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B E. [8 6] AR KAFHE E (Citrobacter freundii) 1,3-/ =B & A a9 Kigtid 2, [5%]1 4
#EH b BLABE LR GSR-lacZ. 1,3-/ =B Akt REEILF PDO-lacZ F=H b BL/KEEE GL-lacZ
FRELAR., s, MEIAMENOERETREE. [£R] Hhi3 6 RRET, H48
JIL KRB R KPR G 1-11 42, 1,3-RB2 = 2R S WA 3%—50%. %45 BT IHmAALEHHT R
T, 5 MMREFIHALEIG A B-M BLAEEE(CKO 02592)% A0 L B, 1 #hR T FHALL LA AR
F BRI HSB(CKO_02433) %K F . #t—H 5 &I, B-HBLEEEA R R K 2 EIR & H b
KB A B S B 0 A KT, T 1,3-F =B AL R B A KRR Tk, AR F BRIt
BEAR R TR ERG 1,3-A B 8L RBEEE KT, HALPAY KA R A R EKFARE. (4
#) B-M BB Ae — [ AR F Bl A AE AL BRI R 4695 0 5 5@ 1,3-7 —BE A R AXGAT IR 12 K AL 09 &
K, AMFEITARHRITT A,

KPR #RBERELR, HETREE, HRAFRRE, 1,3-A =B

Metabolic engineering of 1,3-propanediol synthesis in
Citrobacter freundii CF-5
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Abstract: [Objective] The metabolism of 1,3-propanediol in Citrobacter freundii was studied.
[Methods] Transcriptional fusion reporter genes of GSR-lacZ, PDO-lacZ, and GL-lacZ were
constructed. Based on this, the mariner transposon libraries were constructed. [Results] Six mutants
were isolated. The expression level of the corresponding key enzymes was increased from 1 to 11 folds
in the mutants, and the corresponding 1,3-propanediol production was increased from 3% to 50%.
Transposon insertion sites were analyzed and the results show that the B-lactamase gene was
inactivated in 5 mutants and the dihydrolipoamide acyltransferase gene was inactivated in 1 mutant.
Furthermore, the expression levels of glycerol dehydrogenase and glycerol dehydratase were increased
significantly in the B-lactamase mutant, whereas no increase of the 1,3-propanediol oxidoreductase
expression was observed. In the diydrolipoamide acyltransferase mutant, 1,3-propanediol
oxidoreductase expression level was significantly improved, whereas the other two enzymes expression
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level remained unchanged. [Conclusion] The results provide insight into constructing engineering

strains producing a high level of 1,3-propanediol.

Keywords: Transcriptional fusion reporter gene, Transposon mutant library, Citrobacter freundii,

1,3-Propanediol
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Figure 1 Genetic organization of dha in Citrobacter
freundii

IRIRATERR . 1,3-0 ZBEA R bl
i IFFEIL IR 2 1, AR R A JE D FR e
JEFRALSCRER Tk, TR RAE T, b S
MR AR, BlE S 1,3-IN BEa AU RY
FEN, SCIRASEXRA T b AR A 5 1,3-
N BRI A

1 AR5 h8%
1.1 EHk. BRhfEsRE

AHIEFE T A TR BORLAN 2R 1 PR

LB (Luria-Bertani) 3% 5% 5t F T 40 14 A0 & 0 1%
F%, B MEEAMR 10 g, BEEERY 5 g f&fbal 10 g,
JnzEMKZE 1 L, ¥ pH £ 7.0, FREBEAGENE
B3 Mating 5250, Bl MARE S g, &M
R 10 g FIGEALAN 5 g, INZEME/KZ 1 L, 3 pH £ 7.0,
KRG FEI T R EEA A 1,3-8 1, B b H
40.00 g, (NH,),S0; 5.00 g, K,HPO, 3.40 g, KH,PO,
1.30 g, MgS0O,40.20 g, BEEEH; 3.00 g, FeSO47H,0
0.01 g, FEFMF5.00g, JOKEMLES 0.01 g, R
4 0.42 g Fl CoCly6H,0 0.01 g, hNzZEMIKE 1L,
P pH 2 7.0, B ING IEER A B9 442 3R B12 RZGKR T
10 mg/L,
1.2 ERMEHREEERNGE

