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(School of Life Sciences, Hubei University, Wuhan 430062, Hubei, China)

Abstract: As a key chemical raw material, 1,4-butanediol (1,4-BDO) is widely utilized in industries, including
pharmaceuticals, materials, textiles, and the defense industry sector. With increasingly stringent environmental
protection policies worldwide, the shortcomings of conventional 1,4-BDO synthesis, such as the use of costly catalysts
and high energy consumption, have become more apparent. Lignocellulosic biomass that is abundant and renewable
has great potential in the production of clean fuels and chemicals, but the preparation of fermentable sugars from
lignocellulosic biomass is the key step in biorefinery. Based on synthetic biology approaches, the development of a low-

carbon, cost-effective, and sustainable route for 1,4-BDO synthesis gains great interest. However, the coexistence of
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multiple fermentable sugars in lignocellulosic hydrolysates compromises carbon source utilization efficiency. On the
other hand, fermentation inhibitors that are generated during the pretreatment process can impair microbial metabolic
activity as well, thereby lowering the fermentation efficiency. With Escherichia coli as the microbial chassis, this
review outlines strategies for constructing 1,4-BDO biosynthesis pathways with different fermentable sugars as carbon
sources. Moreover, this review also summarizes genetic engineering approaches to enhance the tolerance of E. coli to
those fermentation inhibitors, including furfural, 5-hydroxymethylfurfural, organic acids, and phenolic substrates. We
discuss the possibility of efficient co-utilization of mixed sugars, in situ detoxification, and enhancing the production
yield of 1,4-BDO via the development of a multifunctional and modular microbial consortium through individual labor
and mutualism. Furthermore, by employing computational tools to mine and rationally design 1,4-BDO synthesis
pathways, conducting simulations and optimizations based on genome-scale metabolic network models, and applying
intelligent design to key enzymes involved in 1,4-BDO biosynthesis, it is expected that 1,4-BDO synthesis efficiency
can be further improved in the future. Overall, this review provides valuable insights and prospects for the construction
of robust, high-yield E. coli-based microbial consortia for the production of 1,4-BDO.
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Fig.1 The metabolic pathway through which E. coli uses glucose to synthesize 1, 4-BDO

(Black represents endogenous enzymes and red represents exogenous enzymes. SucCD—E. coli succinyl-CoA synthetase; SucD—Clostridium

kluyveri CoA-dependent succinate semialdehyde dehydrogenase; SucA—Mycobacterium bovis o -ketoglutarate decarboxylase;

4Hbd—

Porphyromonas gingivalis 4-hydroxybutyrate dehydrogenase; Cat2—P. gingivalis 4-hydroxybutyryl-CoA transferase; Catl—E. coli succinate CoA
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dehydrogenase; Car—Mycobacterium marinum carboxylate reductase; YqhD—E. coli alcohol dehydrogenase)
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Table 1 Summary of 1,4-BDO production by engineered E. coli using different carbon sources

Strain Carbon source Titer /(g/L) Yield Fem?emation Fermentation Reactor References
/(g/g) time/h method scale/L
E. coli ECKh-422 Glucose 18.000 0.310 120 Bioreactor 1.000 [31]
E. coliW023 Glucose 0.660 0.033 48 Shake flask — [32]
E. coli BL21 (DE3) N20 Glucose 0.201 0.020 48 Shake flask — [33]
E. coli BL21 (DE3) N20 Glucose 1.555 0.150 48 Bioreactor — [33]
E. coli W3110(BDO-7) Glucose 0.770 0.008 48 Shake flask 0.030 [34]
E. coli W3110(BDO-7) Glucose 4.220 0.012 60 Bioreactor 2.000 [34]
E. coli EWCB3 Xylose 0.440 0.044 48 Shake flask 0.100 [37]
E. coli BDOO03 Xylose 3.830 0.190 48 Shake flask 0.005 [38]
E. coli BDO03 Xylose 12.000 0.260 30 Bioreactor 0.500 [38]
E. coli IW177 Xylose 0.209 0.010 48 Shake flask 0.020 [39]
E. coli BDOOS Arabinose 5.650 0.280 48 Shake flask 0.005 [38]
E. coli BDOO5 Arabinose 15.600 0.220 72 Bioreactor 0.500 [38]
E. coli BDOO7 Galacturonic acid 2.340 0.120 48 Shake flask 0.005 [38]
E. coli BDOO7 Galacturonic acid 16.500 0.330 90 Bioreactor 0.500 [38]
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Fig.3 The metabolic pathway through which E. coli synthesizes 1,4-BDO from arabinose and galactose

(Black represents endogenous enzymes and red represents exogenous enzymes. AraA—B. multivorans L-arabinose dehydrogenase; AraB—B&.

multivorans L-arabinolactonase; AraC—B. multivorans L-arabonate dehydratase; AraD—B. multivorans 2-keto-3-deoxy-L-arabonate dehydratase;

KivD—L. lactis a-ketoisovalerate decarboxylase; YqhD—E. coli alcohol dehydrogenase; Udh—P. putida uronate dehydrogenase; GarD—E. coli

galactarate dehydratase; YcbC—B. subtilis 5-keto-4-deoxy-D-glucarate dehydratase)

B OREE, A 1,4-BDO N 75 B HE 2 I b AP SR 1T
Z b, XEWRA R A F A KB A % 1, 4-BDO
HARES, 7 EEE 1,4-BDO & IR 12 138 0t
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fRIE, TP S R R R R S R R
AR BRE R . SRR TR B PRI R AR OR
B, A Bh T STEUA T AT 4 R KRR R L I B O I
4 1,4-BDO.

