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Metabolic engineering of Streptomyces cinnamonensis
enhances biosynthesis of monensin

LIU Minwei"?, ZHANG Shanfei'”?", HUANG Zixuan"?, XING Haobo'?, SUN Fubao'?*"

1 School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China
2 Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122,
Jiangsu, China

Abstract: [Objective] Monensin is a polyether antibiotic produced by Sreptomyces
cinnamonensis. To enhance the production of monensin by microbial fermentation, we employed
metabolic engineering to strengthen the synthesis pathway of the key precursor
methylmalonyl-CoA in S cinnamonensis 2110. [Methods] Firstly, crotonyl-CoA reductase (CCR)
was overexpressed to strengthen the acetoacetyl-CoA pathway. Subsequently, methylmalonyl-CoA
mutase (MCM) was overexpressed to improve the succinyl-CoA pathway. Finally, an engineered
strain with tandem overexpression of CCR and MCM was constructed and evaluated for the
fermentation performance. [Results] The overexpression of CCR increased the strain biomass and
monensin titer by 10.4% and 19.0%, respectively, after 10 days of shake-flask fermentation. The
overexpression of MCM increased the monensin titer by 9.9%, whereas it did not increase the
strain biomass after 10 days of shake-flask fermentation. The tandem overexpression of CCR and
MCM increased the biomass and monensin titer by 9.4% and 26.8%, respectively, after 10 days of
shake-flask fermentation. In a 5 L bioreactor, the engineered strain 2110-CCR-MCM reached the
highest biomass of 54.6 g/L and monensin titer of 11.3 kU/mL, which increased by 12.7% and
36.2%, respectively, compared with those of the starting strain 2110. [Conclusion] CCR and MCM
mediated the key metabolic pathway of monensin biosynthesis in S cinnamonensis, and the
overexpression of CCR and MCM was highly favorable for monensin synthesis. This study
provides technical reference for the engineering of strains with high yields of other polyketides.

Keywords: Sreptomyces  cinnamonens's, monensin; crotonoyl-CoA  reductase;
methylmalonyl-CoA mutase; precursor supply; tandem overexpression

o

LIfETE 2 (monensin), X FRMEEESZ, B RRE RO AMREG) T ZrPiMmE . PUES
PR Hb 4% 5 1 (Sreptomyces cinnamonensis) & 12 ML A S UM U B0 BT AL 25, g
AR — R EAA TR RTR SRS A B AR EAEAURT . L e . AGr AR
PiEZR, FERANEREEZ AMB, M2othae PSR, 7ol BE2GEGEIC N B
70 AR TR, SERER RN B E R KRG AR IO AL
B 4 FERERNERE A AR SR, BLAETA 3 A& T A 3 il A7 76 R T 7K
Yy, W EREE SRR L FOERG M PR AR AR A SRR,
I, WHIEHSANILTREEN, sk, 30 s A TR SRR I R AR 7 I 1 K R RE

P4 actamicro@im.ac.cn, 7 010-64807516



XIRME 45| AR, 2024, 649)

3523

DI SRem R 7 i, eI BT KR4 h
X ) R A Rk R BEE BRI HEAR N
TEPRE, FLRETH = WA & ke B
PERWRE . S Ay 1 ARG B
ALA B, FIRFTE 2N CoA (T4 H L1k
CoA). HHEEN W CoA FIZIEP -l CoA (T
A TEE CoARILFZ 5P, Hdh BN
CoA VENBLRET = A& i 7 vp iy — A BR
RO, R B CoA IAHIG izl
SR(ELT), FERIETBEIINE CoA Z5d HIIEN
Tt CoA ZZ A i (methylmalonyl-CoA mutase,
MCM)EETE R, TN CoA 23 L CoA 2
Ak I (propionyl-CoA carboxylase, PCC) & 1k JE
B BRI AR T BE CoA MZ ARk
AR BRI CoA By A pigl 4
4 Fhigte(E D ERZ AN, N Bt CoA
FEOR B H LN lE CoA ZR v B Ak 1Y B FA
CoA &7, Reeves 5! hl il P21 8 5 7=k