S 25 KOG SCHR AR G S Rl A4 T AR
GenBank 1,3-N Z A g2 o H I = l#(GDH) |
MK B (GDHYO) A 1,3-P8 — A fLid 5 (PDOR)
By % A 15 B (http://www.ncbi.nlm.nih.gov/nuccore/
U09771.1), 43 AR THAH I R 2l SE R s Sk
519,



TRRAE: SR CATIEIR A 1,3-T0 RS A TR 5T

453

F 1 BEERFARRRL

Table 1 Strains and plasmids

Strains and plasmids Descriptions Source

Plasmids

pDNI19lacQ Promoterless lacZ gene, Tc'Sp'Sm” [15]

pGEM-T Easy Clone vector, Ap’ Promega

pYY-1 dhaD promoter fragment of gene on pGEM-T Easy, Ap" This study

pYY-2 dhaT promoter fragment of gene on pGEM-T Easy, Ap" This study

pYY-3 dhaBCE promoter fragment of gene on pGEM-T Easy, Ap' This study

pYY-4 dhaD promoter fragment of gene on pDN19lacQ, Tc'Sp'Sm" This study

pYY-5 dhaT promoter fragment of gene on pDN19lacQ, Tc'Sp'Sm" This study

pYY-6 dhaBCE promoter fragment of gene on pDN19lacQ, Tc"Sp'Sm" This study
Strains

E. coli DH5a Strain for cloning [16]

E. coli S17-1 Strain for mating conjugation [17]

E. coli SM 10-Apir/pKKma
C. freundii CF-5 Wild type strain
C. freundii CF-5/pYY-4
C. freundii CF-5/pYY-5

C. freundii CF-5/pYY-6

Carrying mariner transposon, Ap'Gm"

Carrying reporter gene of dhaD, Tc'Sp'Sm"
Carrying reporter gene of dhaT, Tc'Sp'Sm"

Carrying reporter gene of dhaBCE, Tc"Sp"Sm"

Lab collection
[18]

This study
This study

This study

1FP: 5-CCGGAATTCCCAGGATAGTTCCCG
CAATGCCACG-3';

IRP: 5'-CGCGGATCCTTCTCTCCCGCCAGC
TTCATCACGA-3';

2FP: 5'-CCGGAATTCTGTGCCGATGCCAGA
TTTTTCCCCG-3';

2RP: 5'-CGCGGATCCGTGATATTGCCTTAA
CCCATGCCCA-3';

3FP: 5-CCGGAATTCGTTGGCATCTTTGGA
AATGTAGGCT-3';

3RP: 5'-CGCGGATCCTATCAATAAACGCCA
CAACAGGAAA-3',

R TAE T RIS, RS EmS) 5
U T EcoR 1 FEVIN &, w5 5umikit T
BamH I B I 5 . AR #E CF-5 JEF 4 ARt , PCR

P 1R N OC B RS B B B, gk e i 4 B
pGEM-T Easy 244k I, #— vaf% 5] pDN19lacQ
JokL b A ERA A TR, @A 1)y X 2
IRFFBEIR A CF-5 .
1.3 REFXXEEE

ER VR SCPE R RS 25 SCHR[20-21 317 LAY
W SRRl A O FE R 3R IR R A o 2 IR T, DA
&4 Mariner 55 71 E. coli SM 10-Apir A 3EAR .
Gy TR TR I SZARTE , WCR IR S0 T4
DB IS SR 3P B, 37 °C 5537 10 h, HIEL
wle S TEEW, WA T EAMNITAERN LB F
M -, 37 °C #5355 2-3 d HEKH R, BT
RAFF
1.4 KHEEGR & EE RN E

