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Abstract: Gallic acid is a plant-derived phenolic compound with various medicinal values,
including antioxidant properties. The primary method for producing gallic acid at present involves
the chemical or enzymatic hydrolysis of tannins extracted from plants, which is associated with
high costs and serious environmental pollution. Green synthesis based on microbial cell factories
offers an effective alternative route for the production of gallic acid. However, the current yields of
green synthesis are insufficient for industrial-scale requirements. Therefore, the development of a
de novo synthesis strategy for gallic acid using low-cost substrates holds significant potential for
industrial applications. In this study, an Escherichia coli strain capable of efficiently synthesizing
3-dehydroshikimic acid was used as the chassis organism. Initially, the key enzymes for the optimal
synthesis pathway of gallic acid were identified as 3-dehydroshikimate dehydratase (AroZ) and
4-hydroxybenzoate hydroxylase (PobA), with an optimal expression ratio of 1:20. The optimal
pathway was constructed within the chassis strain through plasmid copy number and promoter
engineering. Protein engineering was further employed to obtain a mutant of the rate-limiting
enzyme, PObAMZA4SSVATE “ywhich enhanced the shake flask production level of gallic acid to 3.6 g/L.
Finally, strain stability and fermentation condition optimization were conducted in a 5 L fermentor,
resulting in a gallic acid yield of 26.7 g/L and a sugar-to-acid conversion rate of 0.15 g/g. This
study achieves a breakthrough in the de novo synthesis of gallic acid from glucose, providing an
important reference for enhancing the biological synthesis of gallic acid and related phenolic acids
from plants.

Keywords: gallic acid; Escherichia coli; promoter engineering; protein engineering; synthetic
biology
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v, A -6-BEIR 28 1k AME-6- IR . T iEE-3-
B R Z 2 oAk O B R R i XN R R
(phosphoenolpyruvate, PEP), [d]H}, %% H-6-
Bt R 5 Wl TR M 3% 422 %% A Ry % B W -4- B TR
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acid, DHS), fizJ5 DHS ¥ {6 W& TR 72
b K WA B G B IR O R 7 B R
AL 3-Wi A 7 R R AR, DA K 3-M AT
AL TR Sl 3 2o I S 2 R I K R AL R I LR
MR, I X R R AL R A i 2 ik
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H B 5t MERE AR T RHOB A A R F] 5 DNA
marker W HE HEAFERALOARAH;
2 T DR A 4 O R) &  B R AR AR AR (A
FOABRZ ] 5 PCR 514y 75 JH 4 MER A= Wy Rk 4
A IRA A B HAhaGR B 7 24 Bk
WA R A
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Table 1 Plasmids and strains used in this study

Plasmids and strains

Relevant characteristics

Sources

Plasmids
pET28a
pACYCDuet-1
pCDFDuet-1
pRSFDuet-1
pET28a-PobA
pET28a-PobAM?
pET28a-AroZ
pPCAl
pPCA2

pGA1l

pGA2
pPCA2-1
pPCA2-2
pPCA2-3
pPCA2-4
pPCA2-5
pPCA2-6
Strains
DHS02

GAl

GAl-1

GA2-1

GA2-2

GA2-3

GA2-4

GA2-5

GA2-6

GA3-1

GA3-2

f1 ori, P17, Kan®

p15A ori, Pr7, CmR

CloDF13 ori, P17, SmR

RSF ori, Pr7, Kan®R

pET28a harboring PaePobA

pET28a harboring PaePobAM?

pET28a harboring ApAroZ

pCDFDuet-1 harboring ApAroZ

pACYCDuet-1 harboring ApAroZ

pRSFDuet-1 harboring PagPobAM?
pRSFDuet-1 harboring PagPobAM?/A458/V47P
pACYCDuet-1, p15A ori, Pi23108, CmR, ApAroZ
pACYCDuet-1, p15A ori, Pi23110, CmR, ApAroZ
pACYCDuet-1, p15A ori, Pi2zus, CmR, ApAroZ
pACYCDuet-1, p15A ori, P23z, CmR, ApAroZ
pACYCDuet-1, p15A ori, Pi23103, CmR, ApAroZ
pACYCDuet-1, p15A ori, P23z, CmR, ApAroZ

