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Nitrate affects carbon fixation by formate dehydrogenase-
lacking Wood-Ljungdahl pathway in Clostridium bovifaecis
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University, Wuxi 214122, Jiangsu, China
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Abstract: [Background] Unlike general acetogenic bacteria which usually reduce two molecules
of CO, into one molecule of acetyl-CoA via Wood-Ljungdahl pathway, the formate
dehydrogenase-lacking acetogen Clostridium bovifaecis reduces one molecule of formate and one
molecule of CO, into acetyl-CoA and conducts acetogenic utilization of glucose only in the
presence of formate. Nitrate is the preferred electron acceptor for acetogens which vary in their
ability to utilize this alternative electron acceptor. However, the effect of nitrate on the carbon
fixation by formate dehydrogenase-lacking Wood-Ljungdahl pathway remains unclear.
[Objective] To investigate the effect of nitrate on the carbon fixation by formate-dependent
acetogenesis in C. bovifaecis. [Methods] We measured the growth, substrate consumption, and
product yield of C. bovifaecis cultured in the medium containing 10 mmol/L or 30 mmol/L nitrate
and using glucose + formate + CO; as substrates. The medium without nitrate was taken as the
control. [Results] The main product was ethanol with the concentrations of 5.80 mmol/L and
1.66 mmol/L, respectively, in the media with 10 mmol/L and 30 mmol/L nitrate, which were
significantly lower than that (7.13 mmol/L) of the control. In addition, the glucose consumption
significantly decreased in the presence of nitrate. Formate consumption decreased with the
increase in nitrate concentration and became zero at the nitrate concentration of 30 mmol/L.
[Conclusion] Nitrate of 30 mmol/L inhibited carbon fixation by formate-dependent acetogenesis,
and that of 10 mmol/L decreased the glycolysis in C. bovifaecis.

Keywords: nitrate; formate; acetogenesis; Wood-Ljungdahl pathway; glycolysis
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Figure 1 Wood-Ljungdahl pathway of acetogens.
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Moorella thermoacetica ( Ji. 44 Clostridium
thermoacetica)® Wood-Ljungdahl & 15 4H 56 B Al
HLFAL o AF S 2R 1 g 35 PR 1 k)5 (R S i
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(Deutsche Sammlung von Mikroorganismen und
Zellkulturen, DSMZ)#& 1t () Medium 385, 4E4= %

72 W DSMZ 4L Medium 141, f{fEICHR
%2 W, DSMZ #2441 Medium 320, 2.39 g/L
TOKAHEREN . AN —UKBERRE A B
TER . A RWW . LB AR - HCI-HLO |
Na,S-9H,0 M G R R IiE 1T 0.22 pm /K &R
R BT PR BR A, JL A RE R B i 1 e R K
FRR AT K, WEE N 121 °C, WA 20 min,
BB B9004R pH ¥ 1 mol/L HCI 58{ NaOH %
WR = 7.001,
1.2 EHLE

BEFR S0 E 58 50 mL ARG 3R AL 120 mL
PR P R T, BEE 2 Fhi RR vk 43 B
10 mmol/L F1 30 mmol/L, VIARUSINAYHRE % &
T RRA . IMIE RIS FEA N,-CO, (80:20, 14
FHOMER 0.05 MPa, fRFEFRESME, ¥ C
bovifaecis kK BXX TEA S INAH AR £R A 15 77 A
B B R K I(ODgoo 12 0.23), AT HITE
PR AR 1 mL A D&M S i, ehh
H 2%, AEIRKEFRAET, KRRy 30 °C,
SR X BRI B 3 AEA T

x1 EMBEFERSR

Table 1 Base medium ingredients

Ingredient Content (g/L) | Ingredient Content (g/L) Ingredient Content (mL/L)
Glucose 3.60 KH,PO, 0.23 Selenite-tungstate solution 0.10