Valine — —=

'

v

B-hydroxyisobutyric
acid

Methylmalonic acid
semialdehyde

v

semialdehyde

v

Propionyl-CoA

PCC l

1 BEFE COA HIEMA KRN
Figure 1

—* , Isobutyryl-CoA <——* Butyryl-CoA

o

<—— B-hydroxyisobutyryl-CoA

Methylmalonyl-CoA

MCM

<—— Succinyl-CoA

(R)-methylmalonyl-CoA

—» Streptomyces cinnamonensis proceeds
(S)-methylmalonyl-CoA

PRWE 22960 2175 T P i H R PN 8k CoA AR g,
R 705 TR FE B K A A 10 (O 4 2650 ) AV S i U5 7 i
FILP TR R 126%, 1AE SIhVE Ak
IR R P LI R B AL T 66%, 45
FU T HIEN ZBE CoA A W5 1R 2%
VIR . Li 26U RFSE & B DA e bt 25 1 7 5
MBI R L A, EEEE CoA i
(crotonyl-CoA reductase, CCR)TE JA4E W& Al 5
RETH 2 HR AL H ST Bt CoA FifA Jy e 75 1 22
VEF . teah, AR TR 3w o R Wk & 9
AR T E AT R A s . FLAE A A TTE S
B IR R TR R A RN 3k TR CoA A A
T LNt CoA ARV, flighfhss £y~ Eik
B 66%. JE, Lu ZUSE P (0 b i i
ELGEE CoA M FEIEN A ik, HHhEHRr-
PR 24%. HULATIL, FIARG B i s
it P AR AR TR s A AR S 385 AR il
KPR AE B, A i T

T CCR

B-hydroxybutyryl-CoA

|

Acetoacetyl-CoA

|

Acetyl-CoA

l Citric acid cycle/
l Glyoxylate cycle

Pathway in oil-based fermentation of

through the acetoacetyl-CoA intermediate

Biosynthetic pathway of methylmalonyl-CoA!").

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



3524

LIU Minwei et al. | Acta Microbiologica Sinica, 2024, 64(9)

A5 A AR R 4 AR T Jre PR A b e
PR I AE 77 BERE D 2R W B BT A ——H RN
ik CoA MIMFFY . T 5EiEAd 1 F ik CCR 5# 4k 1k
LTt CoA B ELN -k CoA WA R, HHE
%Kik MCM s LIEHITE CoA FI|FH KL N
CoA W& MR, BJEH I EIL CCR M
MCM HFAh TR AR R B RE, HEIRER 2R
b i 7 R AR A R AR A Y )

1 HE5x=

1.1 R
1.1.1  ERFBRR

AHIEFE I (i FH BRI Bk L3R 1,
1.1.2 ERE

R FR 3 (g/L): AT HETER 20.0, KNO;
1.0, K,HPO, 0.5, MgSO, 0.5, FeSO, 0.01,
NaCl 0.5, Bifigkr 30.0, I THFE5%5 K. LB
iR dk(g/L): BREER 10.0, BELEZEUY) 5.0,
NaCl 5.0, WEAREFREMA 1.5%3i0E8, pH
7.0, ATFREFRKGITFH . SM KR (/L): #
ZBE 10.0, HEEF 40, BELERY 4.0,

R 1 ARHRERBERN R
Table 1  Strains and plasmids used in this study

KH,PO, 0.2, K,HPO, 0.4, MgSO4 0.05, pH
72, AT HFREEEEZK. MS ik
(g/L): ®T Pk 200, HE&m 10.0, HEH
20.0, pH 7.2, MTHERER S KT RIEREES
o 2xYT 8 bk (g/L): AR 16.0, WL
R 10.0, NaCl 5.0, pH 7.2, FTHAHER
MRS AT I 0F . Bl IG5 S R e 3
FS 2 SBR[ 7]RCH
1.1.3 mE=R. RN

LEFRR(100 mg/mL in H,0), RIFHR
(100 mg/mL in H,0), %L%?%%(IOO mg/mL in ethanol
absolute) . Z% WE fili i? (25 mg/mL in 0.15 mol/L
NaOH)E A fifi W T—20 °CiAr . 7E LB} ek
o, RN 50 ngmL, RIREGRN
25 pug/mL, FEHREN 20 pg/mL, 1ER REFRILM
MS FiFRdkrh, LA R I VA 30 pg/mL,
ZEWEMRIR 4 20 pg/mL,

2xSuper Pfx Master Mix . One Step
Seamless Cloning Mix W H YT.75 B A 20 A= UL
H A A BR s \) ;3 2xRapid Tag Master Mix Il F
T S R AR IR R Ry AT B vl 5 SERE TR R AR

