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Abstract: [Background] Acetic acid-producing bacteria can utilize one-carbon gas to produce
high-value chemicals such as acetic acid by fermentation, which is an important way for carbon
resource recycling and green biomanufacturing. In addition, most of the acetic acid-producing
bacteria can utilize organic matter for metabolism. However, the two ways have different energy
metabolism patterns. [Objective] To investigate the acid production characteristics of a typical
acetic acid-producing bacterium, Clostridium aceticum, under heterotrophic/autotrophic
conditions, and to reveal the mechanism of different culture conditions in affecting the
metabolic patterns of this bacterium. [Methods] The acid production and metabolism of C.
aceticum cultured with glucose and syngas (H, and CO, mixed in the ratio of 6:4), respectively,
were investigated. The distribution of the products and the specific titer of acetic acid
production were analyzed on the basis of the results of the experiments. The key enzyme
activity indexes were employed to reveal the mechanism of the differences in the heterotrophic
and autotrophic metabolism patterns. [Results] C. aceticum performed stepwise degradation in
the presence of 10 g/L glucose. It firstly decomposed glucose to produce lactic acid, and
subsequently produced 6.3 g/L ethanol, 13.2 g/L butyric acid, and 5.6 g/L acetic acid. However,
only 1.96 g/L acetic acid was detected in the case of syngas as the substrate. The results of
product distribution showed that the specific titer of acetic acid production and acid/alcohol
ratio under autotrophic conditions reached up to 28.6 g/g and 17.57, respectively, which were
much higher than those (8.23 g/g and 1.53) under heterotrophic conditions. The NADH and
ATP production as well as pyruvate dehydrogenase activity were higher under heterotrophic
conditions, while the acetate kinase activity showed an opposite trend. This result revealed that
most of acetyl coenzyme A as an intermediate of pyruvate metabolism, flowed to cell synthesis
and end products (ethanol and butyric acid) under heterotrophic conditions, while it flowed to
acetate production under autotrophic conditions. [Conclusion] C. aceticum could achieve higher
acetic acid production under autotrophic conditions, which provides a reference value for the
utilization of syngas by microorganisms and the regulation of metabolic pathway of acetic
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acid-producing bacteria.
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4 Hy, CO Fil CO, IRG W (RIFTB Y& ),
BEGRT DR TR SR R AN — 5 250 T B R R
B IR — i UL EL B A T IURE , AT L)
W AR AR A TN S Tk
B . A BAAIE UG AT I A A Y &
TR LA AL Ay B IR ™ &, (H A2 7 2%
B ARSI DL K o3 LU R sy, LR
AR L AT S I EASH ) i A= 9 & et A A PR
AMAEYIMRE L U CRIE . PEEADLE
WA, eI AR Hy A CO/CO, 7R J kA
FIRENE , 2B PR R A BB, IR . CBE
TR TEEN MBS . TERTA FI TG AR )
WAEY T, 72 GRS Tz L R 1S
SRINT 4 32 K2R

RS N A 2 ) S e = W R
(CO,), i#id Wood-Ljungdahl (WL)i&4%/=4: 2
MR, KRB0 W W )8 T HARZE AT 5 s Al
BEFRAT TR & , BSERAL I (Clostridium aceticum) .
72 7042 [ (Clostridium Kluyveri) FlHR Bl 8 K FG B
(Moorella thermoacetica)ff Jy 3 Rz 2E M1 1k
IR fE WL iR, H A
WAL, ¥ CO, iRJEAL CO BiHI KL, SRS H
CO FIHELLE S IE MO k4G A, #F— 2P e fk
U FIAANE A B el WL A SR R, 787
LR A A5 RE R A SRy A E I —
MRS EMEEY, 5% Na'sl HY, L
B F R, Eat ATP i —205 i ATP,
N WL B G [5 ATP P~ A% ; J—1

