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Production of D-mannitol by metabolically engineered
Escherichia coli
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Abstract: D-Mannitol has wide applications in food, pharmaceutical, and chemical industries. In this study, we
constructed a genetically stable Escherichia coli strain for D-mannitol production by integrating mannitol dehydrogenase
(mdh) and fructose permease (fupL) genes of Leuconostoc pseudomesenteroides ATCC 12291 into chromosome of E. coli
ATCC 8739 and inactivating other fermentation pathways (including pyruvate formate-lyase, lactate dehydrogenase,
fumarate reductase, alcohol dehydrogenase, methylglyoxal synthase and pyruvate oxidase). Using mineral salts medium
with glucose and fructose as carbon sources, the engineered strain could produce 1.2 mmol/L D-mannitol after anaerobic
fermentation for 6 days. Based on the coupling of cell growth and D-mannitol production, metabolic evolution was used to
improve D-mannitol production. After evolution for 80 generations, D-mannitol titer increased 2.6-fold and mannitol
dehydrogenase activity increased 2.8-fold. Genetically stable strains constructed in this work could ferment sugars to
produce D-mannitol without the addition of antibiotics, inducers and formate, which was favorable for industrial

production.

Keywords: D-mannitol, metabolic evolution, mannitol dehydrogenase, Escherichia coli

UL D-SRMEFI 4 Bl IR 5 W R A2 D-H iR
BE, JF HWARE=Y D-ILnBLEE A P, 3%

D-H g —Fh B SR Z ook, |z
FArhh . w2y i Tl SN Har, Tl

D B Bl T2 R e DU Ak 7
o T R R AR N A A - RO S W A Ok
A ARSI L S P P D-H R R
1 25%, HA 75% 2/ 9 D-11 B, AR ik
BRI AL BOR A X R 2% & R D- T #ERERY
TR B AR R HEAT R Ay B alifh . BEE A
BLAE 2 0 R R, R R A M A ) A
A AR 2 i B S T A LA
R A A 7 AR S T A B O R 2 G T

FIAR B Z R By, Wanp . N, Bk
MEZFAEY), SN D-HE&E . D-H &A™
PERE R MR R OB OR B AL RONE

(Hetero-fermentative lactic acid bacteria), HAEWS

AL D-SRMH A 1L D-H 8 i 1% DB AR 1 oy - 8 At
%/} (Mannitol dehydrogenase, MDH), #X1fi, .
TR AT 1) K T i S 2 R i B 3 ik, O HLER 3R 2R 1R A
X2, FIIFLIRE A D-H B BER A B -
F—J7 i, KRB A AU B IR R,
I AR RR AR W IE 2, IFA — B
AL BRAE T, BN TR & AR W) Bk 2
il ARG (R I BN . Kaup M EE T — Rk K #T
W B FE E. coli BL21 (DE3) pZY507 glf pET24 fdh
mdh, %7 PRl A YL RERS L 500 mmol/L (Y
D- b R IR A Y 362 mmol/L (1 D-H 8RB % &
G v T G S Tl s PR ) 208 S e A A B 4
DUBCRL pET24 HSZBEAYT 21 o ] IS A7 AE 22 3
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Y O 6 5 81 ) JOORE o Y R I L ity I 0 Y R
Feeoh — ALk, (R A2 lad s f NADH HFH
e M ST A AL SO o X ol 22 1 5 DL R[]
A AE 2 34 20 e p A e, W) 55 2SI 22
MPLA ZORYERF OB AAE o 38k, kB AR it
3 EEUS I R R SR G I T

TEABZEH, FATRI TR AR & T
T D-HEE A R TR, s ta
SE , D-H 82 WG i 2 i T 5 I U e A AR
Wz 32 2 ) 2 B e TR 39 R 5 A R AT v B e (R
e, AT EEE VBRI S S, E T ORI A
JEL B A AT 5 LB JC AL A 5 5% R 4 2
RBEE IR BRI, kG T H R AR s R T
WP EHEMPAR | FF R IR,
WA T D-H B AW LE ™ 1 AR

