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address “white pollution”. Importantly, organic acid is one of the crucial monomers for preparing biodegradable
materials. In recent years, the synthesis of organic acids through green and efficient methods has attracted much
attention. As the most promising carbon source recognized for renewability and affordability, lignocellulose is
considered a promising carbon source for the biochemical industry. Converting lignocellulose into organic acid is
critical to preparing biodegradable materials and achieving carbon neutrality, which meets the requirements of the
green and sustainable development strategy. Hence, researchers are focusing their investigations on the lignocellulose
biorefinery. To date, innovations in synthetic biology have significantly advanced organic acid manufacturing. For
example, the yield of succinic acid has exceeded 150 g/L, which facilitates the formation and development of the bio-
based biodegradable materials industry. In this paper, various lignocellulose pretreatment technologies were reviewed,
including physical, chemical, biological , physicochemical, and other emerging pretreatment methods. To realize the
goal of efficient utilization of lignocellulose, the refining processes of lignocellulose were also reviewed, including
detoxification of inhibitors, reductive catalytic fractionation, consolidated bioprocessing, and other methods. After the
pretreatment and refining process, lignocellulose is transformed to sugars and aromatic compounds, which can be
utilized for producing various organic acid compounds, such as succinic acid, 3-hydroxypropionic acid, cis,cis-muconic
acid, 2,5-furandicarboxylic acid, 2-pyrone-4,6-dicarboxylic acid. Next, using the optimization of production of these
organic acid compounds as examples, several synthetic biology strategies were summarized, including constructing
biosynthetic pathways, optimizing regulatory elements, enlarging the substrates spectrum, and other strategies for
improving cell production capacity. Finally, the development trends of the biodegradable materials industry are
summarized and prospected. The development of emerging pretreatment and consolidated bioprocessing to facilitate
the efficiency of lignocellulose utilization were discussed. Improving the robustness of microbial cell factories and
designing the systematic lignocellulose conversion pathways could further optimize the performances of organic acid
synthesis. The insights given in this review could facilitate further development on the industrial production of
biodegradable materials, towards addressing the global energy crisis and “white pollution”.
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Fig. 1 Green biomanufacturing process based on lignocellulose
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Table 1 Common pretreatment processes of lignocellulose together with their advantages and disadvantages
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Table 3 Research progress in the bio-synthesis of succinic acid (SA) from lignocellulosic biomass
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S. cerevisiae PMCFfg % b Wi B fuml. gpdl. pdel.  ¥EHIRE K AL 129g/L  0.21 mol/mol — (78]
pdcS N pdc6, ik R 1K pyc2. FRESFIAEDERT
mdh3 fumCH frds1 W
Y. lipolytica Hi-SA2 &% ¥ BHAMIEMBIX ZL)E  wHEEER FARE 1119gL  079gg  1.79¢g/(Lh) [79]
£ TCA AR hni
A. succinogenes WEPER Rk mdh AR E DL K REKEE 342 gL 0.71g/g 036 g/(Lh)  [80]
130Z-pMDH A HE pH
Y. lipolytica Hih W5 Yisdhs AL pH R IFEKEE 1602¢/L  040g/g 040 g/(L-h)  [81]
PGC01003 &2 DL KR Y i
fn&E
A. succinogenes FORFEFT - AT [FP R 47.4 g/L 0.72 g/g 0.99 g/(L-h)  [82]
CGMCC1593 PRI B R
o R TFIRE  (SSF)
E. coli XW136 FLrdizR DLEcoli KII22 AR BIME  RAGCRLT4ER itk 32.0g/L 0.90 g/g — [83]
I TEAHE AMI 5 TR B 2L 7K Mgt 1) 1) 4%
A8, 75 5 SA W IR T S A5 DA K & RE R
RAGK Wb yghD 51\ ackA::  pH ¥
P . fucO-ucpA adhE: fucO
T KE — A4 ik BREAY 325 g/L 0.39 g/g — [84]
thermosaccharolyticum £ \pH.MgCO, i JUSE
Ms UL BRI R (CBP)

A. succinogenes 130Z

PR, AR TREACE . N TR RIBUKMEAR AT 4ER RE G R SA. AL, E T
BRARA P BRAS FF SR AL P 0%, Lynd 5 ™ S 7 MO0 B A R T ET 4 3K v UK ARG R AT SA A
KRl 2L 7= KRBT e ZOKMEMBUE D K Bt RBE DI, IR @SR IR &, O8N T
— B GEOR ) CBP SIS . IZHNE W A FIA CBP SIS A SA I EE T . i, Lufs™
K HWFENBAT A, RMRDARMEDRRRE &7 MREMIRTR RS, DR SRR
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JREFUEREY BN IR 2 SA. e, IE RS
(Thermoanaerobacterium thermosaccharolyticum)
M5 H 5% R AT B 130Z 43 ) $ t ~F £ 4k 3=
Wi [ 238 70 W AN SA [ AR, i Ak SA I B
B3] 7325 g/L. HHr R EKMS LA 4R
TR AR ZBCRATYAS RE T A2 TR PR 1302 %oF AKE v B FH 22 11
TR, DR AT R A B RO A L R IR R
i, VLSRG AF4E 2 RO A 9 SA ™. H il
i CPB el L7 SA BT FLik Ak Tl b B, L2
PRI A TP i

2.2 3-ZERR

3-3R AR (3-hydroxypropionic acid, 3-HP)
TH - NREN A RE, R E IR IL E N

12 Fiife B 1A etk ame — ™, mH
TG R 1,3-T4 EEM RGBS 2 Fh
SR, RE3-FILHRE (P3HP) %4
YT B AR 3R S 0 A I B AR Y 3-HP AR
HRCEER ZKE LWER, a0 A s
By B-HARBEMA Bl ARE (2. Xt
THMARER, BARFEEH M. RIE
Iz, ABAEAZ R AT A AR B M b (a4 3-8 ik T
(3-HPA), 3-HPA [ 8 23 ™ 5 5 i) B 4 A R 7
WA T B-N ARSI AN E S, R
T2 o 2% 5 3 AR 48 B AR T A Rl AR
P A A SRR A R 3-HP AL BB A L Bk
Ry, HOAT LR B AR Joit 21 4E 2R R U ) 6 4 0
FIARKENE A RS, £ 488 TR ARRL 4R
TR N ER A A K 3-HP AT it e . R4

e N
S BAA il
Hihig s ®) O
 ASPA
B~ @ Q zEHEm— O
— o K2R M
N AR A R 1 R IR @ wan .
s O 7 +
- J—— O
- A M Q@ <« WML e |
. y, PR B-PI
O=0 BAPAT
Qﬁm Y
@ O = PDH ACC MCR
o >0 —0--->02h 025 0", 0
Hi%ipk OO 2 s R s T a2t
R s G-MEERNE S-MEHINE R ZEMEA 7 EEA
O=w0 L MCR
O BERR IR
O O L 4
220
O By o > @ —>
O OF20  XylA © XylB O
AfE OO AHAEE  S-BER AN
gg HO. OH
(@) 0220 e o \g/\/
O ___(D ______ > O du » O Pdul » o du > SR
®on Soe -HP)
Hill  O~v0 SRIEARE 3 FITINEMATA 3-F 0 PRI R G
0= 0
OO
O=z0

B2 WEMER3-FZENR G-HP) B=4K% ILigiE
PduP— N i AL PAuL— IR Z Wi AL ; PAduW— N MR IE; XylA—AME MBS, XylB— AEIHEBET, ASPA— K& Z MR 2 /K M ;
PDH—AFAR BB BAPAT—B-INAMRNIRMR L E B ; ACC—LMi-CoA R ILEY; PAND— KA R IR -o- i 2 HF; MCR—NADPH {K#5i 24 5

T A L 5

Fig.2 Three common pathways for 3-hydroxypropionic acid (3-HP) synthesis in microorganisms

PduP—Propionaldehyde dehydrogenase; PduL—Phosphotransferase;

PduW—propionic acid kinase; XylA—Xylose isomerase; XylB—

Xylulokinase; ASPA—Aspartate ammonia-lyase; PDH—Pyruvate dehydrogenase; BAPAT— -Alanine pyruvate transaminase; ACC—Acetyl-CoA
carboxylase; PAND—Aspartate-a-decarboxylase; MCR—NADPH-dependent malonyl-CoA reductase
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K4 PR YEREVFONRREY & 3-FREEANIR (3-HP) [T 7t e

Table 4 Research progress in the bio-synthesis of 3-hydroxypropionic acid (3-HP) from lignocellulosic biomass

AP JEH) i S R ArEnk R x4 A R i;

R. toruloides MCR- ] & i1 AR K IE A. pseudoterreus  ALKEFRIEN AR 454/ 0.11g/g 044 g/(L-h) [89]
ALD6-g2945 AW KR R TR % 18 4 R od

0. polymorpha HAEBER  RALE AREAORRE RN BRI AR 79.6 gL 035 /2™ 041 g/(L-h)® [90]
XFML ABE RGULKEIE PR YRS R

A. niger An3HPY/  EAKFEFF (LA 3-HP RSHERCHE  MARBERE bR 360gL  048gg  021g/(Lh) [91]

pyc2/aldéar/3HP-6  IK 4 ML SR AT RIKSTE DR R IR AR )
PR R AN B B A

C. glutamicum WEHER  A@HMR S, s IRBIRN DR FMR L 62.6 gL 0.51 glg — [92]

MH15 ABE teEAH A RERE, IR JRA AR JEE R

B AN 21 45 B P ) & B A K
Ky s P H R 5t

O SCHR A BB T 55 TR 45 R -

il £F  (Rhodosporidium toruloides) F. 4 % 5% 1]
P A AR R, 2 A R 3-HP B0 B R
PR E R ORGSR R AR, BT
W 1 3-HP 7 A A, I AR b R IR
L+ & (Aspergillus pseudoterreus) K5 1142 1R %
B LA HE 3-HP M40 fu bk e is, IR AT Z)E,
[ 41 2 0 1% B T A% B R 8% 2 7 3-HP [ 7= Bk 3] 1
454 g/L™. fit, Gao %" DL 2 Y PLidh I B
(Ogataea polymorpha) N KA, ik % % 5 A1 AR
B LR 2R 48 A0 Ak AR AR A 3 AR i EE A,
H5R T LBk CoA FINADPH [N K, 2 T
2 B AE LA % 8 A0 K BE N IR W) & K 79.6 /L 1
3-HP.