K it 41 4t ik PR S 1 5 22 SCRik[22-23]
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PEA7. B 1 mL ERINA 3 mL /K, 7E ODgoo M 5E
WO, HHC 1 mL @ T RE T, A oA
80 uL 0.1% SDS, 80 uL Afjj, 3 mL Z-buffer, 800 pL
ONPG (4 g/L), RNV IRAEHZ ODyo M 0.4-0.8 i,
T 1 mol/L BRERAMIA L LI I e s S W ]
VRS L, 7E ODago I HWEAE, FIFARK
Mnit=(1 000xOD45)/(T*ODgoo) i1 73155
1.5 RETF 1,3-PDO FEHNE

AT A 203 A AR R T4 5 mL LB
By¥EFEEL, 37 °C. 150 r/min 5% 12 h, TR
YER—HA . AHRIZRAET, 4% 5% mydsph il
BB TW . LI S%EE R, M TR
PR TR A B =59, 37 °C. 150 r/min £53%
12 h, RIEFEEFET 37 °C WIHIRIEFRAE, 557
BFE R 24 ho e BRAL BRI ) R BER RS T 1,3-8
B B E o B CF-5 VEAXTHR, 422 iR ilEdE
TR IR

L3-8 ZBERMAE : ffH] Agilent7890A <A,
T 1,3-0 RS i, FEARAL I R A 2
£3(7 000 r/min) . FE(0.25 pm)LL K 2R ZEAE B
3% . HP-innowax (30 mx0.32 mmx0.25 pm);
%S : FID; FHEFET: #1100 °C 27 1 min LA
10 °C/min J} % 230 °C f## 2 min; .
4 mL/min, #EFEIT 310 °C, Kll#s 320 °C; A
N, 35 mL/min, H, 35 mL/min, %5’% 350 mL/min,
EFEE: 1 pL.
1.6 KT AEEMELEE

ZH YR F 75 (Genome  walking) Y% 5E %
AT S, ARHEEL AT Mariner FIZERE R, XI5
Y) 4FP. SFP LA X 6FP, i S5FP {vi T 4FP T ijif,
6FP i T SFP T iiE, RP AKEHLS 4.

4FP: 5-TTACTACGGAGCAAGTTCCCGAGG
T-3';

5FP: 5-ATTACAGTTTACGAACCGAACAGG
C-3';

6FP: 5-TTTGCGCCGACATCATAACG-3';

RP: 5-CATCCCCCTG-3',
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K 50 uL PCRAK R, MER—(Primary) FI5E —
#(Secondary) SR HHL 0.5 L /E 45 B F—A R
M, LT 3 FeHAXFR PCR ARG PCR, 3175
CHUFFNME TS . HAAR R A58 S W SCHR[25]
1.7 FhiiEbk

R SEALAE PO A T R B I B . W T R
FFIChtA R0 LB iR 7369, 37 °C 220 r/min
g%, B 12 h BRIk, SR, FIRER
B0 M55, B5IRAT LB A L, 37 °C BEk;
7% 12 ho FEMLEKEC 50 ANFETE, FTCR A 45055
ENEIA S HA R A& A P4 K (Sp60Sm30) /1 LB F-
M b, 37 °C EFERESE 12 h, TEASTHAPUEZR TR
R W, WA S B Z AR AR
HHTE RN, Bk EL IR, BTk
RGNS i BU = O R N e S 4= IS 110} ik A
A CHEEBE TR TR R

2 ZR545W
2.1 HME13-A_EEEEEREER

PCR ¥ 34 A 3h 1 i Bt 43 pGEM-T
Easy 2K b, #9817 HCR pYY-1. pYY-2 Fll pYY-3.
PE— W SEFE S pDN19lacQ Fkr |-, b e 7 i
K pYY-4. pYY-5 Fl pYY-6. i WEERES KR &
FE R BRIV CF-5 , EIHE T E Rk C.
freundii CF-5/pYY-4. C. freundii CF-5/pYY-5. C.
freundii CF-5/pYY-6,
22 TRAXKEEBRIAKERENET T