1 MREFE

1.1 #8l
111 FEEFA

BANEHER. Q8% R FIER, WA
A T A ARG IR W BORL/ S s S
R G H 2 Axygen A ) ; DNA IR &
) F 3¢ [# Biomiga 3 ) ; PrimeSTAR HS DNA
41, DNA marker trans2K, W H KiEFAY 114
ovls BRAIPEADIEE Kpn 1L Xbal . Dpnl | T4

*1 AAREFANKBHEEK
Table 1 Escherichia coli strains used in this study

DNA E3ERG . PSR . T4 2 RZ T IR H
NEB A w); D-H &8, D- S FIH % 0hR il F
Je [ Sigma ] 5 HAGH I o dral
112 MHR5E&

250 AT W2y 6Ot B2 it, Shimadzu UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan); PCR
P41, Eppendorf Mastercycler gradient; 4= H 3l

Bt W O 1% &R 4., Alphalmager HP; HL ¥ (¢
MicroPulser; 5305 #.0#H1, Eppendorf 5415D;
B B 0L, Thermo Sorvall Evolution RC;
ER A A5, Agilent Technologies Series 1200,
1.1.3 Htk

Leuconostoc pseudomesenteroides ATCC 12291
AR AL 2H DNA FAE sef& mdh-fupl JE AR Y
Bifi . Escherichia coli ATCC 8739 JeAl#: D-11#
Pt TR A0 R TR o AR ST BT B R A i T
PRI 1.
12 FHiE
1.2.1 ¥EHRE

FF LB B R B4 10 g AR B EE R, 5 ¢
WERHSE VA 5 g WALHN: AN FEHR . AERM
B RR R IR 2 B AU 2 73331 9 100 pg/mL, 34 pg/mL
#0150 pg/mL.

D-HEREEA SR EATIN T 1% (WN)
HIHEAN 2% (W) D-SEE0 AML CHLER B FR 509

Strains Relevant characteristics Source or reference
ATCC 8739 Wild type [13]
Mtl-001 ATCC 8739, AldhA, ApfIB, AfrdBC, AadhE, AmgsA, ApoxB This study
Mtl1-002 Mtl-001, IdhA::MItP-mdh-fupL This study
Mtl1-003 Mt1-002, Aptsl, Ppck*-galP This study
Mtl-004 metabolic evolution of Mtl-003 for 80 generations This study
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122 JFokitgE

o ] 3k AT 8 e I S 5 R 194 ok
pXZ401, L) L. pseudomesenteroides ATCC 12291
KZH DNA itk , 54 Lpmdh-F-Kpn I/
Lpmdh-R-Xba I (3¢ 2) PCR ¥ 344545 mdh JE[A
afifkJ5 i mdh FH B2 pTre99A-M JFoki!*12s Kpn 1 Fll
Xba I XY, 75 T4 DNA EHEEFER T 16 CiE
2, 13BIFTRL pXZ401 (3% 3). mdh FERIFRIAZ tre
Ja s FREES, A S N 2 -8-D- G AR LB
(Isopropyl B-D-1-Thiogalactopyranoside, IPTG) AJ L)
Vinsm 2 P LNEA T

FA 3 DR BB 14 SR A 4 A RO DU
& R0 R 5L K (Fumarate reductase, frd)JE A [
R R, v SE LU ERUR A A 1 ATCC 8739
K4l DNA At , A 519 XZ-frdB-up/
XZ-frdC-down ST 3 . ZRFFH) PCR i Bealifb )
il % pEASY-Blunt ZA&H, SRR pXZ005.
SRIG , ASURL pXZ005 S AlR , {4 F 519 XZ-frdC-1/
XZ-frdB-2 # A7 R W3, [ e RABTRE pXZ-CS iy
M, F cat-sacB-up/cat-sacB-down 5|4 PCR ¥/ 14
A RAEZPMILNA (Chloramphenicol resistance
gene, cat) A1 4L ZRHE B i (Levansucrase
gene, sacB) fY cat-sacB FE[RFE T BET, BiZ A B
5wy R4 M PCRF B i #1531 it kL
pXZ006C. [alif, Szial 4 HeRAFHY v Bealifk , BEiR
b 4b BRI AT B O RS Bk pXZ007 . JiT R
pXZ006C 1 pXZ007 1 JHEAR il £ FH F W8 25 12 []
IRE A MR frdBC JERRM F Br. T e Ath 2
B4 JEORLE o S LA VAR A, A DA I TR TR
ZURMEFER (Pyruvate formate-lyase, pflB) , Z
i & B & [H (Aldehyde-alcohol dehydrogenase,
adhE), W & & — % & B I K (Methylglyoxal
synthase, mgsA), LA PN i S (L B 2 8 (Pyruvate
oxidase, POxB). A T il ik Js F =X P T 7 ) 0% iR