21 ReXFHE (FF) M- 2R EHE
(5-HMF) Ti$SZRISRES

W 5 5-5 F AR R 3 oA M s, mI R
INE. coli M JE 58 B0 R EUR AN Y PO s, (R E
THPACERAR . S B Ik S R RO, ik
ENE#HSHApT: Hr 5-32 F R b T
FE PR AL, LR MR I T R,
AR FH 2 R 1 R B

2012 4, Wang 55" DL it 58 4 A5 Bk
(Deinococcus radiodurans) 1) A5 4= &y 9 2 Kl 7
irrE RSN G, I Sy HE PCR M £ AR S I
F N\ E. coli DH5a, £ 7 ¥ 2 B 1% 0.075%~0.2%
(R B0 R 70 P3R4 F1-37, F2-1 %8 RA&
PR o TG SRR AR () A2 K R BRI B 38 T B0 B R T
T a~16ff, [F A2 X 52 HMF. 7 555 L
T, A RE R, RN R i E RAR
B 5 N AT 35 BE AR E. coli WL P9 3E 15 K P
2019 4%, Jung %5 U7 i i K ok UE T 2R 708 IR
(Ralstonia eutropha) H16 F1 & i 5 B2 5 T R 5
(PHB) ]2 X bkeB (i 15 B - W i /i 15 )« phaB
(Yl Tk 2. TR S S AR SR Rl phaC (4065 PHB
REW) SRS NEE. coli KSYH (DE3), KK
3 HO R A VR BT S k. SR A, %
FEWE AR =y 1 R R N BRI (R i SZ2 BE ), IR
HE Y PHB (7745 . 2020 4F, Wang 25 B i i #4g
A RA R HMF A AL llg (HMFO) 2k [A] (1) 5 41
E. coli HMFOMUT, 8 41 1§ # 7] ffif % 150 mmol/L
(] 5- %% FH B 5 D S0 mmol/L (¥4 %, 7£ 30 °C.
pH 7.0 [ % At AT v JEG A0k P52 AR e A 58 R
T e 0 A R i B IR R . A AT AT 2 T 4
NZERIRFE (Bacillus pumilus) ZB1 % BEFEL K 1
RFNFLAL (Colletotrichum gloeosporioides) TE4E AL
filg =, MK ALRB A (C. gloeosporioides) B4R
WEEAIA O R8T (Burkholderia sp.) JIg i B4
W T 2 5RO 2 BRI AR R, T S
5-F4 F BB Ml A e A 5 ROk — R, KR

MY E AR ROt 7B . R, ERTTE
coli 5-F& W MRS 52 11 00 (RN, 5 4100 1 1 2 A o
BEREBER T EIF G M EE SR, 2R
e A BT 2T 4 FR KSR R AL R B s A Y
UBAh, 2022 4%, Zheng %5 ' I B 5 I S SE G
E b (adaptive laboratory evolution, ALE) 7%
T CRISPR [ 7] JE 5 & A 41 T RE$. K (CRISPR-
enabled trackable genome engineering, CREATE) ,
Mg 7 A R R S0, R IR BRI B R g A £
FEPE, 027d (5348 BIZRMG 1 AHE T 28 A B bk
E. coli MG1655 Tiif 52 J I 411 ] 40 4t I 118 RE 32 T
2 fE I RAE RIFRKQS2.
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FT G R TR B IE 23 38 A8 E. coli J3 B B A
L, VWEFERE R T 4E R M N B e, a3k RS
PR PR IE A BRI AR R BT RE T

2024 4, Yilmaz %5 "% 3l i xf O R Rk
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. RO A S R IA L A R e R
Tk VL KSR B A EL S T, R R R
VA zwf (Ot & W -6- R IR LB« gltd (Yifidfy
B EN) . sucAB (15 o-FH % — 1 i S B -
ppsA It R I B XA B R 5 1) ppe (Ym it
P 06 T 2N TR R R AL D F aceB (WD SRR &
BE) SFWNEIER, i pntdB (2 hs 0 ot e 1% 1 1R
AW . maeB (ntdp RIREG Mipd (Fhd—
SR W A AN TRIE L, S NTE SR
& ) 4 B R RO 0 HR R I AU (Fdh) 55 5B
DA A6 FL R A R R AR K R ihis 12, fRm T H
R Wi sz AT AE KRR . A4, Wenk 55 © @it 4
HOOEPEER . BEEUG R IR 2 BRI ARG &
A, ALE DA R 5 N RBERAE, Wl thrABC (U
IR R A A S TR OGBS BT L
39 bp R 2K\ lon FEDA (45— Fh ATP 4K 1) 21
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) LR R T AR ON . pntAB JE BT X S SR AR
thrd (Yahs R %SRBG o i X 38 mi R AL 46 5K
W&, A8 E. coli SIJA88 e LA H IR Ay ME — ik Y 1 AT
FK
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BN A0 AN R (T R AR AR R R PRAR, 3 Y o
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2 U B # PCR BAR X E. coli DHSa 42 JR) 18 15
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AP IR S CIRAN I MO 85 - 5 vh ik, 3R45
AR A2 (D138Y), A27E 15 g/L Z RN 14
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BRI SZ R4 . RI4E, Luss U R R 3R T
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FIRLFE AR R 40 A P (0 pH.  [FII,  REPR J I 5%
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Fl 18 58 E. coli MG1655 X} B P 31 85 (1) i %2 .
2015 4, Zheng %5 ™ 3@ i #4) £ 5 21 i KL pMV24-
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Xt R AN 14 2R TR 52 12k
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FO(PLE-4ET - 2 RND KR M B2 | D
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JRfE (AKR) FE[K (dkgB+ yeaE %5) 13 NEEM
Al (ADH) 3[R (yghD. yahK. yjgB) K BH Wi
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K2 E. colilid A AR BN W0 i ACH TR HEm

Table 2 Metabolic engineering strategies for E. coli to tolerate different fermentation inhibitors

