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Advances in small-molecule biopesticides and their biosynthesis
SONG Kainan', ZHANG Liwen', WANG Chao’, TIAN Pingfang’, LI Guangyue‘, PAN Guohui’, XU Yuquan'

('Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing 100081, China; *Academy of National
Food and Strategic Reserves Administration, Beijing 100037, China; ’College of Life Science and Technology, Beijing University
of Chemical Technology, Beijing 100029, China; ‘Institute of Plant Protection, Chinese Academy of Agricultural Sciences,
Beijing 100081, China; ‘Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China)

Abstract: Small-molecule biopesticides, in contrast to chemically synthesized pesticides, demonstrate superior
degradability in the natural environment and exert a lesser adverse impact on non-target organisms and the overall
ecosystem. Consequently, the evolution of small-molecule biopesticides represents a pivotal shift for the pesticide
industry towards more sustainable and environmentally benign practices, with their significance projected to escalate in
the realm of agricultural production in the years ahead. Despite their potential, these pesticides are currently
constrained by a limited variety and suboptimal production yields, primarily attributable to the intricate research and
manufacturing processes that demand substantial time and resource investments. Moreover, the biosynthetic pathways

Wi BHA: 2024-10-30 {&EIHHA: 2024-12-18

HEEWMB: EBRESMAEITL “GRENE ESEHR (2023YFA0914700)

SIFRAY: RFFF, kAL, E88, HFS, 1R, BEE, fER. N\ FEVRBREEMERARHEII]. SmENFE, 2025, 6(5): 1203-1223

Citation: SONG Kainan, ZHANG Liwen, WANG Chao, TIAN Pingfang, LI Guangyue, PAN Guohui, XU Yuqguan. Advances in small-molecule biopesticides and
their biosynthesis[J]. Synthetic Biology Journal, 2025, 6(5): 1203-1223




1204 BRENE H6B

of the majority of these small molecules remain enigmatic, posing a significant challenge to their industrial application.
However, the advent of synthetic biology and metabolic engineering offers promising solutions to these impediments.
This progress is not merely instrumental in deepening our understanding of the intricate synthetic mechanisms of these
bioactive compounds within biological systems, but it also paves the way for augmenting their production yields. By
employing microbial cell factories, these technologies enable an efficient and targeted biosynthesis of specific
biopesticides, thereby overcoming the limitations associated with traditional extraction and purification methods from
natural sources. Microbial cell factories not only facilitate the cost-effective and environmentally friendly large-scale
production of small-molecule biopesticides but also foster the innovation of novel biopesticide varieties. This review
aims to summarize the small-molecule biopesticides and some semi-synthetic pesticides derived from natural products
that were registered in China from January 2000 to December 2024, including eight polyketides, twelve terpenes, four
alkaloids, and five other small-molecule biopesticides. Depending on their specific uses in agricultural practices, they
can be classified into insecticides, microbicide, plant growth regulators, and so on. Furthermore, this review provides a
succinct overview of the representative biosynthetic pathways and the corresponding microbial cell factories that are
pivotal to the production of these biopesticides. We expect that an in-depth understanding of the biosynthesis of small-
molecule biopesticides will pave solid ways for further elucidation of biosynthesis pathways, yield improvement, and
the discovery and application of novel biopesticides.

v

Plant growth
regulator

Small-molecule
biopesticides

Cell factory

Keywords: small-molecule biopesticides; synthetic biology; biosynthesis; microbial cell factory; sustainable

agriculture
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Table 1 Summary of small molecule biological pesticides registered in China between 2000 and 2024
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{ spinosyn A, R'=Me,C5=C6,R>=H

spinosyn D, R'=Me,C5=C6,R*=Me

{ SDE-175-], R'=Et,C5—C6, R*=H

XDE-175-L, R'=Et,C5=C6, R*=Me

KU THE

physcione

SEIR

resveratrol

I H
avermectin B , C22=C23, R=Et
iy 24 7 2% [
avermectin B, , C22=C23, R=Me
ivermectin B, , C22—C23, R=Et
(AR [
ivermectin B, , C22—C23, R=Me
HO