¥ ¥ N
phosphotransferase system, PTS) Z 42k &
1R ptsl FEISE (181 1A) o Frfd RS 14
W2, Frigep iR ik 3,

FH 38 1o 5 A 6] U5 8 4 A9 5 26 mdh-fuplL
HH RSB RHITHE ATCC 8739 Y fa ik LR
i & (Lactate dehydrogenase, ldhA) 137 5 it Jii ki
Mg R . L) L. pseudomesenteroides ATCC 12291
FLINZH DNA Cfd, 514 XZ-mdh-Nhe I/
fupL-R-Kpn I #i17 PCR " #4545 (4 i Bealifb Jm it
FwsRRALAL B, FF 55149 XZ-1dhA-2-Nhe 1/
XZ-1dhA-1, DL pXZ001 SRt S5z ) 47 44 3R 45 A9 Hr
Bt Ariedk, PAFpor: pXz460. K5, A LE
B R 3 Foe i MItP (JF 518 : GCTAGCCAG

AAAATTATTTTAAATTTCCTCTTGACAATTAAT
CATCCGGCTCGTATAATGTGTGGACCTCGAGT
TATCTCGAGTGAGATATTGTTGACGG) il it

Nhe T BV 5 70 B 51 pXZ460 ki, 155 ik
pXZ054 (&1 2). BT RSP LT 2, Bkl g i
KL 3.
123 BfE B

KIGHFF I ATCC 8739 HhSL R by . JEH A
A PR R 4 2 ol A 7 A TR U R A Y 3k 58 R
(U7 R i R B 2K P M (Galactose
permease, galP) & K (% J5 45 Ji sl F 8 & ¥
Ppck*Ji 21117, ARA A AL Bk JCh A R
FRT JP4lsk a0, sE—RIEELA T, Yk b
HAFREEE DY cat-sacB FEFREA. L RIEEL
H, cat-sacB J PRIl ] T R DR Rl | PRI Bl
PR 04 BB, o e 14 7 30 o 7 5 A T
(JCEE LB HiaR e iR o sl . ZEREMAEZE R TG
BT, ik sacB L Rk B 7E R SR ft v BUR
SRR X 240 ey A BRI TR FE o cat-sacB LR b
L 14 200 3 RO 2 ALY

(Phosphoenolpyruvate  dependent
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Glucose D-fructose D-mannitol
A
glk
G-6-P «————— Glucose
D-fructose D-mannitol
F-6-P mdh
ATP
ADP l
F-1, 6-BP <« F-1-P
l ADP ATP
Glysp e
ADP l NAD" e
NAD* NADH C‘lATP INADH:eeeeeeesseeneesss
Malates———-OAA< o PEP = jmeeemeeememcececececcceeeececmeeeeeae- A
mdh ; i
ADP 'B i
ATP 5 :
Fumarate NADH NAD* ' Glucose D-mannitol
Pyruvate ldhAd % D-lactate E !
Jrd|SSNAD* IS ADP NAD* :
Acetyl-CoA—2 ta Acetyl-P i e l :
Succinate |3 ATPE ; NADH :
INADHY |aahi  ADPSy| ., E] |
2NAD* ATP E = Pyruvate D-fructose !
Ethanol Acetate b cecemmeeecemeceeme—e—ee—e———- i

1 KB EMEED D-HEENEHRE
Fig. 1

D-mannitol synthetic pathway in engineered E. coli. (A) Native and recombinant fermentation pathways.

