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Abstract: [Objective] We are aiming to analyze the energy metabolism of A. pasteurianus CICIM
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B7003-02 during high acidic vinegar fermentation so that we can identify the targets to enhance
the energy metabolism for vinegar productivity improvement. [Methods] Tricarboxylic acid cycle
metabolism, alcohol respiratory chain enzyme activity and relative transcriptional level of en-
zyme-coding genes in energy metabolism pathways were investigated during the high acidic vine-
gar fermentation by B7003-02. [Results] We have characterized the bacterial energy metabolism
during high acidic vinegar fermentation. Malic/succinic acid feedback pathway is the major route
for energy supply at the beginning of fermentation, and alcohol respiratory chain plays the major
role in providing energy to cells during the major acetification phase. Both malic/succinic acid
feedback pathway and the alcohol respiratory chain supply energy when fermentation approaches
its final stage. [Conclusion] Energy supply influences vinegar productivity, the supplementation of
malic acid and succinic acid can strength the malic/succinic acid feedback pathway and improve

2013, Vol.40, No.12

vinegar productivity.

Keywords: Acetobacter pasteurianus, High acidic vinegar fermentation, Energy metabolism
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KH,PO,;. MgSO,., Jo/K M. VKEEERSEAHN, W
FEZGER; AR, B . SRR . oL
TR &SRB RS . SRR TR
BHER . Ubiquione 2 (Q,), T Sigma A7), %t
SE T PCR MG, W+ Higd 1A A, H
37 L-2000 SRR AH AR 0L, HAH
SEAHEL AR, BV 3SR POEE
i PCR 1Y, [ Bio-Rad 24,
1.1.2 ®#: LEHREN A. pasteurianus CICIM
B7003-02, 1 4 ;7 W A. pasteurianus CICIM
B7003 (fEI 7@ pRs ) s, H 16S rRNA JE[H
1E GenBank (4 £ f) Accession numbers f
KC462438) 2 55 AMFEAR AT . 578 TR Al R Ik
JEIK 100 g/L A R i
1.1.3 EFEE: (1) Mrssdt(eL): #aE 10,
ez ERHy 10, 9 pH 6.5, 1x10° Pa K& 20 min, J5 /i
TKZFEELWRE Ty 24, (2) KEEREFRFE(g/L):
HiTBE 10, BEEREY 5, KH,PO, 0.6, MgSO, 0.4,
1x10° Pa KB 20 min JARHESZH BTN TG K 2.1
R RVKBEIR 2 — W . (3) R4k (g/L):
HARE 10, BEEERY 10, BUIEHT 20, 1x10° Pa K
20 min, ¥HIE 60 °C 2217, MATK LEER LMK
FEh 32, BE5TJE AR
1.14 KHREE PCR 314 5149/ 4 (Primer
Premier 5.0 #{4F1%11) o

(1) B FZIH (23S rRNA)S #1751

23s-F: 5'-CCGACACAGGTGGACTGGTA-3';
235-R: 5-CCTAGTTCCTTCAGCATCGTTCTC-3',

(2) HEEERT I

sdhA-F: 5'-GCGAACTGGAGCACTTTGGT-3',
sdhA-R: 5'-GCTTGAGGCACTGCTGATACA-3;
cyto-F: 5'-GGGTCTGGCTTGTGGTATCTT-3',
cyto-R: 5'-GTGCCATCAGTTTACGGGTGT-3';
nadh-F: 5'-TTTCTTACCTTTCCCTGTTCACC-3',
nadh-R: 5'-ATAAATCAGCCCGATACCCAC-3;
aldh-F: 5'-TTACCCGTTCTGATGATGTGCT-3',
aldh-R: 5'-ATCGTATGGTTTGCCGTCTTC-3';

mgqo-F: 5'-CCATTATTTTCCCGCTTTCTC-3',
mqo-R: 5'-ACGTCACTTCTGGGTACTGTAGG-3;
adh-F: 5'-CGGTGAATATGTCTGGCACTTC-3/,

aldh-R: 5'-ATCTGCTGAACCGAGGTGTAAT-3',
12 EFHZE
121 EMENK: HEMIRE 2-3 R ORERHE
WaEEAM PR FECCCBERM, 7
170 r/min. 30 °C fHiRS&MF T #EIRIGSR 24 ho B
—ERE R, 7600 nm ¥ KA EH ODME, &
HETIEFH 0.8-1.0, AEXT AT H 22 [,
WELHIEAS, FIWTTE A SR O A R 4F M A A
FEYLTH o AR ERbRUERT, A TR T
il 2 f5 H
122 FFH&E: WAER TR 10% V7V
AR P 353E, 170 t/min., 30 °C fEIRIR 1
7% 24 WA R EIRN 7.
1.2.3 AR KHISER T 10% (V)i
P4 A 250 mL =i, INE 45 mL B &2
FRFRHE, WIRBABRMCEE 435 0. 10, 20, 30,
40 150 g/L, %53 170 r/min, 30 °C BRI —E
I
1.2.4 FARIETR: R AT R PR s A e S
F546 30 °C 1555 60 h.,
1.3 WHZEE PCR

