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Abstract: Salicylic acid (SA) is an important phenolic compound that plays a key role in plant
defenses and is widely used in pharmaceuticals, cosmetics, and personal care products due to its
significant anti-inflammatory and antimicrobial activities. Currently, the production of SA mainly
relies on plant extraction and chemical synthesis, which suffers from complex processes, severe
environmental pollution, and high dependence on petrochemical resources. With the rapid
development of synthetic biology, metabolic engineering, and artificial intelligence (AI)
technologies, the green synthesis of SA through intelligently designed microbial cell factories,
empowered by machine learning algorithms and automated platforms, has become an important
research direction to replace conventional production methods. This review systematically
summarizes the microbial biosynthetic pathways of SA. With a focus on the intelligent design
theme, this paper highlights the application of Al and synthetic biology tools in the discovery and
utilization of natural SA-producing microbial resources and the rational reconstruction and
optimization of the SA biosynthetic pathway in model microorganisms via intelligent metabolic
engineering strategies. Furthermore, it introduces the key intelligent technologies for enhancing
yields and the challenges faced. Finally, it discusses the future trends in this field.

Keywords: salicylic acid; synthetic biology; artificial intelligence; machine learning; microbial
synthesis; shikimate pathway; metabolic engineering
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Exfoliation, pore clearing,
anti-inflammatory, and soothing
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Figure 1 Application of salicylic acid.
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Figure 2  Biosynthesis pathway of salicylic acid (predominantly via the isochorismate pathway). GLK:
Glucokinase; PGI: Phosphoglucose isomerase; PFKA: 6-phosphofructokinase; FBAA: Fructose-1,6-bisphosphate
aldolase; GAPA:  Glyceraldehyde-3-phosphate  dehydrogenase; ENO:  Enolase; PTSH/PTSI/CRR:
Phosphotransferase system proteins; PPC: Phosphoenolpyruvate carboxylase; PCK: Phosphoenolpyruvate
carboxykinase; PYKA/PYKF: Pyruvate kinase; POXB: Pyruvate oxidase; ACS: Acetyl-CoA synthetase; ACKA:
Acetate kinase; PTA: Phosphotransacetylase; ACTP: Acetate permease; RPSA: Ribosomal protein S1; TKTA:
Transketolase; TALB: Transaldolase; AROF/G/H: 3-deoxy-D-arabinoheptulose-7-phosphate synthase; AROD:
3-dehydrogenase quinate dehydratase; AroE: Shikimate dehydrogenase; AROK/L: Kinase; AROA:
S-enolpyruvylshikimate-3-phosphate synthase; AROC: Chorismate synthase; ASDD: Aspartate semialdehyde
dehydrogenase; ASUB: Aspartate-B-semialdehyde dehydrogenase; PHEA/TYRA: Chorismate mutase/prephenate
dehydrogenase; TRPE/D: Anthranilate synthase; TRPD: Anthranilate phosphoribosyltransferase; TRPC: Indole-3-
glycerolphosphate synthase; TRPB/A: Tryptophan synthase; Pal: Phenylalanine ammonia lyase; ASPC/TYRB:
Aspartate aminotransferase/aromatic amino acid aminotransferase; PCHB/PCHA: Isochorismate synthase; MAA:
L-valine decarboxylase.
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Table 1 Characteristics of representative natural salicylic acid-producing microorganisms