S BRI L F B R W HL T 43 7 (flavin-based
electron bifurcation, FBEB)HL|, %ML v
AR T S 0 5 0 v HL A ) H - A2 ARG, DA
A AR [R]A8 F - HEAR , X P AN [R] A fig e R 2 AL
ARES KRBT AR R R Kb
R B, 4 i R 53 197 SRR TR AMNA AT LA A T
H A, i AT DA T3 4 bS5 A DL T i 5797
R, SR AT 205 77 W) 70 A Z 18] (% Sk 1
ok Z i diaEt e,

ARSI A FH—Fh 7Y 1 7= 2 R A
HIVES 2 #2 1A (Clostridium aceticum), ] LR SE
VAL HAEA R S5 0F T ) SR A 7 kg . H:
U, FET LR A ) 0 A R SN [ AR AR =X ]
250 g A e CilE s, R AT
WA TR SR AR UHLER, IR 4 e O R A
B T

1 S

1.1 #&

AW 5T R BT RE O S TR R T
(Clostridium aceticum) DSM 1946, 1t [ [ [ 52
55 F2 W O 0 o TR RR AE DR AR SR R AR AR TE
—80 CCHYR R, SLIUHT G B 2 K i s R Sk v
IEALE 30 ORI .

1.2 EFE

FF s RA K ARS8 B R SR AR
JEHTIEFE O IR S AR B (g/L) . SR AL S
0.036 9, /KA 0.265 4, AL 0.019 2,
DK EARSR 0.073 0, ZS/KEALEL 0.004 4, IR
0.000 7, —7KFAL4A 0.001 8, —IK5HEREN 0.000 4,
FAAbEE 0.000 3, EALW R 0.012 5, FiFLLMREN
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BRIER AN 1.000 0. I ALEZ(0.400 0 g/L)FIE
BEHEHI(1.000 0 g/LWERRIR, F3/MEINIIR
H(0.175 0 mg/LYWE N E AL FURESE w7 . il
Fi 2 mol/L ) NaOH =¥ HCI ##7 pH {5 % 7.0,
i FRPRE 5 R 3 AE 121 °C KB 60 min,
1.3 FERFI AR

P BE S O . AL SR AN T] KA 5 B 4l
i, Sigma AR RA R ; NAD'/NADH £
M) &5 Na 'K -ATP i P Al ian) £ 55 A= 1k
e &, 5 H BEAEYHEARAL)ARAF
LAY, JASCO A+l WA EIEL,
Agilent v A ; pH 1T, Mettler Toledo /A ] ; B H
T dird €%, Whatman 23] ; 7 I 40wk
AL, B2 AR AR (T O A PR A F
1.4 S#t CEAE I RE MR

ABIFFE R Bt SR A 120 mL LY A i
11, Hrh TAERE R 60 mL. H&ERAE R ™ 2
WA T S SR OB IR, SRR R N, ok
T BFREFRNH HuCO AR N 6:4 A
BSAERIRY), BB R 1.5 bar, K5 %
I B 2 7 B 5 0 R F 41 35 R 52 . 37 °C, 100 r/min
Bige, 4908 24 hOoRAEBAFI RS, TR
Iy Jo A e I R
1.5 #&M7FE

i i 5 Ah OOl BE T I R PR Y
ODgoo, X FT4iMfiEE = (dry cell weight, DCW)
M, B B AT 4 g s ) R, I
U8 20 mL REFREE . RS A A RURE Y B 407E
60 °CHEF h Tt 7%, AR5 H 8 & DA
DCW . 2R R ROHOAH (038 12 D0 2 # 2 b . LIR
LR TR N OB, (OB AERLRS 9 Agilent
Hi-Plex (300 mmx7.7 mm, 8 um), % 5K
%% (diode array detector, DAD)FIT A I 4%
(refractive index detector, RID)FJFG IG5 A

50 °C, LA 0.005 mol/L H,SO, & B N ShAH , i
# o 0.8 mL/min, Hil4 45 °Co FrA MM AE E
HLAETZ: 7 000 r/min 5.0 5 min J5H 0.22 um
PTFE 4= i et ug . A pH iR
PR B B 1) AR 4k
1.6 KA GHEFR AT E