U 3% — e TR ) R B IEE 2y 0.1 g i
AR AW A & . F UNIQ-10 #:X Trizol
& RNA Hh#2 0 3R IO & RNA, Wif
DNA {54F] DNase I %[k, #% AMV First
Strand ¢cDNA Synthesis Kit {257 & 15 B 5 il ik
S SEEE — Bk cDNA B, ViR RN
5 uL & RNA (0.2 g/L), 1 uL Random Primer
p(dN)s (0.2 g/L)f1 5 uL RNase-free ddH,0, DA
23S rRNA SE KR 5L, K5 B8 J5 ) cDNA
(50 mg/L) ML, F2 I A4 2R s I 4% 14 4
1R 2 PR,
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Table 1 Quantitative real-time PCR reaction system

SN A R AL wE ) IE N
Reaction component Concentration Volume (nL)
SYBR Green qPCR Master Mix Tk 2 % 10
Primer F 10 pmol/L 1
Primer R 10 umol/L 1
ddH,O 7
Template (cDNA) 50 mg/L 1
Total 20

z2 WHEZPCREH

Table 2 Quantitative real-time PCR reaction condi-
tions

POLE R PCR X Yty Wi A
Initial steps Melt Anneal/Extend

Thermal cycler

Af[E] Time (s) 120 10 40
3% Temperature (°C) 95 95 60
PEIRREL Cycles 0 40 40

FHX e KPR A N T
AC; (gene)=C, (housekeeping gene)—C; (gene) (1)
A4C; (g—g.)=A4C; (sample)—AC; (control) 2)
Relative transcriptional level=2%“" 3)

N3 (1D)H, C; (housekeeping gene)Fll C; (gene)
SRR F IR H BN C l(Threshold
cycle value), AC, (gene)7Z/~ H BYFER X4 K HE A
B C KHEME; A Q)H, AC, (sample)Fl AC,
(control) 73 Jl| & 7= A6 I 2 Akt REZH o H i Sk B Ay
CHTHENE, AAC, (g—go )RR ZH 5 %5 FRZH H 7Y
M C. ¥ {5 19 22 {H (Comparative critical
threshold value). F| FHZAZ(1)—(3) AT =K H Al 2H AR
XFF0f REZH H A8 PR AR e s K
14 “ARpIRERRE

8 R K TR 8 000xg 250> 10 min 4k
HEE AR, F 50 mmol/L MR ZE Mk (KPB, pH
5.8) PR AN A 23 YK J5 F KPB 28 ik o ek (1
YN 4 mL 2R 20 MLV R 7R IR AR
M%BE 20 min (240 W, 55 kHz, 1 s/3 s), 2L R
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8 000xg #5.L> 10 min, HL i T 100 000xg i 3H 2
O 15 h, 3 B3, DUVE MM, EET
10 mmol/L B2 2% vhi (KPB, pH 5.8), =20 °C fiff7
B BARBGIRIE 4 °C KM TFH#AT.
Brandford I &

15 SHhA*E

151 HEHEWEESE: BUFNERR S I0K OB
3:7 (VIV) LR A, 10 000xg 2.0 10 min, B [
FH0.22 pm SALIEAEEIE, FHH 37 L-2000 S350R
R TSI 2 VEVR R b . % 45 AMINEX
HPX-87H 300 mmx7.8 mm; /N ZZBICRIE; 7
BhAA: 5 mmol/L FiERIAW; Hl: 60 °C; Jii:
0.6 mL/min; JFFERE: 10 L, AR HE 04 AR T35 Kk §%
WA RS