N T T FE R CF-5 3K 2 Hh B8 52 mi 1€ i
1,3- N s A v OCHERE RY AR DG IR T SRR, RS
JF Mariner XJE#k C. freundii CF-5/pYY-4, C.
freundii CF-5/pYY-5. C. freundii CF-5/pYY-6 1 7
PLRAS . Tl BURARAE, MR, AR
AT 60 000-80 000 54T, FARFRAE
T BRI . R A RIRI SR .
ETAHPUERN LB Pk g alife, 3 2%
LS AR T 5 o o B Al b SR
Ja S B R SR B RR 11 Bk, & 1,3-IN B
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AR 2h A SE P A S AR TR Bk 4 Bk, S H
WK )74 3 R A S8 AR TRk 7 Bk

H TR T 13- TS R AR S
KRB WK, ALK LR %K C. freundii
CF-5/pYY-4. C. freundii CF-5/pYY-5. C. freundii
CF-5/pYY-6 SAXf R, Mg T 5848 F-rhifest S R P 3R
IR B UM T B A IE R S5 RWE 2 PR, =48
Pk GSR7/pY Y-4 F1 GSR56/pY Y-4 (RIS 143514
414.6 U/mL #1 283.3 U/mL, X[k C. freundii
CF-5/pYY-4 (IS J1°0 33.7 UimL, 578 Rk 0 it
WKL B R 10 £ RAS R R
PDO30/pYY-5 (% /124 70.0 U/mL, B TXF
Mtk C CF-5/pYY-5 ¥ il 76 J1 19
38.9 U/mL; RAFEME GL1/pYY-6. GL(2)3/pYY-6
M GL33/pYY-6 MBS J1 505 358.7. 383.2 Al
335.1 U/mL, X} B #E C. freundii CF-5/pYY-6 1Y
fifgiE 71 28.2 U/mL, Z87F RRIMEESE it 3] T
XTRETRAR 10 F5LA L, SR ILA I BE AR I EL RS
JIFIXTRAH G, WA BB RS . D EIREE SR AT LA
F 1% 5 Mariner X540 CF-5 kg 5L
HITER R T —E MER . 2RI AR+ 3C
e, BRE]T RREIR m O R R A R T, X
R ELRII ST B T A
23 HHRTFEK 1,3-F_B2HIKFE

N1 P RIE R AR AR R A R R S

freundii

FK, ASCHG LI FR C. freundii CF-5/pYY-4. C.
freundii CF-5/pYY-5. C. freundii CF-5/pYY-6 A%}
BE L WE T RAS T 13- R RE S, 45 RN
K3 i, RAFEARAG BB RAR L, HoA YR
AAL AN B, 158 B 2 A8 o TR AR G AR R I AN
M 13- W ETRINE, B2 WK
GSR7/pYY-4 =& 4.5 g/L, X HEK C.
freundii CF-5/pYY-4 /=5~ 3.1 g/L, AR
GSR7/pYY-4 W &4 m T 45%; 272§ bk
GL1/pYY-6. GL(2)3/pYY-6 Fl GL33/pYY-6 Hi/~
Hrk 3.8, 4.3 fi1 3.6 g/L, XFHRE L C. freundii
CF-5/pYY-6 ¥ /= & K 2.9 g/L, %72 H #k
GL1/pYY-6. GL(2)3/pYY-6 #l GL33/pYY-6 [/
TEEE IR 2 9 32% . 50%F1 27%; Hifthge
A AR 7= S B EE, 1,3-789 e B
T 3%, ATUCHTERZEEN . ™ 5t TS i A
JEF, 4o WG S i 8 AR bk, L S A
fEE T, (AR RERS T, oA eA R
PITEOL, AT REAY IR IR« o AR IR TR A i ™ 2 1,3-
N A2 2 A SR S R R, RO it ik 4%
uF, EEEASCHEEIL R RE, TR
SCHERG TR A, F R AR 4 2
YR, A DB R R A R P, AR RERYE R
WU A A B rh O ACANE 5, P ATE R
T D00 2% Hh AT A7 A B AL R

IS4
2

/

& 2

’ ’

RETFRBEIEEEMRIE

Figure 2 Expression level analysis of key enzyme genes
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3 REFHREEKFSH
Figure 3 The fermentation level analysis of mutants
Note: A: The biomass analysis; B: The 1,3-propanediol production analysis.