BN pK, N 451 FTERIEDI R, 3-HP 78 K I 1 &
Hh R R BR 4 ™ R R Al A 0 A R ) A R4 RE
715 DRIEAE I o R e 75 A W 3R I B A ) J5it A
TR AR R pH, XA N TR 3-HP (142
BOMERE , 3N K R HET I AE . BRI, a0
3-HP i 52 1 v HAEAEAR pH 1 A e RO A 7 T PR ol
DNSEEL 3-HP = P2 (1 008 . 2R FBR B R W] AR E
T PR BOAR pH 2640 T 70 WA PEAR Y, DRt
ZRNHETAIRY A ALy, kKt
it %5 0 HE % 6 R 1R 2% 1 T AR T 41 4 3R TR E
7 3-HP WL R B bk BT 020 3-HP A 4 o0 i
BRI BEAT A s, TR S O B mi AR S 7K P A 5
oM IE B A LA RS, Dai%s " g T
— MR 3-HP I LR, Fe®EiAH] 1 36 g/L. Uk

b, B R TERCE B IR AT B, AR
FAHLR A R A5 . Chen 4§ ™ A & BB AT B
NRE, B HMA RSB EAEE. 3-HP H &
BIEAR B AL E AL 559 40 FLIR AN 2R 4 R )
ERRAPER S A RGO E, MR T —kREw
(7] FF M1 FH 781 60 B A B 45 B 3-HP ) AL B, 77 &
BET 62.6 g/L. MUK, EiL A
T B, AR Wi R R & B R 2 77 3-HP &
— TR ROR NS, X Al SR O R 5 AT 4 2 A
AW B R ) TR 5 W R A 7 3-HP A R L T AR
%o BT ERIX=6% W 3-HP & OS82 Ah,
fE—Se A Yy R L T HAR SR ) 3-HP & &
&, JEEEW LR DR E R P AL S e 2 A 3-HP &
SR A K SE IR 3-HP 1 K S A = B

2.3 HiERER

FiFE®R (cis, cis-muconic acid, MA) & —ff
HEM ORI, LA O SRR N B
A S, RARR . WEHEE (TPA) FIE
RERE RGN EERTA, R 02 & B e
JiE J2 = 24 40 2% S R 70 R R Y FERUAE P R MA
AR R R AR G K, T G S s B -4- 5 TR
(E4P) FBEIRIGEEE IR (PEP) 45 A2 i 3- i &L
3£ H [ (DHS) , DHS # — 2 7£ DHS it /K fiff
(DHSD). Ji LA (PCA) Jit# i (PCAD) Al
JLAEEY 1, 2- X% B (CDO) [tk N Ly
MA ", MA AT B AR 5 R AT AR 1 0% & Ak & Y
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AR e RS Mg TR R R A 4 R AR R A
JERE) A B MA (R 78330 2

1 B R A B AR DR R Jo 4 4 3R o (R 7 b 3
Wk &, SR RN R I 9 Fopt o TR B 4F
PRV LRSI 2 CEE, R, B
& RE- AR BRSNS, T A
080 280 L 2 D00 A R T e 0 i BIR o A B F A
AN T ARE A 80R) F AT E Ar R B 7 0 AR A
B ANy B AL U T RO AN T, RSN R
e 7 TR T (PMPE) 3RS, DIE
Xof TR AR %) R P A G i 4% (] s M) P A 5 A R AR R T
AR A K o Fujiwara ¢ °7 S T B8 A 80R I K i
2148 F R U ¥ 46 TR R AR KA 9 MA R % 5 B S
B, R 5l T AR AR s T
&0 A, AL RE A AE R TR BEAE AR
B U T IS ) 460 6 AR MR IOMA, 2 AE
MU FH 6 40 W 5 AR LRI 1% L £ MA (7
EIEFN T 94.09 g/Lo X T & E A ACKE ¥ Bk 17 A
A, ArdEs A A BT AL, Ling 8 ™ 7EARISHE
R4 Bl R 0% R R (Pseudomonas putida)
M FH 00 AR BE B B8 0 BEAT T Ot BE, Rt
— 5l Il BV A AR, A4 5 A T AR T DA
IS A5 FH] 61 60 W RO AR B v S OMA, - e Bk B 1
33.7 g/L, 77 EAIEE SR W EE 43 1) 4 0.18 g/(L-h) Al

46%.
) FC A A LR A B A S BL, IK pH R B & Bk
MA B F T MA [ 55 55 32 BRI AR 72 A 1 BRI
PR I % 3 T {1 pHL R 192 1) A2 B 56 A 1 T~ MA (1)
F AR A 7= B39, Nicolai &5 ™ DL — R BEF) FH A KE H
B A 5K pH i 52 14 R R P 1% BF GSE16-T18 HAA
R B R, I R R O A e R RN IE LR G K
ARSI R 2B A BRI Ak R T
YHAEREE, RAF T —Hk T LR FH A & R AR bE A
B MA TR W bR, 7R NS M 2 B 4000
(PPG) %M FEMAIF=EIE3] T 4.5 g/L,
AR AT AR 1 07 A AL S P AT LLE i 4 B 1
B-TiH O —RIB 12 & U MA . ¥ 2 i 50 35 e ik
Yot 75 & AL B AR B 4, SEILT R R ok
U5 55 B AL A B MA I 5 &k & B . Becker
I ER AR E T, i mR MA B 5 1
(CatB) FitHik LR 1,2- 5l (CatA) 153
T TREERSARETE MA-2. 7EFNEF bR B
LI, B EEAT R MA-2 UL E AR ] 4
1% 85 g/L T MA. TEMEJG IR AL, 754 2R R T
B MA-2 F 558 T —FhaARRE 05 BRI N, %
T DK A 22 3L T LA I OGS 0 R O F S A Ak
N, R 1% ) G B DR R BH LA S R
R 2EEE, M Bk 22 B A= K B P

RS FRIARBRE GRSV BN Y & RE IR (MA) IR Tk e

Table 5 Research progress in the bio-synthesis of cis,cis-muconic acid (MA) from lignocellulosic biomass

A T & s SR M R EESFAERA A RE (EES AT i;
E.coli GX2xMA &M SIANAKHARWEAZ IR RIRIKE SMKEEE 4.09gL 031 glg — [97]
AWE L ERER RS
P putida LC224 A EER hexRIFMAANES  FdlAb B Ol s 337gL 46% 0.18 g/(L'h)  [98]
AREE MRS, A BB IR R (BEIR
32 AL TR S HALFR)
S. cerevisiae TN22 7 % Kt Fl RS HFRAERMIFE  BINENE L = et 45¢gL — — [95]
KW BRESORA R R EANE] T EE 4000 F2HXMA KR
Kk 2, AR 2 RIAR Ak 4l 8 1
ity
C. glutamicum MA-2  THZTFER SR MA R FHEF(CatB) il #hRL 3 AT Akl il 85.0 /L — 142 g/(L'h)”  [99]
LB R RIEILEEY 1,2- A HA R
(CatA)
P, putida MA-1 HWIAIPER @Bk catBC A pH, o AME I 642 g/L — 450 g/(L-h)  [100]
JLHE B LA AT 4

BT IE AL

O SCHR A BB 1 55 TR 45 2R -
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B, WAL TR s R A 2L R AR
REMEAE R 7, I RIE PCA M &
(AroY) FHAH G4 B 2 1 LGOI AN PCA 21 L 25 By
AR &, &3R5 1 MA-9 B Ak AT DUR & 2
NS SR AR T Bh 07 A AT A A W U
MA Y%,

Kohlstedt % " ¥4 AR TF2 uiss 5 20 #Ab kL&
T LM A, 7E5% R AR E KT2440 1 DL L2
By MR G T 64.2 g/LEIMA. WFREMH, BR
AR AT B 5 B G NIRY) & MA AT
A=W 0, B2 EIRE DS B LA YR MA 7=
Y ME A A K, IX R R A i AR W R
155 T4 & AE T MA T — R . ik,
Wang %5 " R T MA AR 1% B8 SR 0 1% = = MA
IRARR, 1557 —Hk MA 7= B35 49% 1 FR i B2
REGRAFR . 1% R B3R M e 0t 75 & LB AT MA
FED IR 52 PR T DAAC BT 2R R R A B MA R
KB, XA E S AP R E AR — A
i g e