NADH ({41 79 : NAD/NADH 53
Fl e —Fh LT WST-8 f8 (B S iy, i Hefn
PR A MAE S A AL RV T (NAD) TR i 7Y
BT T (NADH)A A 95 . B AECRILE S A 3K
FIEUS 2% WA AR R A RE B (B RR D 1 mL,
— A HFHM NAD ;55— F A NADH)
PA 12 000 r/min &.0> 5 min, BRZ BWEW, FEn0
A 300 puL 0.2 mol/L HCI (JHFT NAD #H)uk
300 pL 0.2 mol/L NaOH (FiF NADH # 5L
BUUE. FHET 50 °C K 10 min J512 )
% 0°C, RBER N 300 uL 0.1 mol/L NaOH (T
NAD'Z£H)af 300 uL 0.1 mol/L HCI (/i T NADH
PO FIZERGK , 15 000 r/min &0 5 min [R5
ANMORE R, W5 T ST BIEE A% R4S b R4 T
o 3T EEEAE I 0 A N NADH il
NAD' W BE o 8 20 52 55 i TR G ) Hh S5 IR R Y
1 mol/L Bicine 2% ¥ (pH 8.0). Z % . 40 mmol/L
EDTA (pH 8.0). 4.2 mmol/L MEM KL FI I f5{A
FUH) 16.6 mmol/L WMWe Z mREhal ik, SR K HAE
30 °C M HE 10 min, AT RVIRAH): 50 pL
FRRTR AR B0 . 0.3 mL ZEE/K 1 0.6 mL iR,
FRAY). @I 50 uL (500 U/mL)EE R S
(alcoholdehydrogenase, ADH)}Fﬁﬁfi@o 1E 30 °C
30 s Kufr 570 nm AZLAYEOEEE 10 min, H
0.01-0.05 mmol/L NADH Fl NAD" i f v I T A%
#fE NADH F1 NAD'WWE, 4 NAD FI
NADH /K- V-5 5522 v H it 55 .

ATP SR : B EARTE 35 °CKif s
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K-35 48 hJ5 3 500 r/min B0 10 min WA TTTEY) .
FH PBS Ve 2 Ik, W pH (HIH R 7.2, SR)E, B
1 mL TRV FH 8 75 5 A0 LA B L AE DKV s B (T
K 200W, #E 3s, [HFE 10s, TR 30K), H
Na K "-ATP [iff {76 P Al i 551 £ A BRAN L, SR J5 78
450 nm P T B UINOERE , IF ShniE
Hi 2k HE X 3R ATP 5 ™,

AT T R T S TS e P 0 - A P T 1O
TG RN R % AL R Z BERE TG A BE ).
HRTE 3 000xg 2514 F 8.0 3 min, ] PBS R
3WE, A 100 pL & AFEBGE [ 50 mmol/L
PBS (pH 7.2), 1 mmol/L EDTA,
PMSF, 1| mmol/L DTTRA) . &I F4ijE it s
WEREChE 200 W, #75 3s, ARG 10s, HE
30 )5, 4°C, 12000xg &0 15 min, Frfs E
TR DA LS A PR UK . B 10 pL RAIFE S IK
SEWEIEIE B AR . 7E 25 °CA&MHF, #4530 uL
FEAAREEIME 200 pL W AR & [50 mmol/L
PBS (pH 7.4), 2.5 mmol/L NAD", 0.2 mmol/L TPP,
1 mmol/L MgCl,, 0.02 mmol/L CoA, 0.2 mmol/L
FAD, 0.2 mmol/L ii=#f , 2.5 mmol/L [t
2 mmol/L N Z 24N, il H 340 nm &b B0zt
B NN AR IEEE L 25 °C, B mg
it 25 11 B 5 BT By, R EOR T A BT Y
& 8 RH Bradford J5 ik Dh2F TE & FAEbR fE
) 20

