. Enzymes involved in the phenylpropane synthesis pathway include: PAL, C4H, 4CL, CHS, IFS,
CHI, F3H, DFR, ANS, GTs, C3H, CCR, RAS, and LACs; the yellow color blocks represents phenylpropane; the blue blocks represent alkaloids; the
green blocks represents terpenes; solid lines represent known pathways; dotted lines represent unknown pathways; the two solid/dashed lines represent a
multistep reactions
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Bl 3 (RIZ8 R (2)CRISPR/Cas9 R GEAn A 25 I M AL R A0S B AR 1. (DIER ik it il FINRIFIEGV310 MR YAAMIIME LK, K155
BEPAEARAORL AR H AR AR, 2 g s iOREAR SRS SR A HTIA 68 J1, IR BEAS Mk I se R AL AU M AR R BAE. (2) AT
PATRCS8C UL YAE Y IME R, AW AN A2 RE VSRS B R BB, FERUE ARG B BARRR R, IH8 B is W i — w28 +2
A%, (3) H54% sgRNAFICasO MR ELHE % AL AT TR RIS I RESFIIC BN, 20 450k A B9 21 g 7 ek 1) H A 7y 28 A2 1

Figure 3 (Color online) Application of CRISPR/Cas9 system editing genes in medicinal plant for targeted bioactive compounds. (1) Construction of
gene editing vector; Agrobacterium GV3101 was used to infect plant explants to obtain transgenic plant materials. According to the different target
genes, the edited plants were more resistant to stress and could efficiently produce some secondary metabolites such as salvianolic acid B. (2)
Agrobacterium C58C1 was used to infect plant explants, and transgenic hairy root materials were obtained through plant cell totipotency. Target
products, such as diterpenoid tanshinone IIA, can be obtained by shaking the edited hairy root lines. (3) The vectors carrying sgRNA and Cas9 were
directly transformed into chassis cells, such as E. coli and S. cerevisiae, and high-yield target products such as paclitaxel were obtained through shaker

fermentation

B2 B E BUR(US Food and Drug Administra-
tion, FDAWHERSE—A T 2hy, FEFZ R ATE S}
SRR SR Bz v e AN FHZ PR, NS (Panax  gin-
seng)s —-t(Panax notoginseng) R Z (Ganoderma Iu-
cidum) ¥ IE AT RN R 44 St P 258, NS TR
RHBRZ T, SHMNELW R =22, A
WA GEUR AT S, SRR E ROR S S X ek AR
R & o FEF Bz —.

HHij, CRISPR/CasOH RTEU A A 2 H]
TGO & 1. A RZF AT I (Bacillus - subti-
lis) Rl REf% 2E BT AR 4 TR IPP/DMAPP,  Fr LA# Sk AVE K
JIEEE A0 M A = w2 . SRR M A il (amorpha
diene synthase, ADS)BESHELIPP/DMAPPIE R A5 241/
=il ATIRFPP.  SongZ AR FICRISPR/Cas94% A4
WA SR 6 D¢ 6 M (green fluorescent protein, GFP)EIE
ADS(HE2.5 kb)#& A5 BIAGFLZEAUAT R A LR 4, 20°C
THEFE24 WS BRSBTS T
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SRR R 004 WRTIA. CRISPR/Cas9F% A (3L A
FARE ) RS 8 0 e B TR

It4h, CRISPR/CasOf R 7E R A A A 7= Tl
F R AL R s S T Rg, Do Se sk A AR
W s PR 2 A HER. PRS2 R ST S
A —E LAY, 5SS, FIE AR A
fifi(copalyl diphosphate synthase, SmCPS1KAR RS
] i PSR G, A3 P450(cytochromes
P450, SmCYP76AH1. SmCYP76AH3. SmCYP76AK1
SEVKT I SR I T I, A8 B S, Lids
NPOMESmCPSIHIEE 1. 4 104N B T4 3% T —A
A, ARSI FIDN AN 45 5tk 7m0 - bR 25
BB AN ERAS R 1. 5% 4l 288 R A130.8% A 4R
HRASR, TGRSR, di G KA A R T
AL PESER) SRR, RBRSmCYP76AK 24K 2 3P
BRI ARG, HFFSE e R, fis
SmCYP76AK33RAF 147 BRI 28 A8 Bk 2 v i 7 PR
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Table 1 Applications of CRISPR/Cas9 technology in medicinal plants

