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Research progresses in the biosynthesis of curcuminoids

Luyao Wang, Xue Han, Fengzhong Wang, Lichao Sun, and Fengjiao Xin

Institute of Food Science and Technology, Chinese Academy of Agricultural Sciences, Beijing 100193, China

Abstract: Curcuminoids are rare diketone compounds in plants and can be found in the rhizome of Curcuma longa as well
as other Zingiberaceae and Araceae. Curcuminoids have been widely used in food and medical area owing to the yellow
colors, as well as the antioxidant and many other pharmacological activities. Curcuminoids are a mixture of compounds
containing curcumin, demethoxycurcumin and bisdemethoxycurcumin, which have distinct benzene ring substituents.
Currently, curcuminoids are exclusively produced through plant extraction, which do not satisfy the meeting of the market
demand. Empowered with new synthetic biology tools and metabolic engineering strategies, there is renewed interest in
production of curcuminoids using microorganisms. Heterologous production of curcuminoids has been achieved using
Escherichia coli, Yarrowia lipolytica, Pseudomonas putida and Aspergillus oryzae via engineering of curcuminoids
biosynthesis pathway. In this review, we first describe the biological activities and various applications of curcuminoids. Next,
we summarize the biosynthetic pathway of curcuminoids in Curcuma longa and discuss the catalytic mechanisms of curcumin
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synthases. Then, we thoroughly explore recent advances in the use of distinct microorganisms for the production of
curcuminoids with a special focus on metabolic engineering strategies. Finally, we prospect the microbial production of
curcuminoids by highlighting some promising techniques and approaches.
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(p-coumaroyl shikimate transferase , CST)
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transferase, CaST) FL[X (CaST). Bu#jitE 5 iR
&34 W (Feruloyl shikimate transferase, FST) L [A
(FST) Ml p-&F E W24 TR %% % B (p-coumaroyl
quinate transferase, CQT) FE[H (CQT); MnmHERER
O-H JL&: 72 i (Affeic acid O-methyltransferase,
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5-O-shikimate3’-hydroxylase, CS3'H) #%7%A4= il
HE®E-CoA, I CCOMT # 4k Ak j il B BE-CoA.,
PE—2 4, BTEREE-CoA B & HE-CoA 4l 5
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CURS. 124 M1k, WFFE A G E 2B e
3 Fh Wi K48 CURSs (CURS1/2/3), Hir,
CURSL M 451 C &5 3. BAET, A
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Fig. 1 Curcuminoid biosynthetic pathway in Curcuma longa (adapted from [17], [21]).
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Fig. 2 Overall structures of CURS1 and CUS. (A) Surface representation for the overall structure of CURS1 (30V2),
the side chains of Cys-164, His-303, Asn-336, and Met-137 are depicted with sticks. (B) Surface representation for the
overall structure of CUS (30IT), with active sites Cys-174 and Val-147 shown with green sticks. Arrows indicate the