24 KERTFHREEFHBANLS

R T S A AR S AE N m, XA T
FEREN, ARSI A AR 0 RS E i
GANL TSI P51 LL 6FP 514, XI5 3
X PCR 5 2lidb Py A 70 ¥

H5 I P45 FAE GenBank P Ef7 [a] P Ho e, 4%
JRANFR 2 PR < B A Hh B R A S R A S
% 7% W Mk GSR7 Ml GSRS56 4 ¥k BH Wk 6 51 5
Citrobacter koseri ATCC BAA-895 (GenBank:
CP000822. 1) P 4 HAT [l , I Fe A Trd4d A AL
ROEHER, 24t B- NI (CKO_02592)3E 4
55 387 bp Ab.

A H IR B A B R SO, R AR TR
GL1. GL(2)3. GL33 A#:HITF 515 Citrobacter
koseri ATCC BAA-895 (GenBank: CP000822.1)H.A7
[, I H e AG SRR, gt p-
INBERERE(CKO_02592) R A4S 387 bp 4k, #k—4
bR BL, B-PIBEREAEE(CKO_02592)3L A [] i) R iiF
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FER N —EA 1 AraC (CKO_02591)3EA , ix—if
R R0 Gt i 5 DR R 2 4 AT 714 bp.o i AR
LS PTRER R AT . BAREIIS 4% AT Bl LIS A
BRI, AERXEAEEAN S, WAAE—Em
5 (Hot-spot), 5% B F4F A X SE 35 IR B 5
OR—FE WG oh, IR T SRR
JEERET, s B AL A R T PR

TA 13- R AR SR R SR
AR R PDO30 4 FHIBT T 41 15 Citrobacter koseri
ATCC BAA-895 (GenBank: CP000822.1)HA7 [F] i
P, 28 A8 7 05K G S SRR S TR I Ok B B8 g
(CKO_02433)JE[K 1955 421 bp 4b, — S BEEE
EEFEIH(CKO_02433) KL A [A] ) B iR —fl e 2R
F1(CKO_02432) 5 [H, ik — i £ 1 ) g b S5 DL iR
B AL 800 bp 4k

HAMZAEH ¥k PDO1., PDO6 ., PDO12, GL(2)2.
GL(2)4. GL(2)5. GL(2)33. GSR1. GSR2. GSR3,
GSR4, GSRf, GSR12. GSR21. GSR28. GSR33
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Table 2 The gene identification of the mutants

Mutant Size (bp) Insertion site (bp) Protein Downstream protein
GSR7 1101 387 p-Lactamase AraC-type protein
GSR56 1101 387 B-Lactamase AraC-type protein
GL1 1101 387 -Lactamase AraC-type protein
GL(2)3 1101 387 -Lactamase AraC-type protein
GL33 1101 387 B-Lactamase AraC-type protein
PDO30 1221 421 Dihydrolipoamide acyltransferase Hypothetical protein

ffy Bk BHL WF 7 51 55 C. koseri ATCC BAA-895 ~ 43007
(GenBank: CP000822.1) A7 [R5 , 225 43 3] 533600-
o lac | (CKO 02824)KE[H [ 211, 146, 146, 339, £2700¢
377, 295, 461, 319, 296, 848, 613, 831, 653, § 18001
237, 561 F1 600 bp 4k lac 1 (CKO_02824)F& A [ 1] % 900

=

FHFRELR K lac Z (CKO_02825)%EK . &0, 1£3
AR BT 284 S FE lac | 2828 AR L iX
T IR RATEEIRIEA lac | #4901, SUZE Rk 2
O e CL TR VR, PRI 2] lac | 9878 2 Y
25 RELF 13-W_EBEHKEBERIEKTE
VRl

MEEPR S E A RO, - Tt A 2 8 4
e SR N s e el T e .y o e ¥ 1
VIR B GI 5E A2 P 1 1,3-0 R4 Lk 5
R FIBAY o Ry T2 - IRl 5822
SRR 13- REA AR R R IR . AR
Tk Jrig 2 8 il 1 2 728 i 7 52 Wi H ik 3t S 7 A H b
WROK BRI 2R3k, AL TR GL2)3 M
PDO30, B 7 HEA S E ok, FHSA
7 OREXT N S S ) R TN R T L B- PN T P ik
MG, LA IR i 28 A8 A7 g %o S B il 2 35 7K OF- 1Y)
A