SR AR PiFh  ALIRR CasYsgRNAREIF FIUSMNET  getgdon WEARY AR B2 Sk
SmCPS1 PAE B 2x35S/AtU6 1.4 11 ffiA/k F}Z 7 (tanshinones) TR [20]
SmCYP764K2 PAE Rtk - - TSR FH2:1 TR [21]
SmCYP764K3 & bk - - (SN FH&0 TR [21]

EIN FHEY PR (salvianolic acids) — FF&
SmbZIPI = EARAR 35S/AtU6 1 [Nk PP 5t [22]
SmWRKY34 1= EARAR 35S/AtU6 1 B2 e FHE1 7t [23]
SmbZIP3 bar BRI 35S/AtU6 1 [N FFE0 TR [23]
SmJAZ9 P& BN AtUBQ/AtU6 1 i A /B FFE:00 7t [24]
SmMYB76 F1= EARAR AtUBQ/AtU6 1 EENLTEN FFEE TR [24]
SmbHLHG60 1= EARAR AtUBQ/AtU6 1 A/ FHE1 7t [25]
PPTuIPPTG AZ BB 35S/AWUG | wage  PAE jfg’f)"“’pa“axa‘ T [26]
PnMYB4 =t i - - - =-ER 1 (notoginsenoside) Tt [27]
Dzfps JEMEE AR 358/0sU3 1 (SN i1} (squalene) TR [28]
CsPDS KR GiEL /S - 6 [N FHAE | F (carotene) 1k [29]
RePDS|I KEHFE 2x35S/AtU6 4 N BRER A JtAEE MR Mk [30]
£°0MT2 W Hitk 35S/AtUG A PRI B g
zylisoquinoline alkaloids)
OpGI0H JE/MEAR L BRAR 35S/AtU6 1 AR FE M (camptothecin) TR [32]
OpSLS JE/MEIR S BRI 35S/AtU6 1 A EA TRE [32]
OpLAMT]I JE/MEAR R ERAR 35S/AtU6 1 VNG YN HRH TR [33]
OpNACI BB FRAR 35S/AtU6 1 AR B BTt [33]
OpWRKY6 FE/NIEART. BARAR 35S/AtU6 1 (SN HEA BTt [34]
e ' N B P IE 25 A

HSS REh GEL7S AtU6 3,78 JRAZBR (pyrrolizidine alkaloids) T 331
AbH6H i Hikk 35S/AtU6 2 A/ 43 (hyoscyamine) BT [36]
NtERF189 5 Heikk - - A/ JEiti T (nicotine) TR [37]
NtERF199 KB itk - - WA Jedr T TR [37]
IFSI FAR U L7 - - (7SS S # i (isoflavones) R [38]
NitMYB4a K R 358 1.3 AR/ 167 2 (anthocyanins) TR [39]
SnAN2 % LiER /S - - AR WHE TR [40]
RcMYB3 e Ny itk - - - R TR [41]
D b A gt itk 355/05U3 - A K (lignin) FH [
SmRAS PAE EMM 358/AtU6. OsU3 - - FHE R TR [43]
SmLAC A% BRE AUBQAWS - A o R )
SmHPPD 1% ESVIN IS - - [ NE =2 FH R 7t [45]

SR SXTIRAR I B TR BRI, MR B TE
fik (abscisic acid, ABA)EUESFZS ISR,
SmbZIP1J& \F+Z ABA 2% i i 2 v i 21 i 2 S R 1,
AIRES SIS AR, bR A L ik
P2, h35SHK5Cas9, AtU6BKZsgRNA, iR SINm)