0. 0O
HO
=
OH
IR TR WEFR
osthol neochamaejasmin A

B REEEAEMAR LI

Fig.1 Chemical structures of polyketide biopesticides
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Fig.2 Chemical structures of terpene biopesticides
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Fig.3 Chemical structures of alkaloid and other small-molecule biopesticides
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—Fh FEMEEEEE  (Streptomyces sp. NEAU6) 41
B EREDEKRENR, B— N EEE R
C5'-C6' [l 7K Bl I 55 it W2 04 3 o % 1 B A OE 0 1%
1 & V) RE % 4 I A T b 5 R IS S R Ok B
(GMP) ™, X /K8 - AG o 25 00 T A R A
B 5t 8 S5 A T P T B A BIaAE R . BRI B,
BHEW RN KFEEEYRA B EFRAEMEMD.
2021 FFZRAC AR R 2 B YR TH R & D T b
W, T KA.

ST ER NN Callyl isothiocyanate) Y 44 %
Wz, N FHERE T T (Sinapis alba)
53 B B A R SR A LR RS . 1Ak
LT UL R SR G T R RE, B
PUER A HIhEE . 2018 VL 751 b A= P 2 A iR
oy R SR B I TR I KL R B e R AR R A
2019 =46 500 AR AR W) 245 M0 A B 2 w] R AT I3
APEAL AR AN T R EZE . Rl oK
KA B Ol I b 250 A R R s TR B O
LSRN i) /N K ST

Kz (allicin) (4622 A PR ) 9 ZE AR
W EREG, S M KGE (Allium sativum) 8§25 575
B — P E ML S, LS AN RS ] Y
K 2 20 3 5 4 1 71 1) T 5 e il AR 452 4% T 4 B 5%
5 WO A e o] e R b S R e i B = S I
ER B, A K55 & X Trichosporon asahii 55 . #
BRIV E ", 2004 4 55 FH S AR H AT IR
A F)HE0.05% Kin R AL E I AL A B o

2 N EMIRE Y &

KB N THEMREGN G R 4,
M. LAY & R R AR T
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]S A OB e AR L oy T TR . H
AT, AW OWE 7E 2 ZEER TP AR RS L I K
TEIR ANy T AR Y] PIgERR D SE
AR EER T MM E A B B4
R, HBEASCBOS 2R Fm R DR FR AU R
FEY G IR IR RAT SRR .

21 REENEVER

KW RAE VW Y G BB H B R R B A B
(polyketide synthase) &1, A [F] 1 45 14 15 47
AL T B R BT BRSSP = 2
REEM IO FE e F2 I (acyltransferase, AT). [
kA Rl (ketoacylsynthase, KS) kL& % H
(acylcarrier protein, ACP). BRIEARLEIEI, TR
& g 38 V] BE A B-BH 2L R B (ketoreductase,
KR). i /KM (dehydratase, DH) . % % if J5 i
(enoylreductase, ER). Wiifig§ (thioesterase, TE)
. EAEME BRGNS, KNG i
RN R BA . —RIEOLR, ATE# L
Tl A S5 9 g Boc, KB BIKS L, AT
RN TR T A A, K ILE R B ACP

by ARG KSH XA RS &8 i, i
FETE ACP b 43 AT. KS Al ACP ) £ AL,
SRR e AN W S A o 7 SRR B A ) R e, A
&8 K6 3K SR F [ 7 4 E AT 36 8 P 1) 08 TR RN B A
LR, MG G 1 2 FE R =)
ZRBRAEME REFEEK 79 kb, HLAH
3G R G R G UE CEE R iE 2 5
HRREER Gk, BEATERREND . E2AE
RAEMERE T, HALERETENA K, H
[ 7Y %0 & & SpnA~SpnE 4L [l 4Ca) ], #ikd
46 576 TN TR A I A S OR D 45 A FVE T T 1 2R T
BE 0, RSB A WL AR LA S BB A 10 4 42
R, HﬂspnA\ spnB. spnC. sanfﬁﬂsan%
tidh, K Z56kb. G EEHIEE 1A D] spna
i R 2 AR RN B 1 AN A R e, G A B B 4
KS. AT. KR Hl ACP; 2 /> % {155 Bt phy 2 [A]

spnB wts, H A KS. AT. DH. ER. KR fll ACP
gERgIR; B3, 4 i spnCER Y, X2 MR
5 KS. AT. KR fIIACP 5 K45 ; SEf i 5~7
i spnD ¥ N4, PR 5 FEFKS. AT. DH. KR
FIACP 45 #y38, #ith 6. 785 KS. AT. KR fl