Mannitol dehydrogenase (mdh) and fructose permease (fupL) genes were from L. pseudomesenteroides ATCC 12291.
Solid stars represent deletions of native E. coli genes. (B) Coupling of cell growth and D-mannitol production.
Glucose was metabolized to pyruvate through glycolysis, which produced ATP to support cell growth. NADH was
oxidized to NAD" by mannitol dehydrogenase, allowing glycolysis and ATP production to continue.

1.2.4  FEIEWE %

JH T T 5 REL TR VL 0% 4 L BB 19 %o b B s R 1
YR, X BORL pXZ401 F23K 1% MDH F i 15 i)
E, HMITE LB #5537 R if 359 £ ODsso 4 0.6
ZEAE, IMAZHE R 0.1 mmol/L By PTG 5.
30 CHiFR4h 5, WA, Jrmaes .

X F A S 40 e 5. /& DNA H i) MDH (13
PEIE, ABAERM T 1% (W) #ERER 2%
(W) D-241 AM1 KR 5 i o5 20 80h 5
WA, JF R .
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MDH & MW & i WA (1 mL) -
100 mmol/L #EFRHIZZ M pH 6.0, 200 umol/L
NADH F1 200 mmol/L D-SF4 o fin AL 1f 5
% . MDH F9 i V38 20 U 28 NADH 7£ 340 nm W't
B A BRSO WS T R 1 A B E
1 umol NADH Ft F i i .
1.25 D-HEREEHKEELE™

D-H E I K I R SRR T 1% (W)
PR 2% (W) D-SEHG AM1 JCHLER R0,
pH 7.0, BESEMFAR EHRIC 3~4 AN FA v R Ez R
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Table 2  Primers used in this work

Primers Sequences (5'-3")

Plasmid for mdh gene cloning

Lpmdh-F-Kpn |
Lpmdh-R- Xba |

GCATGGTACCAAAAGGAGAACAAACATGGAAGCAC

GCATTCTAGATTATGCCTCTTCGCCACCAACC

IdhA gene deletion and integration of mdh-fupL gene at IdhA site

XZ-1dhA-up
XZ-1dhA-down
XZ-1dhA-1
XZ-1dhA-2
XZ-mdh-Nhe [
fupL-R-Kpn I
XZ-1dhA-2-Nhe [
frd gene deletion
XZ-frdB-up
XZ-frdC-down
XZ-frdC-1
XZ-frdB-2

adhE gene deletion

XZ-adhE-up
XZ-adhE-down
XZ-adhE-1
XZ-adhE-2

mgsA gene deletion

XZ-mgsA-up
XZ-mgsA-down
XZ-mgsA-1
XZ-mgsA-2
poxB deletion
XZ-poxB-up
XZ-poxB-down
XZ-poxB-1
XZ-poxB-2

GATAACGGAGATCGGGAATG
CTTTGGCTGTCAGTTCACCA
TCTGGAAAAAGGCGAAACCT
TTTGTGCTATAAACGGCGAGT

GCATGCTAGCCAAGGAGGAAACAGCTATGGAAGCACTTGTG

CGATGGTACCTTAATTACCAACATCTATTGCCTG

GCATGCTAGC TTTGTGCTATAAACGGCGAGT

TGCAGAAAACCATCGACAAG
CACCAATCAGCGTGACAACT
GCCACCATCGTAATCCTGTT
ATAGCGCACCACCTCAATTT

CATGCTAATGTAGCCACCAAA
TTGCACCACCATCCAGATAA
TCCGGCTAAAGCTGAGAAAA
GTGCGTTAAGTTCAGCGACA

CAGCTCATCAACCAGGTCAA
AAAAGCCGTCACGTTATTGG
AGCGTTATCTCGCGGACCGT
AAGTGCGAGTCGTCAGTTCC

AAGCAATAACGTTCCGGTTG
CCACTTTATCCAGCGGTAGC
GACGCGGTGATGAAGTGAT

TTTGGCGATATAAGCTGCAA

cjb@im.ac.cn
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Table 3 Plasmids used in this work