MR N 12%, 22T H T Lol 1o 4 o g A e 0 221,
R BARM PP & LT, UESESmbZIP I A S
ZERIEEE. Shi%e AP M SHS ABAZ T4 4 i v
FWATTRES 5SS A K0 3T
SmWRKY34H1SmbZIP3. FEERBEIRR, SmWRKY34kk
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R N G B AP SR AR AL PFS i L X AR
IN3fE, SmbZIP3PR R AEMART I R IIEEL:, FH2
PR AP R S e ) T R, E—2E 05 R, SmWRKY34
AT LA 25 5 SmbZIP3JR 2 T H A W-box, il g% 5
Wk, S S EE R R LRSS IS RS
SmWRKY 34-SmbZIP3HL A S4B il A1 S+ 2l A )
G JAZEE I O HRGE RS FTR A S PSR &
Y. i AP e SmIA Zom) i B £, o
BT —AM T A sgRNAHTAtUG6SR 5, TMiCas9Hh
AtUBQIKZY. FHYERESRIE R F I PH200 & & LT, i
PESAFSMIAZI HAEE HSmMMYB76. SmMYB761
BRbk R PSS LT, SmJAZIfEESmMYB76%%
SRS, DL EZERIIESE, SmIAZ9-SmMYB7645%
i 2 A . fEBICRISPR/Cas9Hi K,
bHLH60%5% 5 R T U g e B R S0 A 1 4 1

=i RGP 2R NS E GRS, TR
PAFER: A S [ (protopanaxadiol, PPD)AYFIE A
Z: = [i(protopanaxatiol, PPT)BLR 1. 7E NS, PPTa
H[RIVR 5 PPTetA B S i PPT A i, Jo & 1AL PPD#4 4k,
WPPT. i FH—4bE FHsgRNATFIsgRNA4E
PPTafIPPTgI:AT YR, CRISPR/Cas9%i’E )5 3545 173
NG RAT R R AR R, st bk R B
A FERR PSS ARSI 500 A RUAH L PP TR R 1
/0 PPDAY AT AN, T A A A B AR
{’[3[26].

—LREN R B BN, HATE
ML FEIMESF2G PRGN, BFoE R, =L FMRPp =L 8
TR SRS T IR, X =E0 AR R 5%
SR Y K43 HT, PnMYB4gE i vl G623 S5iys =-£ 2
A L. FIFICRISPR/Cas9 & G b =L PnMYB4i#AT
K, AR RA2~3 IR, Rk R =
LA R ETE, R PaMYB4f R = LR Y
éﬁi[ﬂ].

REWBE—FRBETRZM =55, Tz
X RZHRNAR ARG G sh T T/, AR KRR EE R
T CRISPR/CasOF AR . 20204F, Wang A H4
TINAE 25~ NIV RY E 3 F-(pU6-0. pU6-1. pU6-
2. pU6-3. pU6-4), Z55 W RpU6-3)3 8T HA E &
IRERRCR. b T LI gRNAKS B A - 20k, Wang%%
NTHE gRN AR 3/ A5 | AT 4 55 % (hepatitis  delta
virus, HDV)¥:fi}, I T pU6-3-gRNA-HDV R 4.
BZ RGN HT2CYPREA, cypS15018(3 5 RER
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AP A ) Fleyp505d13(Z 5 e iR =ik i E Y&
B, BEFERERE TR L 28 AR, 1 R 2R
TRE.

Dzfps &K it (1) 6 Wl L0 ' 2 5{(Dioscorea
zingiberensis) ™' = HTAFPPIE K *" . FengZ A\ %17
Dzfpst) 5 —4M i F T HAR, H/KFEMOsU3IK 53
ik, 60%k F YRGS TSI RPN R G, BB
BRI, A, ZhouZi \ILIEERE A4, F
HICRISPR/CasOFi R IGUE | B /AT (Tripterygium wilfor-
dii) TwSEs 1-4 55 K (Ff & 1 A AL i1k A e I T iR
AAEIERe

FKiHE MR- G, BAbUEA. T
i IEZE R AFIRL. AL R A B (phytoene
desaturase, PDS)EZHHE N Z AW A 1S k) R s
fifE. DHIRBRAL IR N I PDSFEE R 25 1 e AL B, FIrLA
L H Bl FH R AR S KI5 TR 4 B AR &R T 5 R B AR
1277 Zhang% NP KRR (Cannabis  sativa) i}
T 6N CsPDSHIsgRNA. i TH 64 B T il
sgRNAZRAR T 83k SR FI4 N ali AR, X ELIRARRE R
R OFP IR BT, BRI kS, St ™
RIfS, AST AR T-DNARRA, £I—it
AR IFAR LI EIE LN i, &SN
CRISPR/Cas9F A WYy i H T K H #i# (Rehmannia
chingii), H:sgRNAH IR IF Y AtU6)T 85 F 3K 5)), Cas9h
35SBRZ). K HHL B RecPDSHE DA+ AR By
BRaRAT 782/t AR R, i KIS I8 X
A R %