Strains and plasmids Features Sources
Escherichia coli
DH5a. F~, ®80lacZAM15, A(lacZYA-argF)U169, deoR, recAl, endAl, [16]

hsdR17(rK™, mK™), supE44, thi-1, gyrA96, rel Al

ET12567(pUZ8002)
Sreptomyces
cinnamonensis

Donor for intergeneric conjugation, with pUZ8002 helper plasmids, Chl", Kan"  Lab collection

2110 Industrial strain for monensin production Lab collection
2110-CCR 2110 containing pCCR This study
2110-MCM 2110 containing pMCM This study
2110-CCR-MCM 2110 containing pCAB This study
pIB139 ermEp* promoter, ®C31 integrase, oriT, Apr" Lab collection
pCCR pIB139 containing ccr This study
pMCM pIB139 containing mcm This study
pCAB pIB139 containing ccr and mcm This study
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HEAL I B 28 SRR A PR 2 w5 A B ]
HARBOGRF & . Fki DNA /MEIRFI & . DNA
Ji TS 5] & 38 A A T A AR () B
AR,
1.2 DNA EAKIRE

R A SE A AR . K HF 1R R Y 4
HU. PCR 7 i 2 Ak 1 4 BRG] 5 100 B 45
7o JRSZ 25 4t I 7 T A N BORL 5 AE SR A S
% SCHk[18]. PCR S WiA& & (50 uL): 2xSuper
Pfx Master Mix 25 uL, I, FiiF51%9)(10 umol/L)
£ 2.5 uL, FEAHR DNA (100 ng/uL) 2 uL, ddH,O
18 puL. PCR L 4cfF: 98 °CHIASYE 3 min;
98 °CAE M 10's, TIE 2k 30 s (T M1 51 W I H& R iR
JE T it58); 72 CCHEM t, (t By BT 438 B 2
T T MR IR, 30 MG ; 72 °CASE
ff 10 min., BI1¥& . DNA WP HKRFELEY
B () AR A A2 . AWE5E BT 519 I
x 2,
1.3 EHRNAEE

ELEME CoA i it ik ik pCCR Y14
. LS cinnamonensis 2110 3£ [X2H DNA A

R2 AMREMABSIY
Table 2 Primers used in this study

B, LABI#%F CCR1-F/CCRI-R #3478k CoA
SR B LA (cor); LUFRL pIB139 ikt , 514
Xf pIB139-F/pIB139-R Ji ] PCR 4" 3 il 5 2k 4k
AR, i B0 A% v P R G Ul B A5kl A R R
BB R TR, %ibE E coli
DH5a, #REFEALFHEBUR R 1T PCR Kk 2
oA HREER, 4550k pCCR,

FRJE TN 1 CoA AR i #23K ikl pMCM
B . HIIEN BE CoA ZBENEEA 2 IV 3E,
4351 H mutA Al mutB ix 2 AR, LS
cinnamonensis 2110 &K 4] DNA Mt , A5
Y% MUTA-F/MUTA-R " #8350 mutA, 514%F
MUTB-F/MUTB-R 4" 3% St A mutB; DAL JiT ki
pIB139 it , M5 |4%F pIB139-F/pIB139-R
By BT A MR . B A IR 2 A~
F B S RS T AL, SRR ST PCR
B9k, 4% ikl pMCM.

EL S CoA 18 Ji il 5 HY BE N Tt CoA 254
Wil PG KAk R pCAB MM . DL S
cinnamonensis 2110 JE£[K4] DNA WAEH, PA5]
Y%t CCR2-F/CCR2-R ¥ ¥4ILP cery LAJERE

Primer names Primer sequences (5'—3")