LR FRTEHEYE I « LR TS ARG
¥ LTSI A 54N CFRIMAE ST . SREE SmL A2
HE AN AR, B pH 7.4 ) 0.025 mmol/L
Tris-HCl ZEBE 3 Uk, FH88 75 B8 04 20 B 3 miin,
)5 LA 5 000 r/min &0 3 min WHESH LBREL
ARG 3R FE DK A 540 nm (9 £50F T I E I
WEIWR OGNS . K HE €=0.169 L/(mmol-cm)fY BE /K
HCRBOTE CREMEERIEYE, 1 BAN R

1 pmmol/L

WS M SO B B A 4R 1 pmol 552
i R ) il A 5 o R VB 1) LU TS e S T
mg il 85 (1 2 A6 D B, R OB A T
1) 1ok Bradford J5 ik LUAR M4 2 VR bR 1E
s,
1.7 HEH*

SR VO B2 N B AR W i AR 1 TR
w, NN SR T (g/2)=C 2%/C sx
A Coufn CMRMAE R (/L) Candern
PRI AE K B (g/L), I TRtk b 4G iS5 &
Ry HE Z BB 5 3R o SR A7 HU i B T it
BERFR I P RO, BB, B AEY R &
PR 7 3 R

2 EREM

21 EFEHTEHMBIKETSEREN
KZH0™ GRS AT LA R 61T 57 5%
R, IF 38 2 IS P9 7K F- W5 2 16 (substrate level
phosphorylation, SLP) 17 ZyRE e, H:H 7 %) b 4%
IKFERNEARR , ARG A4 CBEsHRE A DL T
TR RN P, ARG, B RR AR TR TE A
1 RN BV bk w m e s Ae LR, AR5 AT EL
MRy A R TR, Rl A D5 () R N T
(B 1A). BERRARTA A IX AP o3 B BoR 5 7 &k
P A ) SO g ARV, 787 S R TR AR ) I g i v
WERE T LR A Y R R T R 4R TR )
i, HACHT #7855 4 REe i 1
SRR AR . FLIRAESS 4 RIXBIRAM 11.1 gL )5
TR KERS 7 L BR T YA AT AR A B 5 A6
Z@ﬁﬁ%l@? XTI JFE I AL 77 CIR
3 H R I 1A P P AR R AR A R AR R AR 2
E?o — SRR A /N A N R A B
AL O, XA R EIHFE M 40 NADH;
Ty hh— SR 3 3 T - AU B 11 AR i
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¥ TR AR B OB, XA PR AR 1
3T Fdeg M1 1 507 NADH™, FEAGK/RIRTH
(Clostridium ljungdahlii) &) £ i = 25 B2 & B},
WU R R LR ) 77 LA X AR S5 FRAT
SR 25 AR — 30, M AN B s B — e AR
JERT, FEFEYIN R LR Lk, 455 1,
TERT 7 RINBFERRY ODgoo 7E 1 LU, P2HLL L
M hEGS.6 gLy, LR RHICH 1.3 g/l Mt
RARAEY RS 2 O B e, CRET R
TS 15 R EFRE] 6.3 /L, THRWKE H 2
iKF] 13.2 g/L. BERRAR B AT LA A A WA T
MR Z A AR/ DR s, AR g5 KRR LR TE
Bl LAAE P2 TR o
22 BHFEFHTEHRBIRESEKSFH
K 2 WO T ESRRIRTE H 755500 T A
17 A AR Hy Bl CO, THFE . TERUNV A5 AT,
BEFRAR B =1 1.96 g/L 1) LIRAE I EE =), [F
A A 2] /R 2 5025 g/L)FI T BR(0.17 g/L)
( 2A). $KTM, 4 pH 5.0 B Z Bl T E— ™
Yy Bl R R ), Xk ik JR #2 T (Clostridium
ljungdahlii) F1 i #% B 18 /K # & (Clostridium
ragsdalel) (AT 5 8 R T 2RI B A,
i pH (B fil & 1 7= R 0] 7=V 570 B 6 A8 2728 I pH