active site pocket.
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IE-CoA [V L /& T [a] = M1 R E-CoA B,
ZH R R 2B R B2 -CoA K i Ak A BRI ™ 1) — T
ML (209 mg/L), ‘FHONEH AL RN ™
RN 53.4 mg/L, FH L, RS SR T
4CL. CUS #l ACC = ALMNMELM IR, Fimid
HERIMINERR S & ME R EY . M5
SR p-FF SR . RAERRFIBZRERVE N ISR, =
HARRBENS 437917742 91.23 mg/L (XN 2 B A L 25 9%
. 84.15 mg/L 1) " AEREIE I BERT 113.22 mg/L Y
LR, RS TAKEGRERRN &, 75—
TWiRFSEH, Katsuyama 22958 5o s A A 1 R
SRIRIRATIAR , A T 17 MR RSRZE R b
Y, EErcEAAE 109 mg/L, KHEHELA Y
P A=A AR AL T 8T I I
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UK EERTSIAT ACC B4 (fLIHmE
JE-CoA RALEG . HEWZEHI A 2 WE-CoA A A
fitg), [FIFiE TS CRISPRI H AT = SRR IGEF ANl
0 R A= 10 - s A R G i PR 11 2 38 7K ST SR 41 il
Z.TE-CoA TN —TE-CoA R , 4R 1 40
TS ZME-CoA 7K. MUAREERR BRI, 1%
HA WA 3 L KEERET ™4 41.94 pmol/L
(%9 116 mg) A9 B MESE B e . iz F s R W
CRISPRI $ A I 715 52 1) e R R SR A, [ Hsf
REAS A 0 BRI 22 08 2 W0 5 A R A R 67
I A SR A B DG R R TR, R
AT R i R W B S WY B, Wang 2B
FIAZER R YRS A EEs, BT —FT
TR 7 1 AR I R R B Al 2 vk, R T
4 RhLT ZEHh B8 9 PAL (PALL, PAL2, PAL3 Al
PAL4), 444535 54 m T R I CoA % 15
At4CLL FKFERIE AT CUS FE KT b Lk ik
f, PALL RIS, EA TREKGIT R ™4
15 0.36 g/L 9 THEMEREF R . Kim Z0PE KT
H 5 T B2 1# Saccharothrix espanaensis
SR TAL P (SeTAL) FI4PlEEST Arabidopsis
thaliana SR PAL JE[H (AtPAL), JF5/KAE IR
1) 4CL 1 CUS EEHHFTRERNE M, 4iRA
M, TAL AJUUH T AW AL E R | HEmEH
Jot R PRV T e X A 2 TR FH BE 5 B, T PAL U B
Z M FHF R ME S B e i A . R R DL
Sk $235 4CL #l CUS, i Hie ik & T TAL
5 PAL, REMEIN/DIEYNEERR S IR AR,
MRS EAI% TAL 5% PAL M#mIfER . 2F—
A iE I B tyrR T pheA RE[H, ik ik SeTAL.
Os4CL, OsCUS. aroG Fil tyrA, Bids Kim i ryzE
BREYG BGRRE, VR B R TR 2
RN AR &, RASH SeTAL MG ikt
W AL Z R " m M 0.32 mo/L &= F
4.63 mg/L, T &4 AtPAL HY-4 Bk 12 1Y A ik it
FRJoe & M\ 1.24 mg/L #2755 %] 6.95 mg/L.
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BRI CUS BA ML s &
MIIRE, AFKFE b R RE o 2 R REY,
P50 77 4 W] BERR MG . Rodrigues 25 3LR F K #F
B F 4 7 DCS, CURSL KAK CUS Sl RN
RET1, 4RI, YDA SR ok P B R A o i A
if, 327k DCS Ml CURSL B KM B 40 B RS
774 187.9 umol/L 22 # 2 F1 5 umol/L A AL A H
AL R, M #E CUS MRk R A&
6.7 umol/L [T E M 0.9 umol/L By XL Z H 48 Sk
LWE, XRU B CUS e = m 21—
&R, (HAEMEIEECE E AT DCS Al CURSL;
Xt DCS Ml CURSL i Pl F 2 E E R A K
(T R TR 5 MR, AT R PR 2T R R U
TAL. —FbE 2218 22 kIR 4-75 SR -3- 72 Ak il
(C3H) LA K 584 1 7 o U5 1 i ME 75 -CoA-3-O- !
L% %% [ (Caffeoyl-CoA 3-O-methyltransferase ,
CCoAOMT), AT EEHy T MAMhIAE iR 31 22 4 &R 1 &
BEAE o 245 B AR | X R ks R
RIARRT, X RRAEWS 42 3.9 mg/L. 0.3 mg/L Al
0.2 mg/L MZEHE (% 1).

Xt F 2 WA s, AR Y X T
2= mAE H EE O T SEBUS KA B 22
A YA A I B O, Kang 28BS H %2
SN 4 4% (Multiplex automatic genome
engineering, MAGE) T HXMZi& e 6 Flig iy
5-UTR #4714k, 18 23 185 AS [7] 1l 1 2 35 L
i), e T 8 Fi i A i M AR R AR, o
6MOBrv ZE A5 A rf (1) 22 5 3 i e e, LU AR TR AR
PEm 38.2 1. L XF 6MO8rv 58 AR H AN [ Y
KB BT E R, 458K, DCS fl 4CL 3R
RRIETHIIR AR (ACL 7E 6MO8rv FIH) 4R A
B B B SRA) 0.5x107° il 191.1x107°,
DCS £ 6MO08rv F1) i & Ak Hh 1) BRI AL 43
6.8x107° il 190.7x107%), XM/ T BB AR i FL 2
ATREA B TR E R R R . Li P
P Rl B A TR R R R 5 G R OA R RE SR
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RNA-seq $ AR 53 #7135 PR sk R85 A AR ™= 4
PR, R T B R Y G BGERR AN R
2R IB KT B I 5= AR i 2 M e R . 45
RE I, DCS Kbk i BALHT B ERIE-CoA B4 5 &
AFRZ, i CURSL Fl CURS2 ik #5 p inf Iij £x
FERZ M E R MR AL E R, WA, Y
DCS Eikaiimmt, 2w p-FEME-CoA 1 p-
T S Ml -CoA AR 2 2 = T P 215t -CoA
P, MM REL AL RN R e T
WER, ZIrE RS REREMEY R
TR R (R 1),