NH,CI 0.50 K,HPO,4:2H,0 0.46 FeSO,'7H,0 2.00

MgS0,4-7H,0 0.50 L-cysteine'HCI-H,O  0.30

CaCl,2H,0 0.25 Na,S-9H,0 0.30

Yeast extract 0.50 NaCl 10.00

Na-resazurin solution (0.1%, W/V) 0.50
Vitamin solution 1.00

Trace element solution 0.10
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4 B e B R A oo B R AT I, DA
ODgoo [ERARFE AN B pH ERGIBON pH AR
N o A A AR VA D 7 9 SR P A T - R 7
FrmsEt ) Ay BIEC0. 10, 20, 40, 80. 120 Al
160 pL ¥REEN 1 g/L BRI APPSR IR A T Tl
L, EARZE 2mL, KUK EREE A 1 mL
SURVETA 5 mL AR ERIA BT IR e OR
A7, CE 30 min J5 T 490 nm A0 KOG
B, AR AR E A ODgoo (HZ bR ERRZE
BAE S 8 000 r/min B0 10 min B EIEW, K
IR A 1 mL 5% M IE R 5 mL Wt
PR WO IR IERR IR ST, i 30 min J5 TR
490 nm AW OE A . AR O A5 0 A 7 2 A
Pt 4k, X BRI 2 (4 MR 5 B 1150 % I )
AR

FH R v 38 P 0 R PRV £ 10 4 1 Lk
JE24 0. 100, 200, 400, 600, 800 il 1 000 mg/L
B FH R AR VRV 1 mL {1 A SRS,
o ST L T A SO 2 45 PR R R P T ) ) g s [
AL, 20 L FYFESZE Thermo Scientific
C s 1 (4.6 mmx250 mm)_EHEF743 5, Ji sh AR
WeJE M 0.01 mol/L 1) KH,PO, FIFH L (95:5, 1AFH
PO PTR G . B S A B 450 R il
4 1.00 mL/min, PN 206 nm, &N
30 °C. AR H e T AFURI R R VA VR MR B 22 Wil A
HERNER . W45 25 0F R BUS AR flad 0.22 pm /K
FRUB L U8 R BRUTTE B30 B IR A (i
HERER A, 3B SRR R . RS O A 20 H R
PR, Xk BRI TR 580 S X8 Iy AR it v 1) PR PR R
JE® S 2R 2T B I R R S AR gk
W45 S NS PRE Sl I 0.22 pm K R U8R
85 5N 3 mmol/L HIBEER (FRAL5F) LA 1:1 A
PRFE IR A A A SERE R, (8 A<ORH i Sm
B FE i R R MR T R B o ROME iU S5

K. HEPREEE(AOC-20i) . BAIEHE(PEG-20M,
30 mx0.32 mmx0.5 pm) ., U B T RAS I s A
BRA 3 pgCls, Fiall Ny A #k <, HEARIRE 210 °C,
MR CURAG UL RE 415 R 250 °CHY,

A J3 v B A FH SRR 3 AR 7
SAHETENSECR . SR . AERET
FE(AE.TDX-01, 2 mx3 mm)HI &4l <A #
o BT R ARBEE R 100 °C, F#E
T FNERE TR EE 598 R 150 °Co IbRifER
R(EER A CO,. CHy Ml Hy 45 ) MAREE,
XPFE S H ) COp 2143 AT 43 BT B S DU 25 79 H
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oI 4347

FRER R R A A R L 5K
J AR AL, i TRSIRERAE 220 nm
P ™ HA KM PERT, T7E 275 nm JEK
ANEAT LM T, T LA 4E 220 nm il
275 nm PR TR R ARSI R ER vk
JEE RIS L I P R s B 22 il o o T 6, X R
N 4 W' D B R 8 X8 g ) R R 3