Microbial name Classification/ Key genes/ Main products/Functions Value and limitations References
Characteristics Enzymes
Pseudomonas ~ Gram-negative, pchBA Salicylic acid, as a Value: It provides the first [46,48-53]
aeruginosa opportunistic manipulator ~ precursor to the elucidated microbial pathway
pathogen; widely siderophore P. aeruginosa, and key genes (pchA/B) for
present in the assists in iron uptake under salicylic acid synthesis, which
environment; the iron-restricted conditions are core gene resources for
most thoroughly and is closely related to subsequent heterologous
studied type strain pathogenicity expression
Limitations: Human pathogens
pose biosafety risks and cannot
be used for open industrial
fermentation; the products are
rapidly converted as precursors
and are difficult to accumulate
Pseudomonas ~ Gram-negative, The pmsBAC  Salicylic acid is the Value: This study demonstrates  [53-54]
fluorescens commonly found  gene cluster is structural unit of the conservation of the pathway
WCS374 in soil and plant homologous  siderophore in different Pseudomonas
rhizosphere; some  to pchA/B pseudomonasin species; pmsC/B can be used for
strains have heterologous expression
biocontrol potential Limitations: Its research and
application depth is not as
advanced as that of P. aeruginosa
Pseudomonas ~ Gram-negative; Some strains It may be related to Value: Due to its strong [55]
putida known for its contain secondary metabolism or tolerance, it is a highly
excellent tolerance  similar environmental adaptation ~ promising non-pathogenic host
to organic solvents salicylic acid for building cell factories of
and aromatic synthesis gene aromatic compounds, especially
compounds; clusters suitable for two-phase extraction
commonly used in fermentation
environmental Limitations: Genetic
engineering manipulation toolkits and the
depth of basic research are
generally not as advanced as
those for model bacteria such as
E. coli
Yersinia Gram-negative, irp9 gene Salicylic acid is a Value: Its Irp9 can directly [56]
enterocolitica  enteric pathogens component of the generate salicylic acid from
siderophore Yersinia branched acid without the need
for heterobranched acid
intermediates, representing a
unique catalytic mechanism and
expanding the diversity of
synthetic pathways
(F52%)
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(BER 1)
Microbial name Classification/ Key genes/ Main products/Functions Value and limitations References
Characteristics Enzymes
Limitations: Human pathogens
pose a biosafety risk
Mycobacterium Gram-positive, mbtl gene Salicylic acid is a key Value: Mbtl is an important [57-58]
tuberculosis obligate aerobic, structural unit of target for developing novel anti-
cause tuberculosis siderophore mycotoxins tuberculosis drugs; studying its
synthetic pathway helps to
understand the iron acquisition
mechanism of pathogens
Limitations: Pathogenic
bacteria, slow growth,
operations must be carried out in
a biosafety level 3 laboratory,
high research threshold
Bacillus spp., ~ They live within The specific ~ The secretion of free Value: Provides resources for [59-60]
Azospirillum plant tissues and synthetic salicylic acid may play a understanding microbe-plant
spp-, do not cause genes are signaling role in inducing  interactions and developing