Escherichia coli TRP, AaroK, AaroL, AptsH::tktA, ApoxB::aroFr, AaroE

DHSO02 harboring pPCA1, pGAl
DHSO02 harboring pPCA2, pGALl
DHSO02 harboring pPCA2-1, pGA1
DHSO02 harboring pPCA2-2, pGA1
DHSO02 harboring pPCA2-3, pGA1
DHSO02 harboring pPCA2-4, pGA1
DHSO02 harboring pPCA2-5, pGA1l
DHSO02 harboring pPCA2-6, pGA1l
DHSO02 harboring pPCA2-5, pGA2
DHSO02 Ayeel::ApAroZ, harboring pGA2

Laboratory storage
Laboratory storage
Laboratory storage
Laboratory storage
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Laboratory storage
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

1.1.3 #=HxHE

LB 53555 eERHS 5.00 g/L, B 11 10.00 /L,
NaCl 10.00 g/L.

TB 834k BEREH 24.00 g/L, BREE M1
12.00 g/L, Huh 4.00 g/L, =/KBEmRE M
16.42 g/L, ®ifR S50 2.31 g/L.

KREER IR WA 10 g/L, B

Z&: 010-64807509

0.24 g/L, BEREHY 15 g/L, BERRE 480 7.5 g/L, #7

BIREH 0.3 g/L, —/KFFIEIR 2.1 g/L, L-ZRINA

2 0.7 g/L, L-F§%2 0.7 g/L, L-{A% R 0.35 g/L,

L-22Z 2 0.04 g/L, FEHEL[R 0.04 g/L, XA
2 0.01 g/L, %2R PR 0.01 g/L, 2,3-
TRETEHEZ 0.01 g/L, WA 1.2 mL/L, &8
BT 1 mL/L, Z/KIH%E pH £ 7.0,
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x2 AMRFAAS
Table 2 Primers used in this study

Primers Sequences (5'—3’) Application
F-PobA ATGGGTCGCGGATCCGAATTCATGAAGACTCAAGTCGCCATCAT Amplification
R-PobA GTGGTGGTGGTGGTGCTCGAGCTCGATTTCCTCGTAGGGCA Amplification
F-T294A  ATCGTGCCGCCCGCCGGCGCC Mutation
R-T294A TCCCTTGGCGCCGGCGGGCGG Mutation
F-Y385F ATCGCCGAGAACTTTGTCGGC Mutation
R-Y385F GGGCAGGCCGACAAAGTTCTC Mutation
F-A45 GCATCCGCNNKGGCGTGCTGGAA Mutation
R-A45 CAGCACGCCMNNGCGGATGCGGC Mutation
F-v47 GCCGGCNNKCTGGAACAGGGTATG Mutation
R-V47 TGTTCCAGMNNGCCGGCGCGG Mutation
F-Y201 GAACTGATCNNKGCCAACCATCCG Mutation
R-Y201 ATGGTTGGCMNNGATCAGTTCGTGGC Mutation
F-L210 GGCTTCGCCNNKTGCAGCCAGCGT Mutation
R-L210 GCTGCAMNNGGCGAAGCCGCGCGGAT Mutation
F-A216 AGCGTTCGNNKACCCGCAGCCG Mutation
R-A216 GCTGCGGGTMNNCGAACGCTGGC Mutation
F-R220 ACCCGCAGCNNKTACTACGTGCAG Mutation
R-R220 CACGTAGTAMNNGCTGCGGGTGGC Mutation
AroZ-F ACCATCATCACCACAGCCAGGATCCGAATTCGATGAACATTCTGCGCCTGACC Amplification
AroZ-R CTTAAGCATTATGCGGCCGCAAGCTTGTTTCTTTACCAGACCGCTCGAG Amplification
PJ23115-F TAGCTCAGCCCTTGGTACAATGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23115-R  GTACCAAGGGCTGAGCTAGCTATAAAATTTCCTAATGCAGGAGTCG Promoter
PJ23113-F TAGCTCAGTCCTAGGGATTATGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23113-R ATCCCTAGGACTGAGCTAGCCATCAGATTTCCTAATGCAGGAGTCG Promoter
PJ23108-F TAGCTCAGTCCTAGGTATAATGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23108-R  ATACCTAGGACTGAGCTAGCTGTCAGATTTCCTAATGCAGGAGTCG Promoter
PJ23117-F TAGCTCAGTCCTAGGGATTGTGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23117-R  ATCCCTAGGACTGAGCTAGCTGTCAAATTTCCTAATGCAGGAGTCG Promoter
PJ23110-F TAGCTCAGTCCTAGGTACAATGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23110-R  GTACCTAGGACTGAGCTAGCCGTAAAATTTCCTAATGCAGGAGTCG Promoter
PJ23103-F TAGCTCAGTCCTAGGGATTATGCTAGCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG Promoter