A B

I R B A M A T B T R Sy ek AR TR
RN R SLP B ATP A= iiHLI, 56 M Iigs &
ATP 4 Fi 109 J5 740 BE DR S B AR AL 24 FE &
B 100 ZH LR, HA B —L65%
A= Y aE R A AR R R — B R R RE TR A B —
SE AR RN T iR . T A R
ARSLEG Y AE H SRR T BRI T 1) T R = AR
XA AR T Hy 2ME— bk, #t=
Fo R IR BE IE KA T o X — 85 R 5 2Z B ST
— 3, B R N T BE sl I 2 R 5 DU fie A LA
AR T EREA AP, H, MRS, K
PR AR (OB ) Bl T HA 2 B
RGNS NI MR, RA SKYRES R
HEE AL RE R AZERRAN I AR ), — SRR 2
Ak S AL A ST ATI0 . R YR, A
R G T SRR 2 I, TR SR K
PIEE Fof 30 2 B o A U L B Fh AR IR ke B 44t X
X AR B 2% 5 v )V A B R R A TR
T R FTH CO, Fl Ho A RRIE A RE R,
J T AASHE 20 ATP iR K, iR E L
R LRI AR, X5 Z BT RRIED -
7450, Kl 2B HESERAR TR i KA ODgoo 1Y
4 0.91, XEIET ZAGAHEN . 7548, AIR&M

A,

20 - 72
| —0O— Glucose @ Da@ 112
5 —O— Lactate Bl P ®
~ — - @
28 15 / —A— Acetate 6.8 'j\ / \ 109
T —v— Butyrate 7YY - /@ @ |
% 10-;\ \—<>—Ethanol :1:‘6'4 L By @@_06 g
SNSRI SES
2 st A¥:A—A-$; SRR 6o | P fi]\ —0O— 0Dy,
75} AN O-g/ [ . ® 40.3
. A oo ) BO_m_ 0
W8T 000008 © T e
0 |- &4 9W¥-8-0-0-0-0-0-0-0-h0 s6 Bz ® 0
1 1 | | 1 I | ) : P R T T R R B )
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Time (d) Time (d)

E1 BEREERFAFGTHREENR A JRPWEZL B: A¥E/pH 21k

Figure 1
substrate concentration. B: Variation in biomass/pH.

Metabolic variations in Clostridium aceticum under heterotrophic conditions. A: Variation in
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Time (d)

1 IR I I I |

L 0
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Time (d)

LY
0

B2 BEREEBFFHTHRBEENL A JRPWEZL B: AW /pH 21k

Figure 2 Metabolic variations in Clostridium aceticum under autotrophic conditions. A: Variation in substrate

concentration. B: Variation in biomass/pH.

MY pH RFAE— T iR T FEAS F SR IR 261 T,
—ORUL, RIS RS R BRI P RE BT,
A=Y IIR I RAEU(FLR . LR . T R)E &
TR (%), T H SR pH —JF R
AITRER B2 COy W T 37 B8 U 55 TR
SR,
2.3 EPRREY CERAE P LLIE E ANERES L
B W) 38 b R i — 2545 7 IR R AR T
TEA R EW 25 15 1 7 IR A vh i ek o A o an
3A /R, L WRA:)™ i JE (acetate production
specific titer, APST)Z7 %5140 5t it 1 TR AR AE )
TR SR AL, X — 48 bR n] DL B ik
AR I o 1R IR 26 TR IR i HERS , &
BRA: 7 LU P 48 Tt ZE RN 4 R ik 3 1
8.23 g/g. JEMEFHIN HLAYZ, AFRFMTHC
PR A= 7 PO LA A 3 T 5 IR 2R T L demak 3] 1
28.60 g/g. FELL Hy VEMA I fe U 1) 4 S
T, BRI RE A HE A R, S ECHHELIE L
RO RS . NBI IR, 5
N5 AR L, SR A A il B BN 5 BE B3
AN v, A Hy 883l CO, 1 i &
LIRS B e R AR N, S BT 122y