Achromobacter obvious diseases;
spp., etc.

usually not
most of them can  fully
promote plant
growth may differ
from known

pathways

systemic resistance in
plants and in plant-microbe friendly and highly safe
elucidated and interactions

biostimulants; environmentally

Limitations: The synthesis
mechanisms are mostly unclear;
the authenticity and mechanism
of action of secreted “free”
salicylic acid in the natural
environment are still
controversial; the yield is
extremely low

RIXRGE IR X IR RROR A B
SO o A% G0 SR 28 I e B B T 5 A
SRIE BTN T7 BARFIRSREE R, (HAT g S BUE
S R AT 2 5P U IR AR . 7E BRI B T T
f 7 D PR RE R AL S R i, (EARE R
AT s DL TR AT i 22 38 K S A
foEtE; EEsBEREERE, EE6K
WAL R, HIEDR AR, mlaE e 2407 1
AR E RSB BRI R AL
R, BT RSP AVRE . AR SS & 07
SUOREE | BURLHE DUBCS g 32 A OCHR SR KA
I A A ) B8 BT AL A1), i, JETp
2% M 4% (neural network, NN) mk Fifi #1 £ A (random
forest, RF) 515 (14 )3 o) 75 B T 15 v e A

[ A PchA/PchB WHEZEA NI 37X,
R FRIR AT XTI FRIR S (AN Lacl/Ptre), 5
fl2f 2 Bk ] AL SRS IPTG WRE,
TE BN A5 W i A v S B A K 5 A P A e A
CRISPR-Cas ffi B 1) 2207 s B IR 2 B A Fe R 25
F Sk v Pk 5 KR 5 CRE R . RS v
Wi S A BRI N R E A, KIF4R T
PR RA R 1) R e AL 3 i

Lin ZE 9 F ORI pehd Rl pehB LA,
FELUH 0 R IR i R 3 45 R RIS T 20 1.2 g/L
(7K ¥R 7= . Noda S5 1R F Y (o (A8 £ SR ms
W KW A5 IR (E. coli) F B 19 543 S22 4 i
li (F menF 2@ t5) 1 pchB ¥4 3| aroK/aroL ik
KRR FER A b, ERARE TR AT AR T
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11.5 g/L (7K lR =&, AR IR AL ol i
40%, AR T KRR AL Y6 pl el iy o 2 HL AR
Wz R BRI AN TR e T H, B
HAG M 2 H TR A B2 5 208 iefh
4 JRy e AL B892 (AN OptKnock) I 2% > RIS L (1)
R,

AR SR i e U AR R A K R G
B R MO8 ke ) A SR MBI AT (P, aeruginosa)
#9 pchA Fl pchB FEH 1 KW #5450 R (E. coli)
) B R A S5 18 EAEEZE S, Tl HE
HWIFEACRIL ., EARIEALERHE RS
N Kol e o/ A e SR~ S R o L SR T VA (=
(codon adaptation index, CAD!*, % figfb. %545 1
AT T — 25 )T B2 2 > AU o M s
S BE A Bl 2 8dE . e s s
R [T, F0I0 I3k S 0 B0 ] R mRNA —
PR EE R SR A BT I e, DA SRS v b B
EHEESTY/ G IR T N8 d
32 PR HEFEEREZTHNE &
5=1L

PE R KM R 7 i A% O 7 T 5 A A
SN BAPR (PEP) . 2R #E M -4-W R (erythrose-4-
phosphate, E4P). 43312 . R SCRRIWHLN,
e o] BART= W) o A% St Y 5 Ak 3R W AR T %)
R R AL BRI & — 0, mE el kg
T o 2R 40 A5 A A2 4 U AR WY R
80 JF AT A R AR 3 PR A RO EE AR g A AR
(GEM) %5 & 18 = “F i 43 1 (flux balance analysis,
FBA)a§ *C R i} 2 73 T (metabolic flux analysis,
MFA) S8 7] 7 2 DAl A W] 7% 5 g %) PEP Al
E4P IR DA RBEARACI 45 052 M, DA T B
BRLMSGEA G, #E R R s 51 & AR
AT, BRI, 7R AR TR AR
i 3 M R R AR PR IR R, AR
25 B AR A, AR R .

min z(Vi ~Viexp )

S5 v=0, Vpin < V<V

2
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HBCAAR A - 07 FE < S-v=0" g 1%
O, E AR/ NSNS B v e, SRR
TIIAE Z 18] 1Y) 22 5, AR 0 265 v 9 R 51 /5
NS ITUAR A . ZIACHESE g N TR RR ST 12 42
TR R AR R S, 2R RIS 3
PO HE AN S T