AG
PJ23103-R  ATCCCTAGGACTGAGCTAGCTATCAGATTTCCTAATGCAGGAGTCG Promoter

SR BT WKEHRE 037 g, LK LB. TB 72 57E 121 °C44FF K4 20 min,

FREF 0.29 g, TR 2.47 g, H/KELERHT 0.25 ¢, KR FERL PR A BELE 115 °CA M Bl K T
UK A R 1.58 g, W TR E %2 100 mL, 15 min, HAAMATE 121 °CE4 T K 15 min.

http://journals.im.ac.cn/cjben
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1.2 5%
1.2.1 EREFRAAE

et FH 40 A DL A B B 6, $R U 241
B PR L R AL, DASE R AR, A B Xt
F-PobA/R-PobA # #4155 PobA F Bz, Dizkik
pET28a J#i#k, fiff] EcoR 1. Xho I figd], 5
BNL MR B35 77 Wy S 2 M AR 3 IR W B
W el J5 22 ml PR gl vk ik 42, #ik® E. coli
BL21(DE3)H, 3R1GHE 415k pET28a-PobA.
oA F 2 OB AR A 13 5 AR [
1.2.2 TIEEHKIE

F 50 mL LB J@iREEFRILHPEFP 50 pL
DHS02 T, 37 °Cil ik 72452 /b 115 37
W TEHTEE 50 mL LB WRAAR: F= 2 b 42 1% (I
R FE W, 37 °CHEFE 2 ODg0o=0.8, K
% 30 min, 5000 r/min Z5.0> S min, # F1EH# .
A 20 mL 10% (B ) JCE H iR % S
J&i, 5000 r/min &0 Smin, ZAEEE 1K,
RN . W A BRI Az S iR
A1, i E S A DHS02 N, F 37 °CT
igR 24 h, XK R EE TR, KuE
A B A I AR TRk
1.2.3  RSMEGIER N

¥ E. coli BL21(DE3) pET28a-PobAM? il
E. coli BL21(DE3) pET28a-AroZ 735451 2 30 mL
50 mg/L FHREE Y LB WAAR; F: 3,37 °C
ik 8 h R EIMFE R, iR
50 mg/L RAREE K EE TB S5 ditrh  Fie 2%
(EFILL), 37 °CHiFEZE ODeo=0.6, ININLHeF
0.4 mmol/L IPTG 5 5 WA F1 3%, B/ 16 °C
BigE 16 ho WEERARESS, FIHENAEAW
HETRRE S NP g5 G, 453 )1 NiHEa s, 1940
. 100 L SN AR R N & A 294 1 mmol/L
J5 JLAS R (protocatechuic acid, PCA), 1 mmol/L
NADPH . 10 pmol/L PobA™? | 100 mmol/L
Tris-HCI, pH 8.0, 30 °C/ZJ¥i 10 min, {5 R
XA 340 nm 4 NADPH A4 4 #E = %8
PobAM? {1, 500 uL SO AR &R S Ag 4k i

Z&: 010-64807509

5 mmol/L 3- il & 7§ #L X (3-DHS) . 10 ng/uL
AroZ . 100 mmol/L Tris-HC1, pH 8.0, 30 °CJz
[ 10 min, ZRAZEAF 0.1 mol/L HaSO4 28 112
IO, Ve R A A K I PCA (724, (] PCA
HAE LR RN AroZ 161, B min A28 1 pmol
7 P B E SR 1 U