3 MR a0 A il i

3.1 2,5-IkE—EE

S5-FZH MRS (5-hydroxymethylfurfural, HMF)
s — MR SRA S Y, AT HH A B A SO i i
KA. HMF & AR it 21 4 35 4k B sk 2 o s L 1) —
ey, DL 4ERAENER, WA =8 kN AE
BCHMEF, AR 2848 1K A3 203 % 0% . 4 %
B S R A0 S S RE L RBE 42 B K AR B HMEF T
HMF & G Wi 5, B 36 Al 5L, n] Dhdad S 1k
mE. BEMAREZ PP, #l42,5- 2 F
LRI (DFF) . 5-HBE 2k -2- R IR R R (FFCA)
2, 5-HE 0 — B2 (2, 5-furandicarboxylic acid,
FDCA) %5 Z i m i IO {8 1) 4k 5 Ve o,
FDCA ;& —MEZER “InRIR, 3 EaRETILE
N2 PP g AR et ez — " B
2 A1, FDCA JRER B WM 25 39 T 3 H RS 5
SRR o o N 11 N e A S N R e o
I H A B OB — R R A R Y T
FDCA H A )" [ {5 3 F # 5t , HMF #1 FDCA 1] 5

ARSI T k. Bir, stk
J& HMF 74k N FDCA [ R E 7%, A a5 4
J& LA ST O 4 A R E Bt 4 R i
. 4 Jm ERAE AR 0 I ROk B 22, il A T AR
o MUK & S B SR 1, R e B,
HHE, REEAEA RIFIENS AR
A SZIL HMF 2] FDCA A 20k A6, A3 Tk R Rk
A My AR B R A A 5 VR AR A R B S &
HHREELH WA M, ik B
FAFIRAN . IEBEME R PREE A U A EORL AT AR A
ori, &AM FDCA RGBS i, FEA MMM
WA RO R g P

M HMF 4= 4 & B FDCA 5 B = AN E 4: 11 A AL
SR, H HMF R 2k 2 4 A 2 S A BUOR B2 % 1k
5-¥2 H L 2-PL R (HMFCA), HMFCA [ 5%
Wl A4k 232 S A D) B A Dy TS R 2 R S5- P g R -2- K R
% (FFA), % FFA 2>t — B % N FDCA.
FEMEIE AR A, HMF [ B 55 A0 AT B8 2 il S A o I 2
MIMIE R 2, 5- — il 2Bk (DFF), DFF ff&eit
FFA #i & SR8 A iR 3, 138 FDCA. BT RZ 4L
By R RE SR A0 B S B 5L, (Rt AN HMF #446 N
FDCA 5 K F 2 W 20 Bk 1) 77 :0 . X T- HMF |
FDCA [{Jli:1k, Carro % "7 ¥eit 7 —FhI5 b 1)
WUEGRE A AL T, B R T B SRR 1) 05 B
AMLE (AAO) K HMF ¥ 1L N FFA, F=EREIF=Y)
H,0,, A5 F i H H,O, M 36 2L 1) 3F 4 57 1 1ok 420 il
(UPO) ¥4 FFA i fk. #% 1k 5 FDCA [ Kl 3 (a) ],
FDCA BE/R P2 3R] 1k 91%, S it FE 4 IR A TE s
Ye. Mckenna %5 " I T2 FLBE S A0 B 98 AR A4
(GOaseM, ). MEEALEE (PaoABC) Flid AL & 1
(CAL) JEit—# kM L HMF il % FDCA. 7Ei% %
Nt 2, GOaseM, , il PaoABC %A X, HMF £ i
FDCA, CAL 7 5744 & B Fr 7= A2 1 H,0, %% 46 8 O,
CAB 1 HLO, X B H 55,  HL AR A0 R AN 75 BT j
DFF FI FFA (/K &4 [ 3(b) 1. HTEIZ I N
i FEH, GOaseM, Ml PaoABC 4 3% 4+ % ¥, HMF,
JEHE AR EZE R TR, X2 F8E”
YIHMFCA [f7= 4, 5200 7 FDCA ¥4k, bR
BLIZ L UN I GOaseM, ; fll PaoABC J1: 4 1 1 12 9 &
ke, TERPOEFR S B (HRP) BEN
# GOaseM, X HMF %84k, FEARAGI 2 N IX Flif%
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"~ (HMF) 0_~. o, ‘H

OHC 0 CH(OH A/
‘ﬁjﬁ (Pm,

2,5-— HI L BRI
(DFF)

(a) 13 1) FL T 97 B S AL BB (A AO) NI St bk

(HO),HC __©

1l

0 0
OHC._O. _COOH . o)
= 22 &
LHO, W H,0; AHEUHOWOH

5 PR -2 e P 62 2,5-MkiR — FRE
(FFA) (FDCA)

B (UPO)HI % 2, 5-MEI — FRR(FDCA)

(a) Synthesis of 2,5-furandicarboxylic acid (FDCA) using fungal-derived aryl alcohol oxidase (AAO) and non-specific peroxidase (UPO)

0 (0]

OAWO (;()1%\1 O/\U/\O |’(E0;‘\BL mj’ﬁ\o,_, PdiAL}: HOWO

SFTIERRE O, 1|_o_ 25— Mgk Or
(HMF) (DFF)

|

10, smpammmm O 1O,
l (FEA) (FDCA)

2,5-WEI — FR

}

HO

~CAT

e
0,

(b) - FANEEAHE R AR (GOaseM, ) BEE AL (PaoABC) T S AL S B (CAL) IR AL 5-F2 WY LMk (HMF) i) % 2, 5-k IR — iR (FDCA)
(b) Galactose oxidase mutant (GOaseM, ,), aldehyde oxidase (PaoABC) and catalase (CAL) cascade catalyzes the synthesis of 2,5-furandicarboxylic
acid (FDCA) from 5-hydroxymethylfurfural (HMF)

PaoABC HO/\WOH GOaseM, ,
o o] o o]

5= P -2 Il P

HO ™ Y

0 2 O
PaoABC

— (HMFCA)
; i i0aseM, | 3
SRRl % 9 PaoABC  5-HH i J-2- It H 1% 2,5- — F R
(HMF) HRP Y/ — (FFA) (FDCA)
2,5- " HH P BE IR
(DFF)

(¢) E T (b) 5 NI EALYAE(HRP) & I 2, 5-Wk i — FFIR(FDCA) 77 i
(c) 2,5-Furandicarboxylic acid (FDCA) route synthesized based on the introduction of peroxidase (HRP) in (b)

0 O
e HMFO 9
A MF
W/ S i S W
5-F4 AR HmfH 2,5-N I — H
(HMF) (FDCA)

(d) F2 PR S R S 0038 5 (Hm FH/HMIFO )i A4, 5-J5 Y SR (HMLF) i 4% 2, 5-Pk i — YR (FDCA)
(d) Hydroxymethylfurfural and furfural oxidoreductase (HmfH/HMFO) catalyze the synthesis of 2,5-furandicarboxylic acid (FDCA) from
5-hydroxymethylfurfural (HMF)
B3 5-Fa FHIRRREE A R 2, 5-IKI — R (FDCAD (B AL T 1%
Fig. 3 Enzymatic methods for synthesis of 2,5-furandicarboxylic acid (FDCA) from 5-hydroxymethylfurfural

b 77 2t TR 100% (1 BE 2R =% [ 3(e) ] M
5 HMF (1) 2 B A AR LG, 50N BEfE L HMF &
% FDCA ¥ 24 #kfk . KoopmanZs M KB T —
Pl 2 H R AR TR (HmfHD , 7] LUK HMF
Je L W HMFCA, &% N FFA, BZAEMN
FDCA [KE3(d)]. XM HEgHEL 7%y FDCA K]
AR PSR T — R R s AR P 2, SR T HmfH (1)

FURRIE BA — @ IR, 75 K A B A DL Bl
EETERIE N, B, AR T HOREZE, ORI
THEREE (Methylovorus. sp) MP688 Btk
SV i HMF 240 B (HMFO) 1 LL¥ HMF &4k A
FDCA, Jf H A+ HmfH 3 i& T 5 ¥ % 18 f N
U, X A A AL FE R, BT FFA /KR
FEEEAAK, K FFA %L N FDCA 2 LA T. 2
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R A PR E 20 3%, Dijkman 25 ") {# i} HMFO # 47
TR, SRR T AR (k /K BT 1000 £
% XS AE /K HMFO (V367R-W466F), 35 #25
T {1k HMF 42 1% FDCA IR