CCR1-F CCGGTTGGTAGGATCCACATGTGAAGGAAATCCTGGACGCG
CCRI1-R CTCTAGAGGATCCCCAACATTCAGACGTTGCGGAAACGG
pIB139-F ATGTTGGGGATCCTCTAGAGGATCCG

pIB139-R ATGTGGATCCTACCAACCGGC

MUTA-F CCGGTTGGTAGGATCCACATATGACGGTCCTGCCTGACG
MUTA-R GATCCGCATCCTCCTTATTACGCCACTCCCATGCG

MUTB-F TGGCGTAATAAGGAGGATGCGGATCCCCGAATTC

MUTB-R CTCTAGAGGATCCCCAACATTCACAGTTCGTGGCCGAGG
CCR2-F CCGGTTGGTAGGATCCACATGTGAAGGAAATCCTGGACGCG
CCR2-R TCAGGCAGGACCGTCATCCTCCTTATCAGACGTTGCGG
pMCM-F TAAGGAGGATGACGGTCCTGCCTGA

pMCM-R ATGTGGATCCTACCAACCGG

APR-F GTGCAATACGAATGGCGAAA

APR-R TCAGCCAATCGACTGGCGAG

http://journals.im.ac.cn/actamicrocn
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pMCM i, 51#%F pMCM-F/pMCM-R [ [1]
PCR & b bk i . F i Br 54 iAid 42
e Ab 5 SR BT ORI AT PCR OB IE, K45 Uk
pCAB,
14 EFHEHKRWE

L A= SO Y A 2 o Al N
ET12567(pUZ8002), 5 S cinnamonensis 2110
P IB AR, 30 °CH53% 18 h,
YRR MZEEMIR I T8 55, 30 °CAkLLiEF7
5 d RPAT Pk A FIRBOGER 4, LLgl Y Xt
APR-F/APR-R 55 iiF B PR 21 o2 15 3 A s 4 ookr
A P IE R aac)IV, RIGEAF . #
A AR AETCPU R IR 38 AR st 15 R A 2 78 4y
PR, SRR ROIR I B A TR R OR A T I 2
5T
1.5 HEREKRNAEER

PR R . P 4 T IR L
30 °CHiF 7 do FRBURRRTE 2R 3R AR CR IR
i 100 mL/500 mL £E)fi), 30 °C. 200 r/min 55

A B
bp M 1 2 bp M N I

10 000 — NN 10 000 — G

1000 —‘ FREPP 000 <1 4020p 40
500 500
250 250 33
C b M N 3 4

1 2

24 h, WGP UL 10% Rl i e 45 22 R e b o ik
R 50 mL/500 mL #£Jf#), 30 °C. 200 r/min
B3 10 d,

REE R B ILH T SRR
5L KRR MR 3 L, HERE 10%, HFRIR
JF 33 °C., ¥ 500 r/min, <& 3 L/min, %
AT 30% 44 o
1.6 AR A

BB P 2 R I 5 R A i e kPOl
U5 y=0.019 3x+0.034 8, R*=0.999 6). #i%j
v B A A= A% IR A A A i 2 T, A
O R T E LY,

2 BER54

2.1 AEBESEFEEEE CoA XREERT
=ik
2.1.1 FFRIAFEH 2110-CCR B2

38 o (7 5 EE Ay A T T E CoA iR i g
1 FRIBRAK 2110-CCR, WK 2 Fios. #4208 1.3 77

D
50 114

CW (g/L)
nsin (kU/mL)

2 FRIEFEHK 2110-CCR 3 (A-C) K FEHL & BE 30 E(D)

Figure 2 Construction of overexpressed strain 2110-CCR (A—C) and verification of flask fermentation (D). A:
PCR amplification. 1, 2: Amplification of ccr fragment and linearized vector pIB139. B: PCR validation of the
recombinant plasmid pCCR. N: Using pIB139 vector as template; 1: Using pCCR plasmid as template to
amplify the ccr fragment. C: PCR validation of the resistance gene aac(3)IV. N: Using total DNA of the
original strain 2110 as template; 1—4: The selected transformants.
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RE Y W cor ALK, KN HIN
1402 bp 15923 bp (F 2A), $EEK ik B K
BARGEAL G AT I B AL, X AL AR ERUTOR
7 PCR KilE, 2541/ 2B fiw, % &mr & H
FYFE R /N 402 bp), FBIERL pCCR FEE AL
o Z 5 W A ORI e DA — 2 Bk
Wt . FE K E AR pCCR % A JGUIA T Ak
2110 H1, kit 4 Ml FHREUE K 41 PCR 5
WEHTHE LN aac(3)IV. ZEIRANE 2C PR, 4445
BB R/NK 777 bp, FEE TN, RUI FRIK Ok
pCCR T #& 4 3] A A b 25 PR Y f ik I o
2.1.2 FRIAE#K 2110-CCR HIRHT & B