OH OH
HO o] Gtt HO Q Gdh = O
HO —> Ho — >
OHopo,2 OHoTDP OH
(©)
-0 SpnN -0 Spn! -0
032 pn o5 pnQ 0o
OTDP OTDP

OTDP

Epi M=o ke O oH
OTDP OTDP
o) N o)
SpnR _HoN SpnS N
E— e /
OTDP OTDP

B4 2 R%E RN AU AN & o
Fig. 4 Biosynthetic pathway of spinosyn
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ACP %5 ¥ 38 & AR B B 8~10 Hi spnE FE K 9 15,
X 3R R 544 KS. AT. DH. KR A1 ACP 5%
B, spnE & 49a 5 57 57K 5 B B AR S I LB TE.
SR J5 #E AC I SpnF. SpnJ. SpnL A1 SpnM [ 14 1fii
NTE RGO FA P TS B 2 . 0] P SR T A R
I SpnJ i 1k C15 M 32 Jk it &0 A8 i & . i )5
SpnM L C11 &A= 1,4-i /K B, SpnF {4615 28
[4-+2]-FR 4k n e B7 s SpnL {4k C3 F1 C14 2 [A]
TR 2 A& TL g, AT BR324
KB -1-BE W2 22 Gtt. Gdh. Epi £ Kre 85 (4 3% [F]4/F
T #4609 TDP-L- i 2= 0% [1&14(b) 1, 1 SpnG fiE
15 SR B B AR E . B S 4 R AR RS I SpnH
Spnl F1 SpnK L JE i d HFEC & [ 4(a) ], D-
A8 5R B 12 1 A O TR AP S R 2SR R T
WU A E, SpnO. SpnN. SpnQ. SpnR F1SpnS %
A2 v 18] 44 TDP-4-i -6- it %2 7 %) # % 1£ 79 TDP-D-
1 AR BB, 5 1 SpnS A6 & A H AL A il = ik
fE R BERE [ 4(e) . Be% SpnP ¥4 — FE AL AR SR BE I
AT RO PR E R ER (K4 ],

H 2 R ) A G R B 5 s, 8 T YR
WkeiEAe, HOCR AR & EiR, wLlEd
Vﬁ/« B, F—%ERRMNL-BEEREH K,

2% Wi % IR fit % 1§ (tyrosine ammonia lyase, TAL)
Eﬁﬁitik%, A B R kk#%ﬁ*éﬁ:i)\ﬂifﬁ
AR &, HHENEKHEER. RN RE
W R 2B (phenylalanine hydroxylase, PAH)
B AR, P4 TAL AL A ont & SR, BUE
TR N AR Z M (phenylalanine ammonia lyase,

0 0
PAH
OH 3 OH
NH
2 HO NH;
KN e

*u

PIRERR X EIR

PAL) Mt B FILRNHERR, R RHEERRZ N A
IR -4-¥2 L ¥ (cinnamate-4-hydroxylase, C4H) J&
BN A GIR . 0 A SRR AR I 220 X 7 S g A
$%l (4-coumaroyl-CoA ligase, 4CL) 5—4rF 4
Mg AZE G, TR & SRR A. BT RER
4l (stilbene synthase, STS) HIMEIL T, — T
X SR A S =0T B A 4 S A R E
P