Xof R I A 1 AR A S SR T, Al A
PR — PR AR 7, B AR i
PESREEAL 5 1Y, HMEF & —Fh & v am ik &4,
FE R FE N AR AR 2 IR B R I R, T R R
BRI S12 72 — PRt 2 T Ak, 27 1 18 HL A5 AR 52 1 (4 5t
AW, AT AR AL HMF & i FDCA I RE IR AL .
Koopman %5 " 7E & SR B B S12 sz L T
HmfH [fmiG R, sl #R . 76144 h
W ELHMF A A BAE 7830.1 /L [ FDCA, /R
FERIER]T 97%. ITEEAESR, AT L8 b i ik
73 2 f8 LA HMF N JiE ¥ % 46 4= 5 FDCA 1 il A=
By sl i, Yuan 25 DGR R LA S AR
i 5 R (Raoultella ornithinolytica) BF60 HE ¥
HMF %4k 9 FDCA, 1E 1% B m B = 72 1R I 2 i
Gt B deaD Hil I 5 37 LARRAL FDCA 4 it
Kl hmfH A0 hmfO W33, wI FELIT FDCA R fif -
R AE s, BITER TR B R AT 2R 7 264.7 mmol/L
(F124F 41.3 g/L) HIFDCA, JE/RFHE N 96.2%.
ME BTG OLRE, A% A1 %% FDCA 1716 1)
NP NN R S EO R S EE 7 WA By 37 S5

— [

3.2 2-ItIEEE-4,6- "R

I EeAE, BT R T RETT K A
I k7 T DORE R BT 3 AR 2R ) 07 A AL S P AL
e IR A 52 s L 2- T B -4, 6- — R IR
(2-pyrone-4, 6-dicarboxylic acid, PDC) & & — Fh
BA RN AT o R IR, wH /D3 i
HLHIE  (Sphingomonas paucimobilis) 5 FLE# N E
HLHI R (Comamonas testosteroni) FHT S 2 BEAT
(Novosphingobium aromaticivorans) 55 4= ) % fift
A5 F A B DL/ B B U L R SYK-6 4
B, iz pE R R LR 4, 5- XU g (R
ligA M1 ligB %) Hl 4-F2 B -2- 52 FER R ik -6- - 1%
il S By CH1 B D ligC 9 B ) K R B 3R R R )
PCA ¥4 N PDC, {H PDC & A Jii 3 [ il AR 341 11

HE PR, RV MY R S — DR
4-FR I A2 FMR T REE (CHA), MTmEEA
AR R R R 2L R AR & AR Y A B IR T B
ZiM PDC 54K —H R (TPA) AL, W5 %
Filt — o 5 A AR ORI SR R T i T PDC B
o5 &1, HEATAERREREATZ MR MTERE,
1) 40 S 4 1) AR E T O S IO DL M B DA % G 4
PERESE, [tk PDC # I\ s — Fl & X TPA & 28
BB B sk D), PDC S5 B Rk, I HE
AN I R gl AE S s, T FEAEW
it CE4): — =2 R H TR AR AR i %
A PDCs o JE T i AR AR A K i 3R AR R
PDC WML, JE & A F B, fEMEY
HhiL) 5 N 5 6E 21 PDC & g 1. R 645 Tl
=) 4 B PDC FRIAIE 78 .

TEGAE Db, DA 7] R 45 a7 R ik U A Sk B
PDC 75 & TR HIRIB A G R LRSI . Luo
2 I AE R A B P 5N T PDC #ALig 2 3 s 1
JRLZE IR & BRO& 42, 38 Ik 3ok 3% 0k 7 e s 0 o) 1) 3-
it 42 -D- 50T 17411 5 T W -7 - B R 5 Pl S 7 v AT AR
ALEHE T (NADP/NADPH) LR KF, Ff45
A IFENUEL B AR, RA5 7 — PRl R &
B4 72 PDC ) LFEH# , PDCIEILS T 16.7 g/Lo
£ PDC # A& Bug 2, B LZRER 4, 5- XU & 1
I 4-3R 5L -2- 12 He KR -6- Y- 1 i ZU B /2 5 PDC &
B SCBE R, Zhou 2% Y BT KGR B W
B, XX EASEEEAT T 0L, @I AR H AR T
FESR WG, 16 R S BT ER A % B 21 PDC 1Y
EE A, B PDC LIS E] T 49.18 g/L.

FIFH A B 2N R, 38 i 2k P #5 Ak 2E e
PDC 75 2 5 s i P> ). — 52 BEPH Wy PDC &
fif I 1% S FoAh @ = A g AR R TR AR
PRE R ot 2 45 4 B T I RO e A 4 . R RAR
BB B KT2440 FAA R R BT R AT AP B-ll & —
BRigA%, WL G R H BUR R R 45 i by
PCA F1JL 25y . 2021 4F Notonier 25 "7 1F [ H & 5L
6% PR R T K T2440 43 S B AR I 2 45 1 5 e AR AL
fil Al b, E AR TR T R F R R
G, HAAS B 25 5.0 4 B PDC 1) TRE B A%
AT LLRE 93% R 57 2 75 A BRI & 1) e A6 Dy PDC.
Lee %5 ') i i 76 % 5L S B B KT2440 1 5] A /b



1256 BRENE H55

COOH
OCH3
i
S I AR F AT F RS {
\ )" :
¥

OH
HO 0 _LigAB E Ux JR P _ LigC
v | [ SR
Hi H P

HIHHE

i'UL HER A-HEED- T’P}ﬁ:ﬂ HIME-6-HINE 4-FRIE-2-FRAEIR MR -6- e o-mtmdifd-4,6-— o5 ms
(PCA) (CHMS) (CHMS - HFEEIE 20) (PDC}
H AR R :
o] (0]
H = OH
iy SHRBRIE
W -2,4- — FR T
(2,4 PDCA)
B4 2-MLWEE-4,6- &R (PDC) & i
G— R BIARIEG I A IC; S—E T HFRELMBIT; H—XRB IR ST
LigAB—JEULZ5ER 4, 5- XU ; LigC—4-F23E-2-F 3 AR g -6- 24 s it g
Fig. 4 Synthetic pathway of 2-pyrone-4, 6-dicarboxylic acid (PDC)
G—guaiacyl monomer; S—syringyl monomer; H—p-hydroxyphenyl monomer; LigAB—PCA 4,5-dioxygenase;
LigC—4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase
6 AEWE R 2-MIRER-4,6- R (PDC) [N 7t &
Table 6 Research progress of bio-synthesis of 2-pyrone-4,6-dicarboxylic acid (PDC)
e e B N
A7 B &Y HUE SR KRB ik P (GES WSt
E.coli GYT7 T W HRIBGUGHRH 13- B A -D-  BECpHEEAT AMEHT 16.7g/L 020g/g 017 [123]
BTz A BB - 7-BERR 5 O, fe e AR LRI g/(L-h)
AR AIOLAL A R 7 AL RE KT, JF
TN ARSHR
E. coli WI060.E. coli BL21 kaki B L TR, MR & & ifb e diis #helr 492¢/L 272% —  [124]
(DE3)-pET30a-AbquiC 1 DHS, #:%5 & A PCA, I G Bt A6 pH DAL LR % (BEIR
E. coli BL21(DE3)-pRSF-2ABC £ PDC R % A2
P, putida KT- PDC2 XEER S NPDC A BORE, WoRaT A G A B 227g/L 1.0mol/ 021 [125]
PCA (it 5 E{i-d mol  g/(L-h)
P. putida PpY1100-pDVZ21X  H#&HEA  SINFH & KRG M PDC K HAFEFRE #ME 999l 99% 1.69  [126]
FER &t By R pH R (EEJK g/(L-h)
HALED

B Y2 B A B SYK-6 SRR I PDC & g 12, 1

SR TR PCA fE AR B2 S5 AR A S F B, SEBl T
UARBERMTET FHRLEY HEEZR NIRY
1) PDC =3 & B, PDC H)r=&ik ) | 22.7 g/L, 7=
FR021 g/(L-h. AKX, fEpHE T 7.5 %

8, PDC & BHT 7k 4-32 5 2- 32 B 3R AR -6-
B (CHMS) W LAS58&E 7 3R RS A R T — M
Wy Bk —— Ik E-2, 4- R R (2,4-PDCA), &
Uk 42 ) & B () pH X PDC (1) A i 2 G B2 ™, f%
i, AT AE R AR B PpY 1100 A4 4 1 F)



%£5% www.synbioj.com 1257

P B & B PDC & 12, FRAR 9 B AR AR 4
SRR AL T LA R N R AE 77 PDC I 85 77
SRR R 12, FH i 3 5 AR 97 56 b i i kLA
1 PDC-Na . &M TE B, PDC ()7~ &A1= 2 3|
BT OB AR TR K, 4 B 99.9 /L Al
1.69 g/(L-h) ", HLARTE % LA M 1 b O p
THEPDC AR T, HE2Hu R+
T @R A &AL R B4, B X i
PRIEAT R ZACH SOEBEFL. BRI, 5kt b 3)
#4 2 B % B SYK-6 ) PCA #5 iz & (A o] LA#E &
PDC (7% & . SR 3R A 1% 5% 32 B (1 BRI 5 1 %t
PCA R, BX T HERMBPOIEEH B & %
8 J5 BT TT AYS IR O A AL S I TR
BEE, 3D R o6 55 A R A A R B
DL3E R PDC (W77 . b, Gn ] $ vy 50 Bl i 11 1
A3 A Rk B I A0 D A A 4 — S5 B 9 Y R
SE