WASRATIR PEP 1 E4P (LI & S e s 2
— . PEP J&ZF HRIE A B B ATk, (HAE R
B IRH(E. coli)h PEP - %18 i W PR 55 74 il 22
4 (phosphotransferase system, PTS) FH T #j % B
PRI, ] s 2 P R 2 V35t (P YK R PY KA )i i
FeAL NN TR , BN T 25 SRRk A2 1) PEP 47
PR ARl TSRS (15 PTS REL N galP-glk
ARG, HEUHE®EBEERR A&, &R
B4 PEP); FkBR pykF F pykd HEIN, FHLT PEP
2 DY R 1 5% AU s 30 3k n A% PEP & K
(¥ ppsA ., At Ak 79 B % 33 ) A= 5 PEPUY . E4P
K FBERR MR AR, 8 3 A 3 38 4 7 B T st il
(1) thtd FNEmA% G RERERG Y talB, I3 28 W) BRI,
HI SRS, 3858 PPP, ACAZERLRRIBAS R ML
4 E4pI6TT

ik o 2 ot 41 1 2 $ e i AR 0l A Y R T
B, NTEBMIMEDR THREERCHEA
U T IR R R o AR AR A B R . A
AlphaFold2 % 8 [ it 25 # T T 5 m Pk 2545
DAHP & il () = HES5 MR, 45500 T3l )
SR S LA 2] o3 2 e T RN DG S KR A3
SRR A A VA 3 M RS I ) 25 &
AN I NTTEL R 5% i v il i ey
fiff 3% LT 95 PR 15 EL 2 1G9 B AL R AR A, B
AL G BHLIE AR i e, R R R 1 A
fiti , DAHP & i 52 3] 7™ 46 1Y 5 it 30 i 4 45
SERANBRR NIRRT, KGR FCRE(E. coli)
i DAHP & B [7] Tl AroF. AroG. AroH %)
SR I R . R T SR R (8 R R 4 ),
Toe W FH A SR 28 aro G 78 (AR 1 il X 45 TR &
MR ALY, I3 A 5 3h 1 A v D R AR
RN RASH, RN DAHP A i
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TERRT I RE, ARO4®2R SR (AN ik 42 iR AN
B, ORI T O ARG Y AR AR Y
P

b IR I IR A A PR il T i — 2D B i
i, Fok 5 E A AN 2 A%
G, GA PR > J7 i Al DL i A e
MIAERR 2 TR 5T R RS AL 3R, S 3
AL KHER R, ARG B 2 R
KB B DAHP & AN, - ZERRA
Ji% i (3-dehydroquinate synthase, AroB)®! Z %L
1% Hid %0 i (shikimate dehydrogenase, AroE)® ! F14)
R4 L (chorismate synthase, AroC)®7 44 /214
P R B i . LAY SR M2 aroB . aroD
arokE . aroC 55 JEPRRG # B — A~ B9\ 58 53] 2ot
Fik, LIRREMGERAE

HIl 55 58 G 2 2 5 | AT 1 K 4 1R 5 B
HIA T . 2T GEM 1Y OptKnock . OptForce
ETMR R RGO B RALR S =
A G BT PR A SRR, XSS AT g
AR B . 5 HAR Y6 ROC H % CH Y
FEPR, DT S BAR 3T Y 4 R e A 7 1) 1, X
HRAE R TR R M EZ AR, 3L
PR 2F IR IR AR A% O o S0, WEAZRT
W B S F IR AW (Phe . Tyr, Trp) FHAD
WEY, SKGRAWSEGIRY) . 8 w5
T A LR A B 1R 1 B SE N phed . tyrd .
trpE B trpDP 0] K AR 0 A 1) K A7 I A k3
iw. EEIINTRM, TE phed/tyrd XGHRBR R+
T 1) 7K A IR 1A BT 5 T B T 40%-60% Y, 75 22
HERE, X IEREMELTA, SR
I BE DR 25 S B bR S SR P, DR AR B R R
kb FEAR R A SRR

MR TR MERR R AR i R OC L,
R 438 (metabolic control analysis, MCA)5
Ity DR (L5 1A %) 5 S AR AU 235 5 SR W R R
AT AR IR AR, IF e R ad
R TRERIERTT, flnEEsERKENES
FEIRGH N TP A Bl DL DT IC = A T R gE

