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# ZE: [% %) Escherichia coli AFP111 X B4 = T B K&~ LB, T _BFRIK. [B
9] Rt TA2 22 Escherichia coli AFP111, #&5T ZBFE, BR8] LR AR, Ex
100 LAY T A IE. [FF] —FRRETHEMA LROREZRXEBRAR, BET=
PR RIER RAEBE BB T AT RA;, S REAMAL 5 L KRB AR5, [£R] Sk TR~
2 IR AR Yy B LB B A B B A BB 69 AR ackA-pta. 7 RERLIR B Ae 2-FR T BL T BR 5L AR B Y
A B tdeDE 345 SX02 B #k, ML LM T HE LR T F THT 53.42%, T —BIF %15 9.85%.
JE SX02 Hktal b, 2 B3 TRk AT UM ERE gk BRIFEM SX03, H
Glk BaiE M5 3.66 15, LETETHT 31.62%, T _BIFFIE 8.28%. SX03 HrhA i A
FT B S L ABBBEATHK, ECBRZEH 397 gL, T _BFEH 1.62 mol/mol # &4,
o R H AR CE B TET 75.76%, T —BRAFEIRE 19.12%. £ 5 L KB4 ExT AR
T F 427 Na,CO; = NaOH A& %4 55X, MgCO; 9 & B R, AT A8 pH. $itdbdtik
FoF BAERE, EiF T RELBLM: pH 6.8, HtiE4tik 250 r/min, # Z4E 100 g/L, KB
vk RO LB FF 4 2.24 g/L, T =BR4FE A 1.66 mol/mol # & ¥E. FAF| ks LEE =&
THT 20.65%, T BRIFERE 2.47%. Htk SX03 XBEL L —F £ 100 L & B4 E 529K
X, LTEBZFH 191 g/L, T_BIFEH 1.30 mol/mol & H#E. [45:4]) @R TA2 Bt 8
XKATH, Ll HMLMAEETRE TR, ToBRFERS, FESLAI00L ABEEZHT
IR, BRIVBEE K T WAF R H A,

KR KWATHE, T8, L8, #ABUssE, ToMmL, FRAR

Production of succinate by a metabolic engineered Escherichia coli
and its scale-up process in fermentor
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Abstract: [Background] Escherichia coli AFP111 produces succinate with low yield from glucose
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and with high production of acetate. [Objective] To reduce acetate production and improve succinate
yield. A 100-L-scale fermentation process was established. [Methods] One-step homologous
recombination was used for knocking out the key enzyme gene of acetate synthesis pathway and
modifying key enzyme promoter of succinate synthesis pathway. The culture conditions were
optimized by using single factor design in a 5-L fermentor. [Results] The resulting strain of SX02,
deletion of ackA-pta and tdcDE, reduced acetate production by 53.42%, and increased succinate
yield by 9.85% as compared to the original strain. The glucokinase activity of SX03, obtained after
over-expressing glk, was 3.66 times high than SX02. Its acetate production reduced by 31.62% and
its succinate yield increased by 8.28% as compared to SX02. SX03 produced 3.97 g/L acetate, and
1.62 mol of succinate per mol glucose in a 5-L fermentor with a decrease of acetate production by
75.76% and an increase of succinate yield by 19.12% as compared to the original strain. The
fermentation conditions including various neutralizers pH values, agitation speed, glucose
concentrations were optimized in a 5-L fermentor. The optimal fermentation conditions were pH 6.8,
agitation speed of 250 r/min, glucose concentration of 100 g/L. Under the optimal conditions, SX03
produced 2.24 g/L acetate and 1.66 mol of succinate per mol glucose with a decrease of acetate
production by 20.65% and an increase of succinate yield by 2.47%. The fermentation using the strain
SX03 was scaled up in a 100-L fermentor, which produced 1.91 g/L acetate and 1.30 mol of succinate
per mol glucose. [Conclusion] The metabolic engineered Escherichia coli shows great industrial
potential for the commercial production of succinate.