3 R R B iE ) SRR T R 2110-CCR
1) R TEERE , Z5 B 2D FioR. of FIRE bk
2110-CCR FIELATEFE 2110 B4 KA —
B TEREERT IR R PR AR, B AR B
K15 55 4 RIFIRE AT E W], AT SERE i = 7T
HREA M. SEIGEE 2110 ML, FAH
Pk 2110-CCR A K, A¥fhy 46.2 g/L, 4
T 10.4%; 2F RIRTE R K WEVE BRI A DL R
7, KW 10 d &hik®) 8.5 kU/mL, $2&m T
19.0%, WF5E R LBELTE CoA EAEH L E I
CoA i Ji i Fry s 7 TR A b % 2 1A AE ARl 7
HR A OCHER, 1 5Ri5 CCR DIgmH N —
fit CoA AUARMERZAT RN, HAE(EIE P Ak
AR BB [ I R B R T R 7 B R T Ut
Gh, Ik FIKE R 2110-CCR HY B T 1A S5
(183.5 kU/g) B & 15 F IR IR TR PR (170.2 kU/g),
IX 3R UH B RE T 2R A5 A 4 1R AN R B A E T
A GRS, Kk CCR MsfRIE M 1
PRV b B AT ) S BB TR 28 R I i
2.2 RWiEMEEEFRERZE CoA LIk
FPUESV
2.2.1 EFRIXEFK 2110-MCM BI#93E

A 7 38 1 [R) IR 5 4 2k A R R TS
CoA 7Bt Fik wdk 2110-MCM,  4nfE 3 i

N FEER 1.3 IRE Y mutA. mutB A4k
Pefb#RIAR, K/ANVTHIR 1 888, 2 238 Fil5 923 bp
(B 3A). 5 Bk b B s 5 1 7%
PehbAl, $RBUTORIPE T PCR B63IE, 45 n& 3B
Fi R o 3% &S mutA-mutB H BE R /)
(4 101 bp), EHIFK pMCM WHRLN ., ZJE#
T PG Y o e E AL TUR. pMCM 5
ABFIRRAK 2110 H, BRik 4 DAL THRBOLHE
ZH I PCR BFEHTEFE A aac(3)IV., Z5HR WA 3C
B, ZAAFa (777 bp), FMASFRIK TR
PMCM )& 45 31 PR A b e 25 T R (AR I o
222 FRIEEHK 2110-MCM HOIRHR & B
FES I EIMAE IR 3 e 5k, kAT
ZRRIRIGH R BEHIME CoA 223k MCM i1k AR A%,
HIJEN Bk CoA, A FITFREULEWIMA R,
T R A R Sk i) R TR 2110-MCM 1Y
RWEVERE, 454N 3D R, KBEZRE 10 K,
PR TR 1 A P et iR 3 I v, LIS S RB R R Uiy
RERRAE . AER IR KT B2 55 EN T,
T FRIBHE R 2110-MCM K 10 d S ik 2
7.8 kU/mL, ®JFIAERE 2110 32T+ 9.9%. #F5%
W MCM 3= 2E7E RHE M55 B DA R A il 2
A CHEE L, 25 MCM RERE 2 i H L —
1k CoA FIAMEN, ML SCRE R 2 15 ko
23 AEMEERDIEE CoA XIREFEH
EA T CoA THIERRY B LT FTIX
2.3.1 SBELTRIEFEFL 2110-CCR-MCM RIHE
16 FIR R ZE CoA & AR AL Bk
whErp, Wt F s CCRNGE 2Bt 2.8 CoA F)
FEN W CoA WA AT FE, BiET#RE MCM
JGRIEFIEE CoA FIH IEN Mt CoA MA AL
B, BIBERMSSERE R R s n . S T
PRI AR A 2k AR 75 U IR P2 T S RE B 2 1
FeHE, FF CCR 5 MCM dE TR BRI ik . #2I-
1.3 Jriky 3 cor FERAMEALEAR, KNk
1 407 bp Fl 9 992 bp (K 4A). ¥ FiRH B
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A B
bp M1 2 3 bp M N 1 D
10 000 10 000 50 - —e- DCW 0f2110 114
1888 <5923 bp 7000 A101 6 ;achf21¥%1]gM
4 000 < L -o- Monensin o
2 000 <2238 bp P 45F 75 Monensin of 2110-MCM 112
1888 bp 2 000
1 000 40
500 1 000 110 g
250 500 3 35 E
250 ED 18 @
= 30 £
Q 16 2
A 25 g
[=]
20 14 =
15 12
10e 0