124 KREFEE

L pET28a-PobA Jfifihy DNA Hiti, 7¢
50 uL PCR {&Z H /i1 DNA #i47 30 ng, T
W51 % (10 pmol/L)4s 2 upL, 2xPhanta Max
Master Mix (Dye Plus)& £ 5 25 pL, AR N
P AR TR 4K #h 55 o ff ] PCR {47 DNA
Y3y, FEFHR: 95 CHIAENE 3085 95°CAEME 15 s,
55°CiR K 15's, 72 °CHEAH 30 s/kb, 34 P
Py~ Y i fl FastPure Gel DNA Extraction
Mini Kit [E[I, 752 4if =2t ab 2
WD BR DNA I8 R R B . THAR 5 A
E. coli BL21(DE3)&EZ A4+, VK& 15 min,
TE 42 CEME T % 90 s, 5 v BPvKIA 2 min,
FERBVE G P I e A B S AN EP B A
1 mL JCH LB A3, 37 °CHi 3% 30 min J5
B 5 000 r/min .0 4 min, PR 25 100 L 15
FRIM RRE IR T A 50 mg/L RIBER
PUMER A b, 37 °CHE3% 12 h, 1550 BRI VR
200 7 S B A ) AR IR . R R AR A
Ty A g 5 A R]

1.2.5 BEREFR

FhFRESR . B, PR =X 4
2k, 37 CCIEFAF 35 77 2 R AR A

— RN A R AR R YE
%64 50 mL LB AR F2 L 500 mL #JH
37 °C. 220 r/min, TR,

TR — BRI 1% ()
R R AT 50 mL LB AR IR
B 500 mL FEMH, 37 °C. 220 r/min, ¥53EE
OD¢00=4

PERR I . 5% (MR L) e it i 4 — gl
FIMELRA 50 mL EBEREFRILH) 500 mL FEIHR

X: cjb@im.ac.cn
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H, 33 °C, 220 r/min & 36 h, % 4 h il &7
PR BE AT RL, P AR 15 g/L N

5L fEATHERNRE R 1 : R IERERE MR 2 Lo
DA 5% SR FE ) 422 ol K ol R 2 22 R e
W R ) U6 A5 pHL 6.8, 5% 38 300 r/min,
WS 2 L/min, WEJE 33 °Co YR FIIF UG BRI
TME K EE R pH 6.8, 4146 1 %5 bl RDRF FE R
P G O 4 e 2 R I R, s o A 2 AR
JETE 10 g/L N
1.2.6 THAEE

AL BN e (A Hey, B 0.1-1 mL
REW, SKFEEE 0-200 55 IRGIRS), fHiH
LN SEEEEHIE 600 nm AR, K R
OD B =1t B < Tl B A5 4

WA REDE F ik B2 mL KR,
12 000 r/min, #5.0> 5 min, H( 200 pL FiF#,
4K ERZE 5 mL, f#iFH M-100 A= 15 &8 34
ASCOR 5 o R 2R A 7 00

PRI AE - K ER A i HE SPD-20A £24hH]
TLYER 22 F1 RID-20A 75 237 6H M58, @i
& Aminex HPX-87H #¥:(Bio-Rad A H]), i3l
FA 5 mmol/L H,SO4, JiiE 0.6 mL/min, i
60 °C, P 210 nm, A 10 uL, B2 mL
KR, 12 000 t/min Z5.0» Smin, HL 200 uL I
TH, 4K ERZE S mL, ff MR TINE

2 ZR5M

2.1 REFRERBENRITSHE
T LI E AT R — R 3- AT
BRI SRR, T 3 &Mk 3-I AT
R G BB TR IER(E 1A): (1) 3-BAZE
VIR T 2E B R It & (shikimate dehydrogenase,
SDH)YEHT 5-OH Wi p bk 3,5-li A 3%
HiR(3,5-dehydroshikimic acid, 3,5-DHS), F)5
HEREMNEETFRR; 2) BETR/ZFRRIE
fit (YdiB)— A 3-J A 7% MR A B B T
M2; (3) 3-WLEZERMRAE 3-JI & 3 R /K i
(AroZ)VEH T WiAIE B LA TR, Bl G 4 X072