2.2 TEREREME

H RS R AR 245 1 EORVE TR, HA
Y& BT DL IE I P R AS R 2 R T U A i AR
BEAT, v 3N O AR B B B IR IR 2 (MEP)
FRIRIRIER (MVA), $RAEnE 281k &P 10 & R B
SR R (IPP) ML Rk R T
Wi (DMAPP) ", IPP fll DMAPP 7 £ fif B2 7
MG (GPPS) WIMEFT, k-RAHED & N
BERR A IS (GPP), 2 J& 16N [ B &5 g S & 1
BERIER T, fTERNE S MWk D7
SEHERA IR [ e(a)]. RIS & WK
41 (FPPS) HIMEIL R, GPP4k4:5—4 1 IPP 43
BN EHRIR S s (FPP), i — B AT 4 o
R EAREBEEM LW REWRY . PinT W
FPP & & )% &l (SQS) 1EFl - R 4i &4 & i ,
22 B-F W IR R G Bl DL S — R AL B 5 08 B i
BEEIER, BT R =il B R

Croteau %5 " M\ BB HE (Salvia officinalis) [
JI 26 43 A 240 L v B IR A A4 T 1, 8- A Il R

TAL
f C4H 4CL STS X O
SCoA> > OH
N-"SoH
HO HO

X7 S LA A A

Bl5 AR AR A R B

(PAH—AN R BRI PAL—KR

SRS CAH—ARERR-4-F2UlE; TAL—MEREIFRE: 4CL—X & ERtHiNE A EHNE: STS—IKAHD

Fig. 5 Biosynthetic pathway of resveratrol

(PAH—phenylalanine hydroxylase; PAL—phenylalanine ammonia lyase; C4H—cinnamate-4-hydroxylase;

TAL—tyrosine ammonia lyase; 4CL—4-coumarate CoA ligase; STS—stilbene synthase)
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i IPR(C,)
5 il A L84 gt
R N EBEENE S TG G £ L — (Slgﬂﬁ 5
DMAPP(C,) GPPS GPP(C,) — FFE s SQS » Squa]cﬁt(. W) G
E=rm ) o [ T e
[ ey | ELEE | | i ! wwEr |
| oo AR L smaem
il e — — il S
LR s = £ e
(a) WA RZ LD G R
(a) Biosynthesis of terpene-based biopesticides
CYP71DI180
CYP7IDISI
CYP7IDI82
TPS CYP71D507 TvSDRI M L2
GPP  — i i) e
HO O HO
y-ii i K Sy e A —
e a4 o [a] 44 2s
(b) A 1 1 AR & B

(b) Biosynthetic pathway of carvacrol

K6

i R 2
(TPS—vy-iifi i1 Jfi & ;. CYP71D180 %5 —P450 SM%A M ; TvSDRI—Hi%EiE

SR 1D

Fig. 6 Terpenes-based biopesticides

(TPS—y-terpinene synthase; CYP71D180, etc—cytochrome P450 monooxygenase; TvSDR1—short-chain dehydrogenase/reductase 1)

IRLEE (1,8-cineole cyclase), FEHF T T 1% Hifil 346
TRBER IR 2 478 pHE 5. Licker
SR E AT G 2 AT B S A B (limonene
synthase) fEALIKY) GPP 1 i - A7 46 M5 A g 38 3 1
PN GERIRA s, — > C i 3 T A A 25 R 33U R DA L

I ZEni AL EG 3T 2 h R, 59— A Nunibis 451
W, AT DU AT B0 A B ) B B iR, AT
=257 e

Krause 55 7 [4] B T 25 73 (1) 56 52 A= ) & U

[E 6(b)]: GPPIEIt y-mfi i I A B (y—terpmene
synthase, TPS) ¥ ALJE i y-iili i M (y-terpinene) ,
N ORAE CYPT71D W5 HKR ) PAS0 F1 T AUl ) fiE AL

COOH COOH COOH

COOH

TEBARERF S s, HEEsiL
J i (TvSDRI1) ¥ 38 38 it S0 Jat il il 3% & il Jds T
FEWR (AR, B S 2 0 A AR SR T R I

2.3 EWIHERNEMER

AW ) AR ) Rl R R T AR R AR
MVA &%, B RIS A YR 25 3 200 T2 5
Rigte CRNER. BMAR. bR, HAEY
GBI FTEBONIRN . ASCERR T R R M
INEEBR ) AP BOE AT .