Couto Z5FHEAG AL T 2% 8 R4 M EFR Y
BigR okl GRS R . SN B-D-G Rtk i
£ ZUHHT (1sopropyl B-D-thiogalactopyranoside,
IPTG) WeEE, IR FH LRSI
WL, 25 SRR BN, fcid AR D B T Lon AT OmpT
BRI KT IE BL21(DES), 4 OD ik % 0.9 i,
FIA 0.1 mmol/L i IPTG #1715 S, m&IHREM
LW R R mal ik 959.3 pumol/L (353 mg/L)
(LB+M9 G855 HL), 3K %8] T 95.9%, KM
#1, Rodrigues 25 C5R FH VAR 52 7 1 3 K AT
W R RAER M Z R WA, AR [H]
PR LS &0 5 (Ribosome binding site, RBS),
AL R FIBROR, AR T RIERERN ™
i, Hd, p-F G- & il 2.5 mmol/L, MiwE
2 A e g 7= 43 310 R 370 pmol/L, 1 B T Bk
S B AT R T2 TR 1o AR, %4
EhEERNRA®IFANE, [ 17 umol/L,
W7~ T A GaE A P AT 0 0 IR 4 i
JEHEE (K1),

P E A IR AR B A AR S R A A — e AR
W E, PR, Fang ZEBSHe g T AT LR 57
RY5, RIFIFH—Fh K AT B B bk D 2 0% G
XEGR, FA S — R KRG R X
MREGAL N I =W L R E TR ok, &
JEH) B KB T8 - BE-CoA T 82 B A8 KL 25
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FWME BB REE, M1 R T AR g L4
ANML N TR L BE-CoA =i, 5 Hbs 37 SR A
b, XEILERSE R SRR T A s et A
FPEERRMEY, I EARAGA ML AL
R IR (6.28 mo/L). XJEH UCR AL SRy
LA AR R A " LR, WREREEE
77 b B ) 45 3R T — il L% . Rodrigues 4¢1%°)

KT R IE SRR NSRS L R, A
FH— BRI R T T DN T 2 R A= ™ B B RR ,  [] R A
T — PR BRI 3 7 A IR 30 4 35 I v 4 B 2
e (F/sifr o) FATAETZRE (/A
LR, MR A, B e A sk
257.3 mo/L WIBTELRR . Y4 B4 DABTER IR VE M I
WF, J5 2 BE A ik 563.4 mo/L R, X2

O R o
RLD/VL o W >
- NH,
R, TAL R,

Carboxylic acids Amino acids
R,=R,=H cinnamic acid R,=R,=H phenylalanine
R,=R,=OH caffeic acid R,=R,=OH tyrosine

R,=H R,=OH p-coumaric acid i
R,=0CH R,=0H ferulic acid
4CL l 0o o
O
R X DCS/CUS R, X CoAS
: CoAS
R; 0 0 R,

CoA esters SCOAMOH Diki_:tide—CoA ester§
R,=R,=H cinnamoyl-CoA Malonyl-CoA R,=R.,=H cinnamoyl-diketide-CoA
R,=R,=OH caffeoyl-CoA R,=R,=0H caffeoyl-diketide-CoA

R,=H R,=OH p-coumaroyl-CoA TACC R,=H R,=0OH p-coumaroyl-diketide-CoA

R,=0OCH R,=OH feruloyl-CoA

0]
Acetyl-CoA

R,=OCH R,=OH feruloyl-diketide-CoA

H,C—C—CoAS

CURS/CUS

~
)

/

\

\
§ 9
=

A

Curcuminoids
R,=R,=R;=R,=H dicinnamoylmethane
R,=R;=H R,=R,=OH bisdemethoxycurcumin
R,=R;=0OCH R,=R,=OH curcumin
R,=R;=R,=H R,=OH cinnamoyl p-coumaroylmethane
R,=H R,=R,=OH R;=0CH demethoxycurcumin