http://journals.im.ac.cn/cjben

R H IR LB (PobAEfL C5 FRIAL A
BT -

J TR 1 BRI AT, ASCRR[13]4iE
KA FFHE MG1655 %t SDH () aroE %t [H ¥
MBI, d#id BLAST FIEDH 4445 M
NCBI o4l e 45 2] 11 B[R] 51 A AL
(30%—100%) 5 AZ f Tt i 25 2 g i S0, 40 31k
5 F K ## #T & (Escherichia coli AB2834 ,
GenBank &% 5. ACO48489.1). FriEmiT i
(Citrobacter amalo, GenBank &51'5: BCU46938.1)
F’H 74 % #F & (Enterobacter cloacae subsp. ,
GenBank #3%%5 . WP-230137249.1-4077) . fili
£ 7 8 1A 7 (Klebsiella pneumoniae, GenBank
k5 :FO203501.1) A hiz A [G A (Shimwel lia
blattae, GenBank & 3¢5 : WP_002445340.1) .,
Kl 5t Vb 55 [C T (Serratia marcescens, GenBank %
&5 . WP-031300344.1-4849) . % K12 B )&
(Pantoea agglomerans, GenBank % 3% %5 .
WP_086906531.1) . %¢ 1 B il 1 (Pseudomonas
fluorescens, GenBank % 5% 5 : WP-053253624.1-
2013) ., i £ 5. 1 (Pseudomonas aer uginosa,
GenBank %35 : NP-248715.1.25), MR {58
Jitd 7 (Pseudomonas putida, GenBank %5k .
WP-016500332.1-3288) . # = 4 % 1 fF
(Bacillus thuringiensis, GenBank % 3% 5 .
WP-000812072.1.4145), ¥ L& 11 R 5] F
E. coli BL2I(DE3) " af mrskik, 11 F i 7E
BL21(DE3)h 33k R4 (& 1B), {HLL 3-iE
FF R IR N I A TR N S AR SMiEA S g,
WA 833 - 5 3% X A A2 (liquid  chromatograph
mass spectrometer, LC-MS)Jf A 4 Il 2| ;= 9 %
BRI R TIEER 2 B, K
K AT 8 AS 50 4 B 28 77 R / 9 B 1R G L Tl 1Y
YdiB J:H s TE pET28a #k 44k |, Ff-7E E. coli
BL21(DE3) Ak i 17 B4 3Rk . 40 fifb
FARSNEIE . SRTT, DA 3-Mi A FF Bl R i it
17 24 h A MAE AL RN, Ao 3 A I 3 7 4
B FRRNAERGE 3).
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" 0 OH kDa P 3 3
> HO
% ol N 97.2 — um
AT 35 DHS 66.4 — WS
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O . 44.3 — SR S < PobAM?
OH:Q)LGH 2 YdiB Q)LOH
O™ OH I
4 OH
3-DHS r"z OH % GA 20.1—
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H,o OH 1\0
-0?\* pc\» 14.3—
PCA va“

BkDa M1 2345 6 78910 kba M I11213141516 kDa M 1718 kDa M 19 20 21 22

972 —gwms B B bn 2 8 7.2y 97.2 —-
664 — s B =3 66.4 — = il 664 —u
U3 g 8 H L = 4 44.3— 443 —-
290 —=—uy B 29,0 — e iR QR =G 700 S o P
201 —w—-_ i 56,1
14.3 — w— 20.1 —es
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1 g/L 3-DHS. 1 mg/mL AroZ. 1 mg/mL PobAM? 5 g/L #i%jk#. 1 mmol/L NADPH. 0.2 mg/mL 7%t