FHIE 2 < ARG U 1 7 s, d g g e A=
Y& B (phzBy phzD+ phzE phzF. phzG)

COOH COOH COOH

@ PhzE NH? PhzD @NHz PhzF QNH; PhzB C[ :Q PhzG @ :@ @: Q
J\coon-e
COOH COOH
JJ‘ L ADIC DHHA AQCHC HHPDC HEER & DHPDC
B7 FIEERNEDERIERE

(PhzE—2-F I A 70 A & ;s PhzD—37 70 SCIR M  PhzF—DHHA 5 H % ;  PhzB—3-J% [ §7 7 K g

PhzG—FMN & #i S L)

Fig. 7 Biosynthetic pathway of shenqinmycin

(PhzE—2-amino-2-desoxyisochorismate synthase; PhzD—isochorismatase; PhzF—DHHA isomerase;
PhzB—AS5-3-ketosteroid isomerase; PhzG—FMN-dependent oxidase)
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Rt ) 5 N A EAE D & W R - 128 . B 2%k
-FIEME D) LR EEE (PhzE) 4k S0 B & i 2-
FHPA D LR (ADIC) ", 74X IREF (PhzD)
1k ADIC A B e 30-2,3- A -3-F 3 2- " R H
f2 (DHHA) ', DHHA 5##Jf§ (PhzF) #—5¥
DHHA R®:H9tk, A i FasE 1 6-255-5-28 Cli-F-1-
B (AOCHO) ™. W% F ) AOCHC £ 3-2[#
BE SF IS (PhzB) 46625 N E Wy -1, 6- R IR
(HHPDC), HAEAALELA AR 70 A>3 5 [
B SEMIEE (PhzA) 5 PhzB MIMEIS 3] 70%, (HE
AN BEARE L AOCHC 1) 45 & B . AT RE (1 i ] A2 7
PhzB [) H73 F1 S77 FH%F B2 (47 B, PhzA # R A8 %,
SERR . A% O WA A R I G — 25 H FMN &
# A AL B (PhzG) 8 b HHPDC 4= Ji H ;8 &R
(DHPCA) Fl A WyH-1,6- 4 (DHPDC) ",

/N BE B TE A2 W M 8 DL L- R R ON R R R )
(B8, &P RMAEREEIKS 4-FRHEK L1,
a4 W Y2 A8 (NCS) 1T Pictet-Spengler
SRS G5 T RS — A v TR A 25 R 2
R A5 2 FhAE ) 40 P 15 75 W) FO B BRAE ) B R BRI 9T
Bl 7€ T 7 W BRI AR A R LD RORE IR
i 2% S 2 00-6-0-F B B/ (6-OMT) {4k TE
AL 25T, P 2 -N- T R (CNMT)
EALTE B N-H R S 24506, SR J5 N-FF 2L 5 25 -3- 5%
bl (CYP8OB3) A b ;= A 3-8 Hk -N- 1 5k 1 24

B, B 5 3-F Ak -N-H B S 2 B -4'-0- H B2 5 7%
i (4-OMT) ML TE i 55 — A B 43 3 R H ]
A DX DR 7 7 AR 77 DR T 7 A BT /) B AT
(BBE) A6 F IR il 28 5K 0, TR Jle/ s
BER I AR S M . 2 )5, ST Bt 4
HE-9-0-F I (SMT) 4L TE s U A dE
BT B8k, Muemmler 25 7 % 827 SMT KRV %F
s, KBRS L ERMAN, HAKUARLE
SMT {4k~ H 54k, 1 B SMT B A i FE 1) SZ AR A
Xk B . 3% (Coptis chinensis) ", U4
R BT Do S L AN BERL S B CYPT19A1 AL
TE A A N BERR 7, B 5 el D &) BE A AL Bl
(THBO) f#EALTE B/ BE Bl -