FIRIEAR B A RN 5 ZH R T 1959 NADPH
AL P SR WA 45 ) 2 TR B R A A B S (F 2nf
S i) R 6- Tl T2 8] 460 W 1R E LI (Fh gnd FRi ),
g PPP ALK tkAh, 51 ASNER NADH
P, Wik B 28 BRI (Enterococcus faecalis) Y
ppnK, 1k NADH #% 1k & NADPHP™; fifi ]
NAD(P)H #% =i 5 4t *V-1ff NADH #1 NADPH [t
B, ATP O £k ) 75 200 O 5 o (i 410, 4
£ ATP/ADP LU{H, Jf@iFR ATP JHFERI 554
waEPI,
3.3 BRSBIES M

K ERAE M N AR B R e A K ek £
JrEIEIE, AR R A e
DNA 51 R R gz a0, #F 9T R0, Y
KRR BE R 1 g/L B KR A IR (E. coli)
MR K &2, ODeoo FEAK 50% LA 1M, Hr
A5 1) B DR i et e DT A K S AR R P I, A
Refb sl SR RGP it T T % .

BV WG AT A RO R S R R B, B
AR 22 B8 0 RE T T 1 B 1oy Jr R Al
WA =6 m . WA AN R AR R . 7
Y PR EARANAZ B R ke AR5 A MRS R
I ; B E W ZE 55 Inducer () sh7S
P, ARG IR

d[P
% = ksyn - kdeg [P] - kexpart [P]

(3)
% =a- Inducer (t)- B -[E]

AR AT T EA () P SR e B
2L, 155 A WAL AR5 OB T B A BT
AR R BT B AR A K KA R
i, AERRE TR A Y, T A AR AR 1Y
BV 1 SR B 410100 A RN
S 3] 42OV gy o o 250 3 U010 S AR R
N T REFE O T A A Wy 15 e 1 Bt
i HLAR A 2T 23T KR A Bl - IR T AR
H n] DL sl it B Br s sh 7122280,
R . BTG o R R T AR ) A
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Ao, DTS B 7K A% IR v %) SRS A S
Byt Gao S5 B K T — Rl i e 45
R, W EEA RS R, ST A
K5 A= R E . 3EF CRISPR MY #%
il CRISPRi 5 ARFE R sk/K-F- sh AR 4% 58 ik
oG RGEE R FE R AR I, AL T RS 4N
R B

FE ANHE T AR AR TR ) — 0 G O
W, A BRI S Y NI P 32 3l i i & A
RENS A RO = Y A A K s EE A, O
SAC RS, M 2 R R AT . ML
2 SRR AT T I 32 2K 1 e A0 800 T v T
HAEWTE KR 15 P se B, 4 /st
L. I RN |1 40 NI L I 5 R o~ P A
W7 25 5 HILAS 2 21 43 AT T PR % 0 W AE i KA
R 1R kA w2 AE, MM
ETN e LY L O B € 7T O (= 1
PEH M Aoy E B il I 2 KA E R G
— B R KRR B EN, A
WEPER Z 25 AMER . TR IR WS A 35 i R A M ik
s A, LR S KR W SR I s
NP O 2 B eeyys - = i el 1B i i A Y =1 O 7] 4
RSB Coy I gy & R O TP ST SRS
R, kb R AN S BUR N P RAAS . Lt
Gh, KGR GBSz Z RPN R, S
i ECE RIS B R IAEE LA R H Al 20 it A
FERLE . T EF A2, AR R KGR
VERN—F S 5 50, KR RS EES M
Wi of J A K B DI G . AR R, K
W55 MU R FE A, IREfESW
A AR s E A