Jii 2 (GDH), 30 °CIZi 24 h i o

Figure 1 Design and validation of the gallic acid biosynthetic pathway. A: Schematic representation of the
gallic acid biosynthetic pathway. 3-DHS: 3-dehydroshikimic acid; SDH: Shikimate dehydrogenase; 3,5-DHS:
3,5-dehydroshikimic  acid; YdiB: Gene encoding quinate/shikimate dehydrogenase; AroZ:
3-dehydroshikimate dehydratase; PCA: Protocatechuic acid; PobA: 4-hydroxybenzoate hydroxylase; NADP™:
Nicotinamide adenine dinucleotide phosphate; NADPH: Reduced nicotinamide adenine dinucleotide
phosphate; GA: Gallic acid. B: Gel electrophoresis analysis of SDH expression. M: Protein molecular weight
marker; Lane 1-2: PfSDH supernatant and pellet; Lane 3—4: BtSDH supernatant and pellet; Lane 5-6:
ECSDH supernatant and pellet; Lane 7—-8: SMSDH supernatant and pellet; Lane 9—10: KpSDH supernatant
and pellet; Lane 11-12: CaSDH supernatant and pellet; Lane 13—14: PagSDH supernatant and pellet; Lane
15—-16: SbSDH supernatant and pellet; Lane 17—-18: PpSDH supernatant and pellet; Lane 19-20: BtSDH
supernatant and pellet; Lane 21-22: EcISDH supernatant and pellet. C: Gel electrophoresis analysis of
PobAM? expression. Lane 1: Whole cells; Lane 2: Supernatant; Lane 3: Pellet. D: LC-MS validation results of
synthetic pathway 3. Left panel: Gallic acid standard; Sample 1: 1 mL reaction system containing 5 g/L PCA,
10 g/L PobAM?, 5 g/L glucose, 1 mmol/L NADPH, and 0.2 mg/mL glucose dehydrogenase (GDH), incubated
at 30 °C for 24 h; Sample 2: 1 mL reaction system containing 1 g/L DHS, 1 mg/mL AroZ, 1 mg/mL PobAM?,
5 g/L glucose, 1 mmol/L NADPH, and 0.2 mg/mL GDH, incubated at 30 °C for 24 h.

x3 RETREMBEIRIESR
Table 3  Validation results of the gallic acid
synthesis pathway
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3-DHS: 3-dehydroshikimic acid; PCA: Protocatechuic acid;
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B2 REFEIONLERKEEEMIL A LFEHE DHS02. GAl 5 GAl-133 °CHEH LT 36 h 3-/iit
AIEEHEMM AR, B: K DHS02. GAl 5 GAl-1 33 °CHEfi AR, 36 h & TR &, C: 11K
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A& TR 5. F: OBUEG L B0 A R LA TR LR

Figure 2 De novo synthesis of gallic acid and optimization of enzyme dosage. A: DHS accumulation in
engineered strains DHS02, GA1, and GA1-1 after 36 h of shake flask fermentation at 33 °C. B: Gallic acid
(GA) production by engineered strains DHS02, GA1, and GA1-1 after 36 h of shake flask fermentation at
33 °C. C: PCA accumulation in engineered strains DHS02, GA1l, and GAl-1 after 36 h of shake flask
fermentation at 33 °C. D: Enzymatic activity analysis of AroZ and PobAM?. E: Optimization of dual-enzyme
ratio for gallic acid production. F: Optimization of dual-enzyme ratio for PCA accumulation.
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Figure 3 Results of promoter optimization. A: Characterization of promoters with varying strengths. Six
independent replicates were performed, and statistical significance (***) indicates P<0.001. B: PCA
accumulation in engineered strains with different promoter strengths after shake flask fermentation at 33 °C.
Three independent replicates were conducted. C: Gallic acid (GA) accumulation in engineered strains with
different promoter strengths after shake flask fermentation at 33 °C. Three independent replicates were

conducted.
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Figure 4 Protein engineering results of PobAM? A: Substrate inhibition curve of PobAMz. Three independent
replicates were conducted. B: Amino acid residues within 4 A of substrate PCA. Yellow: Protocatechuic acid
(PCA); Orange: Flavin adenine dinucleotide (FAD); Light purple: Reduced nicotinamide adenine dinucleotide
phosphate (NADPH). C: Color-based preliminary screening of mutant strains. H11: Template PobAM?; H12:
Blank control. A darker color indicates a higher concentration of gallic acid. D: Initial screening results of
PobAM? mutants. E: Secondary screening results of mutants. Three independent replicates were conducted. F:
Screening results of combined mutants. Three independent replicates were conducted. G: Shake flask
fermentation results of strains GA2-5 and GA3-1 at 33 °C. Three independent replicates were conducted.

http://journals.im.ac.cn/cjben



BIRAL 2 | KM TIRMEAGFEE =R TH

24 PtAEERZEHMRKL
TERE KA B Al TR R #E GA3-1 )5,

16 5 L R FAREXT A THORSS UE . GA3-1 7E 32 h
& T [a] AR B 1R 12.4 g/L, X & & 0
HIEEAL RN 0.08 g/g (K SA). 7 FE 5 H Bk GA3-1
H 20 AR R AR T R TR MR DHS02 A K
JEBIRRAG,  HEMR 2 R GR R S )
fiff (B SA. 5B). B, 4 Aroz JFLH ) FRE
HERE A B R GA3-1 gk b, A 2