2.4 EfthEYMRSHENSH

Fr U4 = NP ER SR S H L, & —Fhlis
I8 HH R s 2R IR P BUAB K 21 rethrolone 2 %46 I i
(B 9. EATTERR 15 H 1AL ™ 35 K Fh
2O AP AR & 12 MEP FLE & 12 & A A B
il GRS ) +/\RERIB & A X
B R B oAk H 5 T T AN TS B D) o B 3 —
Wi FR & Al (chrysanthemyl diphosphate synthase,
CDS) 2R B s & s Ae b 1 58 — AN R By, i
P77 T DMAPP ZEAT A T8 1) Sk - B0 48 & 4 %
M. 15 A R O UEEE 2 (ADH2) A i

OH OH OH
o -0 NH,
NCS £ 7 6-oMT i CONMT H CYP80B3
r OH — g /@j HO e Hom“ _>H0mH g HO N
HO : HO HO HO o ~o
L-Fi 2 B2 A-FHOR O ZEE 2L 251, L5 27, N-HHE 5 235,
;G y " N
~ o o] o]
E OH 2 oH C] O ~ CYP719A1 O THBO O
HO. 2 —»0 : — — — —
YOO ot Dy mE LT s ® >
\O \O 0 ~o N ~o N ~o P ';1
OH oL O oL
3P LN 1 2, RN A SHER VUSRI LB S NEEDL AN 4

B8 /INBEBI LY & g AR
(NCS—EH B2k & 8F: 6-OMT—2: H B 2jh-6-0-H AL F i ;. CNMT—3 2500-N-F 56 R0 B CYP8OB3—N-H 4 2 2 -3 - F2 AL g 5
4-OMT—3"-J2 F:-N-H 3 B 25 -4'-O- B $4 B . BBE—/NEEDMT M : SMT—4& 258 B hl-9-0- F B R il 5
CYP719A1—2Ab/NEER A ;  THBO— Y20/ EERR AL )
Fig. 8 Biosynthetic pathway of berberine

(NCS—noraconitine synthase; 6-OMT—noraconitine 6-O-methyltransferase; CNMT—coclaurine N-methyltransferase;

CYP80B3—N-methylcoclaurine 3'-hydroxylase; 4’-OMT—3'-hydroxy-N-methylcoclaurine 4'-O-methyltransferase; BBE—berberine bridge enzyme;
SMT—scoulerine-9-O-methyltransferase; CYP719A 1—canadine synthase; THBO—tetrahydroberberine oxidase)
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2XDMAPP
CDS

+, OH

o,
%l
* ADH2

X" ""cHO

chrysanthemal

+ ALDHI1

/J*°’>§WCOOH

Hooc/L§’>§”COOH

HO, * IMH

*PYS
HO,, :

102 R 351 Bl :
+CCMT HO,, : \
AN S 1cooH cL O Jn 44
O %k
#CL |
HO, GLIP
+ 2 1A ‘0, Ou, 2
1 AN R> —» R n/ R
R ﬂ/ CoA — o) —
0 o)
R CoA R':CH, W3R R*=CH=CH, Wi
S 4§2CoA  R':COOCH, S F P R’=CH,CH,
JRE IR R*=CH,
B9 AR EDEBIER

(CDS—% 2 — R & % ff; CHH—chrysanthemol ¥2{L/f; ADH2—ZEiEHE2; ALDHI—EMENT 1; COCMT—10-F22E4412 10-F B AR50 ;
CL—ilil5 A HE45ERG: IMH—3ERI A2 1L B PYS—P& A WEEA 4 1%, GLIP—GDSL fIg /i)
Fig. 9 Biosynthetic pathway of pyrethrins

(CDS—chrysanthemyl diphosphate synthase; CHH—chrysanthemol 10-hydroxylase; ADH2—alcohol dehydrogenase 2;

ALDH1—aldehyde dehydrogenase 1; CCMT—10-carboxychrysanthemic acid 10-methyltransferase; CL—CoA ligase;

JMH—jasmone hydroxylase; PYS—pyrethrolone synthase; GLIP—GDSL lipase)