Keywords: Escherichia coli, Succinate, Acetate, Glucose kinase, Fermentation process optimization,
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Pilot-scale fermentation

TR, NERIRHIER, & SRRIEM A EHE
HE =, T R IE R C4 B EY, AT
TR R 250 . ARl T T K Rl R i
REYRIARY T, RS2 E R IR 5 R Aok i
AT e R g 2 — A Tl
A7y S B A R i & . Hih
R R A P AR v LI % R PR Oy D ek FL i A
BT R, ek Tk Ak A s BAA AR . HL A
Zy 65 ik B AEAE R . 15 K HE RO RS ES ;i
A A R T B W AR B R BRI, 4R
Ja FEREAL R PR R AT & s i A T R
FETEMEAL TN AS By Bt . B2k . DAIANTA] AR
PEUEN OB B b B TR, s S AS AT AR B TR
MM, e D e ke SR RERE, BFSE TR )
R A T R B A ke [m) R ) OB, I
DARTFRA: HAN A& AR B B skl R ™ T =
PR TR PR T SR RIS A 77

A A T 2R H BT i 2 1Y TR PR R 3R
FAMR LR AT I Actinobacillus succinogenes . 7F=3%IH

FRIKAANE TR Anaerobiospirillum succinciproducens .

BB FTE Corynebacterium glutamicum F1K
kT Escherichia coli®™. {HRZHAMICHE
Z . RIEEE IR E SRR, TN T R A
S5 AR A 7 1 BB . TR A G 5% 45 1 T
B R EERE L AT SRR O . S DR e R
FAELE, BUR T AR IS E 25 . KIGHTFA
IR R R, T RN —RIRIEIN(TCA)IRTE
wyE=Y, BRERR, K R A A
Ir. PR TR B R ez, RIGF AUk e
WA B, DRAE BT B A T R K AR L
M2 . FLERSEEIF=P, R HIR = A 5 T R
1358, DX TR TAGH T ARG, DR
AR SRAL T R AR R AR O A R ) T
Bt. KIWFFE NZN111 [F) Sl g i LR i SURE Y
SEIA 1dhA N R TR TP R AR BE D pfIB, 125
PRSI AR K A2 M) Donnelly 25X NZN111
HEAT AT 52 08 18 , U 07 126 1) 2t B 4] 2 AR TR
ERGTEELIN prsG WS TRIRR AFP111, f#ER T %)
0k T A B A K AR R Y Vemuri 45 ol i
AFP111, Bk it F38 KIGHF R A B A TR IR Tl

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



WA RIS AU TR G RIS T R M A REREROR T2 2543

YZEHIAT I Bacillus subtilis WAL PR B BR-E B5 ToE
LIRINEARRRILEESER pye, Wil 5 L REHRER
P¥ 1 Na,CO5 1475 pH, T iR15-3815 3 1.68 mol/mol
S, A IR T AR, BT
BLIPTG Wik, WA H L ZHEHIMERE K,
1M HBURL A 2 2k SR AR EREA RS E , BRI T H
TolkARR H

AWFFELL AFPI11 g i R kA TGS T AR ek
W, A A ER R IR A R O B e TR

ackA-pta. tdeDE, [RBIERIE glk, BFEVIARRRL
R WA SRRn R T R, FRICE]
PR IR AL 5 L R RERER T2,
TE 100 L REHEHAT TR
1 RSk
1.1 #8
111 E#k. B slfniEsRsE

S T TR R BORL ARG S B ILER 1, 514
FSAF IR 2,

R1 KR AERS R

Table 1 Strains and plasmids used in this study

B AR BUARL AR el
Strains and plasmids Characteristics Sources

AFPI111 AldhA::Kan, ApflB::Cam, ptsG* Lab collection
SX01 AFP111, AackA-pta::FRT This study
SX02 SXO01, AtdeDE::FRT This study
SX03 SX02, M1-12-glk::FRT This study
pKD46 Bla B v exo (Red recombinase) temperature-conditional replicator, Amp Lab stock
pCP20 FLP recombinase helper plasmid, Amp Lab stock
plJ773 Template plasmid with Apramycin gene and FLP recognition target and FLP recognition target Lab stock

Note: *: with mutation.

*2 AWMRFASY
Table 2 Primers used in this study

Primers Primers sequence (5'—3")
ATGTCGAGTAAGTTAGTACTGGTTCTGAACTGCGGTAGTTCTTCACTGAATAAGCTTGATATTCCGGGGATCCG