1.2 CRISPR/CasOHi ARAEA: BRI =i
Wi HI

HEWIIRAFAE T 2920% AR D) T, 4246 S e A= )
By PSIWRSEAEITR . EBESR A PmR. R e2 A We
AU EDNR, BA T Z 25 BE T, i,
FRAANGE AT S0 X, R BT FH TR 97 > B SR
IR W I ) 02 s 154 2 e ) 2 i — M
LA IR NPT, 75— RINE AT
A R RI 4. PR R R AT AE ) 4- PR BEOR L (4-hy-
droxyphenylacrtaldehyde)f1Z [l (dopamine) £E 2= F 1
2084 i fifi(norcoclaurine synthase, NCS). 4'-H JL5EES
fiff(4'-methyltransferase, 4OMT)ZF B A E LML T 4 A,
PR ()4 B SRR ()4 B R A DU A
L/ INEER - cis-N-H 3L 5L FE il (tetrahy droprotoberberine-
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cis-N-methyltransferase, TNMT). P450{#5i 71 N-H JE 5]
BESENH14- ¥ 1L BF(P450-dependent  N-methylpapaverine
14-hydroxylase, MSH)&:R# L T I B IMAR 58 (sangui-
narine); £ (S)-4 8 55 EHK9-O-H IR Hfi((S)-coryda-
line 9-O-methyltransferase, SOMT). (S)-PUS/NEEG G
Ji((S)-tetrahydroberberine synthase, TDC)fEfL T 1l H
JR 4T (chelerythrine) ™), ZESOMT/E T #585)pY
AR Ok, 5B FEAI ML ZE P450(cytochromes
P450, CYP719A19)H1IU S5/ NGERK A AL BE((S)-tetrahy-
droprotoberberine oxidase, STOX)EL T A= Ali/NEEHK
(berberine)”™". CoOMTAH AL U A 5 . B Ak 4iE
18 £ & (tetrahydropalmatine). S+ & 1f (strictosidine)
e BT P [ e A A A ) S B v (AR, S TR T B0 ik i
B IR RIS R I R AR LAY SR
R, AL B, R0 RS & A LATPP/
DMAPP M HIA, TEA M EE-10-521k i (geraniol 10-hy-
droxylase, G10H). FF¥ H4+1F A Mifili(secologanin
synthase, SLS). HEk+ M H EH B (loganic acid
methyltransferase, LAMT)ZE[FAHELL T T BT 34 Th 4k
AP TFRR LR T R AR S5 T 4 B (stricto-
sidine synthase, STR)MIMEAL IR SO 1Y, S
AR S A -B-D AV AW 1T i (strictosidine  B-D-
glucosidase, SGD)ZEEF/E TIL MK, 1MLt
oo B BERLAL S N AT AR B B g
A9%34 T AP2/ERF. WRKY. bHLH. bZIP.
ZCT. WD40ZEHE 5% DA 1145 AR Wi 28 U A= AR 1)
5Tt .

BEYE (Papaver somniferum) o ZF0 0] N T4 4
5= 245 4535, 114 5L S s IS A B (benzy lisoquinoline al-
kaloids, BIAs), 40 HF 1L T R ST~
e POERZERSERL . BN AOSHELECY i s e e
(YA BT R 36 B 3 v 8] 7 4)(S)-4 O SR (S-reticu-
line), FH4'OMTHEMZ 25 L. Alagoz? A1 'Hy
A a4 OMT2)7 5 I RBR A, 1585558485 Fh
1~4 bpffi A/ERIC R PRTERR R, 3K 2EHR R AU BIASAL
A CLL | N RS 7S N 3 S NSRS ST 3 7 AN W PN
i PEER . AR D, i AT R RS E A
VI o3.