CURS/CUS RD/WOH
R

B-keto acids
R,=R,=H
R,=R,=OH
R,=H R,=OH
R,=0OCH R,=OH

3 EHAPHEFHEZHERENMEHERE (BHB[40])

Fig. 3 Biosynthesis of curcuminoids by recombinant Escherichia coli (adapted from [40]), using tyrosine and/or
phenylalanine as starter substrates that are converted to carboxylic acids by PAL and TAL. The carboxylic acids, which
can also be added directly to the medium, are converted into the corresponding CoA esters by 4CL, which is followed by
several reactions catalyzed by DCS, CURSs and CUS. Malonyl-CoA is overproduced by ACC.
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4 R IE RS R S 2R =, A, S
—BERARGAH, LRI R SRR R
AP B3N 6 £5 (41.5 mg/L). FEHFIEE R
211 AT, BARBEHFERMEG YN r2a i
TR, HEE R RIS T 159 mg/L, L35SR
ARG T 160%, XS5 0L /R T AL LRGSR T
BN A MER R EYTME R (% 1),

22 HUWENMKEEMABEPZERENEN
JEi s
221 MRMBEEBEESHPREREYE AR
FEREVE R IS S, BR T A 45 T
ZAb, e BAIR Z AR B A e, A
PRSI DI RE DA SRS BT 30 R st A%
FE M. ASF R BRI B S A AR %, o
Fii 77 % £ Saccharomyces cerevisiae AEfS ™= 4 45 &2
SO A TN 7/ s S~ S PN - Sy -
(Dimethylallyl pyrophosphate, DMAPP) 15 %45
MR (1sopentenyl pyrophosphate, IPP), HPIGf#
FiE %1 Yarrowia lipolytica I fEFH 2 & A AS IR .
AR 2 P B DR G i 2 b A7 T g e o T B 57
FIV 2 S0, L PR G PR R A 2 SR
KALAY, AR, M R ARl
B2, HETZ®ERFEAS LRI R
FFEE e BLA, oA B R B B TS e R AR
YIE AARDCHGE o S AER, BIS FC AR Mg I B R L
HEE M WE-CoA FITN —BE-CoA T i % 2 BF
TN 20, (15—, Palmer 21
3 o A HR A P T B vh 38 CUS, [R] I A B~
b MR R £ BE-CoA  HETT H2 81 T - fiE-CoA
Ay, RZGEL MR 4 GRS G T
MERAREZER . BARRZ #{UA 0.17 mg/L,
(AR EERL I A T2 R AW S B E I
38 o S Rk I A R RS A
R AR EERRE S, Hd, sk RN E
HUFTA A Y IR S i b fe s, RN T 4-7F
T2 TBE-CoA N7 A Wy SR AR 28 P 1y 5, S A i 1

http://journals.im.ac.cn/cjbcn

Bl —FhaEH HAR R I A A0 (3R 1),
222 TWRBAREHZHEREYESHHER

R PA L Pseudomonas putida J&— &
A AHTR , EA 2R AL B A I 1) 24 R0 5 1) T
e, R TR B =0, sah, A
R A gD T ZME RS, TLIERE
FTF4 A M8 09 Tk AR 4 o Incha 25191 1o F)
JH U B B TR PN R 1) BT B E /4 S 196 -CoA & 1K
fiff (Feruloyl/coumaroyl-CoA synthetase, Fcs) &
JL A ELIE-CoA, [R] B B P9 045 Tt e it A /K 5 24
fi#M (Enoyl-CoA hydratase lyase, Ech) #IHl#& &
Mt-CoA IKEME, JF1E/KHT O. sativa KA CUS
PYERT , @ AMER IR GR, MG T A
EHEREER . BAARL & 1A 2.15 mg/mL,
IR TERGFF R R A 7 L W RZ KA EY
Wi, (R Y 2 B SR BRI D TR R T AR
PR PR R N A S U R R sk T LA
IR Ok A T MR KA (£ 1).
223 KRIBHEHEREY SRR