T 1 52 M T RE B T KA R A 7= ROR 1)
Kotz — 8 s g e B, R
A B KA R e B e 48 TR N R R AT I S AR
B5 5% ] ARAG T A2 1 0 2 ) S AR k., XS
i 27 Pk 5 A 0 H ¥ K 2 A2 T, A4
B A RO L O S N AR R R LA
RUHERN E AL . IR EN T 5554
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25 A A 5L 4] Ok BE 43 BT (genome-wide
association study, GWAS) 5 #l#s 2= > T En] &4t
P AR AT T 52 11 €A% B OGS RE R 5 am %, Sl 3L
AT 37 1 TR el s $ ik s R U ) & R s IR 1
TR 3 AR B [ A A SRy R A R AT
55 2 X 22 PP PR I () ST A2 e . [RIA,
B T 5 S S 3 Aok 381 4 240 R A 7 T 2 R A 3
JEE s PR B AR, Bl Fe Rk AR e AR 1 (A gy
TR ) o BEAT R 58 4 XS 7K A R W 3 79 328 7
HEJT o
34 KBRS FEKIE EWESRA
ST

R TR SR IS 0y b FH 2 8 E R T T K
MR A A B . R IIR A IR (E. coli)
o 7 TR PR B R A S S . Zhang 4120
X KA R (E. col))HEATACH T AR MG ,
SEELT RLBR AT G T A R YR A R R A 7R K
¥t s MATE s T NG SRR A K A IR 1Y
fifg, BfiJE 2R i5 K B 0 K4 1 6 mumeE A,
T N SRR B KA A s R, Lt
PEA S T2 45 K = A9 3 T W 4
Chen SV R BIF 5545 7K A% R £ 8 Trp9 51 A #1]7=
KNAR K IpIEA RE (E. coli)h, ¥ T it
WK mBRAEY & R R; JEErE A i TR
U Trp9 M MEAL AR 5 T 33.5%, Jf 4l
TR R K A R ) B e MR Ol 3.72 g/ Lin
S RIGIR A IR (E. coli) B AE RUTE AR AR 5,
a5 AR pchAd Rl pehB W JFRL, FFEALER
U5, FERRIR P ARTGZ0 1.2 gL B9k R . Noda
EWI TR TEERM, i KmiRsE
QT (E. coli) AR N B MR it it 2 77 18 ATCC 31882
R RR, W R E pykF RN pykA, Bk PTS
RGN galP-glk 2%5:, i1k aroG™ . aroB.,
aroD . aroE, FFYL AR S menF Fl pchB, TE
AL TR FSEBLT 11.5 g/L /KGR it
2 B IR FE AL R I 40%. Sun 2122 K
WRRAE R L -Z6 PR 5 LAY RIS, k5] A5
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O3 R I . 503 SRR N IR 240 1 . /KA IR
1-BA N A LS 1,2- U4 S T 2.4 /L
IK IR e 2T ) RE IR B S RO R, SRR T
VIR IR -1 53§ ik — 20 OHA = A0 (ED5
TSRS

A0 e K 3% A EQ BRI (E. coli), FE BRI 1 B
(S. cerevisiae) T KA IR A 7 TR A BIFFE A XT
B, FEPRERAE T BAX A0 A T R R R AR
SPTEAN R AL AR TR EA T, IXHGIN T TR Ak
S R A il I B B SRR S MR BHAR | P
B8 05 A W R T 527 R REAS 10 K T 3 A
[CER (E. col))™, A, BEREE N B
Yy, HiEAFRIAT PAS0 MR Y s, B
AR IBW N R G 8 T LS G M D e Rk,
FiEAEMAMEZ N . Zhang 2558t
T8 H T HR B2 EE(S. cerevisiae) CEN.PK2-1C W] fE
HOE A AR N R TR KR . R
P ST I L R R VR A R o G AN 1
M sy 55 . Ff5 ARO4/ARO3 FY 23k Fl L

R2 WEDEBKGRIRREMREEE

BRAMEIER . Ik ERG10 2Rl i .

