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Abstract: [Objective] To address the bottlenecks of heavy reliance on fossil resources and severe
environmental pollution associated with chemical synthesis, circumvent the “competing with
humans for food” dilemma of conventional sugar-based biorefineries, and contribute to the
achievement of carbon neutrality. This study developed a low-carbon engineering strain that can
directly capture one-carbon (C1) gases and synthesize high-value-added products via metabolic
engineering, thereby realizing the sustainable and efficient biosynthesis of ethyl acetate (EA).
[Methods] With the autotrophic microorganism Clostridium ljungdahlii, which possesses a natural
carbon-fixing ability, as the expression chassis, the lipase B from Candida antarctica (CALB)
exhibiting robust esterification activity was heterologously expressed, and thus a metabolic
pathway for converting intracellular short-chain precursors (acetate and ethanol) into EA was
constructed. To overcome the challenges of low cell density and misallocated precursor pools
inherent in autotrophic carbon fixation, we systematically parsed and reshaped different trophic
regimes for fermentation. The performance of the recombinant strain was evaluated across
heterotrophic (fructose), autotrophic (CO/CQO;), and mixotrophic (fructose+CO/CO,) regimes in
terms of biomass accumulation, metabolic flux distribution, and target product synthesis. [Results]
The foreign lipase CALB was successfully and functionally expressed inside the acetogenic
chassis, effectively driving the precursor flux toward target ester synthesis. The engineered strain
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produced 16.49 mg/L of EA under heterotrophic conditions and 9.18 mg/L of EA under purely
autotrophic conditions. Crucially, the dual-substrate mixotrophic fermentation regime not only
bypassed the carbon catabolite repression (CCR) effect but also synergistically enhanced both cell
growth and precursor supply. This approach boosted the ultimate EA titer to 36.25 mg/L,
demonstrating superior catalytic efficiency and targeted esterification performance compared with
single trophic modes. [Conclusion] The C. ljungdahlii strain engineered through systematic
metabolic modifications and fermentation mode remodeling can successfully capture and convert
greenhouse gases/industrial off-gases into high-value-added ester products. This gas-fermenting
cell factory represents a promising chassis for the production of high-value-added derivatives in the
future, expanding the technical frontiers for low-carbon industrial blueprints driven by synthetic

biology.

Keywords: Clostridium ljungdahlii; ethyl acetate; syngas fermentation; lipase
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R P, SR T R A - K 3 7R (Wood-
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1.1.1 EFk

KR Ay TR CA434 40T DNA vk
BARAEFF AN R 2 G o ASHIEIT 18 FH B A 7R i ik
IR AR [ (Clostridium ljungdahlii) DSM 13528 1
R CTR CER W EATARR , PR E R
2B S AR Y RE VR S R AT T — R A W R
T CRAT
112 EHE

YTF 1% 3% 3 (yeast extract-tryptone-fructose
medium) (g/L): BEREHEHCY) 10.0, & A K
16.00, Hb% 5.00, kB AR 0.75, NaCl 4.00"],
pH 6.0,

M B PETC 355555 (2/L) : NHLCI 1.00, KH,PO,
0.10, KCI 0.10, MgSO,4-7H,0 0.20, Yeast extract
0.50, L-2F & f2ih 1.50, L-2 Bt &2 0.10,
FeSO4+7H,0 0.004, NaCl 0.80, MnSO4-H,0
0.011, CoCl,-6H,0 0.002, ZnSO,7H,0 0.002,
NiCl,6H,0 0.000 2, CaCl, 0.020, 4 = Z &
0.020, Na,WO,4+2H,0 0.000 25, NaMoO,2H,0
0.002, Na,SeO; 0.000 2, NaHCO; 0.99, =¥ =
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0.000 01; M2 0.000 002; EERMLILEL 0.000 01;
B e %= 0.000 025; 1% B %= 0.000 005; AH iR
0.000 005; JZERES 0.000 04; FUEGEZ 0.000 005;
Xif LA R 0.000 0055 5 3EF2 0.000 0051,
pH 6.0,
1.2 R

AWFFEITA RS T3 2, DL pMTL82151
JRLAE R S R R AR R B A, AR T 1R
. i (Clostridium tyrobutyricum) ATCC 25755
Pua i thl 2R (CTK_CO1450)HJ3 8 (P, IF
5 HoAf A 3 pMTL82151 1 EcoR 14 5, 455
i A A BT 1Y BURL pMTL82151-Pyye 2K H R
& 22 % +): (Candida antarctica) W lipaseB & [H H
GenScript 75, FFKHAH A pMTL82151-Pyy Y

BigZ 1 Fl EcoR 1 i s 2 [0, B pMTL-Py-
lipaseB.