TTACTGCTGCTGTGCAGACTGAATCGCAGTCAGCGCGATGGTGTAGACGAGTGTAGGCTGGAGCTGCTTC

ackA-pta-up
ackA-pta-down

ackA-ptajd1 ATGTCGAGTAAGTTAGTACTGG
ackA-ptajd2 TTACTGCTGCTGTGCAGA

tdeDE-up TCAGAGCGCCTGGGTAAAGGTACGTGAAATAACATCCTGTTGCTGTTCACTAAGCTTGATATTCCGGGGATCCG
tdeDE-down ATGAATGAATTTCCGGTTGTTTTGGTTATTAACTGTGGTTCGTCTTCGATGTGTAGGCTGGAGCTGCTTC
tdcDEjd1 ATAACATCCTGTTGCTGTTC

tdcDEjd2 GGTTATTAACTGTGGTTCGTC

aac-up TAAGCTTGATATTCCGGGGATCCG

aac-M1-12-down AGCTGTTTCCTGGTTTAAACTGACTGACGCACCAAAAGGGCTCAATTATATCAACGTTGTTATCTCTTGTCAA
CACCGCCAGAGATAAGTGTAGGCTGGAGCTGCTTC

aac-M1-12-1 CATCGCTGCAATTGGTGCTGAAACGATAAAGTAATTGTGTGACCCAGATCTGACCTAAGCTTGATATTCCGGG
GATCCG

aac-M1-122  AGACGTGCGTTGGTGCCGCCCACATCACCGACTAATGCATACTTTGTCATAGCTGTTTCCTGGTTTAAACTG

glkid1 GTAATTGTGCAGATC

glkjd2 CGACTAATGCATACTTTGTCAT

TE: MI1-12 JR 305 N LacZ FEShakE iy 0.1 757, NNNNN: s 28 B[R EE F51(50 bp); NNNNN: MI1-12 J& 517551(88 bp).
Note: M1-12 promoter was 0.1 times that of the induced E. coli LacZ promoter™; NNNNN: The modified gene homologous arm (50 bp);
NNNNN: The sequence of M1-12 promoter (88 bp).
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FhFE: 7R B (LB, g/L): BERHEEY) 5.0, K
FE M 10.0, NaCl 10.0, FEARREFEIAA 1.5% (&
ERFR ) SE B -

KRG FRHL : Na,HPO,-2H,0 11.6 g/L, KH,PO,
1.1 g/L, NH,CI 1.0 g/L, % 2.0 g/L, BERk4RE
¥ 5.0gL, K3 25.0mL/L, pH7.0,

MR EININ Amp (2 FH 82 ) Kan (A%
). Apra (B 5 2) ELUWE 510 100, 50,
50 mg/L,

1.1.2 EFZERLFFLEE

PREREFIER YRR AR A B Oxiod A ] EoK
B AT E AR A RA L il MgCO;
W B e T A RA ] NayCO; I H HEh
LRLT DT e A RR A wl s e DGR [E 25 40
Mrédi,

i I G Wil e R b1 Y i W N 712 -
PCR 59, 4 T TR (R Oy A R v 5
DL5000 Marker, 2xT5 Super PCR mix (Colony), Jt
RPN AE ARG AT 3 FastPfu Fly DNA
Polymerase, dNTPs, dtiie X EYEARARA
Al SRR AREICL) . NERRR I (PyK) . 37
SR I S B (Mdh) B I 2 R 6, dbi R
FRAF]; AckA EEIEIE AN &, HBRFAEMK
A BRA

HL5%1Y, Eppendorf/Al; ABERE, {4
Prss TARARR A A AR, T ERERE
BT A IR A AL B R0RAE IS T, LHER
5wl SBA-40C AEWME RGN, INARE R =Btk
YIS o
1.2 A
121 ZERFHEXBEEEE ackA-pta. tdcDE K]
R

—H & PCR HAFFIEE L A Be(FIIE)F 51
H iy e 2GR 4% 50 bp)s

PCR &% (500 uL): JGI#7K 320 pL, 5xFly buffer
100 uL, dNTPs (2.5 mmol/L) 40 pL, ackA-pta/tdcDE-
up/down 5[4#(10 pmol/L)£% 10 pL, plJ773 JEkr 10 pL,

FastPfu Fly DNA Polymerase (2.5 U/uL) 10 uL, PCR
ZA4%: 95°C 5min; 95°C30s, 52°C30s, 72°C
30's, 30 MEH; 72 °C 5 min, B fE G AT
IR A e 4 28 120 pl, HX 40 L PEFrHa i1k,