3 FREEHK 2110-MCM #3(A-C) K FEHL A BE L IE(D)

Figure 3 Construction of overexpressed strain 2110-MCM (A-C) and verification of flask fermentation (D).
A: PCR amplification. 1-3: Amplification of mutA, mutB fragments and linearized vector pIB139. B: PCR
validation of the recombinant plasmid pMCM. N: Using pIB139 vector as template; 1: Using pMCM plasmid as
template to amplify mutA and mutB fragments. C: PCR validation of the resistance gene aac(3)IV. N: Using
total DNA of the original strain 2110 as template; 1—4: The selected transformants.

A B

bp M 1 2 bp 50 - - 14
-eo- DCW 0of 2110
13900 <9992bp 5 409 —o—DCW of 2110-CCR-MCM
5000 r 412
2 500 1 000
750 40 -
1 000 <1407bp 500 103
250 5t §
100 18 =
Or £
C b sl 16 %
2000 20 + -o- Monensin of 2110 | 42
—=— Monensin of
: (7)(5)8 15 ¥ 2110-CCR-MCM |°
500 10 - 1 1 1 1 1 O
250 0 2 4 6 8 10 12
100 t/d

4 FRIZEHK 2110-CCR-MCM 132 (A-C) R IE R & B IE (D)

Figure 4 Construction of overexpressed strain 2110-CCR-MCM (A-C) and verification of flask fermentation
(D). A: PCR amplification. 1, 2: Amplification of ccr fragment and linearized vector pMCM. B: PCR validation
of the recombinant plasmid pCAB. N: Using pIB139 vector as template; 1: Using pCAB plasmid as template to
amplify ccr fragment. C: PCR validation of the resistance gene aac(3)IV. N: Using total DNA of the original
strain 2110 as template; 1-5: The selected transformants.

KAk aife g AT B Ak, IRBUTRL AT AR IR T, KA TR P E AR
PCR BF. (N 4B AR, ZAAE BRI B pCABH AJRERERE 2110 . Pkik s LT,
K/ 407 bp), FIAFR pCCR MR, Ffifs  $EBOEHAII: PCR BiEdith 3N aac3)IV. 45
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Bl 4C FoR, S fFa i, RO RE R
pCAB B 3 N FE 2 TR G (04 I

2.3.2 BEERIAEH 2110-CCR-MCM  HIHE
0% B%

SIRBUNE LT (-l - O T U N B v <
2110-CCR-MCM [k letkRe, 45 & 4D Jir
TNo 2 BRIETERBES 10 KE YR AR e,
AT BLRE TR R AU IR B e Rl . Ho Hiicad 3%
IKHEFR 2110-CCR-MCM HYEH & 45.8 g/L,
BFIRTEME 2110 $2H T 9.4%; KIS iEE
9.0 kU/mL, % 2110 #£F+ T 26.8%. 5 2110-CCR
I, SN ETE 6.6%, A9t ICH B2
5 2110-MCM #LL, R F 15.4%, A=W hrde

5 ARIKERLE S L ENEEEER

Tt 10.2%. F 5T 3 B B A ag A2 G IBE A i 5 mT LA
k0 3R T A B B TR Y A TR RE AT
HGLRE T = L AN R
24 FRIXEGREVEE LA B2

TE K B KT bk — 20 PF AL ) 3R 3K T bk
2110-CCR., 2110-MCM #12110-CCR-MCM ) %
FEvERE, A5RWE 5 . SIRARHME 2110 AH
b, 3 R FIA BERRTENEFE Iy T JC ] B 25
{HIE IR FBR 2110-CCR Fl 2110-CCR-MCM 1Y
AR R AT T IR R, R
R 54.9 g/L F154.6 g/L, 4y A4 E T 13.3%
1 12.7%, 1 2110-MCM 554G B ikrEAE K BTG
W 25 5 . TERMERCM T, 3 Phid SRk mwibk

Figure 5 Fermentation conditions of overexpressing strains in a 5 L bio-fermentor. A: The original strain

2110. B: 2110-CCR. C: 2110-MCM. D: 2110-CCR-MCM.
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