1.3 EAEBSER
1.3.1 R R EkKITIE

IR K A IG T CA434 [ 400,
10 uL 4 BRI INA R 75 R S e, #2501

R4, VK 3 30 min; SR)5 42 °CK B
45 s; HUBSZEIYK FiE 3 ming fIA 700 uL J

YA & LB B35 5L, 37°C. 200 r/min ¥53% 1 h;
5 B 4 000 t/min 2.0 2 min, 2 600 pL
LW, A8 50-100 L & EVIIE JF &M T &

400 pg/mL @ﬁ%(erythromycm Erm) [#) Luria-
Bertani (LB)F-#x -, F 37 °CH; F48 HH5] & 55
Fi; 12 h PR I, il VS 0 25 pg/mL

Rl CHRIBRTFEARIZREILER
Table 1 Comparison of main synthesis processes for ethyl acetate

Process route Key

feedstocks

Main advantages & disadvantages

Industrial maturity/application
prospects

Chemical Acetic acid Pros: high efficiency, large-scale production, mature process.

synthesis route  ethanol/ Cons: reliance on petrochemical resources, high energy
acetaldehyde  consumption, severe environmental pollution

Traditional Carbohydrates Pros: renewable feedstocks, green and eco-friendly. Cons: low

microbial biomass product titer, numerous by-products, high energy consumption

fermentation for separation and purification

route

Alcohol Ethanol Pros: high specificity, minimal by-products. Cons: low yield,

acetyltransferase acetyl-CoA enzyme stability requires improvement

(AAT) route

Lipase catalysis ~ Acetic acid

Pros: mild conditions, recoverable enzyme, minimal

Large-scale industrialization
achieved (traditional
mainstream)

Limited industrialization,
predominantly used for
food-grade ethyl acetate

Laboratory/pilot-scale stage, a
hotspot in metabolic
engineering

Suitable for synthesizing high

route ethanol by-products. Cons: enzyme activity is easily inhibited by value-added/natural ethyl
moisture and ethanol, high enzyme cost acetate
Gas-fermenting ~ Syngas/ Pros: carbon fixation and emission reduction, extremely low ~ Emerging frontier technology,
clostridia route  industrial feedstock cost. Cons: low gas mass transfer efficiency, low possessing significant
oft-gas yield potential for carbon neutrality

&2 AWMRATRRAL
Table 2 Plasmids used in this study

Plasmids Relevant genotype and characteristics Source
pMTL82151 pBP1 ori, catP, ColEl, tra [15]
pMTL82151-P,, pMTL82151 derivative, containing P, for gene overexpression purpose [17]
pMTL-P,,lipaseB pMTL82151-Pthl derivative, with /ipase B inserted downstream of P, This study
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Erm Fl 50 pg/mL /I % % (kanamycin, Kan) [ty
LB K532 55 9% 12 h Jo OB M R 47 B 42 e e i
e, AT A9 EL BT U0 5 | ) 2R AT TR T
PCR (colony PCR, cPCR)fifi s BH % 5 [

B 4 4 R ORL Y E. coli CA434 41 i
4 500xg B 0> 2 min WHE R, FIJGHT YTF K597
Bk 2 R WA, [RIE WA YTF Bi5:K
IERRRTA & ODgpo=1.0-2.0, TERE TAEu,
B 400 L 7K 35 R FGRR  TR TiR 5 3R I SR Y
E. coli CA434 Yl LI & IFHE 2 E. coli CA434 4
JL, o B A Y RO A TSP YTF A L,
PRI EL H 37 °CE5 5% 24 h 5, 700 pL ot
YTF 3532 e P AR R I TR &, Bl e i e
WEAR T % 40 pg/mL Erm A1 200 pg/mL D-#£22
SRR YTF F-H I, 37 °CHi3E 3 do $kHL YTF
ST B Y5 2= YTF WAARE: 3% 55 v (pH 6.0,
40 pg/mL Erm), 37 °C. 120 r/min ;3% % ODego
250.5, TERE TAERTPEL 100-200 pL FRIEST
PRV PCR %78, WIRICTH A M A, L
SIS N 5-CAGGAAACAGCTATGACC-3';
THE5I ¥ F 5 K. 5-ACTGGCCGTCGTTTTA
CA-3'. PCR JJW{KZ (20 uL): Tag DNA E4&
fiff(40 U/mL) 10 uL, . TFUHF5I#(10 pmol/L)4%
1 uL, DNA #&4 2 uL, ddH,0 6 uL., PCR JZ )
4. 95 °CHUAENE 5 min; 95 °C7E1E 30's, 53 °C
Bk 30, 72°CHEMf 1 min, 332 MR, 72 °C
RSEA 5 min,