P — A [ 05 T L o 0 A7 2 DR i B U
CaCl, Wil & IR Z A 5551k pKD46 ik, FiH
Amp HIPEPRIEAL BN TR, 30 °C. 200 r/min 3%
7% 8 h, il # IR Z S T2 500 V, 3 ms),
WAL S TR 48 100 pL 1845 T Apra itk P
M, 30°C Kig% 36 h, BRKBCEARFELF#E1T PCR 5
TE, 0 51 DA G4 B A 35 DR 20 R 8 R R AR R 1 7 56
iF, PCRKZ(25 pL): JCHi7K 11 pL, 2xT5 Super
PCR mix 11 pL, ackA-pta/tdeDE-jd1/jd2 5| ¥y
(10 pmol/L)4% 0.5 uL, FIR(CH/KFRZE 50 ul)
2 pL 5% 1 pL JFUAR PA LR 41 R Aid . PCR 544
98 °C 2 min; 98°C20s, 48°C20s, 72°C 50 s,
25 MEH; 72 °C 5 min, HeHkEZ T PCR BiiF
PO AR T Apra Z96FE N 50 mg/L 1) LB
Wk R e, 30 °C, 200 r/min 5557 8 h JBrilLEE
PEIZ 42 °C K77 1%, 1T pKD46 TRAETRE A i 55 o
MPEPTETTE, PI7E Kan, Apra $TPEA K fIZE Amp
PUPE T AERK BRI IIHER pKD46 K. BEfS
B4k pCP20 ok, FIH Amp PR L)
Bk, 30°C. 200 r/min 3535 8 h J5 42 °C ¥5Fid 7%,
FIHBCEE PRI R TE Kan FitE A K AHELE
Apra, Amp HUPETAERKMER, BN IR T
pCP20 FTHi 1 Apra HiPEFRIC(E —4> FRT fii51), %
PRAR TR T T — L PR it
122 T ZEREIRTZ glk BahFiUE

WP S PCR 245 [l ELH B .

¥— PCR ¥ #&AEsIFHitt B, PCR
RZ (100 pL): JCH7K 64 uL, 5xFly buffer 20 pL,
dNTPs (2.5 mmol/L) 8 uL., aac-up/aac-M1-12-glk-down
51#1(10 pmol/L)5% 2 uL, plI773 JFiki 2 uL, FastPfi
Fly DNA Polymerase (2.5 U/uL) 2 uL, PCR 4514
95 °C 5 min; 95°C30s, 52°C30s, 72°C30s,
30 MEFR; 72 °C 5 min. 5§ PCR = {di FH s [Rlik
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R Dok 45 2 50 pL .

5720 PCR P35 A H s 3 8 R A
Bt PCR SUWAKZR (500 uL)£5 s &5 1.2.1 HilH
KRR FEAF, SEEIYA aac-M1-12-1/2, TEHEK
320 uL, 5xFly buffer 100 uL, dNTPs (2.5 mmol/L)
40 uL, aac-M1-12-1/2 514)(10 pmol/L)% 10 uL,
FastPfu Fly DNA Polymerase (2.5 U/uL) 10 uL, 54
JE—HEEH) 10 L, PCR 4. 95 °C
5min; 95°C30s, 52°C30s, 72°C30s, 30 M
5 72 °C 5 min. %Y1 Bodi i glk FEH ATG (i
IR F) EF 100 bp FEH 741, PCR F=#{ F
IR e 4 2 120 pl, B 40 uL gef7HL 4k
HFE IR 25 L E R R ] 1.2.1, Ui R 51 4%t
glkjd1/2 AT 5 .

123 EFFHE

— I =20 °C LRAFHYHIME 50 uL #Fh 2
5 mL LB AR FEHA, Kan ZK9E R 50 mg/L,
37°C. 200 r/min 3% 8 h.,

PR B e — /AR T 100 uL F 50 mL k8%
RiFEderh | Kan 29 4 50 mg/L, 37 °C., 200 r/min
Hidi 2 ODgoo 2 13 LA (WA K, #20B R IR
7 100 mL %P E SRR EURRE), TN 5.0 g HEAI
5.0 g Bz MgCO; J5 37 °C. 200 r/min AkLEEE 5,
BRIt 2 A A R B IR T 3 /L P2 o R I

5L ORTFHERE: —HFh ¥ 100 pL TAA
50 mL LB /9 250 mL =i+, Kan KHKEN
50 mg/L, 37 °C. 200 r/min 33 16 h 15y — i1,
R 1.5% R T 3 L 2SR Ay A e, B
S e B4R BE - 0 U T 10 /L, 3 0.2 m/h,
Bl 250-550 r/min $EHIEA ST 5%, 2 mol/L
NaOH #15 pH & 7.0, ODgoo & 13 EAHANIRE K
I, WRBE 37 °C, PRAARTEL: #%# 300 t/min, R
37 °C, HEZIESMAE LM 100 g/L.
X MgCO; i pH TR, HH A S 5T fd X
MgCO;.Na,CO; il NaOH JR-A ik LA A 835 pH.