Fermentation . . . .
inhibitors Metabolic engineering strategies References
Furfural and Construct modules for screening tolerant mutants and modularizing stress-resistance pathways [56]
5-hydroxymethy Exogenous introduction of functional genes [57]
Ifurfural Construct recombinant strains containing mutant enzyme genes [58]
Constructed in vitro multi-enzyme cascades with multi-source enzymes for 5-HMF conversion to FDCA [59]
Integrate adaptive laboratory evolution and genomic engineering technologies [62]
Formic acid Optimize metabolic pathways (knockout/down-regulation, up-regulation of specific endogenous genes) [68]
and introduce exogenous enzymes
Construct modules for selecting strains and modularizing expression pathways, combining adaptive [69]
evolution with key mutations
Acetic acid Mutants are obtained through random mutagenesis [70]
Random mutation screening was conducted for global regulatory factors [71]
Regulating intracellular pH through material metabolism (the effect of binding transport proteins) [72]
Exogenous introduction of genes related to repair [73]
Phenolic substances Activate the exhalation system and introduce exhalation-related genes [75]
Optimize metabolic pathways, strengthen the circulatory system, design co-culture systems and 1761
knockout related genes
Knock out specific endogenous genes, screen enzyme combinations, and optimize the expression system (77

and fermentation conditions
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IR GIER ), =, £ 5] NAME L Rk
Ry B S AR 4, MR A K S S
RS, EEAMIETES S HEKENET
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R, Ak R K S A RSz Bl @4MNE S
AI11,4-BDO & i 2 H g 43 1 1l BEAFAE AL AR
USRS PEAS JE S I, kT 5 B0 A S B R
B BIFI DI B, AR, BEE N TR
PUR R R, THENUR BRI R4 T
HERMNHER 2, NEVEAS REEE
YIRRAE TR T . RSN B A A B
REFEI T, @@ A K 1,4-BDOBRF IS
wit. RUBEETE S0, By PRIk ERTHS
UG S5 ENS, T LLSEILE. coli NJEELANM 1,4-BDO
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3.1 1,4-BDO SriZRIIZIESE MR

2014 4, Hwang % " il i A1 K% 44 5 19 1) 4K
WPER . ZYERE T FI R I% . ) A 56 UE 45 1 3K
BN B FRAE s, MRR B RS VO A T I i
(BId), % BLASTP LU Al Pfam &5 #3543 #7 #ff 52 [
PEMEE, KH 5% PCR 454 Schiff i il i ik 47 &
R, FRIG IR K L2731 BEiG IR T 4 % . i
EALFRALR T7 JE 3 7 TR s R IR IA, 2l
T EgXTE. coli 1,4-BDO & i EE A2 HIIE L . 2015 4F,
Liu %% " fE E. coli 1M kA I 1,4-BDO 14
PALEEAE, 3 RORKE L I “ B i A s ” A
TR RN AP )« AR e P o i i P T
Ui B i E (YqhD) B NADH &5 & 47 i, 3
%I NADPH ¢ Al Jj #& 7+ 5 £, I 9] A\ SpyTag/
SpyCatcher f5 IS AU SR Z I A WA EtE, B3
MK 2 72h. AN EEHR-VIHFRRSG (hok/
sok) 4 R iR B E MRk 98% DL, WATES LA
B 92 1.8 g/L 1,4-BDO A& 1, Bt 4
ARG RBERIETF 50 %. 2024 4F, NisgD
TF R BRI R H R I UG HE AL & 42, R R IR I
Jil§ (Car) 5 ZBEMEAR (Adh) DAL
M4, Jf454 COBRA T H k47 i & T 47 7 bt
(FBA) MALFEIL =R E 0.95 g/g. HIL 5] N5 4]
B -6- 1 IR It =B (ZwD) 511k NADPH M R 4t ,
PETHD T F FH 3R 48.9%, FEIRAE RN FE.

3.2 ERARERGMEERIEINSHA

2011 4F, Yim % Y 3 E. coli iAF1260 % [

MR AR, il &P (FBA) Tl
LR, RRILRIMEAREERE (LdhA) . THEIR
IR AR LR (PAB) DABH M 52 AR, ok
K EELKEE (Ddh) SFOCHERE; BRI ALY 2 Hr
AR E P S e AR, e S IRE &M T TCA
fEAEEEE N, SRR N, 78 TR
SEPL 18 g/L 1) 1,4-BDO % & . 2016 4F, Andreozzi
25 43R F ORACLE A 22 2 4 % 5 24 25 5 AR 1l
BHAR, WEE. coli RIEZ) IR LI 1,4-
BDO & il i& b . il R 5 bt 5 A7 Hh S b
P . TCAEIA T 73 3 f 1,4-BDO & #8451
SRS (W Glt. Mdh), 45 A B BT Hr
(FBA) Tl il it 321K SR wE (a3 58 Zwf. PntAB
#i&) DA#RT NADPH fiE . A4 5 N A T
14 HUE {3 NADPH A R0R $id 51 40%, B E. coli
1 1,4-BDO 77 E R THE 1.2 g/L. 2019 4, Pooth
S U DU DR 20 RO AR M W g A R %0 T R, 4
A I B T S R B A R AR AR R
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PEME R —— AR (0.1 VVMD ZAFTT/D 2B Bl
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B T K 5 — Ff o 7= HL AR € 19 4E 77 1, 4-BDO 1 E.
coli. 20174, Wang %5 ™ & Jc i id # & KEGG 1R
% 4% 5 BRENDA B £ B, #1777 R v B A
(Klebsiella oxytoca) /] T /KEE (Ddh) A
WO AL, F1 & T Swiss-model [1) B 45 #) T 1
PE & 1T R AR Mk D276N, g P 5% B A= Ddh $2 Tt
S5, FR, ERPRERMEY REC, =R, MWEHK
& A5 3 30% K 1) 7B (R R B AR, I
FRAK T 15 %M ATP JH FE. 2024 4F, Ni %5 P &1 5t
BRENDA #{ 4 & 1 3C ik 7 9 1% H (1) MmCar
EcYqhD, F| ] AlphaFold2 5 i 45 ¥4 3 5 B i 1L
BLI, I 38 T il A o R 728 A vy R 0 02 3R A AL
5 AR AR MmCARI922V/C9831/Y952R, 1y 4 fii 15
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3 D00 el Stof B — 0 1) A2 i 52 P S e SR S A A HE DA
IO =Rk lkY/ETR YR SER: 1