EM(Camptotheca acuminata)5 55 /NEAR L
(Ophiorrhiza pumila)¥sn] ;= H B 5| WS A Py i =540
k. ShiZe A\ PHAE2 AR B A B N Op G 10HA
OpSLSHY 5 —AM B+ ri%it T sgRNA, HAtU6UKS). &

B ) ()2 DR B AR AR R AR CPT & W] /. Hao
2t NPHGHE T /M AR A R L R A, S5 At
Hortr, B T el SR TR SR Oo-H
S OpLAMTI. FRMLT OpLAMTISEA 16
RIRR, SRR, OpLAMTIZSS T ik
TRMERLA DAL A, FEOpNACTHIREAR)T
G R R AR AR R, SRS T, 5
T FRIBIR R ThE AR S T R —E, R OpNAC
BRI PSS RES. WangZs AP /N
AR A LR 2 R I 1 546 N WRKY K AL B2, 3 i
EREAE Y B R AR FE 5 Op WRKYFHE R (R AR G143
B, OpWRKY6HELHENI T RES 5 AL WH A=) G 45
SRR, 3B YRR bR R (AN EEA . 24
A ) e AR B B A N, R OpWRK Y611
P BB A R

N L P e 2SA: Wi (pyrrolizidine alkaloids, PAs)
SEAEAE TR th B 2y i — 2R B . PR LR PE Y
FETE, RZ 54 ISR i o 2580wk BRI P, i an
SLEL (Lithospermum erythrorhizon) -6 ¥ (Symphytum
officinale). [F)MV KSR & i (homospermidine synthase,
HSS) 5 PAS W4 I 5 — AL, Zakaria5 \P27E
REF hssHNAEE3 . THISHMN LT 53T T sgRNA,
sgRNAH IR ST I ATUGIR ). i flhk 2R A4S 17 51 7
AR AR 2R 5EAE . g 24 L R R i — A
[F) VA e B i N PAS 1 it S S5 B AIG, 12455 S R 8
B i Rk R RIS B A MR . b S [
hssEibrpk R, H—AKMEPAs, IEWICRISPR/
Cas9 7 VL TER UEHE P A K 2318 Rl b g R 1),

R B S AT A W L R S R R R S e R TR
PSRN, A ARG FARL, (AE] AR
e IaTT YT, Eiti(Atropa belladonna) 3 F B 2 e
P i E 2RI, (HR T ER ik = E 45
81, AEMEGUA o 2 R A e R LA MERE R A . B
i -6B-72fL i (hyoscyamine 6B-hydroxylase, H6H)J&
— PR AE R, BERERS R 0 Ao L R e,
REFRAEAL L B 2 I R B 25 . Zeng A DOTH
CRISPR/CasO$ R FRAbHOHE — 41 B F ISR T,
a5 AR R TP RIS T R, AR A L R R
AREFW. S I R S S 1 o B AR T 2
%57k, Hasebe NS ] P DA B (4 7 12 460IE 1 700
TitiH Abpyks i Ak B 5 bt B AR B 1 S ZE T RE.

SRV TMH R R (R R T g 2 A e, — X
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M 17 5 41 iR 1Y) AP2/ERF K I 5 5% [ 7 NtERF 1 8 9 il
NIERFI9OWMSETTRES SR THIAEM A", il
W — (W ThhE, Hayashis A77E2 N ERFA: R AR F] X 454
B3 ERRFA, 5I AT #RIAZ EsgRNAR K.
W RATFEAN TR, RS T KBRS A
MBI HIRE R, SXTHRAIEL, S8R0 R (R AE 0 7
T RERI2%~4%, AR T RER13%~27%.