Z5RNE 4 Fos, 45 PDO30 FAT T AR
KL pYY-4 1 pYY-6 J5, HREHES 514 297.2 U/mL
f1236.5 U/mL, XtHEEE#E C. freundii CF-5/pYY-5 1)
154 137.4 U/mL, %78 PDO30 MlGIE N
3 783.1 U/mL, A = Sy Mt BG4 RS i) 58 28

R W a8
S Y SV Y Y o B

" OO QO SR O
C oo Y e

B4 REFREwRIEASH

Figure 4 The expression analysis of key enzymes of
mutants

AR M SRR IR B #Rik . RAEF
GL(2)3 E#H S AR pYY-5 J5, HEFE N
234.6 U/mL, %R #k C. freundii CF-5/pYY-6 Hfil
&M 168.1 U/mL, %4 GL(22)3 MG N
4 006.6 U/mL, [FIt B- P Mok ik i 58 28 AN RE S M)
1,3-8 WA LR R ek . AR MR
AR A8 A% Hh R 43 S B TS 114 1 e o L R 2 e T
AR R R AN, B I8 BT RE A7 A At R A
B, X G ARSI i oy DB B 1R 1 e A R
A I R 1 SRS
3 Wwig

ARSI N G EF OB HEAR , ST T 9 FCAP G
BRI AR P A 1,3-8 AR AR, Sl ) I
A RS B R SRR, X SR AR SO
PEAT TR, KRBT PSR 13- EE R
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OGS PR A R I

e, B- PN MR SE R 475 A 5828 S 30 TG
KT Hh R SR A R R, B- N BRI
P I GRRRTR 24 () — K At o L s A R AR
R B I A B SR AT i . 0T, B-
P P e R 81 g [ 1) i IR R — s AraC 5R 07K
BEAMIEE, AraC FKIREE 1905 DX BE 25 1 A5
714 bp. WIFEERM . AraC FIEZEANR P IZAFTEN
— TN, KA E TIEREER, (Al
AT R T AR E Y e hRE
B St (Carbon metabolism) . F& 7 52 (Stress
response) FI#EPE (Virulence) . 4 5256 4) 45 #i W AT
AEH THH AL SN T AraC FE LN i
SFIhRE, REOZIET L ICRIE R SR, Wz
K9t AraC ZRPREE T REXT T 1,3-P9 e/ Qi
AR OGRS R TR, Uk, B- R G
AR I T e 6K it L Y O R 1 A KT 2y
PR

HK, & B S R I DR 4 A 588
FEC 13- R AR SR SRR A . ST
P U T I R A% Tl 2 S o R PR I
BCKAD & &AM E S Stk o- BRI U
BCKAD & & At =t IEFr iy 2N fEmEE", &
JEH 3 MBI Y o-BRER I AR (ED) . —
VR L I R RS (B 2) A1 — SR~ o e i i g
(B3N, b B2 bR 2 SLEAL AL 2 B, [
HRBAoEHE, RS A 4R mE CoA.
Yu Z% B, B2 5L DK 58 A B AR i CIHHA A 40T
SEOKHS TCA IR PR R
FATHEN, ATREM TR R A A B2 TCA 76
Al AR A SR A R R R TR R
ASBERRAY 13- A s, (A 1,3- %
SRR D il 1) 2 SR KA DA 55

RASHE MR GSR7.GSR56.GL1,GL(2)3 #1 GL33
() 4% BH ¥ 7 %1 ¥ 5 Citrobacter koseri ATCC
BAA-895 (GenBank &5 CP000822.1)[HJi, Ff:
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H % 74 AL S AR, FE GRS B- N T G
(CKO_02592)JE K (%5 387 bp 4b., {H2TEW) A K1
W, XEERAS A 1,3-IN BRI AR E—E 22
S(E 3), AT RS KRB AADE . 735b,
GSR56 KA, AHEBRE IR A NAETE
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