Bt BRI, BT DA HUL SRR R i 2
YNIIR R R, T LA SR ¥ — E. coli 41 iR AE [H]
5 ) FH TR & B8 B [ TS 52 52 4 300 1) 420 B T s £ 4
WA AR I B A R R A R R ) PR AR R A ) R
9 v ORI F A J5i 5 4 F2 K R W6 B 1, 4-BDO i it
TS . AT FUER B, R R R BE A G
H L S IOE TR F XyIR (45 E. coli % —FI| FH %81 & 0%
T I R R A B s SRR AL A S SR Bl
XylIR AL LAY G A WEARUS, 45 E. coli T —H|
FAARRE, @R 0 TSI E. coli LR 7Rk R
o A 5 B S5 R BE TR A R B R, B R &
2991% o 75U 2 4 f A 0 T IR ) LA
Mg, #—PREk /R Et LSRG Y6
AR BB R WAEWREY, £E coli
HhEAT AU AP B TR ET DA ST M 4 B AR B
RERYH KA S Ew, i@t o 5 6
BROR N IR & S B 2 R & O G HE R, A
PRI ke 30 o A AT 8 2R TR IR R i 2 R AT A L
A, BN R AR R AR E Y. R H RrE
o 52 00 1) 400 PR T 2 o500 iR AR 0 b, (R E I
RN B AT 5 T 0 ) 400 55 0 A 420 4 B 1 4 L o1
KB, WREERM IR EAERE %M. ABCHizHEH
SET7 R B P RS 4E 2 X =k 5 75 W
AN TR P 0 1 S S R A B, S AR IR R R
1y BB RUE DL RSB S N SRR, A
B TR A 4H Mot 2 E A R A on R R
v

N A Ty B A5 B AR Y 22 4 VR T A AR S O b ok



370 BRENE HTE

P A J53 21 2k 3 K R 2% A 1, 4-BDO ) ol
FY AERR BRI 0 B B e R LA T PR Ak -

e, T ARBRALEREVFORIE iz, £
0 Jo L Ak B I S8R P D 4 o DAL DR BRI A B T
SR RABRKRESR, XEAFRRIE. AR
Ak 2H 75 AARAG A A 5T 27 2 2K R, 2 T BE AL
BRAR L BREESRTE LS . 5 B b 22 Y 4 R N T ol
20 [0 4% S LA S S TR I AN (] T AL BE T 26
PRSI KT, AARA B SR AL B Ak I
DUAG HEME I AR A 7= A o

Hk, Bl Ar ol m 2 ma, @
iof ey I R O U R R A SR 52 A 5 R U R e
F1 A e 410 81 0 B A VR R, TR ON R T L X T 0 )
M 52 18 73 5 AL, RO B 1 e f s A, 2T
AR AR L — MR B H P B S B R
E SIEEIL R T 410 4 0 A7 Pl 2 1) [ I, 6 4 A [R] Aol
A4 i R A KR EE . pH AR R SR 22 R 51k
R B R R IR 1, AT HETH 1,4-BDO & B
o BeAh, HXHRE A HACRA . B E
PRAR SR 0 A R 3 4 T 90 Atk 11 PR A T 3
BB BARCREA L UGS E 5 R A
ARSI L, RS B TR 25 ATEOR 49K
T, BETHYHE, SHEECSEES. 5
B A% 40 i T 3E LA 1,4-BDO & g 18, 46 S
W12 90 5 RS W SR BT o JE 4 R AR T s I %
ARG PR E R, THEs TEE. B
PEOR I 2 MR AR R . 45 8 RESIE TN &
BIE N AR B, TP iR R 2 AR R
Kkttt MM HE 55 1,4-BDO & R 42
ffgid & 5 mIE IR 744 JF 521 1,4-BDO £ 4)
ERE, AR A AT T %

Z % X W

[1] SATAM C C, REALFF M J. Comparison of two routes for the
bio-based production of economically important C, streams[J].
Journal of Advanced Manufacturing and Processing, 2020, 2
(3): €10054.

[2] PLATNIEKS O, GAIDUKOVS S, KUMAR THAKUR YV,
et al. Bio-based poly (butylene succinate): recent progress,
challenges and future opportunities[J]. European Polymer
Journal, 2021, 161: 110855.

[3] PERVEZ M N, HOSSAIN M Y, TALUKDER M E, et al.

[4]

(3]

[6]

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Nanomaterial-based smart and sustainable protective textiles
[M]//Protective textiles from natural resources. Amsterdam:
Elsevier, 2022: 75-111.

YANG Y, SEO K, KIM J, et al. Biodegradable plastic
production: economic and environmental perspective[J]. ACS
Sustainable Chemistry & Engineering, 2025, 13(2): 923-935.
BALE 1, 4- ] R L2 HORER &I BN A T [0]. R 54k
1., 2019, 42(10): 123-128, 160.

CAO H Z. Selection of and analysis process technology route
of 1, 4-butanediol[J]. Coal and Chemical Industry, 2019, 42
(10): 123-128, 160.

HAAS T, JAEGER B, WEBER R, et al. New diol processes:
1, 3-propanediol and 1, 4-butanediol[J]. Applied Catalysis A:
General, 2005, 280(1): 83-88.

KUMAR P, PARK H, YUK Y, et al. Developed and emerging
1, 4-butanediol commercial production strategies: forecasting
the current status and future possibility[J]. Critical Reviews in
Biotechnology, 2024, 44(4): 530-546.

SCOTT L N, FIUME M, BERGFELD W F, et al. Safety
assessment of alkane diols as wused in cosmetics[J].
International Journal of Toxicology, 2024, 43(2S): 70S-1318S.
XU X H, LIU Y F, DU G C, et al. Microbial chassis
development for natural product biosynthesis[J]. Trends in
Biotechnology, 2020, 38(7): 779-796.

GAO J C, JIANG L H, LIAN J Z. Development of synthetic
biology tools to engineer Pichia pastoris as a chassis for the
production of natural products[J]. Synthetic and Systems
Biotechnology, 2021, 6(2): 110-119.

ZHA J, ZHAO Z, XIAO Z Y, et al. Biosystem design of
Corynebacterium glutamicum for bioproduction[J]. Current
Opinion in Biotechnology, 2023, 79: 102870.