Pk GA3-2, FIH 5 L REEWHEXT AR GA3-2 #4T
IR, HRE GA3-2 By K ODeoo HLHEHE
GA3-1 187 T 41%, BB FIRM S~ =0l L
BF) 21.3 g/L, BIFREEILERN 0.13 g/g (K] 5C).
e, XPAMEE SR BE SEA TR AR LA, dERrE
EIFEIRIETE 2 /L LT . R BN, 8l
MR 1) B KR R B DA 12 g/L BRAIRZE 5 g/, TRl
WETFRWRZE SRS E 26.7 ¢/L,
PR S AL R £ 0.15 g/g (K 5D).

A B

120 30 =GA -+-0D,, -DHS 2150 1150 415.0 120r 301 -=GA -*=0D, ~DHS 150 115.0 -15.0
100} 25} -*PCA -+ Acetic acid 1125_J125_Jl1255 100} 25} T PCA~*Aceticacid fizs {125 f2s5
™ ) ) :@ = ) HE D
801 20 11002{10.05{10.05 80} 5,20 1100%10.03{10.03
= B e o5 E 8 la 2, <], . 8
g 60} 15} 175 5475 €475 = S 60 515 75 T{75 9175 2
S b — < 5 g < 2t 3
40t S 10} 150 2150 £450 8 40} S0 150 450 S50 8
8 £ 2 B 2 ) B 3
20lE s l2s Flas Tlas 58 20tF 5 {25 F{25F {25 &
/ s ,./'/. i

ol e aaa o Joo o oo ol A, e o oo oo

0 6 12 18 24 30 36 42 0 6 12 18 24 30 36 42
Time (h) Time (h)
C D

120p 30r o GA --0D,, +DHS 150 4150 415.0 1200 30 =GA --0D,, +DHS 1150 1150 415.0
100k 25} T PCA -+ Acetic acid 125 ~ 412.5 ~- ;2_5:1'—_\ 100F 25t —v-PCA -+ Acetic acid {125 {125 {1255

= T ) s ’
3 = = — ~~ i ﬁ oo
801520} : {100 -[0.0?- 1002 80f 5,20 100 2410.02{10.03
2 < s | g = » < 5}
SoolS 15 {75 B {75 475 2 S 60l S15 {75 75 £ {715 2
S b s s g§S % 5. 51 . B
400 5 107 “ 0 EPOESOS  40pglof 150 2150 5150 2
= = & o a1 = = ©
2w0t5 5 125 25 4252 207 s 128 Fas Tan 8
= =

oL L PP A : + 0 40.0 0.0 0 I A—d A —aa—a 0 0.0 0.0

0 6 12 18 24 30 36 42 0 6 12 18 24 30 36 42
Time (h) Time ()

5 OHMABREGMUER A GA3-1 895 L KB 33 °CR 36 h Z52R . HUCEATIE 3 41,

B: DHS02 [ 5 L A& MEHE 33 °CK B 36 h 4520, BUCHATIR: 3 4. C: GA3-2 19 5 L A THE 33 °Corit
R 36 h 53R . FFUCHATIONE 3 4. D: GA3-2 AL 5 L K BEHE 33 °CorfAMEL A& 19 36 h 4523,
FUCPATIRE 3 41,

Figure 5 Results of batch fermentation and condition optimization A: Fermentation profile of strain GA3-1
in a 5 L bioreactor at 33 °C for 36 h. Three independent replicates were sampled at each time point. B:
Fermentation profile of strain DHS02 in a 5 L bioreactor at 33 °C for 36 h. Three independent replicates were
sampled at each time point. C: Fed-batch fermentation profile of strain GA3-2 in a 5 L bioreactor at 33 °C for
36 h. Three independent replicates were sampled at each time point. D: Fed-batch fermentation profile of

strain GA3-2 with optimized glucose feeding in a 5 L bioreactor at 33 °C for 36 h. Three independent
replicates were sampled at each time point.
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