2l 1 CALDHD) P i S0 A0 3 i i 42 1 25 AR 2
fig ¥, chrysanthemol ¥2 {L. i (chrysanthemol 10-
hydroxylase, CHH) A] LURE 70 56 BE 1) C10 fir 4 4
e, Bt PEMA ORI, EE AL ADH2 A
ALDHI1 E A SR 10- B 5012 ™ B, 10-F2%E5
P& 45 SABATH Z i 1) 10- 32 2 4% TR 10- F 3 5% 7% il
(10-carboxychrysanthemic acid 10-methyltransferase,
CCMT) FE:AL, A M. ="
A AR AT AS BB . Matsuda 55 7 3 i [ 7 2 4
MRGIR A B, RATEEAR L R R 2 I R AT 54 1
HAT LR )& BTt i . H Al R K IR &
R ] i 4l (HL 4 i € 3R PASOCY PT1AT148 1

N FT LB (Gasmone hydroxylase, JMH) f#
b C3 AL He A & B FT B I . Li & ™ 9T K
BL 53— Bl P50 B CYP82Q3 11 Jy B HL 44 I i 15 ity
(pyrethrolone synthase, PYS) &g 1k 2 #1 I i ik
B R i P o S SR A A B R A I T B =R A
T3 e JTX B T L £ A2 P 6 BG4S T AN TE A, P REIE
o 0 AR i e 1 o — 25 A R R 5 1

3 /Ny AEARE R E AN R T

NGy TR AR ZG ) A R AR B R AT D 40
T Mg s it 7 ER Al . AR T BA LR
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i WRFEEVE R MG WNE A, REWS
KB R EMHIRET SR H AN T
M) HmE e U B AR BR 25 5 AL A, T E
NI TN TRV 50T TUR P B, Bk
B S B 2k R & SO A2 A BBl . 4ok
ZAER. OEPMEE. D-TFBERE N THEDKR
SR T IR LS T R A

31 BREER

AR OR [E N AE 5T 2 R AL B AR A T
Bl O R EBESAT AL B, BERIZH TRE B AR T
P DT BRI 2 R B R R XK IREA Y
ERBET=ZRERN OGBS E (Streptomyces
albus) J1074 ORI IR 5 3) Tl RIE 2 R ER
KW A W 5 K (spnd. spnB. spnC. spnD Fl
spnE), FERAL T KIEFAME, RANZRERTE
2170 mg/L. Huang 55 " ¥ 2 R R N EW) & ik
i R AN N A ] (Saccharopolyspora
erythraea) "WEAT IERIE, @I Ik B A4S HE 5
RS [4+2] MLl ISR KIS
AR T, A Wb AT-ES04PS-3007 (1 2 1 8 R
;e Ik 830 mg/L. RTE IR A N Bk T — Fb
“C3CPI B R ) -C3 (3- AR AR ) -C3 (T4 — It i g
A) 7 WPHERAR, IR T BRIETR 9 A BRI FE A5 Bk
i, PR ZERIANREZRE LT, ZRER
T Eik46 gL, HAFEHAHFRAF. L
REPERA B ARAF . Wil FE v APk
WA R AR W =0 E A TR R A A &
O SEBUAARAL A 7

3.2 BEARE

iEEPONSE IRl Y RO VPR EATIFIE SUE
FEAE P A TRE B R ZE P B I, WA K it
W AR AT T O S AL AR DLR R 1
BEL AR HR IR BE L B AL RERE T S E ALY .
Shrestha &5 " £ K AT 1 oh SR RSB A g 2 SR
B R LA RAT A . A K
B A=A FE PG B T RS
BREE DR Mg I EE R ARk B =R AN F A 4
Tt e AR D I I A T R L DR s AR IR R 2

DX 3ok e S 1k 3'- PR SE AL . B T 55 8 AR (7] ) A
Bl EFRPHE, FHAER RE R 8N =R
HiE, PET 137 mg/L A EE. Lim % 1 @
R TR, W57 REREERAFEE D)
T MR AE R AR A, I R
Rk LT A RAEE (ACC) MAYRERER
(BirA), 7 1 4Hi N B 227 B A4 8 — Ik 4i e A
&, AT O 2P R B AR KA B i e
EF 2.3 g/L,