KAk, 224k B Kl 8% Aspergillus oryzae
— E T VT FNOR G S T AR, B
I [ B 2 it W B R DR R A N A B T
LU K BT S, AR B RIR KR
T, A AR AR A S P B AL B
A, 1B H AR M A R A=A 1 4
EHARAD . Kan 2519058 1 76 K i #2 p id 26 1k CUS,
[F] s 2 755 N . TE-CoA YKV, e A TE 3 A Pl 2
t-N-Z e BEfE  (Feruloyl-N-acetylcysteamine,
Feruloyl-NAC) MEfig R 973 Bl & il T 2%
FARWWY), Fem etk 404 pg/lil. kT K
B N IE-CoA K-, fEERIET ACC &
B, AHRCRIFANBE, R F B 53 A R R
W UL XS 7= F 1 DU R I - 1) Bk h & S R
T EELE [FE A BB SN ] ACC I MERYBESEDE SnfA,
MIfi$F ACC ik ZBE-CoA Az i —ik-CoA 11
RE 15 2) IR oA il 2 v 5 I A ) AT G A
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Table 1 Summary of curcumin biosynthesis

Hosts Strategy Precursor Products Titer References

E. coli Using exogenous carboxylic p-coumaric acid Bisdemethoxycurcumin 91.23 mg/L [28]

acids as precursors Cinnamic acid Dicinnamoylmethane 84.15 mg/L
Ferulic acid. Curcumin 113.22 mg/L

E. coli Using various analogs of Analogs of Curcuminoids 109.8 mg/L [29]
p-coumaric acid as precursors  p-coumaric acid

E. coli Increasing the malonyl-CoA Cinnamic acid Dicinnamoylmethane 3.87 mg/L [30]
level

E. coli Screening efficient PAL for Phenylalanine Dicinnamoylmethane 360 mg/L [31]
coumaric acid synthesis

E. coli Increasing the precursors and ~ Glucose Bisdemethoxycurcumin 4.63 mg/L [32]
reducing the accumulation of Dicinnamoylmethane 6.95 mg/L
carboxylic acids

E. coli Reconstructing of Ferulic acid Curcumin 70 mg/L [33]
curcuminoids biosynthetic Caffeic acid
pathway using caffeic acid as
a substrate

E. coli Balancing the metabolic flux ~ Glucose Curcumin (3.9+£0.8) mg/L [34]

E. coli Optimizing the cultivation Ferulic acid Curcumin 353 mg/L [36]
conditions

E. coli Utilizing heat shock promoters Ferulic acid Curcumin 0.017 mg/L [37]
to drive pathway genes
expression

E. coli Engineering de novo Glucose Bisdemethoxycurcumin 6.28 mg/L [38]
production of curcuminoids
using E. coli co-cultures

E. coli Optimizing the plasmids Ferulic acid Curcumin 563.4 mg/L [39]
combination and employing E.  Tyrosine Total curcuminoids 41.5 mg/L
coli co-culture strategy Tyrosine Curcumin 15.9 mg/L

Y. lipolytica  Increasing the malonyl-CoA p-coumaric acid Bisdemethoxycurcumin 0.17 mg/L [43]
level

P. putida Leveraging host metabolism Coumarate Bisdemethoxycurcumin 2.5 mg/mL [45]

A. oryzae Strengthening the Feruloyl-N-acetylcy ~Curcumin 404 pg/plate [49]

malonyl-CoA supply

steamine

SCAP, @il il £, WE-CoA T FHIZE ki 2 M
M98 /0 L BE-CoA FRITHAE 1L . IX PR SR A e v
T oK BTN L E-CoA BN it . IR AT ) K
Foh 2 11 ARG L A ] 28 B AR U AR
iB, HosnfA SCAP MUk Jk 2 8 fAAT B o HoAh 2R
Wi 2 AL & W S DA 7 A R T, DR it B S U
IR EIAL S YR T B iRl (R 1).

23 WEMENZERERRTEY
Tl A W e Al 1k BRIV o i A 0 240 i v Zh B A% S
FRERS B AL S DI S A T, AT ZRAT 252

% : 010-64807509

i) . Peng 25 PO0E S s MR A AR U R R B T
— PP 4R B4 85 B2 75 14 )% Diaporthe sp., %A RE
i 22 BRI AL A 2 WY AR 22 B0 R B 0L P AU B
L HE PR BB 2% B S R B BE Pichia
kudriavzevii REWEH IS4 22 2 R A WU % A DU A
LWMERMNALER, HARE 530k 77.43%
Jo 47.89%. %' FAIFECAH LB Rhodococcus sp.
BRI TEY AL, TN EZH R LA
LR, HEEALR W /3505 59.89% K 74.48%. iX
SRR S T HETZ R R GRS
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3 XZERXUNEMEMERANZSRE

L R AURBBEAE 12 b 0 50 ] 2 i 8
B, LR TR R [ 3 A 1 4 A T LA
FTIRIFIRE AR FR b BRAE S5 50, HAl
IEAFIRRRE B, teAh, LR EAETLIMER
— B ARAT T R A R E QLA Oyarce %1
i F IR KRB 2 EORIE R DCS Al CURS2, 1)
WEWMEZAED A @RS A EY RIS
BT BRI B 1 RS T A A AL
o W, ZERKMEDADS RS LA
AP REIRAEY B AL AR — o SR .