132 ZERZEsAE%

A HE Kk C. liungdahlii CALB 1E IR U0
PRAER: IR . SIRH YTF 85383, Tias A/
(2 bar), HFEBIRFRIEFMHTZS 7 CO Fil CO,
(&FH 80:20, 2 bar), 7E 37 °C. 150 r/min £%fF
TR, BEFEEETPNA 40 ng/mL 205 FE LIZERE
T o RIS o e B A = 7 o
1.4 EAEKNE

P CACIN: v iR @ R (v T & 2 5]
BN ) R B R AR A2 K (ODgo0) o VA TR 2l /K A Ry 28
XA, (R Ee LA G & & TR

A HA LA AT 00 IR SO B (R, 45 il
FEVLIEALE 0.05-0.80 2 [H]
1.5 EBEGFHINE

K FHZHEMR 1200 (= R0HRAR B (Bl &R 22
Proeri ) [ZEEEeRHE (DA FRA 7 R &
T T Y L BR M TR R U i X % T TR
BEATTRARFE . 12 000 r/min 250> 5 min, BV
WAEH 0.22 pum JEMRIS IR RS 10 fi% . AiSH
& Aminex® HPX-87H column 300 mmx7.8 mm
(Bio-Rad A #]), %iizhAlh 5 mmol/L H,SOy, it
#4 0.6 mL/min, #FHEHH 10 uLo H BRI
W TR I £ BERR VS W 22 T A v 1R 4 (s it
Bl 1-20 g/L, HHE A% R*>0.999), MR IEHr i
ik e BT R M R

K BC & KA B AR R 28 ) Agilent S A
AR & B R i TR TR, B A
XP-F1F C2 AL HHERHE A FRA R . At
0.22 um JEME 5 S AR B, AR RE I A [R]
W I 4 OE O ke AR, R G 4l
S e =i O i e o =
4l 1) TR 2 TR A 2 YRORT N AR A 45 WL (331
1 000 mg/L). BECHilbrifE &5 : B 5-6 1A
W PR R E TR, YUFEI7E(1-50 mg/L).
[ HAERAS B 5 mL 1E CREff & E 50 mL 2 i
T, R RE S 22 100 mg/L 1 IE
CEEN bR TR . R LR L ERPHE T AR
TSR 1.0 mL IECLENbR TAER . JERE,
0 5% PR TR Y 0 T R (A5) T PR A 0 ) 1 T
Fl(4i6) o
1.6 FNRETTE

K FbRUE I 3%, DAV BE L (CY/Cig) M 1 A
b, VTR (A Ai) WA BRI TE MR, 15
bR 2Rt E Y 1-50 mg/L, AHEREL
R*>0.999), Hr, C APRMER T LR L TRk
JE, G MARMER T AR IE . A RE
(E A . SERERT AR i o A5 2 AR
o 26 i o o8 = — B N BR Y . IEREST AT
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13 2IFE 5 b 2R 20T B W T RRURT N B ) B U T
L DIbRiEM I T

HERE LIRS S 250 °C, DV H#ES,
A 1 mL/mine AR %SR- R E 60 °C
5min, K5 LA 10 °C/min AR THEE 150 °CH:
{4 10 min, & IR 2.2 2 TR A9 %5 58 FISE 12K
FH 2. TR CERARE A (Sigma-Aldrich 23 7).
1.7 SthAEE

RS IEAT 3 A EE, SR
GraphPad Prism 10.1.2 #4722 5087,
. *3RIR P<0.05; ** 3R P<0.01; ***FiR
P<0.001; ns 77K P>0.05.