WANG M, WANG H M, GAO C, et al. Efficient production of
protocatechuic acid using systems engineering of Escherichia
coli[J]. Metabolic Engineering, 2024, 82: 134-146.

CALERO P, NIKEL P I. Chasing bacterial chassis for
metabolic engineering: a perspective review from classical to
non-traditional microorganisms[J]. Microbial Biotechnology,
2019, 12(1): 98-124.

JE 9, AR BB A AR s R A L2 = R A
JE[]. A=A L, 2025, 11(3): 245-248.

ZHOU Q X, LI X K. Advances in metabolic engineering to
modify Escherichia coli for L-threonine production[J].
Biological Chemical Engineering, 2025, 11(3): 245-248.
kM T AR TR SR LR KA B P R TR R R S
AT FE ). Tk AEY, 2025, 55(3): 23-25.

ZHANG Y N. Systems biology study on the metabolic
engineering strategy to enhance butanol production in
Escherichia coli[J]. Industrial Microbiology, 2025, 55(3):
23-25.



%74 www.synbioj.com

371

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

TAN H T, CORBIN K R, FINCHER G B. Emerging
technologies for the production of renewable liquid transport
fuels from biomass sources enriched in plant cell walls[J].
Frontiers in Plant Science, 2016, 7: 1854.

SULIS D B, LAVOINE N, SEDEROFF H, et al. Advances in
lignocellulosic feedstocks for bioenergy and bioproducts[J].
Nature Communications, 2025, 16: 1244,

KIM J S, LEE Y Y, KIM T H. A review on alkaline
pretreatment technology for bioconversion of lignocellulosic
biomass[J]. Bioresource Technology, 2016, 199: 42-48.

DADI M, SIWALE W, MUNALULA F, et al. A comprehensive
review of advances in bioenergy including emerging trends and
future directions[J]. Discover Energy, 2025, 5(1): 26.

KAPOOR A, TIWARI A K, TRIPATHI S C, et al. Sustainable
production of biofuels from lignocellulosic biomass using
microbial applications: status, challenges and prospects[J].
Molecular Biotechnology, 2025,68(4),1649-1666.

FOX K J, PRATHER K L. Carbon catabolite repression
relaxation in Escherichia coli: global and sugar-specific
methods for glucose and secondary sugar co-utilization[J].
Current Opinion in Chemical Engineering, 2020, 30: 9-16.
JOJIMA T, OMUMASABA C A, INUI M, et al. Sugar
transporters in efficient utilization of mixed sugar substrates:
current knowledge and outlook[J]. Applied Microbiology and
Biotechnology, 2010, 85(3): 471-480.

KAPLAN N A, ISLAM K N, KANIS F C, et al. Simultaneous
glucose and xylose utilization by an Escherichia coli catabolite
repression Environmental

Microbiology, 2024, 90(2): €02169-23.
PARAWIRA W, TEKERE M. Biotechnological strategies to

mutant[J].  Applied and

overcome inhibitors in lignocellulose hydrolysates for ethanol
production: review[J]. Critical Reviews in Biotechnology,
2011, 31(1): 20-31.

PIENKOS P T, ZHANG M. Role of pretreatment and
conditioning processes on toxicity of lignocellulosic biomass
hydrolysates[J]. Cellulose, 2009, 16(4): 743-762.

KUMAR A K, SHARMA S. Recent updates on different
methods of pretreatment of lignocellulosic feedstocks: a review
[J]. Bioresources and Bioprocessing, 2017, 4(1): 7.
STEFANIDIS S D, KALOGIANNIS K G, ILIOPOULOU E F,
et al. A study of lignocellulosic biomass pyrolysis via the
pyrolysis of cellulose, hemicellulose and lignin[J]. Journal of
Analytical and Applied Pyrolysis, 2014, 105: 143-150.
JORGENSEN H, KRISTENSEN J B, FELBY C. Enzymatic
conversion of lignocellulose into fermentable sugars:
challenges and opportunities[J]. Biofuels, Bioproducts and
Biorefining, 2007, 1(2): 119-134.

MILLARD P, SMALLBONE K, MENDES P. Metabolic

regulation is sufficient for global and robust coordination of

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

glucose uptake, catabolism, energy production and growth in
Escherichia coli[J]. PLoS Computational Biology, 2017, 13(2):
¢1005396.

SUN J F, TIAN K M, WANG J, et al. Improved ethanol
productivity from lignocellulosic hydrolysates by Escherichia
coli with regulated glucose utilization[J]. Microbial Cell
Factories, 2018, 17(1): 66.

YIM H, HASELBECK R, NIU W, et al. Metabolic engineering
of Escherichia coli for direct production of 1, 4-butanediol[J].
Nature Chemical Biology, 2011, 7(7): 445-452.

HWANG H J, PARK J H, KIM J H, et al. Engineering of a
butyraldehyde dehydrogenase of Clostridium
saccharoperbutylacetonicum to fit an engineered 1, 4-butanediol
pathway in Escherichia coli[J]. Biotechnology and Bioengineering,
2014, 111(7): 1374-1384.

NI P, GAO C, WU ], et al. Production of 1, 4-butanediol from
succinic acid using Escherichia coli whole-cell catalysis[J].
ChemBioChem, 2024, 25(11): €202400142.

LR, NG, BB, & A TR S0E KIGH B M kS
L, 42T R[] AR TRE 2R, 2024, 40(9): 3142-3157.
JIANG J Y, GUO Y M, YANG T W, et al. Metabolic
engineering of Escherichia coli for de novo synthesis of 1, 4-
butanediol[J]. Chinese Journal of Biotechnology, 2024, 40(9):
3142-3157.

ZHOU X, ZHANG H Y, XU Y. Biodegradation and utilization
of hemicellulose[M]//CHEN J, ZHU Y, LIU S. Functional
carbohydrates. Boca Raton: CRC Press, 2017: 183-218.

ZHAO Z, XIAN M, LIU M, et al. Biochemical routes for
uptake and conversion of xylose by microorganisms[J].
Biotechnology for Biofuels, 2020, 13(1): 21.