1.3 CRISPR/Cas9Hi ARTEAR Ple vt =it
i

RN GRS . WMEE A R &
HAT Y, BRI PiR s> fh sz 1t
Witz Z A T s bkl RERE AL e E &
R A YORTE . Postim g™, SR
U6 T AN E MR (phenylalanine), 1E 2K A 2 N2 fift & i
(phenylalnine ammonialyase, PAL). RH:[R-4-7% 1L
(cinnamic acid 4-hydroxylase, C4H). 4-7 S HR4HHEA
% (4-coumaric acid coA ligase, 4CL)HJZESEAEL T
A R A ot i A R 2 F ] AR 4-T5 G BEAHEA (4-
coumaroyl-CoA)!" ™% 475 5 Wt A A (4-coumaroyl-
CoA) 5T _lti#EfFA(malonyl coenzyme A)TERT /KEH
&l (chalcone synthase, CHS). S##&M-& i (isofla-
vone synthase, IFS). #r/K i 54 (chalcone isomerase,
CHI). Bl 3-¥ 1L (flavanone 3-hydroxylase,
F3H). & #MfE-4-18 5 (dihydroflavonol-4-reduc-
tase, DFR). {£7 & & Jlififf(anthocyanidin synthase,
ANS). BEILAEEFLE (glycosyltransferase, GTs)&FRHEH
AT R, A REREE . AR T R AR
SRR - AR R, 7 AL TS
AL (cinnamyl CoA reductase, CCR)S5: AL T,
4-75 O R ARG AL A HAUAR T2 A A, 475 14l
B ATE R I P REIE-CoA  ZEBIR/4E T IR R AL N Ik A%
# B (hydroxycinnamyl CoA shikimic acid/quinic acid
hydroxycinnamyl transferase, HCT)[15| 5 T # ASHIFN
LAUKRR MG asfe.  EXE T IR-3- 32 LB (P-cou-
marate 3-hydroxylase, C3H). P BEAHEEFAL L (cin-
namoyl-CoA reductase, CCR)Z5M 1/ L/EH T152IS
VR JFEFEMGRIARTH . W5 %W, AP2/ERF.
WRKY. bHLH. bZIP. MYBFINACH# 5% K F 5%
A LG AT PR A

AW ERM, TRMEY VS RS 5 ™
R RSP A . LA (Trifolium  pratense)

2534

Ry 25 P E &S EIEY I, HEA R E A
%, (BAR/DHIGTIEH — % Z B E R, i BICRISPR/
Cas9f% R, Dinkins% A\PMGIFSHTIREREIR, 255 R
ZEARRE R P S B IS e WD, (EIR AR
HEH ST i A

1 FIE 2 AT TR i —Fh B R 25 9 I,
NIMYB4a VAR P AT AR R, 5 pi4 AP
S ITENIMYB4as5 1 FIEE 35 i F R H AR Y LFIBI,
Cas9FE 135S 3l U3, HECRISPR/Cas9 R 4L
RCEFR bR, FIHAFF AN ST, FRA5298k
PH AR PR (FH %243 7%). Horp 1 SERAERE SRR A 4k
RAEN—F, BIAPNTASRTY, GEAR FAHEL T RFAE
Ribkm R B, EF RS RIDIET RS
JRAHEBERENDFR . ANS. 4CL. C4H. PALFAHE T
PPN e 3E(Solanum  nigrum) B Iz E S IET £,
HAVER YR J1. Heo% NIX i 28 1 B 42,
AT R SR Y, TR B E S R2R3-MYB
kN FSnAN2. SnAN2WI e RS 5 R I P Ib T R
B EAE R . TESnAN2HY 5 X I8k i5% 141 sgRNA, 7
Brik REURBE AL R, R B AR, ik
(Rehmannia glutinosa) =W Z WAL 22 —. K
7R 3R b B Y A T R AR 2 S R A
ZuoZE N He 755 ST 5 R R, ReMYB3 T fig
W S AL T 2 A U (anthocyanidin - synthase, ANS)
FE R FR IRV AE T R A A EEN. R CRISPR/
CasOFE AR FERReMYB3SEIA, Gt BN AR R AR
R 6H R SRR, DLESSAREN] T ReMYB3IE
PAFEAETT 2B A DI 6E.

KuiZs N 2E 25 Rk 2 1 sl Dendrobium  offi-
cinale) PAHEIFIAL T CRISPR/Cas9FE RIK FR, L35S
UKZ)Cas9f MRS, KFFOsU3LKBsgRNARIFRIA.
FIHZR G i T AR AW A &R 5 A 5 i
(C3H. C4H. 4CL. CCR. IRX)JEHFH), FHMEREZR
B SRR R3FP o AR AL, St i AR TE
10%~100%Z [, JEI 715t A 2 o v ) N FH v
jj[42].