Plasmids Relevant characteristic

Sources

Plasmid for mdh gene cloning
pTrc99A bla; expression vector with trc promoter

PTrc99A-M bla; expression vector with trc promoter

mdh from L. pseudomesenteroides ATCC 12291 cloned into pTrc99A-M
R (Lpmdh-F-Kpn I/Lpmdh-R-Xba T )
Plasmid for red recombination
pKD46 bla; exo; temperature-conditional replicon
Plasmid for cat-sacB cassette cloning

cat gene from pACYC-184M and sacB gene from Bacillus subtilis cloned into
pEASY-Blunt vector

Integration of mdh-fupL gene at IdhA site

pXZ-CS

pXZ001 bla kan; IdhA from E. coli ATCC8739 cloned into pEASY-Blunt vector

pXZ002C cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into
IdhA (XZ-1dhA-1/XZ-1dhA-2) of pXZ001

pXZ003 PCR fragment amplified inside-out product from pXZ001 (XZ-IdhA-1/XZ-IdhA-2),
kinase treated, then self-ligated

ol mdh-fupL of L. pseudomesenteroides ATCC 12291 (XZ-mdh-Nhe I/fupL-R-Kpn 1)
¥ cloned into pXZ001 (XZ-1dhA-2-Nhe I/XZ-1dhA-1)
pXZ054 MItP cloned into pXZ460 in front of mdh

pflB gene deletion

pXZ015 bla kan; pfIB from E. coli ATCC8739 cloned into pEASY-Blunt vector

cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into
pfIB of pXZ015 (XZ-pfIB-1/XZ-pflB-2)

PCR fragment amplified inside-out product from pXZ015 (XZ-pflB-1/XZ-pflB-2),
kinase treated, then self-ligated

pXZ016C

pXZ017

frd gene deletion

pXZ005 bla kan; frdBC from E. coli ATCC8739 cloned into pEASY-Blunt vector

cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into
frdBC of pXZ005 (XZ-frdC-1/XZ-frdB-2)

PCR fragment amplified inside-out product from pXZ005(XZ-frdC-1/XZ-frdB-2),
kinase treated, then self-ligated

pXZ006C

pXZ007

mgsA gene deletion

pXZ071 bla kan; mgsA from E. coli ATCC8739 cloned into pEASY-Blunt vector

cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into
mgsA of pXZ071 (XZ-mgsA-1/XZ-mgsA-2)

PCR fragment amplified inside-out product from pXZ071
(XZ-mgsA-1/XZ-mgsA-2), kinase treated, then self-ligated

adhE gene deletion

pXZ072C

pXZ073

pXZ020 bla kan; adhE from E. coli ATCC8739 cloned into pEASY-Blunt vector

cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into

IRCAZIE adhE of pXZ020 (XZ-adhE-1/XZ-adhE-2)

Lab collection
[15]

This study

[21]

[17]

[17]
[17]
[17]
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

http://journals.im.ac.cn/cjben
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Plasmids Relevant characteristic Sources

PCR fragment amplified inside-out product from pXZ020 .

pXz022 (XZ-adhE-1/XZ-adhE-2), kinase treated, then self-ligated UL iR

poxB deletion

pXZ074 bla kan; poxB from E. coli ATCC8739 cloned into pEASY-Blunt vector This study
cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into .

pXZ075C poxBof pXZ074 (XZ-poxB-1/XZ-poxB-2) UL iR
PCR fragment amplified inside-out product from pXZ074 .

AV (XZ-poxB-1/XZ-poxB-2), kinase treated, then self-ligated Wity sy

ptsl deletion

pXZ008 bla kan; ptsl from E. coli ATCC8739 cloned into pEASY-Blunt vector [17]
cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into

pXZ009€C ptsl of pXZ008 (XZ-pts-1/XZ-ptsI-2) [17]

X7010 PCR fragment amplified inside-out product from pXZ008 (XZ-ptsl-1/XZ-ptsl-2), [17]

p kinase treated, then self-ligated

galP promoter replacement

pXZ011 bla kan; galP from E. coli ATCC8739 cloned into pEASY-Blunt vector [17]