LIU HW, LU T. Autonomous production of 1, 4-butanediol via
a de novo biosynthesis pathway in engineered Escherichia coli
[J]. Metabolic Engineering, 2015, 29: 135-141.

TAIY S, XIONG M Y, JAMBUNATHAN P, et al. Engineering
nonphosphorylative metabolism to generate lignocellulose-
derived products[J]. Nature Chemical Biology, 2016, 12(4):
247-253.

WANG J, JAIN R, SHEN X L, et al. Rational engineering of
diol dehydratase enables 1, 4-butanediol biosynthesis from
xylose[J]. Metabolic Engineering, 2017, 40: 148-156.

FEHAN . K] CRP 98748 e NADPH 2L 5 £ 508 K i #F 1
I1S5-d A= P2 ACHEEE[D]. B : Wi K2, 2020.

YUAN X S. Further improvement of E.coli IS5-d for xylitol
production via CRP mutation and enhancement of NADPH
regeneration[D]. Hangzhou: Zhejiang University, 2020.
BRI, A8, BRIE T, 55 MR RN AT T 5 B A v R
TR WE A A2 R A 7 L-SLER (D). o B £t 23, 2024, 24(7):
208-218.

QIU W Y, LI M, CHEN S Y, et al. Constructing Escherichia



372

BREDF

ENE

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

coli synthetic microbial communities for simultaneously
utilizing mixed sugars to product L-lactic acid[J]. Journal of
Chinese Institute of Food Science and Technology, 2024, 24
(7): 208-218.

VB, K, B, 55 R E 4B LR mglB 5 A
PR 53 o Y 5 R R I R W R D 2R3 D 5 i 0], 2R BOR T
1%, 2019, 35(6): 83-90.

XU Q D, WANG Y Z, WANG J H, et al. Influence of mgiB
gene knockout in engineered Escherichia coli producing
ethanol on the xylose utilization of mix sugar fermentation[J].
Biotechnology Bulletin, 2019, 35(6): 83-90.

TANG J L, ZHU X N, LU J, et al. Recruiting alternative
glucose utilization pathways for improving succinate
production[J]. Applied Microbiology and Biotechnology, 2013,
97(6): 2513-2520.

PAPA V 1. Hemicelluloses[M]//Polysaccharides in medicinal
applications. London: Routledge, 2017: 107-124.

ALAWAD 1, IBRAHIM H. Pretreatment of agricultural
lignocellulosic biomass for fermentable sugar: opportunities,
challenges, and future trends[J]. Biomass Conversion and
Biorefinery, 2024, 14(5): 6155-6183.

HU F, RAGAUSKAS A. Pretreatment and lignocellulosic
chemistry[J]. BioEnergy Research, 2012, 5(4): 1043-1066.
HUISJES E H, DE HULSTER E, VAN DAM J C, et al.
Galacturonic acid inhibits the growth of Saccharomyces
cerevisiae on galactose, xylose, and Arabinose[J]. Applied and
Environmental Microbiology, 2012, 78(15): 5052-5059.

KIM D. Physico-chemical conversion of lignocellulose:
inhibitor effects and detoxification strategies: a mini review[J].
Molecules, 2018, 23(2): 309.

PENG F, REN J L, XU F, et al

hemicelluloses: a review[M]/ZHU J Y, ZHANG X, PAN X J.

Chemicals from
Sustainable production of fuels, chemicals, and fibers from
forest biomass. Washington: American Chemical Society,
2011: 219-259.

LIN Q X, ZHANG C H, WANG X H, et al. Impact of
activation on properties of carbon-based solid acid catalysts for
the hydrothermal conversion of xylose and hemicelluloses[J].
Catalysis Today, 2019, 319: 31-40.

MARTINS J R, LLANOS J H R, BOTARO V, et al
Hemicellulose biomass degree of acetylation (natural versus
chemical acetylation) as a strategy for based packaging
materials[J]. BioEnergy Research, 2024, 17(2): 877-896.
BULUSHEV D A, ROSS J R H. Towards sustainable
production of formic acid[J]. ChemSusChem, 2018, 11(5):
821-836.

FERNANDEZ-RODRIGUEZ J, ERDOCIA X, SANCHEZ C,
et al

Lignin depolymerization for phenolic monomers

production by sustainable processes[J]. Journal of Energy

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Chemistry, 2017, 26(4): 622-631.

MILLS T Y, SANDOVAL N R, GILL R T. Cellulosic
hydrolysate toxicity and tolerance mechanisms in Escherichia
coli[J]. Biotechnology for Biofuels, 2009, 2(1): 26.

TR, U, T, AT RREEAN 5-5% AR ER R K M A B
T R[], £ TR, 2013, 29(10): 1463-1472.
WANG D, WANG H H, WANG J, et al. Effects of furfural and
5-hydroxymethylfurfural on succinic acid production by
Escherichia coli[J]. Chinese Journal of Biotechnology, 2013,
29(10): 1463-1472.

WANG J Q, ZHANG Y, CHEN Y L, et al. Global regulator
engineering significantly improved Escherichia coli tolerances
toward inhibitors of  lignocellulosic
Biotechnology and Bioengineering, 2012, 109(12): 3133-3142.

JUNG H R, LEE J H, MOON Y M, et al. Increased tolerance

hydrolysates[J].

to furfural by introduction of polyhydroxybutyrate synthetic
genes to Escherichia coli[J]. Journal of Microbiology and
Biotechnology, 2019, 29(5): 776-784.

WANG Z W, GONG C J, HE Y C. Improved biosynthesis of
5-hydroxymethyl-2-furancarboxylic acid and furoic acid from
biomass-derived furans with high substrate tolerance of
recombinant Escherichia coli HMFOMUT whole-cells[J].
Bioresource Technology, 2020, 303: 122930.

YANG F, LIU J S, LI B X, et al. Effective biosynthesis of
2,5-furandicarboxylic acid from 5-hydroxymethylfurfural via a
bi-enzymatic cascade system using bacterial laccase and fungal
alcohol  oxidase[J]. Biofuels and
Bioproducts, 2023, 16(1): 164.