152 AHEREE: BFHIABRS 10% (M/V)
RO 111 (VIVEBNRE, 10 000xg 2.0
10 min, B F3E 0.22 pm A LUE AL 38, S8
HA7 L-2000 FSR0HAH 3 {30 2 i v v i 2 Fh
AHLRR S . (g 5 AMINEX HPX-87H
(300 mmx7.8 mm, Bio-Rad Z\#]); LE4MEIS,
245 nm; WEIA: 5 mmol/L FmiERVAK; FEik:
60 °C; ¥i#: 0.6 mL/min; JEEER: 10 pL. $EBEHA
2. RIR . o-F R . B DR RRARE
RGJEVESMRRAR), 480 AR5 & B
RN a

153 EEEAE: W1 mL KEORT 50 mL £
TR, N33 1% (M/VBYER, F 0.1 mol/L A5ifE
NaOH % & B 30 s AR HRPETHEM)
Pr#fE NaOH #Y f 1H 55 SO0R & & o T PR WK B
(2/L)=Crnaonx V%60, HH Cyaon A NaOH FrifE
WU (mol/L), V ik T F NaOH bRy il 4
F(mL),

154 ZE(CB)MREEMSE: K Wood K
250 B 0.5 mL Mcllvaine 2% # i (pH 4.0),
1.0 mol/L ZFE(ZFEE)FW 0.1 mL, ZiJfIfEE 0.1 mL,
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10% Triton X-100 0.1 mL F 10 mL H @&,
25 °C {3 5 min JEMA 0.1 mol/L ZRF AL IR
0.2 mL, 1E 25 °C Z&fF FHCE U 5 min (R
25 [ XF B/, SR JE I A B BR £k -Dupanol ¥ W
0.5 mL 211 v, 25 °C BCE: 20 min, AIA 3.5 mL
FEKIRAIG, H 722 RSN SEEREHHI E
660 nm Ye#E R, {E 25 °C. pH 4.0 &4 F, 1 min
A4k 1 umol ZBE(Z )Ml & — A HFE )
B

155 ATP KEEEFEMN: BHEMEH&SH
Matsumoto Z£!'f4 555, 0.1 mL ATP (30 mmol/L)+
0.4 mL JZ )W (3.75 mmol/L MgCl,, 100 mmol/L
KCl1, 100 mmol/L NaCl, 50 mmol/L Tris-HCI (pH
7.2)E TR, 30 °C fRif 5 min, MAEMEAN
BIF 0.5 mL, PR 30 min, A 0.2 mL =44
LBR(20%, MIVYZ 11 ) )i, 6 000xg 250> 10 min, HY
3 0.5 mL fINA 2.5 mL iR 4%k-5HRR a7,
S 10 min, BRSNS, 7E 660 nm MHEEE!,
MR BEP)PRAEM Sk LS i, BRI PR
umol (P;)/[g (cells)min],

1.5.6 ZHAAtEZR o RimnEWEEFEME: Kui' A Ll
TEVELAEGXT QuH, MEALEE IR . SRR R
(1 mL): 50 mmol/L KPB (pH 6.5), 30 umol/L Q,H,,
0.02% (V/V) Tween 20, M MIEE . S i1

25°C, 275 nm PR FHATIE . WOBMEXT Q.H,
2RI G R ECh 15.25,

AW, AR EENET 3 K. 5
PG SAS 8.01 FEitsr#r#i4F53#r (SAS In-
stitute, USA), FTA BIFER S BHRAIE 3 14T
MEAE R I, REL R T ERE, B
Sl P<0.01,

2 G550

2.1 BREATEEEFGEEXIRZESR
FIH 16S rRNA FE[H T4k NCBI #ig/E+ 5

A. pasteurianus CICIM B7003-02 [a] J5 i sk,
PPk A. pasteurianus 1IFO 3283-01 fEHSZ K,
SR AR AR (R B B S0 1 ™ RE A Y
FEAEHES . WK 1 FR, CICIM B7003-02
WRAETE 3 SR FEM T RER R (R T HERRST): (1)
LTI - R AR AR —— R AN MR- 2 T ot S
(Adh), ZEE AN Ald) A4 (6 R o KimE ik
fiff(Cyt o) 3 FiffIAT:, TN E2ALEE"
PR (] I 5 W B AR B BRI RE 15 (2) —RIRTEER
(TCA) BB A AN ™ Beis e ——EL RS R AT 14
TCA TEAHITHIBRNE A BIBEHRR AT RER 2
BT R ) AT PR R AR, S e iR
BRI RIBITIFBECRE R, (3) SV IRBR/BEHIR
(] M BB AT AT W2 ™ R R A —— i o B e
R IR BRAR (R AR« IHZRR))” A SRR A gk
IR, 5 A AN SRR T Q I A (Mqo)
ANGEFARR T A M (Sdh)VE R 68 . X 3 MR TE g
PR & I AT REAN SR (RIS VR FH, A5 e TR AT i 1R
T R BT P ) 7 B AR HL AT A R 9 A 7
FAWE R .
22 BEREMEERAEBDTAMIZRTDN
PR