X7012C cat-sacB cassette (cat-sacB-up/cat-sacB-down fragment of pXZ-CS) cloned into [17]
p galP of pXZ011 (XZ-galP-P-1/XZ-galP-P-2)
pXZ013 Ppck* (XZ-pck-P-1/XZ-pck-P-2) cloned into galP (XZ-galP-P-1/XZ-galP-P-2) of [17]

pXZ011

4 mL B3RP 37 C | 150 r/min B, R
KRR S 100 mL R IR AR
250 mL =R 7EM [ 460 T 4k 215 32 2 ODss
2.0 Zidy o FATHIE IR RK, 5000 r/min
B0 5 min, RS 250 mL PieER I
500 mL A P#GE P EIER ODsso 7 0.05, 37 C.

|
N
6 000 bp > fupL
1 000 bp

o= . s b st Y e s
P 6 643 bp 2 000 bp 150 r/min PR LB . #EAS R A2 0 S [ 39
po0 by " Z] 2 mol Hy EAL A4 F5 75 pH 7.0.
E o 126 AR

SETAMAERKS D-HEERN G RAREE (&
1B), il i AU IR 3 w5 40 & A D- 1 82 B
REJ1. TESH 250 mL BA0 T 1%(W/V) % B F1
0, _ b S s Ko LS a3
2 pXZ054 B KL 2%(W/V) D-FHk AN{I JOHLER 1 7 1 K e e
Fig. 2 Plasmid used for integration of mdh-fupL gene o, XFREFR Mt1-003 BEATIE S BRI ALY
operon into E. coli chromosome at IdhA site. Sequences ¥th ODsso A 0.05, T#4Hfil OD 4K Z 0.4~0.8,
encoding the N-terminal and C-terminal regions of LS 5t R 0 2 T B R o e

IdhA  gene were designated IdhA’ and IdhA”,
respectively. MItP represented the synthetic promoter. 224 W, BURBEMR R RRLR-T-A, Pk v pa ik

cjb@im.ac.cn
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7 PCR il . S UEIE# B9 SEE A 44 0 Mtl-004.
1.2.7 S

20 0 A K 3E A 0 5 ODsso B WG 58 I o A HL
i A1 A 780 B B R BE 6 HPLC #9 J ik i A7
U D-SUBRT D-H B v i 38 i HPLC 5%
., BT HTEE N Aminex HPX-87C Carbohydrate
column. ZE [1Jii /9 ¥ B il ] Bradford #2213k 1l
S, B A I R

2 BREM

21 HETEEREERREESRIE

H@&Ep SRS D-E B D-H
#EWE, [ f1RE NADH %4k NAD" (K 1A) 191,
HurS &N Z kLR A 4 2155 MDH (1565
FIH . ARBFFREPE TR A L. pseudomesenteroides
ATCC 12291 R B8 EE I =4, M2t PCR 7
W OWEY . ERE, B SCRESI PR pTre99A-M i,
ARATTURL pXZ4A01  H 2 B B8 Sl ik PR 1) e 34 2% tre
Ja B F R . IPTG 7555 1 20 R v v 1 8
i it S £ R 0.63 U/mg 35 14 o 22 B Y4l
JH pET24a(+)FkifE BL21 (DE3)R k23K [F]—
T ER I U SE A (5l 70 U/mg 28 111 3 Fh
it 3% P ) 22 S T BE 5 8 P A BORL 2 B AR KOG
F . pET24a(+)BTkids DA, Frli R T7 Jag)
TFRIRGRAE R, R e

22 D-HEEEFERMWESREE
KIGHER AL B2 R IRZ AR, 5
AR, Hig., oM. T R% ., XN AL
L5 A4 NADH (& 1A) . b T
o 2R 15 8, AT R T U A i P i — B
%1k NADH i, HATMKIGFFE ATCC 8739
R, SR TR IR R A I L K (Pyruvate
formate-lyase, pfIB). & & RiL JEEFE K (Fumarate
reductase, frd). ZPEEMEEEHE (Aldehyde-alcohol

http://journals.im.ac.cn/cjben
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Fig. 3 Metabolic evolution for improving cell growth of strain Mtl-003. Serial transfers were carried out at 3-days
intervals in AM1 mineral salts medium with 1% glucose and 2% D-fructose with an initial ODss, of 0.05.
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