W, AP EAR 1 mol SRR ATP 1Y
HAE INT 1 mol, ARAYRE L HER BRI T RUZED)
AR S sl R . S GERE, & 3B H
) TR T LUt m] LA s e I TR A T A R e A P 1Y
PO, R, 5 RIREML, AIRAEN
TR R R Pk 17.57, Mg TR IR A
TR 1.53, X TCEE M ENIE T BSRRAT I H R SR
T E R YE, BOE R T2 A RN IR
i, HOBRWRE IR A 7 F7 554
2.4 ERRERAHE IR IR D

N TR IR FR AT AR
W=, 4 R B B A B gl FH R PE AL AR
HE P BT 4A BTN 92 BE R A2 I NADH Al
ATP ARGV, B50L, SFHRFMT IR
A AN AR R, R R —
AL R TN A R 1) ok B R DL AR R | )
J5i 1 (NADH)FIRE 5 (ATP), 5 2% W 1 2 5 55
Z1F N NADH (7= A£G PR ATP {6 P Wik
23.14 nmol/mg F11 9.11 nmol/mg, ¥CIT & T H ##
4N Y 14.75 nmol/mg F1 5.84 nmol/mg. fij
WL 4B it &7 14 2 T8 R AT A1 114 PN ) 2 O3t e
(pyruvate dehydrogenase, PDH)FIZ R i 1
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30 o O Heterotrophic k 5 —O- Heterotrok{).hlc
—O— Autotrophic ® —O~— Autotrophic
st AN 7o
-9 < ®.
10 .
< pEE % 3 I]Z ® (OJOYO)
HEm i .
0 (.] [ I U NS ST RSN NS NS | PR [T (A I NI I R |
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Time (d) Time (d)

B3 BERMREAST/BFFETHERE A ORA”ILHZ. B: R

Figure 3 Product characteristics of Clostridium aceticum under heterotrophic/Autotrophic conditions. A:

Specific titer of acetate production. B: Acid/Alcohol ratio.

A
30 S 10
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7 )Pyruvate dehydrogenase activity

XN Acetate kinase activity 110
golz - \§ 18 go
=) \ 12
2 \ 16 =z
= A\ | £
5 2 ﬁ w0t |,
3 2.14 N 4 3
T N
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B4 BRBEREEFT/BFRFETHREEYE  A: NADH/ATP & B: NI I U0/ BRI P

Figure 4

Metabolic activity of Clostridium aceticum under heterotrophic/autotrophic conditions. A:

NADH/ATP production. B: Pyruvate dehydrogenase (PDH)/acetate kinase (ACK) activity.

(acetate kinase, ACK)J{f 4, H:H PDH 1 5
PR TR R B2 , A B TR A AN T 36 i N,
M ACK W 54 S AR A S8 Y 7K1
FRILTE L 2 R, [ A i — 43 F B ATPE 4,

BN, 5355 PDH 3 PE4E R B s Hm ik
12.14 U/mg, iEix s T H I 7.75 U/mg,
1M ACK [ 75 P &0 A S 25 5%, H 92 1 57 5%
5 F B9 TE VRS> 1N 4.82 U/mg il 8.77 U/mg.
S5 1-3 BZE A, FRATTHEN SR A0 N A
WA A Bt 2 A i PLIR | TN A R AN 2 e ST A
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Figure 5
heterotrophic/autotrophic conditions.

Pl PR A2 TR TE AN [R) B AR A SIS A 45 1 e A i
REAREZRE, YA PG IR,
HACH IR A F 5, & PR R ™ A
FLIR , Frh LIRS M — 20 Ak U BRER , TN
MR A A= R N AR DT, O — 254G
B PE AR IR AT R A Y 2 7 T B SE T
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Schematic representation of different metabolic pathways of Clostridium aceticum under

BT 2377 1 40 F 1 ATP GBS, 2Tk
A BOUERIEIEN TR, Ik BT A 1]
LTRALRT 2R AL B B 1b2ERE, DL ATP B0k
i), AT F RS, A
LA A TR B A ATP AR Sy {0,
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