FHE R B(salvianolic acid B, SalB)/2:245 Htt¥)F+5
M FEBERAEREYZ —, B THmREY R, Kk R
(rosmarinic acid, RA)JESHIBERBAYS BT, HAEFEY)
RNIA R T AT, (HRALE 4k R SalBid i
RiEE. ZhouZs N e P12 i e 1] e S SRALY)
B LRI 2K 5 A R 5 I (rosmarinic  acid  synthase,
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RAS), FIH35SiE8CasoOEHMEIL, 240MN88hT
AtU6. OsU3IKzlsgRNARYFIL. AR RAFSaIB
T TR, MRARBRTRS 4- SRR &
SN, R S A BN v] BE S S RA R SalBIW i
M. ZhouE NHIFE29PF S MEHE N (SmLAC) H {3
SPESAIR T B AR, B AtU6)E B UK B3k
ik, RARARAHAERKEEZH. BRRAR L
IS KRR, 4D, SalB &t MO T R & e RAS R
FHYRETR. FIRFRERUEY] T SmLACE Rt
SPHRAA TR G TIEE. FHES4- R IIK N R
WA AL (4-hydroxyphenylpyruvate dioxidase, HPPD)
5 SalBA a2 o k) 4- B FE IR N R R348 )i i (4-hy dro-
xyphenylpyruvate reductase, HPPR)# 454, Hul* i
JEHPPDJFFNZ 1T 76~ #AR(HI. H2. H3. H4.
H5. H6), MINERIGH2. H3. HAM S ERAR. K6
T HPPDWJ T4 4wt bk R FRAMISaIBAY & 2, miEEIk
HRH BRI B e 488, T L, A FCRISPR/Cas9
SR G A AR BB S5 SRR R L N, R LA &3
TP ) B i

CRISPR/CasOfE ki ) 1z B L gt He R 2
—, CEMIINHT 22 Y. SERR. 80k
IR 9 45 45 fd CRISPR/Cas 4% A il BT A 260
I RER IR AR A 1 T B, 25 R 5 R 21 2
O3 T A2 AR (G & Sl CRISPR/Cas9 3 K 2
PR T Ol 2 f SR RN R 3 RE. Aok, CRISPR/
CasOH AL G 5 o i A JE R 4 240 Bl 1 o 2 Th R 3k
(IZHE, TEG RAEY)F . B ol B ARh BBy
LIRS B T 2 A S 8 3%

2 BEibhe

2.1 CRISPR/Cas9£i AR HT-iF s 3% Kl g
CRISPR/Cas9i# izt 1% [ 4R o J [, S L PR P 2 aid
R AR, e THREFEER. K87
AP A YA R B EH. Ak, 225
MY T S A E B R A, BOR AR 2 AW e T S
K AT LAYE R CRISPR/Cas9 R 4t ML [K]. H 152 24 HIAE
Vi 2 & AR R, ARMESEA T IR AR 2R R 4 53
M e ThHREFE R 4288, BLAh, P2y M A Z 40
R, RZ 4 i N B K 22z v
ABTUAY, IR IEIE R T RERT, T bR a2 4~
FERSEAG IR, X 41153 CRISPR/Cas9 2 4t 71 24 A4

R R A TH B PR b
2.2 CRISPR/Cas9B AR HIF R AAR 9
Hey

BT LM CRISPR/CasO4% RAE A M) R 55 52
BT 22y R o AR TR kA=, {HCas9
B PO TR A W in s An s A 2 AT #21E, MiCas127E
A F Cas9fE H 8RR,  HAR A HLEL % A af
gt B, AT R A A U AR AR A P
A= 4 L R #6303 TC A CRISPR/Cas 22 46 K s 7 v
MHE R AACH .

2.3 CRISPR/Cas9ti AW I T-25 I Ak &

MY R SR P SR Z R AsEE, B
SITEIE W A Rt R B AN B T, i, A AERE
WrRr MR (Hlicium difengpi), X F TS/ T 51
TR, S BFS R I I Wi T S AR e bR,
A KT T R IR IR M X A T T (Iris  lactealacteal
pall). [0Jfl(Equisetum arvense)5s, HAH SR AHLILIR
ERIAEAY, FHICRISPR/CasOF: A 4548 25 FIH ) 5
SEHUELD, AT A g T 2R SR 24 AR Y
Yifb P pt 2 g .