2 ZERE54

21 ARMWEEERET Clostridium
bovifaecis &E ¥k BXX B ODgoo #1 pH Z£ 1L
AEITEIRER U BERS C. bovifaecis Bk BXX
ARG BLANIE 2A Fro, ARASINAN R ER A X EZH
FATE 1-3 d AE K BUREE, 55 8 KEF ODgoo H
A B KAH 0.12,10 mmol/L iR £ 2514 T ODgoo
{H7E 3-8 d SRR, kB 0.12,
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Figure 2 ODgoo (A) and pH (B) of Clostridium bovifaecis strain BXX with glucose, formate and CO, as

substrates at 10 mmol/L and 30 mmol/L of nitrate.
pH Z#i FFF] 5.51-5.74, X5 L8RP
B K. Seifritz 55UV B SR A R 3R 25 10 4
M. thermoacetica WA AY = ZFRYEF, [HESINAH
PRERATIRE SCRrAM R AR
22 AREBEBEBRET Clostridium
bovifaecis H ¥k BXX BIR¥EHFEIF R

TER A HEH FE 7 T, RIS INAR IR ER A% IR 2H
(3.48 mmol/L) .3 & T IR MAHAREh U S50 2 . 4
TRV 24 (20.03+0.77) mmol/L, 10 mmol/L
130 mmol/L fifRE: S0 4H H A W IHAE R 70k
2.70 mmol/L A1 1.05 mmol/L (/& 3A). X HALH AL
K2R CO WEEA P T, XJHRZL . 10 mmol/L
1 30 mmol/L fifREL LI CO, P AR5
241, 2.52 f12.07 mmol/L (& 3B), iX FERIFET
PR P NN BRI R I FE 2B COye 2R
USINASERERET, HRRERAUTHAER A 4.11 mmol/L,
BEA IEPR ARV R T, I RER OTHAE S,
FEE YA RRER M A 30 mmol/L A B FRER JCHA &
THAE(E 3C). AHMRERH AR R P IR R AE,
UL IR AR D BUEAS TN AE(E 3D).,
23 ARMWEEERET Clostridium
bovifaecis Etk BXX HIF=H 4 I

WA 4 Fros, X5 B4 RN SE B0 4 1R 0 A= Bl i
7 0.25-1.20 mmol/L. P75 fifFREh W B i s

LR R BRI 4A) . AR INAE R R
W, FEY o B, HA RN 7.13 mmol/L;
YRR ER M EE 2 10 mmol/L F1 30 mmol/L B, Z,
P B 43 ) A 5.80 mmol/L 1 1.66 mmol/L,
W AR T X R4 (& 4B), 1 H 2B A SR bES
PR vk i T v B TR AR
24 AEEEREIRE T Clostridium bovifaecis
Btk BXX B9 F 48 T

AT Z R T B, B B[R B 7 2 FR TR
C. bovifaecis Tk BXX K L B4 A B2 H
FES B ES 1 b—— R AR, 25 F R A
CO, [FIB - FE B A REHEA 74 200 1) [R] ) ™ 2, 1
RIS, B b, BREREAR L FRRE 1 mol #4THE
A h 2 mol L R[4 M An R (D)AN(2)
flin], HERF CO, Mid i Wood-Ljungdahl i&42
A 1 mol 1Y Z AN 2R [43 3 an Jr A =R(3) il
ORI, HI, C. bovifaecis LA % 4+ H
MR+CO, N ELTI , HAHHAE G QIR SRR
EREER NS E A 13[4 R (5)R], H
FRIHFERE TN CO, THAER B /R L IIRE M 1:1,

CsH,04—2C,H;OH+2CO, (1)
C6H1206+2H20—)2CH3COOH+4H2+2C02 (2)
CO,+HCOOH+10[H]—C,H;0H+3H,0 3)