4 Pk

LA W) Joit B YA A A B AR 7 A T e A
MBS Mo N A ST SR R — I K/
Ko ARFE Yz AW 5t e R b i =F 5 ] FE AR
Y BRI, F A AR A TR B R R
o LA ME, LUK AT 4E 3 Rk
AJ LU g DAAT HLIR AL & W 08 AR IR 25 ol 2B ) 2
A 3Kk BLRAL 5 1) T 75 3 — D A8 A B AT T
M H ARG, i, 2021 4,
[ AW AR BRI 2 1100 770 CR 5 A=A
B, 252K 31% . il TRIELE S ST
REWAT A D B, AR 2 A0 0 e i A R
SEHLAE W AT B SR R T 2 AR R A il 3 ) A
TR PR

Az W) AT AR ORLE R ol B T AR 2y D i
DI JFORH RS < il CCEW3E BRI 5 O
AR CEY R R i B s AN D . fE b
Wi, EFERIEFE . RORMR. AT R R 5L
Dlax bl iE RT3, AP 4 R AE W) 2 e ik
o A 2T 2 R 2R 5 1 T A BE ARG R AT B
IR AR B ERE L LG ik &, UM TR %
I EFAL . BT ARBERNAEAE, M T 2F4E

AN LR YEZ KM, I HAR B 30 % R 24 1F
i ARRE, AT IE T BEURR 9% . B % BRI
TR ZR K BR AN ST R, o R 3 i T )R
A BRAE R B, AT DR 9 A WA S RE
I 5t CASE B 5 2T 48 2 A R i 3 AN Al 4 0y 1) 2y
o AEUHT % AL BB (0 S s A i i 41 5 A A
iR R 1 R SR A, DR T SR AT A IR ) v K
Ak, WA\ GIF RN CBP IS Bn T E R L
b 2R AT AS AR S, (H H T 8 2 WAL
s FE 2 PR M 22 RE I, S I A 4 3R I 1) R R
WIS B A BRI . S5 S B ST AR B R AR T T
T Yk Z B oy We A G IR BT B e R B AR ) A
TRk &R, BT AL 4R R — R AN i
Tk A R

FEHE, 5 BN O SEBLAE ) B, AR 1
Ma Rt EENE BRSNS E. 2
W e L B S AR MDA T R AR R AR AR 4
W2 S T AR 5T 21 248 2% TR} 2 A HLIR A 1 &
B (HERG RN RET A R B
Bb, A ST v RS R LR I R AR AR T
Py da RN T o o A 7 A S 4 i) il 7 22 3 5%
VE: RS Y 3R AR W) AR A R o
PR, A T A
AR AN 4 5 Jl i Bl ™ 5B R it s — R R 4T 4
R ok, HOKE- VIR TR RSN, e
A REAFEN AL AKAC S, W 78 0 A ZOF
P IX e ] e e ons F e R A B T b
A7 AR ORI I BT B AT R . il A
R R 5B W o0 A W 22 AR A B AR Al AT AR e )
ZR, DRAEP N EER R, W B AT AP Bl T
SEARKACTE K 2 i 7 B AL 5ok, BLiS 2
REAR A A R AL AR H K. W WA
PUBR 7 B2 TR FERUE, RO E
TEANES T AL . AR T A e i T LUR &
M P AR A WV e R BE AT LR IO MR VR AT, AT 2K
Wt m ™ EA AR, SAEGUEMLL, BT
PR VE B A ARRERE « IR A A e SR 201 55 L 5
RALA PR AR EE T2,

gr LPTiR, BEAE A BERUR A H ol Ak o5 DA K Sk
BL XU g H bR EOR, A AR T R g 2
BB A 2 AT A R — e % . A



1258

BREDF

£5%

TR AT A R B O 5] 3R E 4 AR
B R T, R SRR SRR T R R A K

A5 R RCR BLR I B R R A o 2T 4 2 Mk 1 5

AR, SR AR EF Y- 3R &AL o) = 20 2 5 el
oo [RIIRF S ) B A ) 2 S s ) 3t 5 e A v O
Hif sz Esm i AE A T, Zra R AR £F
dERADRmBE R EDEAINRSEFEHEY,
BEARR A B A RS BASI B oA 27

(3]

(6]

[10]

Z % X W

SEWWANDI M, WIJESEKARA H, RAJAPAKSHA A U, et al.
Microplastics and plastics-associated contaminants in food and
beverages; global trends, concentrations, and human exposure
[J]. Environmental Pollution, 2023, 317: 120747.

SINGH JADAUN J, BANSAL S, SONTHALIA A, et al.
Biodegradation of plastics for sustainable environment[J].
Bioresource Technology, 2022, 347: 126697.

WANG S Y, CHENG A H, LIU F H, et al. Catalytic conversion
network for lignocellulosic biomass valorization: a panoramic
view[J]. Industrial Chemistry & Materials, 2023, 1(2): 188-206.
PEI F Y, LIU L J, ZHU H E, et al. Recent advances in
lignocellulose-based monomers and their polymerization[J].
Polymers, 2023, 15(4): 829.

IDRIS S N, AMELIA T S M, BHUBALAN K, et al. The
degradation of single-use plastics and commercially viable
bioplastics in the environment: a review[J]. Environmental
Research, 2023, 231(Pt 1): 115988.

BACHA A U R, NABI I, ZAHEER M, et al. Biodegradation of
macro- and micro-plastics in environment: a review on
mechanism, toxicity, and future perspectives[J]. The Science of
the Total Environment, 2023, 858(Pt 3): 160108.

ZIA K M, NOREEN A, ZUBER M, et al. Recent developments
and future prospects on bio-based polyesters derived from
renewable resources: a review[J]. International Journal of
Biological Macromolecules, 2016, 82: 1028-1040.

Wz, A, Rk, &5 . KRBT £F 4k 3R 2R AL M bR JE it
[7]. ¥ RLFHR, 2018, 32(S2): 223-228.

CHEN L, YU Q, ZHUANG X S, et al. Research progress in
lignocellulose bio-based materials[J]. Materials Reports, 2018,
32(S2): 223-228.

ZHAO L, SUN Z F, ZHANG C C, et al. Advances in
pretreatment  of biomass for

lignocellulosic bioenergy

production: Bioresource
Technology, 2022, 343: 126123.

LIU H, LIU Z H, ZHANG R K, et al. Bacterial conversion

challenges and perspectives[J].

routes for lignin valorization[J]. Biotechnology Advances,

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

2022, 60: 108000.

BRIC, A7 =2, Wik, &5 . AL T R G Bk S L IR G
& S YERERT U HE R [T]. B4 T34, 2016(10): 1330-1358.
CHEN Q, DU J H, XIE H B, et al. Studies on preparation and
properties of bio-based polymeric monomers and their bio-
based polymers[J]. Acta Polymerica Sinica, 2016(10): 1330-
1358.

HAN X, LIU J Q, TIAN S, et al. Microbial cell factories for
bio-based biodegradable plastics production[J]. iScience, 2022,
25(11): 105462.

SO, TR, B S AT R R T TR IR I A
Y& BT ST RE D). AW TR 4R, 2023, 39(5): 2081-2094.
ZHI R, LU Y B, WANG M, et al. Recent progress in the
biosynthesis of dicarboxylic acids, a monomer of
biodegradable plastics[J]. Chinese Journal of Biotechnology,
2023, 39(5): 2081-2094.

WANG J, SHIRVANI H, ZHAO H, et al. Lignocellulosic
biomass valorization via bio-photo/electro hybrid catalytic
systems[J]. Biotechnology Advances, 2023, 66: 108157.

B8 PR, K BAE . A BZ 1 AR A B A A AR R (0], A AR
Wy, 2024, 5(6):1264-1278.

LIU K Q, ZHANG Y-H P J. Biological degradation and
utilization of lignin[J]. Synthetic Biology Journal, 2024, 5(6):
1264-1278.

BECKER J, WITTMANN C. A field of dreams: lignin
valorization into chemicals, materials, fuels, and health-care
products[J]. Biotechnology Advances, 2019, 37(6): 107360.
ORI, AR, B, S ORB AR 4E R UL B S AL SR
FIA. AEPn g #, 2024, 22(2): 119-130.

CAO Y L, ZHUANG W, TANG C L, et al. Advances on
comprehensive  utilization  of  lignocellulose  through
pretreatment technology[J]. Chinese Journal of Bioprocess
Engineering, 2024, 22(2): 119-130.

ROY R, RAHMAN M S, RAYNIE D E. Recent advances of
greener pretreatment technologies of lignocellulose[J]. Current
Research in Green and Sustainable Chemistry, 2020, 3: 100035.
SOHN Y J, SON JN, LIM H J, et al. Valorization of lignocellulosic
biomass for polyhydroxyalkanoate production: status and
perspectives[J]. Bioresource Technology, 2022, 360: 127575.

BAI X P, WANG G H, YU Y, et al. Changes in the
physicochemical structure and pyrolysis characteristics of
wheat straw after rod-milling pretreatment[J]. Bioresource
Technology, 2018, 250: 770-776.

DHARMARAIJA J, SHOBANA S, ARVINDNARAYAN 8§, et al.
Lignocellulosic biomass conversion via greener pretreatment
methods towards biorefinery applications[J]. Bioresource
Technology, 2023, 369: 128328.

SUBHEDAR P B, RAY P, GOGATE P R. Intensification of

delignification and subsequent hydrolysis for the fermentable



%5% www.synbioj.com

1259

(23]

[24]

[25]

[26]

[27]

(28]

[30]

[31]

[32]

[33]

sugar production from lignocellulosic biomass using ultrasonic
irradiation[J]. Ultrasonics Sonochemistry, 2018, 40(Pt B):
140-150.