EL PR PSR A P ) ) ] A i N £ Bk Atk A
KA i e i, b T 9 A. pasteuri-
anus CICIM B7003-02 i 5 & ¥ H R s AR IR A,
ASCE SR ARV ER L2 (3l & 10,
30 150 g/L B )iz w Ak A 4 0 A 2 B A Gt i
TEOLCH T BRIERF 5T Ir A3 25 18 EAS R W) LR R JEE &
[ S o N T Bl =2 7 N (o) W oY
). d()PRZEEMZIREM, Heddbiins,
M BEX O 40 /L, SRR 3. 4 Fos. 4H(1)RY
ANEE A RKGE, 5535 48 h BFE A 0.95+0.04 g/L
TR, HERET B FEE TR (rgucose) N
0.143+0.007 g/(L-h), BRI T FX) #2152 R 5L
(Yxe) M 0.138+0.020 g/g. £H(2)—(5) At A 1 M

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



2176 A1 4R Microbiol. China 2013, Vol.40, No.12

- -
- \
—
Acetic zyc',d/ = Acetaldehyde \Alcohol
-
I / <4mm (1)
& \H; C Periplasm
N &
H* H o \ - -
+. -—
18] ‘0’ — ~_ yAcetyl-CoA
— o2
ADP H'_--~ Citrate synthase
* o’ Citrate_  CYtoplasm
ATP .’
l,' gy Aconitate hydratase
" Pyruvate !
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E 1 A. pasteurianus CICIM B7003-02 P=§E{BEL L iR 1248 RY
Fig. 1 Proposed scheme for energy production coupled metabolic pathways of A. pasteurianus CICIM B7003-02

* 3 T REI¥EELE T A pasteurianus CICIM B7003-02 X & & #E#0 Z Bz 847 B
Table 3 Metabolism of glucose and alcohol of A. pasteurianus CICIM B7003-02 during vinegar fermentation with
different initial acidity

P ] FIAEHEHR AT B WA E AT IR AYrE

Giomp Time Initial glucose Final glucose Initial ethanol Final ethanol Biomass (&)
(h) €4D) €4D) (€49) €4D) (€49)
(1)0a/0e 48 10.35+0.09 3.47+0.03 0 0 0.95+0.04 0.138+0.012
(2)0a/4e 48 10.23+0.04 7.82+0.01 39.06+0.03 0.29+0.03 0.52+0.02 0.214+0.007
(3)1a/de 48 10.37+0.04 7.87+0.02 39.42+0.04 0.57+0.02 0.54+0.06 0.216+0.006
(4)3a/de 60 10.56+0.07 9.35+0.02 39.02+0.05 0.24+0.07 0.46+0.03 0.383+0.001
(5)5a/4e 120 10.49+0.03 10.03+0.03 42.38+0.03 0.06+0.02 0.19+0.02 0.413+0.002

T Oa: FEFRFEHBSIRVE LA 0 g/L; Oc: HE Ak SRR BEN 0 @/L; Yo WK A R R AL
Note: 0a: The initial acidity of medium is 0 g/L; Oe: The initial ethanol concentration of medium is 0 g/L; Yx/,: Yield of biomass ver-
sus glucose.

http://journals.im.ac.cn/wswxtbcn
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B R THEEER 0524002 g/L F&EF 0.19+
0.02 g/L. HATHFER AR B, 42) rauose
B N 0.051£0.003 g/(Lh), 4 (5) Faucose 1L N
0.004+0.001 g/(L-h). [AlRsF, Bt hf B R e 2 i)
Yxg LB AR, B 0.216£0.006 F+%]| 0.413+
0.002 SR, 76 T I TR T 52 PR P85 1 161 WA S TR ) A7
FE I B AT W A X BRI R, R AT B
FHE T O R AHFER

Sy it — 20 o B R R A B 2 R R,
XPIZ A B A A A W 00 7 RE R T
20 (1) H ) A A 05 7 BB 19 73577 BB R (Hgtucose)
A 2.3240.11 kJ/(L-h)o THZH2)~(5)" Helucose H
0.81+0.04 [} 0.06+0.01 kJ/(L-h), Z 4 AbACiH
B E T HERE T2, o (Hacoho) (Hiow) [EFIT K
T 90%, HF 9l & 4 (5) H (Hascono)/ (Hiotar) B 35 ]
98.42%+0.10% . [l K A& ¥ Al LI ] S B 4A Ak 32
HERE R ORI B & TR, 28 BTl
RS R & I B RE IS
23 SERERAESREFHESRGHIRR
231 BERABIEFEGNERIENTL: K
T X IER R/ BEFAMR M AN R AR AT BT, LR
R ESIR . AR B R Uk B A AL A T A
W, ikl 2 R, KERIIA0-24 h), V347 iR