LI'Y, YANG F, TAN X M, et al. Lipase and alcohol oxidase

Biotechnology  for

cascade catalytic system for the efficient conversion of
5-hydroxymethylfurfural to 2, 5-furandicarboxylic acid[J].
International Journal of Biological Macromolecules, 2025,
334: 149081.

UJOR V C, OKONKWO C C. Microbial detoxification of
lignocellulosic  biomass hydrolysates: biochemical and
molecular aspects, challenges, exploits and future perspectives
[J]. Frontiers in Bioengineering and Biotechnology, 2022, 10:
1061667.

ZHENG Y Y, KONG S T, LUO S Q, et al. Improving furfural
tolerance of Escherichia coli by integrating adaptive laboratory
evolution with CRISPR-enabled trackable genome engineering
(CREATE) [J]. ACS Sustainable Chemistry & Engineering,
2022, 10(7): 2318-2330.

ZALDIVAR J, INGRAM L O. Effect of organic acids on the
growth and fermentation of ethanologenic Escherichia coli
LYO1[J]. Biotechnology and Bioengineering, 1999, 66(4):
203-210.

T BH, TESCE, B b, A A R HLER IR X R A B 400
HIEFILT). £ 5 8 Tl 2024, 50(8): 42-47.



%74 www.synbioj.com

373

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

JI QY, WANG W Q, QIAN Y, et al. Inhibitory of different
organic acid combinations against Escherichia coli[J]. Food
and Fermentation Industries, 2024, 50(8): 42-47.

TRIBEER, T frah 5 YRR R A 1 DT VAR SRt
[7]. & &z 4 S, 2019(32): 18-19.

ZHANG X R, FU Z F. Research progress on control methods
of 5-hydroxymethylfurfural in food[J]. China Food Safety
Magazine, 2019(32): 18-19.

TG, AR R AR 50 R A KN I A R AR T A
JE]. &4k &, 2021, 57(8): 1-10.

MA JY, PIAO X S. Recent advances in acidifiers on growth
performance and intestinal health of livestock and poultry[J].
Chinese Journal of Animal Science, 2021, 57(8): 1-10.

B E, XA e, BhER AR, A . DR JY R B AR R L ) A G i
WEITHE R [J]. T AR 2 4R, 2023, 50(10): 4667-4680.

HAO X Y, LIU M X, HAN Z Y, et al. Advances in acid-
resistant mechanisms and modifications of Escherichia coli
[J]. Microbiology China, 2023, 50(10): 4667-4680.

YILMAZ S, KANIS B, HOGERS R A H, et al. System-level
characterization of engineered and evolved formatotrophic
E. coli strains[J]. Synthetic and Systems Biotechnology, 2025,
10(2): 650-666.

WENK S, RAINALDI V, SCHANN K, et al. Evolution-
assisted engineering of E. coli enables growth on formic acid at
ambient CO, via the serine threonine cycle[J]. Metabolic
Engineering, 2025, 88: 14-24.

MORDUKHOVA E A, LEE H S, PAN J G. Improved
thermostability and acetic acid tolerance of Escherichia coli
via directed evolution of homoserine O-succinyltransferase[J].
Applied and Environmental Microbiology, 2008, 74(24): 7660-
7668.

CHONG H Q, YEOW J, WANG 1, et al. Improving acetate
tolerance of Escherichia coli by rewiring its global regulator
cAMP receptor protein (CRP) [J]. PLoS One, 2013, 8(10):
e77422.

LU P L, MA D, CHEN Y L, et al. L-glutamine provides acid
resistance for Escherichia coli through enzymatic release of
ammonia[J]. Cell Research, 2013, 23(5): 635-644.

ZHENG Y, CHEN X J, WANG J, et al. Expression of gene
uvrA from Acetobacter pasteurianus and its tolerance to acetic
acid in Escherichia coliilM]/PETRE M. Advances in applied
biotechnology. Berlin: Springer, 2015: 163-169.

HEIPIEPER H J, KEWELOH H, REHM H J. Influence of
phenols on growth and membrane permeability of free and
immobilized Escherichia coli[J]. Applied and Environmental
Microbiology, 1991, 57(4): 1213-1217.

IKEHATA Y, DOUKYU N. Improving the organic solvent
with vanillin, and the

tolerance of Escherichia coli

involvement of an AcrAB-TolC efflux pump in vanillin

[76]

[77]

[78]

[79]

[80]

(81]

(82]

[83]

(84]

[85]

[86]

tolerance[J]. Journal of Bioscience and Bioengineering, 2022,
133(4): 347-352.

YANG M C, MENG H, LI X L, et al. Coculture engineering
for efficient production of vanillyl alcohol in Escherichia coli
[J]. aBIOTECH, 2022, 3(4): 292-300.

WU R G, LI D, CHEN Q H, et al. Optimization of vanillin
biosynthesis in Escherichia coli K12 MG1655 through
metabolic engineering[J]. Bioresource Technology, 2024, 411:
131189.

BU7KRR, FRMEMS, Wbk, 55 . 19 5 R I BRSO AT 2T 4k 3R K
VO 70T 52 BRI TR R[], AR W RSE A, 2025, 41(4):
61-75.

JIA C L, GUO X P, LU D, et al. Advances in improving the
tolerance of Saccharomyces cerevisiae to
hydrolysate inhibitors[J]. Biotechnology Bulletin, 2025, 41(4):
61-75.

TR, R, ZEmRA, AR AR s A SR AR AT T A
L-BE B[], LEW TR R, 2025, 41(9): 3504-3520.

YU H L, LIU J, LI X M, et al. Metabolic engineering of

lignocellulose

Corynebacterium  glutamicum for L-valine production[J].
Chinese Journal of Biotechnology, 2025, 41(9): 3504-3520.
SONG X, ZHENG Y Y, LI S T, et al. Engineering global
regulators for enhanced tolerance to multiple inhibitors by
CRISPR-enabled trackable genome engineering[J]. AIChE
Journal, 2023, 69(4): ¢18031.