MANKAR A R, PANDEY A, MODAK A, et al. Pretreatment
of lignocellulosic biomass: a review on recent advances[J].
Bioresource Technology, 2021, 334: 125235.

SHANGDIAR S, LIN Y C, PONNUSAMY V K, et al.
Pretreatment of lignocellulosic biomass from sugar bagasse
under microwave assisted dilute acid hydrolysis for biobutanol
production[J]. Bioresource Technology, 2022, 361: 127724.
HUANG Y F, CHIUEH P T, KUAN W H, et al. Microwave
pyrolysis of lignocellulosic biomass: heating performance and
reaction kinetics[J]. Energy, 2016, 100: 137-144.

SCHNABEL T, HUBER H, GRUNEWALD T A, et al
Changes in mechanical and chemical wood properties by
electron beam irradiation[J]. Applied Surface Science, 2015,
332:704-709.

SU X J, ZHANG C Y, LI W J, et al. Radiation-induced
structural changes of Miscanthus Applied
Sciences, 2020, 10(3): 1130.

KUMAR P, BARRETT D M, DELWICHE M J, et al. Pulsed

biomass[J].

electric field pretreatment of switchgrass and wood chip
species for biofuel production[J]. Industrial & Engineering
Chemistry Research, 2011, 50(19): 10996-11001.

KOVACIC D, RUPCIC S, KRALIK D, et al. Pulsed electric
field: an emerging pretreatment technology in a biogas
production[J]. Waste Management, 2021, 120: 467-483.
ESCOBAR E L N, DA SILVA T A, PIRICH C L, et al.
Supercritical fluids: a promising technique for biomass
pretreatment and fractionation[J]. Frontiers in Bioengineering
and Biotechnology, 2020, 8: 252.

VANNESTE J, ENNAERT T, VANHULSEL A, et al
Unconventional pretreatment of lignocellulose with low-
temperature plasma[J]. ChemSusChem, 2017, 10(1): 14-31.
GONZALES R R, SIVAGURUNATHAN P, KIM S H. Effect
of severity on dilute acid pretreatment of lignocellulosic
biomass and the following hydrogen fermentation[J].
International Journal of Hydrogen Energy, 2016, 41(46):
21678-21684.

BOLADO-RODRIGUEZ S, TOQUERO C, MARTIN-
JUAREZ J, et al. Effect of thermal, acid, alkaline and alkaline-
peroxide pretreatments on the biochemical methane potential
and kinetics of the anaerobic digestion of wheat straw and
sugarcane bagasse[J]. Bioresource Technology, 2016, 201:
182-190.

DONG L L, CAO G L, ZHAO L, et al. Alkali/urea
pretreatment of rice straw at low temperature for enhanced
biological hydrogen production[J]. Bioresource Technology,

2018, 267: 71-76.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

SANTOS L C D, ADARME O F H, BAETA B E L, et al.
Production of biogas (methane and hydrogen) from anaerobic

digestion of hemicellulosic hydrolysate generated in the

oxidative pretreatment of coffee husks[J]. Bioresource
Technology, 2018, 263: 601-612.
ZHAO C, DING W M, CHEN F, et al. Effects of

compositional changes of AFEX-treated and H-AFEX-treated

corn stover on digestibility[J]. Bioresource
Technology, 2014, 155: 34-40.

ZHANG J X, ZHANG X, YANG M K, et al. Transforming

enzymatic

lignocellulosic biomass into biofuels enabled by ionic liquid
pretreatment[J]. Bioresource Technology, 2021, 322: 124522.
KUMAR B, BHARDWAJ N, AGRAWAL K, et al. Current
perspective on pretreatment technologies using lignocellulosic
biomass: an emerging biorefinery concept[J]. Fuel Processing
Technology, 2020, 199: 106244.

ABBOTT A P, CAPPER G, DAVIES D L, et al. Novel solvent
properties of choline chloride/urea mixtures[J]. Chemical
Communications, 2003(1): 70-71.

KALHOR P, GHANDI K. Deep eutectic solvents for
pretreatment, extraction, and catalysis of biomass and food
waste[J]. Molecules, 2019, 24(22): 4012.

ANDLAR M, REZIC T, MARDETKO N, et al. Lignocellulose
degradation: an overview of fungi and fungal enzymes
involved in lignocellulose degradation[J]. Engineering in Life
Sciences, 2018, 18(11): 768-778.

XU W Y, FU S F, YANG Z M, et al. Improved methane
production from corn straw by microaerobic pretreatment with
a pure bacteria system[J]. Bioresource Technology, 2018, 259:
18-23.

LI HJ, YELLE D J, LI C, et al. Lignocellulose pretreatment in
a fungus-cultivating termite[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2017,
114(18): 4709-4714.

AGBOR V B, CICEK N, SPARLING R, et al
Biomass pretreatment: fundamentals toward application[J].
Biotechnology Advances, 2011, 29(6): 675-685.

SOARES RODRIGUES C I, JACKSON J J, MONTROSS M
D. A molar basis comparison of calcium hydroxide, sodium
hydroxide, and potassium hydroxide on the pretreatment of
switchgrass and miscanthus under high solids conditions[J].
Industrial Crops and Products, 2016, 92: 165-173.
MOKOMELE T, DA COSTA SOUSA L, BALAN YV, et al.
Incorporating anaerobic co-digestion of steam exploded or
ammonia fiber expansion pretreated sugarcane residues with
manure into a sugarcane-based bioenergy-livestock nexus[J].
Bioresource Technology, 2019, 272: 326-336.

YAN X, WANG Z R, ZHANG K J, et al. Bacteria-enhanced
dilute acid pretreatment of

lignocellulosic  biomass[J].



1260

BREDF

£5%

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Bioresource Technology, 2017, 245(Pt A): 419-425.

LIU Z H, OLSON M L, SHINDE S, et al. Synergistic
maximization of the carbohydrate output and lignin processability
by combinatorial pretreatment[J]. Green Chemistry, 2017, 19
(20): 4939-4955.

W, NP, X5 AR 2 2 AL B 7 A R
Bk 7 VR B FT R[], A2 T AR 223K, 2021, 37(1): 15-29.
YANG L, TAN L P, LIU T J. Progress in detoxification of
inhibitors generated during lignocellulose pretreatment[J].
Chinese Journal of Biotechnology, 2021, 37(1): 15-29.
CARTER B, SQUILLACE P, GILCREASE P C, et al
Detoxification of a lignocellulosic biomass slurry by soluble
polyelectrolyte adsorption for improved fermentation efficiency
[J]. Biotechnology and Bioengineering, 2011, 108(9): 2053-
2060.

ZHANG Y Q, LT M, WANG Y F, et al. Simultaneous
concentration  and  detoxification  of  lignocellulosic
hydrolyzates by vacuum membrane distillation coupled with
adsorption[J]. Bioresource Technology, 2015, 197: 276-283.
HAQ I, ARSHAD Y, NAWAZ A, et al. Removal of phenolic
compounds through overliming for enhanced saccharification
of wheat straw[J].
Biotechnology, 2018, 93(10): 3011-3017.

SOUDHAM V P, BRANDBERG T, MIKKOLA J P, et al.

Detoxification of acid pretreated spruce hydrolysates with

Journal of Chemical Technology &

ferrous sulfate and hydrogen peroxide improves enzymatic
hydrolysis and fermentation[J]. Bioresource Technology, 2014,
166: 559-565.

XIE R, TU M B, CARVIN ], et al. Detoxification of biomass
hydrolysates with nucleophilic amino acids enhances alcoholic
fermentation[J]. Bioresource Technology, 2015, 186: 106-113.
TRAMONTINA R, BRENELLI L B, SOUSA A, et al
Designing a cocktail containing redox enzymes to improve
hemicellulosic hydrolysate fermentability by microorganisms
[J]. Enzyme and Microbial Technology, 2020, 135: 109490.
LIU Z L, MA M G. Pathway-based signature transcriptional
profiles as tolerance phenotypes for the adapted industrial
yeast Saccharomyces cerevisiae resistant to furfural and HMF
[J]. Applied Microbiology and Biotechnology, 2020, 104(8):
3473-3492.

SANTOS J C, MARTON J M, FELIPE M G A. Continuous
system of combined columns of ion exchange resins and
activated charcoal as a new approach for the removal of toxics
from sugar hemicellulosic
Industrial & Engineering Chemistry Research, 2014, 53(42):
16494-16501.

LI X, XU Y, ALORKU K, et al. A review of lignin-first

cane bagasse hydrolysate[J].

reductive catalytic fractionation of lignocellulose[J]. Molecular
Catalysis, 2023, 550: 113551.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

PARSELL T, YOHE S, DEGENSTEIN J, et al. A synergistic
biorefinery based on catalytic conversion of lignin prior to
cellulose starting from Green
Chemistry, 2015, 17(3): 1492-1499.

LIYL, YUYY, LOU Y H, et al. Hydrogen-transfer reductive

lignocellulosic  biomass[J].

catalytic fractionation of lignocellulose: high monomeric
yield with switchable selectivity[J]. Angewandte Chemie
International Edition, 2023, 62(32): €202307116.