H(raa) XN 0.31 g/(Lh), SERERFNBEFARR M AL AT
AT LT, K 24 h JEdE ARG ERPOEF RHEL,
24-48 h Z[A] roia 155 0.87 g/(L-h). HRISER R
LR B Je e TR, SRJSTE 0.7-1.0 g/L ¥
FESE RN sh ARk, 1B S SRR AN BY HARR 1Y A2 A
S FEGERFAE — AR E RS . RS
(72 h), ZEEHEIEF) 9.4 g/L, Aff4EAL BRI TR
JIRRE, I B RRE AR, &S] 96 h
Bf, SESRTR IR MR QL P e, — 5 il LA
Tty B 2 T T A i A 8 4 R 200 BT R PR IR R R 1Y
EFARH, A— el LAEks TCA FBEiRIL
W (HMP)2555 4%

232 SREBEAES CEMFRENEEET:
I W2 5% 2 T 2 T 4R Ak £ 1t 7™ T TR 1y 24X
s K 3 BoR TR B 2 B LAY
TR b . R IR B U % S 41, Adh
Aldh Fl Cyt o 4394 0.93+£0.06, 0.71+0.03
1.62+0.11 U/mg. WA KBEAT, BEEEZ T,
KT 48 h if Adh 1 Aldh I5PE53 5155 4.37+0.16
F13.42+0.09 U/mg o &P I WHBRHE 1A TR, 72 h
IF, 3 PP TG S35 R 3.05+0.33 ., 2.01+0.24
H13.67+0.18 U/mg. H:H Cyt o 1614 T B EEARXT
B, SHTATRER Cyt o f& LB B RIS iR

R4 TEVEELET A. pasteurianus CICIM B7003-02 #| A & #EF1 C EE U= BE S 4

Table 4 Analysis of bio-energy production through glucose and alcohol oxidation for A. pasteurianus CICIM

B7003-02
Talcohol Tglucose H, glucose Halcohol (Halcohol)/ (I_Itotal)
[¢/(L-h)] [¢/(L-h)] [kJ/(L-h)] [kJ/(L-h)] (%)°
(1)0a/0e 0 0.143+0.007 2.32+0.11 0 0
(2)0a/4e 0.77£0.11 0.051+0.003 0.79+0.07 8.25+0.04 91.22+0.05
(3)1a/4e 0.81+0.02 0.052+0.002 0.81+0.04 8.68+0.03 91.46+0.14
(4)3a/4e 0.65+0.07 0.021+0.004 0.31£0.01 6.96+0.08 95.73+0.09
(5)5a/4e 0.35+0.04 0.004:0.001 0.06+0.01 3.75+0.02 98.42+0.10

TE: Facohot: CHEVFIGTHAEER, roucose: MM T-BIHFERAS, Hyyoose: SNLUATRR IR RS I 1) TF A MW P 2 BT A R A
Haconot: LA PRV HAAL I (8] THFE £ B -SRI RE R (Hatcono)/ (Hiowm):  SEEEALRRE & 5 B RE R B 43 LL.
Note: 7410010 Average ethanol consumption rate; 7giycose: Average glucose consumption rate; Hiyjyeose: Average energy release rate with
glucose consumption; Hyeonoi: Average energy release rate with ethanol consumption; (Hyieono)/(Hiora1): Energy release ratio of ethanol
versus glucose.
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Fig. 2 High acidic vinegar fermentation by A. pasteu-
rianus CICIM B7003-02 in the shaking flask

6
% | CAbpH
£ 5| C=ZALDH
= EECyt o
z h
=z 4r
g
S 1
>
Q L
=
a 21
= |
<
: H Hl
o
2|
0 1 1 1 1 1 1 1 1 1
12 24 48 72 96

Fermentation time (h)

3 SRAEED ZEIT NSRS
Fig. 3 Alcohol respiratory chain enzyme activity dur-
ing high acidic vinegar fermentation

BEFAMR AR AR I T A A i e AL, T LA S R
WG it il 1 P2 TR S M AR /N . R T I T T A
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