M 2 T LA HBIFGTE R  TUAS 35 R A
Kipsa R BRTe EifiaE £, g - s
WS gL)BE T RIGRA R, T H
VER KR A = IR B Pkt . R G TR
) B AR R i R (11,5 @/L) RO T Rk T 45921 5
SMREL, ZRAREES T 2 RN . A AL
NEERAL . RORIEIRE . e Rl . FR
i A e PR ek it ek LA SRS R TR A

R W A5 A DL Ak ) A0 A8 7E [R] — B DA 2 O
(6.2 /LR LK FERE(11.5 gLy AR THE | 4513
P BEN SR R TR O A R v e
B, WRAFEIMEFETT UL, bR Y A i A R
B A AR 0 B PR P S v T R R A B A
BOE TR R T 1) KA R 1) SR A 3 o

FL AR EBERAN A Fr S mt, BRI A
TRAEFT 1 (C. glutamate) P ) /KAZ TR P i el K
7357 IR (E. coli), Ui 7EAEBE R ulk BA% 15
VR 5 RN I PR, THEEIRA

Table 2 Summary of representative studies on microbial biosynthesis of salicylic acid

Chassis Strategy Carbon Culture Yield/  Key conditions References
source methods (g/L)
E. coli Introducing Irp9 Glucose  Shake flask 3.72 Pathway construction based on high- [121]
phenylalanine-producing strains
E. coli Introducing pchA and pchB Glycerin ~ Shake flask 1.20 Using glycerol instead of glucose as a [44]
carbon source, the effects of different
precursor supply methods were verified
E.coli  ApheA, Atyr4, Glucose  Shake flask ~2.00 Knock out competing pathways and [122]
overexpress aroG"", aroB, enhance precursor supply; phenylalanine
aroFE; introducing entC and tyrosine need to be supplemented in
and pchB the culture medium
E. coli  ApykF, ApykA4; non-PTS;  Glucose  Shake flask 6.20 Systems metabolic engineering enhances [45]
overexpress aroG", aroB, precursors, pathways, and transport;
aroD, aroFE; introducing supplementation of aromatic amino
menkF and pchB acids is necessary
E. coli Glucose 2 L bioreactor 11.50 By scaling up from shake flasks to [45]

fermenters and optimizing oxygen
supply and process control, yields have
been significantly increased

A indicates gene knockout; fbr indicates a feedback-resistant mutant.
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K e ST A 6 54 @ (e i o = 1 = | B W
N T e 5K 30 1) 2 24 425 45 51 s A H A i 2B )
YA TS R R, IS E YA R
PRI R, Gl REER R RRILEAC, A
PR A N KGR W E W & ™ e ) B
Tolk3a 4 J1 K-
3.5 RBEMEEALE
FRRE R

RGELEY ¥ IrEd 6 N TR AR N K
8 e 7 TR R A AL T o R AR R S8, 3
PRI 2 REE AR AR R 25 5 HIL 28 2 >0 30 e 8 T il
AN T) 35 PR ol B /3t 3% 3k AL W 7K A7 TR 7 i 1 52
M U230 R 2 ST AR T L DA TAE R S B0 504 R
AL AR R, K IR TR AR 3,
T AR TR SR A B B 120 ARG SE 1]
HEALSZ IR T i, ARBIR R /DX B, K
TR JE 5 > B9 B o U ASE R 2 1 o TR (]
AL N PP 5 BRBHD G AT 55 o 4 — D Johiit:
M B AN B A, Rl A ) 2R
G HERR T IR A, AKX @R, Z%
Hbr ek 2008 13 A8 B dmfidas, R AR
FAREE VP AN 25 (0] z TR R RS,
P 2R 28 o A IS Y O A A AN R BT P
B

J(seq)=E. _ | seq [l0g P(seq |2)]-
B+ Dre(g(zseq) | p(2)) )