100 L & FERER I : %54 600 uL — A FIT
RV 300 mL (9 1000 mL = ffdk 3 0, fEh—

FFhF, e 1.5% _RATHT 100 L KREGE, %€
Wi 60 L, BB BL R I A4 B - IR 0% 10 /L,
WA 4.0 m*/h, #53180-330 r/min 5 HIVASATE 5%
PI_E, 2 mol/L NaOH #75 pH & 7.0, &S 37 °C,
RIS IR ODgoo 2 13 Zi A 5 NP KB DA B B -
KA, EEMA B 5.0 kg, 2 mol/L
Na,CO; #1 0.5 mol/L NaOH 7 pH 6.8, I % 37 °C,
%3 200 r/min, FRAHIRT 3 /L BFE5HUKIE
124 ABERKEFYSH

AR R AR T T 600 nm AR
EWOCREH, #abEE EAIH SBA-40C AL
SIHTAANE o R P S RCRAR A% N T R &
FREHR L, T4/« Prevail Organic Acid {4
TERE, Wi BAH N 25 mmol/L KH,PO, /KA Wi (pH 2.5),
Ji#E 1.0 mL/min, AU 25 °C, ZE4MG I SHE I
£ 215 nm,
1.2.5 #EXEEFENE

ICL. Pyk. AckA. Mdh F& 5 B &
EFTINRE 5 Glk Pl e BECSCHR 11 100 e s e o
T P2 R A (Peke) , R TR s Pt =X AT T 2 2 £ Il (Ppc)
il 7% 2 RE SR (120 2 o

FE U B SR Bradford i & .

2 HRE40
2.1 ackA-pta. tdcDE B[ X glk BaETFiUEE
EHER

FEAR 1.2.1 A1 1.2.2 L BRI/ 1480 bp
1) ackA-pta .tdcDE Wil B S 1568 bp 1 glk JH 3
Feleah i B (g ) o AR AL 0 S, 43 D
DRI AN 58 AR TRV, (3 FH S |05 ackA-ptajd1/2
YET R RN R 3 422 bp Al 1 759 bp,
W ackA-pta BEEINEERE 1) 5199%F tdeDEjd1/2
A TR S B4 HG R/ INGr IR 3537 bp il
1 480 bp, FM tdeDE #{ RN RibR(E 1),
glkjd1/2 N5 | PR s 2 R, 471 I N
142bp F11510bp (& 1), FH glk BTl . bl
J& Apra Itk B, FRT i 5 % pKD46. pCP20 Vit
SUTCRIFE R 1.2.1 B 5 BRI U R
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Figure 1 The agarose gel electrophoresis of deleting ackA-pta, tdcDE and rebuilding g/k promoter
. M: DL5000 FrifE; 1: ackA-pta 275K PCR 7°¥); 2. ackA-pta ¥¥4#I PCR 77¥); 3. tdeDE %7Kk PCR 7=¥); 4. tdcDE %

R PCR P45 5. glk BF4ET PCR 7245 6. glk 2375Fk PCR 724

Note: M: DL5000 marker; 1: PCR product of mutation type ackA-pta; 2: PCR product of wild type ackA-pta; 3: PCR product of mutation
type tdcDE; 4: PCR product of wild type tdcDE; 5: PCR product of wild type glk; 6: PCR product of mutation type glk.

2.2 KiGILEMERFITEN ZABE R
221 Kift TIEBUSRD TERRIF K

W EM ackA-pta. tdecDE } LRy Higda R
IR poxB W RN, NERRRE AL
fifi(PoxB) MIBEEE 71, {RIPHHEE A b FIEIRAS, XF
KM B A K et M Y, DRI 3 5 B
ackA-pta ., tdeDE KIi/0> LR R itk—A [ BH %
LR R T R S TS PR, X
TR AR R TS I E o Pyk JRTOREAR
WHRED=Y 5 T 2 a5, Pck, Ppc. Mdh
MG S0 T RIS, ICL K LTRSS K
L RO R -SE R R IR R IR - T ik
A% 1 mol T - FRINAE 2 mol NADH, it MR
WAL 1 mol T FRIHAE 1.25 mol NADH, [t
B AT T A BTSRRI E AT AR ST
I PRI ol st o AR A s ), ELARAR g AR i SC
HR[131F7R o
222 CZERFBEEEEE ackA-pta BRI EEEL
BN

wmE 3 Fron, L AFPILL N HY & bR R
ackA-pta RIFH) SX01 WHRH LR/ & N T
44.86%, 1 RISRIGENIN 4.55%, NEER & T %
T 39.53%, T RRAE AN K I A B 53 5]
TEET 2.56%. 8.79%. [FIHT, & 4 (ARSI & 25