2.4 CRISPR/Cas9Hi ARGt R e w e 1Y

H i, CRISPR/Cas9H ARG IH AT i 2503 1A T
EL 1493 1 2 PR M 255 ) S5, PAMUE 1) () 44 014 F2=CRISPR/
CasOZi AR B N Z —. RFRIFEACRISPR/
CasO RGP FIPAMIT S, 7] —E FE B L2 i PAM
FeB A, DRt nl a7 25 AR 4 P i R R T4
PRI RIPAMIF 212 FE g2 TR L R,
i 1o FE PRI AR AT B A SoKF CRISPR/Cas i3 1% 5]
YA, TR AT AR T B LU SR R, T
257 CRISPR/Cas R4 1E 245 FHAEY IR . PR A 22
FF & Al 1 20 23 15 5% R CRISPR/Cas 936 1% 22§ 401 ifd
(497525, S 1 RO 1Y) ok R .

25 I, CRISPR/CasO/&—i i {f . w4l YLK G
FoR, BTt 2 Fh2s Ry . CRISPR/Cas9 M
HATAEFAREAED PR, W25 AP T
SEEMENGmEARREMSETERNLE. Wi,
CRISPR/Cas9 2Bl i 25 AR AE A A 7= . b
A R R AT S ) T
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China is one of the countries with the richest resources of medicinal plants, and the discovery, use and cultivation of
medicinal plants have a long history. Medicinal plants are one of the oldest forms of medicine, and since ancient times,
people have used medicinal plants as a source of food, healing and industry. Secondary metabolites are a class of non-
essential small-molecule organic compounds produced by secondary metabolism for the normal functioning of cell life
activities or plant growth and development, and their production and distribution are usually species, organ, tissue, and
growth and development period specific. The content of secondary metabolites is an important index to determine the
quality of medicinal plants, and secondary metabolites from medicinal plants have become potential clues to explore new
drugs to improve human mortality and morbidity. Due to the long growth cycle of medicinal plants and their local nature,
the accumulation of secondary metabolites is spatiotemporally specific, which makes the content of secondary metabolites
in medicinal plants low, thus limiting their application in medicine. Classical molecular biology techniques such as
overexpression and gene silencing have been successfully applied to regulate plant secondary metabolism pathways to
enhance the production of valuable secondary metabolites. So far, protein-based editing tools, namely zinc finger nucleases
(ZFNs) and transcription activator-like endonuclease enzymes (TALENs) have been promoted for transcriptional genome
manipulation. Cluster of regularly spaced short palindromic repeats/CRISPR-associated proteins (CRISPR/Cas) is the third
generation gene editing tool after the ZFNs and TALENS, and is a cheap, simple and efficient gene editing technique. This
technology mainly uses sequence-specific nucleases to identify and cut the target sites on the genome, causing DNA double
strand breaks (DSBs), and further induces two repair mechanisms, Nonhomologous end-joining (NHEJ) and homology-
directed Repair (HDR), to repair the broken DNA double strand, achieving site-specific substitutions, insertions and
deletions, thus affecting gene expression and function. It is widely used in metabolic engineering, synthetic biology and
medical research. At present, CRISPR/Cas9 technology has become an important tool for exploring gene function and
analyzing metabolic pathways in medicinal plants, and plays a crucial role in improving the production of secondary
metabolites and improving the quality of medicinal plants. Compared with crops and horticultural plants, the application of
CRISPR/Cas9 in medicinal plants still faces problems such as low editing efficiency and small application range. This
study briefly describes the principle of CRISPR/Cas9 technology, focuses on the application of CRISPR/Cas9 technology
in the three main secondary metabolites: terpenoids, alkaloids and phenylpropanoids, and enumerates the studies on
CRISPR/Cas9 technology for exploring gene function and analyzing metabolic pathways in medicinal plants. This paper
summarizes the application of CRISPR/Cas9 technology in the analysis of secondary metabolic pathways and secondary
metabolite production, and points out that the application of CRISPR/Cas9 technology in medicinal plants faces problems
such as wide application, PAM dependence, delivery efficiency and off-target effect. Finally, the research directions of
CRISPR/Cas9 technology for secondary metabolite production, variety improvement and germplasm innovation of
medicinal plants were prospected. This review is expected to provide references for the widespread application of CRISPR/
Cas9 technology in the field of medicinal plants.
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