2 EREH

21 FIARERYEECER CERRERN
R

AR IR IR R — M L1 = LR . G
WA AR (A B CO/COL) I 2 M2
YIS eE), o Qi iz OB WL i1
A AT LT A (acetyl-CoA),
=B ORI W AR T HA
ML T B #R 1 ATCC 25755 H 14 i 3 8 1
Py W9 3R 3K T R0 B AR, A TR PR
C. ljungdahlii CALB, Wi B PCR X} H 3L H
BT IE, AR EA S R By H R B
(#2000 bp) (K 1B)FFXFH AT (& 10). #
FA 1 B A TR % A K R R IRRR A R, S0 %
A AT B )5S R 23 Bk 28 KGR R IR TR AR
JrBAPEXT IR, B R — Bt R e, BRI SE b
T W UE4T SDS-PAGE #:1l (&l 1D), 45 5% &
71N S Al E 2 TR A TR B R 5 S T ARG 3] 24
37 kDa WY 1 25, T3Pk B b ) o7 G
HFAT o DT AR IR IR TR Hh ol 2R3k
ok A r R 2B A I CALB, JHF]H
HRKIR W TR . CBEAE R s b S
HTAERERETBEE 1A), 43 97E DL EbE . &
R A R IR IR R B 3R A A TR
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E®E, XHHARKWEW, Yo, G
A PG DL LA I O TR SR B A UG L, R 25 2R
WEBA CALB 7Ei% T2 Bk b HA BB 09 5 5 A%
T
22 EFRFHBTKERRBEEKS”
ME K

TE VLS iR R (Y YTF R st rp i 32 3235
TR i T 1 R ZH KGR R ERRR TR TR AR, R AR
Kihdk, 7EREECHRGERIME RO, L%
ST - O i i N B VR £ R 7 N A S N
B2 FN R, DU A Bk ik IR BB B AE Sk X R
Kol HoA: K2 (8] 2B)., 45k, S350
TEAR I C. ljungdahlii CALB 755535 96 h 5
LR LR e ik 16.49 mg/L, ODggo 155 2.52;
55 )t R sk B AR RU TR RR C. liungdahlii WT ) ODggo
i F) 332, H IR A9 AE Y (dry cell weight,
DCW) % %F B8 B ¥k C. ljungdahlii WT FEAK T
15.4% (& 2A), WEAHA RE LM LR LR &
o SR, EARKELEYE. YrrR s
B RUPR R 25 5T AN 3 (P=0.241 7). MXTEAE
KWIFF4R, L AR R SR 3R KR T
1E 24-48 h [Alf#H H 1.18 g/L F+ & 3.21 g/L. 74
Ji i AR SE WS (72-96 h), ZTRATISs LA 1Y
RS R, HRA 380 ¢/L. LEEJTH,
2 B A BN ] 4 v e X A K b A B R e
(36-72 h), 48 h B P7{¢ K 1.135 g/L, T 72 h
A E] 3.06 g/l 4 FR £ TR A 77 o 4 v 78 X6
BAEKTE, 36 h B @ 498 mg/L, i
72 h Wik 3] 16.49 mg/L (& 2B), A e T 2,1
CPRE W OTR M CBERRAL TR, (H & By it
BXT TR ORI A BARGIE- . Bk,
TE TG 22 A AR B TR CO/CO, ISR 4
A, CO ZE—Fhil s iR i ) . AHER T H 240t
Hy/CO,, WRIEYMAEPE S CO, & ERE
(IR R RV R SR B T o O T 4R FE IR N 9 L AL
Ji7 P (redox balance), 4 il 23438 K&t & B 4
fist, T SR R R ORI
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/5 ™ R
Clostridium ljungdahlii (v:?g, )\
utilizing exogenous lipase Hz CO, CO, (syngas) | s |
for ethyl acetate synthesis i \ g
L T
» 3 ) 4 4 I
ADI:;:‘ —> Methyl-THF [P, >
Integrate genome
Wood-Ljungdahl pathwayl l
Phosphotransacetylase «—— Acetyl-CoA Genome O
Aldehyde dehydrogenasel
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Table 3  Current status of high-value product production using Clostridium autoethanogenum

Species Carbon source Target ester Maximum titer References

C. ljungdahlii CO,+CO Ethyl acetate 36.25 mg/L This study

C. autoethanogenum CcO Butyl acetate 23.20 mg/L [19]

C. autoethanogenum CcO Ethyl acetate 17.60 mg/L [19]

C. beijerinckii Glucose Butyl acetate 5.57 g/L [20]

C. acetobutylicum Glucose Butyl butyrate 50.07 mg/L [21]

C. tyrobutyricum Glucose (heterotrophic) Butyl butyrate 34.70 g/L [9]

C. ljungdahlii CO, Ethyl acetate 7.38 mg/L [11]
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