TEHAZAR W TRER bR, Meng 55 M 76 BRI
T B 5] Nk B (5] 21 % B 1R X0 Dl e 2K TR 24 R/ 2
FRAMRNG . A28 VA E RS EER . 5577
R FE TR AT BRI A (A & DL AN R 5%
PRIBEED, RO EiL T 4.1 g/L.
Séaez-Saez 55 1" 1L fif i HI P BE ol g Rk T
BRI AR N B At AN BURR IR 55 67 BE TR YIARO4 il
YIARO7°%”, H| H i 22 3k B} 4tk 20 e B 2% 7T A 7
12.4 /LI FHZEPTRE, 2184 N IEARIE 1) B 22 7 i
Nk B PR 5 v

3.3 D-iri&i%

A% G5 1) D-F7 46 5 R VR T A AR oMk AR 77 rh i
FE A A RS, R A 70%~98% ¥ D- T 4R
I U, ARG R BRAR . IREM PR A S E A
S ) R BR ) TR I AR R U T M ) A
T 2 ot M A 7 R AR, N T 2 B B I A%
JERLEE AL N FF B M . Dunlop &5 M K 57 JH MVA 3%
BIANKEH TSGR A& K, mEY
60 mg/L, 5 K% MEP &2 A1 LL 3 in 73 12 fi5 .
Alonso-Gutierrez 55 " FI#E &% it 7 B FH HJH MVA
AT MR I & R IR R B AP DR B ok, JE A
M4« B AR O 55 1R ek /b 4t B A
A, F A R EE 5 S 0 B KRR BE AR P i i s
P2 EIA 400 mg/L. Wu %k "SR B R G AL 1 SR
¥ 53 UE MVA B2 70 N =/ EEIE  mliAk, m2%
R T F2 B vk ELIM78 I8 i #h kK B 7= 4 ik
1.29 g/L BT A4 « Rolf %5 U™ i B K g i i 12
B BL21(DE3)pJBEI-6410 75 4= ) )2 . 2% B A |- FF
RTFFGIE A= T2, K H /R g0 A= K A
PRI A B ME— B, PP EIA3.63 g/L. ULAMER
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05 7 BE 2 42 77 D-A7 B M 1 vl ik 45 35 . Zhang
S U b R D I R M AU 55 Bk R 12 (pyruvate
dehydrogenase bypass, PDH) fi2idt Z B4l A 2t
MVA 42, I HHER MVA & & /MOEEEE A, P IH]
BIMAT IR & B, e A AN BRI K 1 & AT 1
J5 35 H BRI PR BE v f v B 2.58 g/L

4 ik

NG AR 2 AR MY T 4 B R R ) R A
JER 7Y, AR AN BRGSO
AR, LRI

(D JEDI TEMRAGRF B D, AR
R T 2 TR R, R ) A A BT A 24 i A
AN B HE AR T A T3 AR 5 T 1 B 11 44 AR 245 28 )
Viff e — e Z 8. H Ar B A3 B B 14
MR RIRER 4R K. HNER. FERK.
WS, X2 HE 20 B DORE T 4G
A, N AR — e R B2 2T AL AR
i, BEANMESTZ PR BT T T I B

(2> ZHUNY TEMREG LG K121
AT o G B B R AR R BT B I R )
BREVRE MY, 558 RKAEKEDE K
AR C3 L AL IE 5 5 C2 Ay 2 HE Ak 10 T 1 £k B 1)
PIANTEIE, XELHLFI 1 /NGy 1 A WA 24 v 2
ML) B BEih AT

NG T EEMAR G ERIR T KRR . ROK
BT RIRMHE S YR, R A
N T EVR G e UG R A EE R, E
1E N T B A0 TH S AL S B 25 W) i i AR SR BERUOR
SE RN . HEEYE . B0 R
W, AT R RN TR ARG SRl .
ARG TR POE K, 5 HES) B 2 /N )
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