Mg Z W R KGR G Rgm, HAE
Y& BOR B T EINAMY) I R 24
K, TLEPRLERAYE BGRE NEEREY
UG 35 240 L 1) S VRS U S S T — R i
{HEER - R IR A THRARR K- BHE, REAFfFR
) FE B LR ™ WX A 0 DV 28 At L ) B 1
B AR AR AP . 228 R A U IS
PELL R 2R I RIR A . ARk, FTRAAINR
JUA J2 T 208 v 22 8 R 2R A5 W i 7 2 AR
2 1) WEhUR AR RTRY) . LR
7 A PR B A LR S A 5T ) TR R A S i
BRI T 5 2L AR el o A, HE R R R
HE B IR AR BCR H HA T3PK 1Y 7™ 4y andd £z 25 1)
A= A% AR A St R 2 TR R ) S AR A
Tyl e, A B T3R5 LAk 4 05 75 2
1 FI TN —TBE-CoA R &t , AHOCHYA o 28 28t AT
DT — PG E, 2) Pl w56 ik
B . T LA I R SR PR B R A 7 AR
B RE, W3 A BRI [T (Autonomous
quorum-sensing (QS)-based circuits) AR FHFTHE
YRR R A B Ay R, BT B A Y
A AR AR AT B A AR . AT DLl ) e R SR OR
B SE R AL BT AR A AR A, )42 dR = X
Gl R . 3) 46 22 B R 5 U YRR S P RS A
LR A IR G B PR e, A A TS 1 AR

http://journals.im.ac.cn/cjbcn

SR EEIGE TRE RS WA S Y
ROCRMFNE . WL W AEYF AR N L ERS
BCBESEA T AR, A BT H AR AR AL AL AR 5
SR, T AT DA i B a2 R B A R R
AR PRy X i AT E I R, DD SR A
F“RI= P BR, SCEIE . A,
3 A W R R DA [) ol v 4 4 T AR 1 22
TR AU, o4 T DLl i 4 A B R B AN R
FrEE R F A Z R m AR, AR
A HH T PR B R R S R Y 2 R A G .
4) 385 VS B 20 IO Py B Sz . BESE R
P~ 5 1R RN U I R X R i A TR LA A o A
FI L RENS R AR 20 0 9 A 1 R B S R R
M Tk T A A TR A 0 2R KB e
e, R B A ARG 7= 4 6T TG 45 4 B 1 B PR K B T R
fR e 2 A . dE ) 00 & O N i fk (Adaptive
laboratory evolution, ALE). & &0k, F—1%
DY DA S B AR B 254, B AR AR ™ Py 5k
LW EEPEVE FIOLE A B T A e
IR AL IEAh , TR P00 23 WAL
Wi s E AP RV B EOR, INA Bl
T REAR ™ %) 240 B AR B AR P o TR T At A
FAIE v M7 ) B B s 22 B AR SN R Y —
AR B) U REERKAGWR W) 2
PEo S5GANF 228 2R A g R IR e e, 1
HIER S BEA R R R AT A LS Y, A EREA
[ FhREL B AERAR ML H R G 6) IRITHIUL
TG IS P CE VIR SRR . AN ) 14 28 4t M A0 3
ANTE, ARRE A Y R B R e i A I 2% T 52 )
BFFE A BRI 12 K TP, B % CRISPR-Cas9 254
BUEY2E TR R PGE R SRR 538, XA RIS 4%
2 it 2 AR A 2y 1) 5 K] 0 i 2 3 4 A T
AEo BRI, XT R AT B 2 A0 ) A TG 45 200 L 4 i
T P B 3 i s S AR 9 —E-CoA A dER AR
WIHATIR AN, BA B HEEMEERS
PR ELANML, I B R 2BAE Y B A Y B
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