R Ack BTG FFE T 57.44%, FRRIGAE T ackA-pta
MR . ICL BEHE 4R 1.36 £, Pck. Ppc. Mdh
TETE 23 A R TR IR S 1,20, 1.08, 1.26 /%, Pyk
B TR T 97% , M (A5l i s 1 =X A il 2 (PEP)
T T R NG R R e N R o
Pyk fiid S T ackA-pta @R 5 acetyl-CoA %
HHEIN, T acetyl-CoA J& Pyk BE& BRI FI17, MA
s MR BRE PR . T R AR RCR AR R T
K AT BB kR ackA-pta (75 ATP I/ 1 S 8R4
A C
223 ZERXBEEEEE tdcDE Rif&3 A EEE R
AL

BIRC R ackd-pta, [BILHINGE 2 BRISEEHK
SREAGTEE, RWIEIRNAAAES Pta DIREAHIAEE,
TdeD 5 AckaA ELAHIEHE"S . T tdeD Fl tdcE
TEFERIAI B FEAR, 76 SXO01 FikIEEA: I, #ibk
tdcDE A3 HRk SX02, ZRr=H R T 15.53%,
T RRIRRIE R 5.07% (£ 3). BFE SX02 ) AckA
RSN 0 (% 4), FIKEH tdeDE wilE R o
Pyk fifiGE FFET 81%, (HARNENER & & NI T
65.38%; Pck. Ppc. Mdh. ICL i 4> 5455 1.87.
112, 113, 121 6%, B4R T T A RGRRE . HiF
PR T ZRRAE RS TRET 16.87% .
13.16%, AIRES ATP #E—2& B A X,
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Table 3 The fermentation result of genetically engineered strains in flask

173 R AR TR T IR PBRAR
Strain  Glucose utilization rate (g/(L-h)) Productivity (g/(L-h)) Succinate yield (mol/mol) Succinate (g/L) Acetate (g/L) Pyruvate (g/L)
AFPI11 0.91+0.02 0.78+0.03 1.32+0.06 86.21+4.21 17.52+2.41 0.86+0.04
SX01 0.83+0.01 0.76+0.08 1.38+0.04 90.78+1.53 9.66+0.98 0.52+0.11
SX02 0.69+0.03 0.66+0.02 1.45+0.01 95.21£2.05 8.16+0.39 0.18+0.03
SX03 1.04+0.05 1.07+0.01 1.57+0.03 102.76+1.59 5.58+0.36 0.05+0.08
x4 ERIRANREENELSR
Table 4 The enzyme activity result of genetically engineered strains [nmol/(min-mg protein)]
[0S fif Enzymes
Strains Glk Pck Ppc ICL AckA Pyk Mdh
AFPI111 - 32.05+2.35 15.31£2.93 58.24+3.12 219.02+3.42 71.09+3.36 338.15+13.82
SX01 = 38.55+8.17 16.52+1.35 79.21£7.91 93.2246.32 68.764+4.22 427.72410.33
SX02 21.3843.55 45.75+5.39 18.58+2.31 100.7442.53 0 55.72+£2.15 483.72+15.13
SX03 78.22+5.28 49.43+£5.27 21.33£5.03 134.69+5.42 - 51.09+3.36 525.3548.77

T = ARG AN A FEE N  A SRS SR E

Note: —: Not detected; All the enzyme activity were measured after aerobic fermentation.

224 glk BIFEN KB EABEST 28
gkl

BAR T RIS RAE /D 2 B i R A5 5
Hahn, ART R RCR SR A s T R
DR 285 8 o e 1) P o DU 3 T R AR
K, RIBFERNA 2 Faiiicists: (1) PTS
WL E 250, LA PEP NTEIRHEA; (2) GalP/Glk
HEEHE RS, DL ATP MM A, AFPI1
BItRIE: ptsG RASHIRK, prsG 7SI RERGTE T 1%,
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Figure 2 The fermentation results by AFP111 (A) and SX03 (B) in anaerobic phase
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Figure 3 The optimization results of pH (A) and agitation speed (B) by SX03 in anaerobic phase
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