FACAS G G, BRANDNER D G, BUSSARD J R, et al.
Interdependence of solvent and catalyst selection on low
pressure hydrogen-free reductive catalytic fractionation[J].
ACS Sustainable Chemistry & Engineering, 2023, 11(12):
4517-4522.

ZHAN Q W, LIN Q X, WU Y, et al. A fractionation strategy of
cellulose, hemicellulose, and lignin from wheat straw via the
biphasic pretreatment for biomass valorization[J]. Bioresource
Technology, 2023, 376: 128887.

GUO TY, LI X C, LIU X H, et al. Catalytic transformation of
lignocellulosic biomass into arenes, 5-hydroxymethylfurfural,
and furfural[J]. ChemSusChem, 2018, 11(16): 2758-2765.

SUN Z H, BOTTARI G, AFANASENKO A, et al. Complete
lignocellulose conversion with integrated catalyst recycling
yielding valuable aromatics and fuels[J]. Nature Catalysis,
2018, 1: 82-92.

LUJS, L1J W, GAO H, et al. Recent progress on bio-succinic
acid production from lignocellulosic biomass[J]. World Journal
of Microbiology & Biotechnology, 2021, 37(1): 16.

LIU S Y, LIU Y J, FENG Y G, et al. Construction of
consolidated bio-saccharification biocatalyst and process
optimization for highly efficient lignocellulose solubilization
[J]. Biotechnology for Biofuels, 2019, 12: 35.

LIU X T, ZHAO G, SUN S J, et al. Biosynthetic pathway and
metabolic engineering of succinic acid[J]. Frontiers in
Bioengineering and Biotechnology, 2022, 10: 843887.

AHN J H, JANG Y S, LEE S'Y. Production of succinic acid by
metabolically engineered microorganisms[J]. Current Opinion
in Biotechnology, 2016, 42: 54-66.

NARISETTY V, OKIBE M C, AMULYA K, et al
Technological second

advancements in valorization of

generation (2G) feedstocks for bio-based succinic acid
production[J]. Bioresource Technology, 2022, 360: 127513.
ZHU L W, TANG Y J. Current advances of succinate
biosynthesis in metabolically engineered Escherichia coli[J].
Biotechnology Advances, 2017, 35(8): 1040-1048.

STOLS L, KULKARNI G, HARRIS B G, et al. Expression of
Ascaris suum malic enzyme in a mutant Escherichia coli
allows production of succinic acid from glucose[J]. Applied
Biochemistry and Biotechnology, 1997, 63-65: 153-158.

CHEN C X, DING S P, WANG D Z, et al. Simultaneous



%5% www.synbioj.com

1261

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

[82]

[83]

[84]

saccharification and fermentation of cassava to succinic acid
by Escherichia coli NZNI111[J].
2014, 163: 100-105.

VEMURI G N, EITEMAN M A, ALTMAN E. Succinate

Bioresource Technology,

production in dual-phase Escherichia coli fermentations

depends on the time of transition from aerobic to
anaerobic conditions[J]. Journal of Industrial Microbiology &
Biotechnology, 2002, 28(6): 325-332.

WANG D, LI Q, SONG Z Y, et al. High cell density
fermentation via a metabolically engineered Escherichia coli
for the enhanced production of succinic acid[J]. Journal of
Chemical Technology & Biotechnology, 2011, 86(4): 512-518.
MA J F, L1 F, LIU R M, et al. Succinic acid production from
sucrose and molasses by metabolically engineered E. coli using
a cell surface display system[J]. Biochemical Engineering
Journal, 2014, 91: 240-249.

CHUNG S C, PARK J S, YUN ] E, et al. Improvement of
succinate production by release of end-product inhibition in
Corynebacterium Metabolic  Engineering,
2017, 40: 157-164.

OKINO S, NOBURYU R, SUDA M, et al. An efficient

glutamicum(J).

succinic acid production process in a metabolically engineered
Corynebacterium glutamicum strain[J]. Applied Microbiology
and Biotechnology, 2008, 81(3): 459-464.

YAN D J, WANG C X, ZHOU J M, et al. Construction of
reductive pathway in Saccharomyces cerevisiae for effective
succinic acid fermentation at low pH value[J]. Bioresource
Technology, 2014, 156: 232-239.

CUI ZY, ZHONG Y T, SUN Z J, et al. Reconfiguration of the
reductive TCA cycle enables high-level succinic acid
production by Yarrowia lipolytica[J]. Nature Communications,
2023, 14(1): 8480.

GUARNIERI M T, CHOU Y C, SALVACHUA D, et al.
Metabolic engineering of Actinobacillus succinogenes provides
insights into
Environmental Microbiology, 2017, 83(17): €00996-17.

GAO C J, YANG X F, WANG H M, et al. Robust succinic acid

succinic acid biosynthesis[J]. Applied and

production from crude glycerol using engineered Yarrowia
lipolytica[J]. Biotechnology for Biofuels, 2016, 9(1): 179.

ZHENG P, FANG L, XU Y, et al. Succinic acid production
simultaneous saccharification and

from corn stover by

fermentation using Actinobacillus succinogenes|[J].
Bioresource Technology, 2010, 101(20): 7889-7894.

WANG X, YOMANO L P, LEE ] Y, et al. Engineering furfural
tolerance in Escherichia coli improves the fermentation of
lignocellulosic ~ sugars  into  renewable  chemicals[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2013, 110(10): 4021-4026.

LUJS,LVY, JIANG Y J, et al. Consolidated bioprocessing of

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

hemicellulose-enriched lignocellulose to succinic acid through
system[J]. ACS Sustainable
Chemistry & Engineering, 2020, 8(24): 9035-9045.

LYND L R, VAN ZYL W H, MCBRIDE J E, et al

a microbial cocultivation

Consolidated bioprocessing of cellulosic biomass: an update
[J]. Current Opinion in Biotechnology, 2005, 16(5): 577-583.
HEO W, KIM J H, KIM S, et al. Enhanced production of
3-hydroxypropionic acid from glucose and xylose by
alleviation of metabolic congestion due to glycerol flux in
engineered Escherichia coli[J]. Bioresource Technology, 2019,
285: 121320.

Bt e, R g, BT, 55 ARG K 3R A BR AR L
FERTFUE D). M LRE 4R, 2020, 36(6): 1101-1112.
ZHAN Y L, ZHAO R Y, CUI H L, et al. Progress in metabolic
engineering of biosynthesis of 3-hydroxypropionic acid[J].
Chinese Journal of Biotechnology, 2020, 36(6): 1101-1112.
WANG X D, CUI Z Z, SUN X, et al. Production of

3-hydroxypropionic acid from renewable substrates by
metabolically
Molecules, 2023, 28(4): 1888.

LIU D, HWANG H J, OTOUPAL P B, et al. Engineering

engineered microorganisms: a review[J].

Rhodosporidium toruloides for production of 3-hydroxypropionic
acid from lignocellulosic hydrolysate[J]. Metabolic Engineering,
2023, 78: 72-83.

GAO J Q, YU W, LIY X, et al. Engineering co-utilization of
glucose and xylose for chemical
lignocellulose[J]. Nature Chemical Biology, 2023, 19(12):
1524-1531.

DAI Z Y, POMRANING K R, DENG S, et al. Metabolic

engineering to improve production of 3-hydroxypropionic acid

overproduction from

from corn-stover hydrolysate in Aspergillus species[J].
Biotechnology for Biofuels and Bioproducts, 2023, 16(1): 53.

CHEN Z, HUANG J H, WU Y, et al. Metabolic engineering of
Corynebacterium  glutamicum  for the production of
3-hydroxypropionic
Metabolic Engineering, 2017, 39: 151-158.

ZHAO P, TIAN P F. Biosynthesis pathways and strategies for

acid from glucose and xylose[J].

improving 3-hydroxypropionic acid production in bacteria[J].
World Journal of Microbiology and Biotechnology, 2021, 37
(7): 117.

CHOI S S, LEE H N, PARK E H, et al. Recent advances
in  microbial production of cis,cis-muconic  acid[J].
Biomolecules, 2020, 10(9): 1238.

NICOLAI T, DEPARIS Q, FOULQUIE-MORENO M R, et al.
In-situ muconic acid extraction reveals sugar consumption
bottleneck in a xylose-utilizing Saccharomyces cerevisiae strain
[J]. Microbial Cell Factories, 2021, 20(1): 114.

WEILAND F, BARTON N, KOHLSTEDT M, et al. Systems

metabolic engineering upgrades Corynebacterium glutamicum



1262

BREDF

£5%

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

to high-efficiency cis,cis-muconic acid production from lignin-
based aromatics[J]. Metabolic Engineering, 2023, 75: 153-169.
FUJIWARA R, NODA S, TANAKA T, et al. Metabolic
engineering of Escherichia coli for shikimate pathway
derivative production from glucose-xylose co-substrate[J].
Nature Communications, 2020, 11(1): 279.

LING C, PEABODY G L, SALVACHUA D, et al. Muconic
acid production from glucose and xylose in Pseudomonas
putida via evolution and metabolic engineering[J]. Nature
Communications, 2022, 13(1): 4925.

BECKER J, KUHL M, KOHLSTEDT M, et al. Metabolic
the
production of cis,cis-muconic acid from lignin[J]. Microbial
Cell Factories, 2018, 17(1): 115.