AN, i OptKnock!™?” | OptForce!'?® 45
BRI R R SR A S, KR
A S MAE RIS, LA R R I I
FRORARKR o T AILAR SR 2T Y 7 e TN AR AR
RZRiE . KIS EE Z YRR E x; WG K 5 12
PR HUNAE po Zebk Rl H IR S A 6, ik
S TTmk, TR B 2E o AR E ) 22 )7 R
LA WA R AR S H, AKX G) R,
1 288 B0 K sl A 7R AT S R 7 A PR Y R RE
W5 R T2 MR, O A S 5
R LA o

REFEE MR
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F=00+ > Oixi+e (5)
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KA, FTBERHEN R RS . N TR BEROR,
SRR 7 ) M 2 2850k, AR 24178
Yo BE 5 o M vh Ao 4536 OR U SEAOPE T, i
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BLAGTCHRERLAE

4 REH5REZE

AR A K AR TR B9 CL U 3 i
{F L 52 B RS Ml Ak 7 FATS T I 7™ 3k 5 28 O
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4.1 HaimElsrEEE
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b 2-3 USD/kg, Ifif 25 4 vk S 1 Al 38 i A 2 2
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HESEWE , K A% R 1) 20 i 75 7 B o e 26 7™ 1t
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o A A S ORI 2 1 22 IR B T AR PR R
EES AR PNty 42 Lk /B NESIV RIS €is
FSIRERCR W N, A N2 T
AR S HE 5 IR DM BB B, 3 IR v IX e AR
RECESRBE AL, T R R Gl A U
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K W R K IR AS By R 2R 2> 5 SR AR K 18
W pH AR, X — 7 T EERNT B HASF L 8 sk
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7 10 AN R G M R A AR, AT BE A
AR IF N e S AR R A R AN A . Bl
R Y R RS T R, B R
8 T e 4 G T XUt bl T vy, X B
TR RN SO AR P fe ) TR 2R . ORAE
T O T R e 2 NS RN S SE =R S S 1 e Sl )
FRAYUL Y ZRMLARI ™ W LA R R A 240 M 1
Xt HAR P ag o> e el A i il 25 40 B
AR FRAAL T2, R TURE 5 Va0 A S
TE I Xt 1o Foft 5 24k P P A AE AR L A B il K
B T7 AR R BR x5 g — 21 5 A
AR AR R 2 AT, sk, H
HIT 22 B0 5 fe P A8 A5 i P D B T, X 2
R IRY S B SRR TS, RORW
TR AR HEZOK R . AN R 7 55 B vl
FEA R A T2 — A T R
42 REMRFES L RREE

KA R voi SR LR W 1P SR B 22 4 AL A
FME (] 3) HET AN TR RERYHE H B TR O
RETHR AR G R AR RCR I R . {8
AlphaFold % N T & e H a5 il TR . 4L
i~ Sl B E )t A s IR 5 2 Y B
BRI PchB BE T RGNS, B 1R
e FAE L RCR SR P 2R AT, IR ROH BR >
SCRRARAE R FNE - AT D TR E

B Ao TR B R A R R K R
BAEROR AL iR AL T 2R AT aE . RAIA T
B BE 9K Bl i 45 e A i AR Bt B G AT A A v
P A= Wy oo Fy A TR 2 K I 4 T R, il

i BT - # - - 27 2] (DBTL) 76 31 45 5 Hl
5 FPAGR A 5 IR R R A AR,
I 5 Ak S AR TR s T, Ry el AR
AR DS, T ERRBOTHE R IR K R
B R I 2 L) Be i B 1 18 T 1 B 2B RS
WAL, Jm kG R R S AR R AR i 26
NG A P 22 Z A AR, AT SE B )
RO, B R R R 2, AT 4
o R R 2 4R CRISPR-Cas R 4112
I ALK Bl 5 2206 o5 DR A g 4 5 R R 3R A 1Y
e, A I 2% Y Bl A0 4R ARt 5 K
T ELD40]

MG ERGEFE T, IR HEY
()0 HPRE A B T K i s LS g e ) %
B BRI TR N 0 A R A W HL A R AR 32 1
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