SR, A, XK, S SZ M TR R A AR T
AHEL]. AV TREEAR, 2022, 38(4): 1373-1389.

ZHANG L, GAO J, LIU C Q, et al. Tolerance engineering
regulates stress resistance of microbial cell factory[J]. Chinese
Journal of Biotechnology, 2022, 38(4): 1373-1389.

WU T, LIU Y M, LIU J S, et al. Metabolic engineering and
regulation of diol biosynthesis from renewable biomass in
Escherichia coli[J]. Biomolecules, 2022, 12(5): 715.
BURGARD A, BURK M J, OSTERHOUT R, et al
Development of a commercial scale process for production of
1,4-butanediol  from Current
Biotechnology, 2016, 42: 118-125.
ANDREOZZI S, CHAKRABARTI A, SOH K C, et al

Identification of metabolic engineering

sugar[J]. Opinion  in

targets for the
enhancement of 1, 4-butanediol production in recombinant E.
coli using large-scale kinetic models[J]. Metabolic
Engineering, 2016, 35: 148-159.

POOTH V, VAN GAALEN K, TRENKAMP S, et al

Comprehensive  analysis of metabolic  sensitivity — of
1,4-butanediol producing Escherichia coli toward substrate and
oxygen availability[J]. Biotechnology Progress, 2020, 36(1):
e2917.

BARTON N R, BURGARD A P, BURK M J, et al. An

integrated biotechnology platform for developing sustainable



374

BREDF

ENE

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

chemical processes[J]. Journal of Industrial Microbiology &
Biotechnology, 2015, 42(3): 349-360.
TRIVEDI P, KUMAR A, GUPTA N, et al. Artificial
intelligence and machine learning in microbial degradation of
pollutants and toxins[M]//KAUR S, DHIMAN S, TRIPATHI
M. Microbial metabolomics: recent developments, challenges
and future opportunities. Nature
Singapore, 2025: 377-400.

MOORE C D, WANG Q K, WANG G, et al. Recent advances

Singapore:  Springer

and challenges in engineering metabolic pathways and cofactor
regeneration for enhanced n-butanol biosynthesis[J]. Synthetic
Biology and Engineering, 2025, 3(1): 10005.

LIU J L, YANG J J, YUAN L H, et al. Modulated Arabinose
uptake and cAMP signaling synergistically improve glucose
and Arabinose consumption in recombinant yeast[J]. Journal of
Agricultural and Food Chemistry, 2023, 71(34): 12797-12806.
PINHAL S, ROPERS D, GEISELMANN J, et al. Acetate
metabolism and the inhibition of bacterial growth by acetate[J].
Journal of Bacteriology, 2019, 201(13): e00147-19.

FLORES A D, CHOI H G, MARTINEZ R, et al. Catabolic
division of labor enhances production of D-lactate and
succinate mixtures in

from glucose-xylose engineered

Escherichia  coli  co-culture systems[J]. Frontiers in
Bioengineering and Biotechnology, 2020, 8: 329.

LIU X, LI X B, JIANG J L, et al. Convergent engineering of
syntrophic Escherichia coli coculture for efficient production
of glycosides[J]. Metabolic Engineering, 2018, 47: 243-253.
JILANI S B, OLSON D G. Mechanism of furfural toxicity and
metabolic strategies to engineer tolerance in microbial strains
[J]. Microbial Cell Factories, 2023, 22(1): 221.

MENEGON Y A, GROSS J, JACOBUS A P. How adaptive
laboratory evolution can boost yeast tolerance to lignocellulosic
hydrolyses[J]. Current Genetics, 2022, 68(3): 319-342.
FLETCHER E, BAETZ K. Multi-faceted systems biology
approaches present a cellular landscape of phenolic compound
inhibition in Saccharomyces cerevisiae[J]. Frontiers in
Bioengineering and Biotechnology, 2020, 8: 539902.

ZHANG Y, ZHAO T, XIAO L, et al. Machine learning
prediction of glucose production from lignocellulosic biomass
through various methods[J]. Biomass and
Bioenergy, 2026, 207: 108811.

XU H F, DONG C Y, WANG W X, et al. Machine learning

pretreatment

prediction of deep eutectic solvents pretreatment of

lignocellulosic biomass[J]. Industrial Crops and Products,
2023, 196: 116431.

MADADI M, KARGARAN E, AL AZAD S, et al. Machine
learning-driven  optimization  of

biphasic  pretreatment

[99]

[100]

[101]

[102]

conditions for enhanced lignocellulosic biomass fractionation
[J]. Energy, 2025, 326: 136241.

HUANG X Y, ZHANG X, HE Y, et al. Leveraging machine
learning for acid catalyzed steam explosion pretreatment:
towards supporting fermentation by the trade-off between
glucose and inhibitors[J]. Journal of Cleaner Production, 2024,
448: 141530.

TEMUDO M F, MUYZER G, KLEEREBEZEM R, et al.
Diversity of microbial communities in open mixed culture
fermentations: impact of the pH and carbon source[J]. Applied
Microbiology and Biotechnology, 2008, 80(6): 1121-1130.
KHANJANI M H, MOHAMMADI A, EMERENCIANO M G
C. Water quality in biofloc technology (BFT): an applied
review for an evolving aquaculture[J].
International, 2024, 32(7): 9321-9374.

ARENIELLO M, MATASSA S, ESPOSITO G, et al. Biowaste

Aquaculture

upcycling into second-generation microbial protein through
mixed-culture fermentation[J]. Trends in Biotechnology, 2023,

41(2): 197-213.

BHAEE : XI5 A5(1988—), 3, fil
o B AR R BE TS A
BRI SR E AL S
AL,
E-mail: jsliu@hubu. edu. cn

HEFERMEE: TIERA972—),
5Pk, B L AT . BT )
NEMN T 37 M TR B3
L.

E-mail: zhbjiang@hubu. edu. cn

F—1EE: EMCQ001—), J i
AT BIEFETT IR A AR A
YR B UEAL .

E-mail: 690313285@qq. com