KOHLSTEDT M, STARCK S, BARTON N, et al. From lignin

engineering of  Corynebacterium  glutamicum  for

to nylon: cascaded chemical and biochemical conversion using
metabolically engineered Pseudomonas putida[l]]. Metabolic
Engineering, 2018, 47: 279-293.

WANG G K, OZMERIH S, GUERREIRO R, et al
Improvement of cis,cis-muconic acid production in
Saccharomyces cerevisiae through biosensor-aided genome
engineering[J]. ACS Synthetic Biology, 2020, 9(3): 634-646.

LI X C, ZHANG Y Y, XIA Q N, et al. Acid-free conversion of
cellulose to 5-(hydroxymethyl)furfural catalyzed by hot
seawater[J]. Industrial & Engineering Chemistry Research,
2018, 57(10): 3545-3553.

SRR, ZE 70, IR, % . HMF 4% FDCA [ AL T
ST R[], AR A AR, 2022, 56(6): 61-70.

CAI J W, LI K H, JIANG Y Q, et al. Novel catalytic process
for preparing FDCA from HMF[J].
Engineering, 2022, 56(6): 61-70.

SR, PNEME, (R, 55 2,5-WRI R A BB AR 2R
NHTTE[I]. 24A0E T, 2021, 50(8): 1939-1943.

ZHANG L, SUN Q M, BAI F D, et al. Synthetic technical

Biomass Chemical

route and application prospects of 2,5-furandicarboxylic acid
[J]. Contemporary Chemical Industry, 2021, 50(8): 1939-1943.
WANG Y B, YU K, LEI D, et al. Basicity-tuned hydrotalcite-
supported Pd  catalysts for aerobic oxidation of
5-hydroxymethyl-2-furfural under mild conditions[J]. ACS
Sustainable Chemistry & Engineering, 2016, 4(9): 4752-4761.
YUAN H B, LIU H L, DU J K, et al. Biocatalytic production
of 2,5-furandicarboxylic acid: recent advances and future
perspectives[J]. Applied Microbiology and Biotechnology,
2020, 104(2): 527-543.

CARRO J, FERREIRA P, RODRIGUEZ L, et al.
5-hydroxymethylfurfural conversion by fungal aryl-alcohol
oxidase and unspecific peroxygenase[J]. The FEBS Journal,
2015, 282(16): 3218-3229.

MCKENNA S M, LEIMKUHLER S, HERTER S, et al

[109]

[110]

[

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Enzyme cascade reactions: synthesis of furandicarboxylic acid
(FDCA) and carboxylic acids using oxidases in tandem[J].
Green Chemistry, 2015, 17(6): 3271-3275.

MCKENNA S M, MINES P, LAW P, et al. The continuous
oxidation of HMF to FDCA and the immobilisation and
stabilisation of periplasmic aldehyde oxidase (PaoABC) [J].
Green Chemistry, 2017, 19(19): 4660-4665.

KOOPMAN F, WIERCKX N, DE WINDE J H, et al.
furfural and

Identification and characterization of the

5-(hydroxymethyl)furfural degradation pathways of
Cupriavidus basilensis HMF14[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2010,
107(11): 4919-4924.

DIJKMAN W P, GROOTHUIS D E, FRAAIJE M W. Enzyme-
catalyzed oxidation of 5-hydroxymethylfurfural to furan-2,5-
dicarboxylic  acid[J].
Edition, 2014, 53(25): 6515-6518.

DIJIKMAN W P, BINDA C, FRAAIJE M W, et al. Structure-

Angewandte Chemie International

based enzyme tailoring of 5-hydroxymethylfurfural oxidase[J].
ACS Catalysis, 2015, 5(3): 1833-1839.

SCHUURMANN J, QUEHL P, FESTEL G, et al. Bacterial
whole-cell biocatalysts by surface display of enzymes: toward
application[J].  Applied
Biotechnology, 2014, 98(19): 8031-8046.
KOOPMAN F, WIERCKX N, DE WINDE J H, et al. Efficient

industrial Microbiology  and

whole-cell
into FDCA,
Technology, 2010, 101(16): 6291-6296.

YANG C F, HUANG C R. Biotransformation of 5-hydroxy-

biotransformation of 5-(hydroxymethyl)furfural

2,5-furandicarboxylic  acid[J]. Bioresource

methylfurfural into 2,5-furan-dicarboxylic acid by bacterial
isolate using thermal acid algal hydrolysate[J]. Bioresource
Technology, 2016, 214: 311-318.

YANG C F, HUANG C R. Isolation of 5-hydroxymethylfurfural
biotransforming bacteria to produce 2,5-furan dicarboxylic
acid in algal acid hydrolysate[J]. Journal of Bioscience and
Bioengineering, 2018, 125(4): 407-412.

YUAN H B, L1 J H, SHIN H D, et al. Improved production
of  2,5-furandicarboxylic acid by overexpression of
5-hydroxymethylfurfural oxidase and 5-hydroxymethylfurfural/
furfural oxidoreductase in Raoultella ornithinolytica BF60[J].
Bioresource Technology, 2018, 247: 1184-1188.

YUAN H B, LIU Y F, LI J H, et al. Combinatorial synthetic
pathway fine-tuning and comparative transcriptomics for
metabolic engineering of Raoultella ornithinolytica BF60 to
efficiently acid[J].
Biotechnology and Bioengineering, 2018, 115(9): 2148-2155.
YUAN H B, LIU Y F, LV X Q, et al. Enhanced 2,5-

synthesize 2,5-furandicarboxylic

furandicarboxylic acid (FDCA) production in Raoultella
ornithinolytica BF60 by manipulation of the key genes in



%5% www.synbioj.com

1263

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

FDCA biosynthesis pathway[J]. Journal of Microbiology and
Biotechnology, 2018, 28(12): 1999-2008.

MICHINOBU T, HISHIDA M, SATO M, et al. Polyesters of
2-pyrone-4,6-dicarboxylic acid (PDC) obtained from a
metabolic intermediate of lignin[J]. Polymer Journal, 2008, 40
(1): 68-75.

OTSUKA Y, NAKAMURA M, SHIGEHARA K,

Efficient production of 2-pyrone 4,6-dicarboxylic acid as a

et al.
novel polymer-based material
microbial Applied
Biotechnology, 2006, 71(5): 608-614.
MICHINOBU T, BITO M, TANIMURA M, et al. Synthesis

from protocatechuate by

function[J]. Microbiology ~ and

and characterization of hybrid biopolymers of L-lactic acid and
2-pyrone-4,6-dicarboxylic acid[J]. Journal of Macromolecular
Science, Part A, 2010, 47(6): 564-570.

LUO Z W, KIM W J, LEE S Y. Metabolic engineering of
Escherichia coli for efficient production of 2-pyrone-4,6-
dicarboxylic acid from glucose[J]. ACS Synthetic Biology,
2018, 7(9): 2296-2307.

ZHOU D, WU F L, PENG Y F, et al. Multi-step biosynthesis
of the biodegradable
dicarboxylic acid from glucose[J]. Biotechnology for Biofuels
and Bioproducts, 2023, 16(1): 92.

LEE S S, JUNG Y J, PARK S J, et al. Microbial production of

polyester monomer 2-pyrone-4,6-

2-pyrone-4,6-dicarboxylic acid from lignin derivatives in an
engineered Pseudomonas putida and its application for the
synthesis of bio-based polyester[J]. Bioresource Technology,
2022, 352: 127106.

OTSUKA Y, ARAKI T, SUZUKI Y, et al. High-level
production of 2-pyrone-4,6-dicarboxylic acid from vanillic
acid as a lignin-related aromatic compound by metabolically
engineered fermentation to realize industrial valorization
processes of lignin[J]. Bioresource Technology, 2023, 377:
128956.

NOTONIER S, WERNER A Z, KUATSJAH E, et al

Metabolism of syringyl lignin-derived compounds in

Pseudomonas putida enables convergent

acid[J]. Metabolic

production of

2-pyrone-4,6-dicarboxylic Engineering,

[128]

[129]

2021, 65: 111-122.

MORI K, KAMIMURA N, MASAI E. Identification of the
protocatechuate transporter gene in Sphingobium sp. strain
SYK-6 and effects of overexpression on production of a value-
added metabolite[J]. Applied Microbiology and Biotechnology,
2018, 102(11): 4807-4816.

B, MK FRE AR A X S S ). fb
Tk, 2022, 40(2): 6-11, 23.

WEI X, LIN C X. The development strategies and suggestions
Chemical

of domestic bio-based materials

Industry, 2022, 40(2): 6-11, 23.

industry[J].

EiVESE: AR 963—), 5, #
B LS. WA T AR G H
PRI R B B0 5 R BT, B+ R
I B TR AN E A A R AR
IEAL T FF 0 A R AT S N 55

E-mail: dzhwei@ecust.edu.cn

BWAESE: ERIE (1977—) , 5,
¥, WS, WEAR T AR ARG
T RE R A B A A I SR R R v B
FF AT B TR R %

E-mail: fqwang@ecust.edu.cn

E—EE: B (1998—), T, L
WHFE . BT TT IR A& AR S A
T,

E-mail: chaimeng980909@163.com