CO,+HCOOH+6[H]—CH;COOH+2H,0 (4)
CeH,,06+HCOOH—3CH;COOH+4H,+CO,  (5)
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Figure 3 Changes in glucose (A), CO; (B), formate (C) and sodium nitrate (D) concentration of Clostridium
bovifaecis with glucose, formate and CO, as substrates at 10 mmol/L and 30 mmol/L of nitrate.
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10 - 20 -
= —&— 0 mmol/L NaNO, S 18 | —®— 0 mmol/L NaNO;,
3 gl —*— 10 mmol/L NaNO, S 16| % 10 mmol/L NaNO,
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£ 6} Szt
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- : R ¢
o 4r — ¢4 — 8 —— s 8r % — 1
Pt
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Figure 4 Changes in acetate (A) and ethanol (B) production of Clostridium bovifaecis with glucose, formate
and CO, as substrates at 10 mmol/L and 30 mmol/L of nitrate.
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W 2 7R, AU RS IR SR () Xt B2 rp i 4
WHHEFEREN 3.48 mmol/L, MR (1)FIQ),
CO, R 2 & MBS E NN 6.96 mmol/L, 2R 1fii CO,
FRE A SZPR(EN 2.41 mmol/L, FrLA CO, WFE
THASEPRE S 4.55 mmol/L, [ H R AE Y
SEFRER 4.11 mmol/L, RIH ERFI CO, IHFERRY
FEIREE N 1:1.1. SRR SR &R 7.13 mmol/L i,
HEPE AL R S LW LR BB A EE R LN
1.0:2.4, 74 [ AL ™ 2B AE R 0 #5785/ 7= 4t
FHEH 1:3 [ERG)FI(4)]. 10 mmol/L kS
HIRHBRERAFAEIT , B agHE 5 I nY BE /R ot SRS
{8 1:3 8550, X1, 30 mmol/L FUFHFRERSIET,
A B AR N L LR P A R BE IR HL N
1.0:1.8, XFFG MA NSRBI R et L
1:2, RUNZASERER B S5 T A U kA 2
(PIRETERR SN, AR AR RIS 2 TR R

3 WwE5&#

Frostl ZeV BRI W, Bl BR 0 A7 7 st 41 i
Josh = 4l AR b, SR 12k m, BT
FH LS BRI S CO, PR 5L, DT 3100 7l
Wood-Ljungdahl iz 9 & 4= o [HEF, Clostridium
thermoaceticum ¥4 H IR ERAE A H LA F 52
A, Ml Wood-Ljungdahl &40 KGRI F-1%
16 T S BE R B R0, IS A PR 6 I 1 2
HYEE 55, (1145 G IR 7™ A AR T A TS I PR sk
AT 1300 A, Seifritz 25N K PR BR LA
T, WO IRAE K M. thermoacetica A5 5EF

i CO, YE R 3244, AlkE4 Wood-Ljungdahl
FRAR AR ERER AR, T £ TR Ay 5 ot i DU S )
FHHBRERAE I 524K, NTIBHMWT 2 ARG A
WA TRE R AL . Drake "R I 2Y CO, HL T
ZARE), M. thermoacetica N5 R kG sk ls, {H
IMAREIREL G, WM CO, BYHL 1T LA 2 fig
MR AR | DTS A5 £ Tt R DS B B 25 2 w5 ) e o
Klask 461"V SRt f Jo e — 1 B T
C. ljungdahlii WK B R 62%, LB Rk
5 200%-300%

5 m m i ofe w8 e it
thermoautotrophicum Fl C. thermoaceticum V)5
PIRE I, FEBRERAL I C. bovifaecis
%) 7] 2 W TR A A D RV 8 2 AR P 38 DT
W/ SR SR A B, T ELRA PR ER v B
30 mmol/L &2 ifil FH R i S ik 2 ) Wood-
Ljungdahl i&%%, #—200 ORI N
VPRAEPTR I, M NaNOs fA7ERT, MK 2 M T
PR WX-02 75 12 h & i 20 B T FE -5 0 IR ZH AT HE
/b, B G5 RN S S ERER Y o0 IR
IR B GRS LR Pged | BEIR H i BRI 1 S
T REE R Pgk . T I -3- T R It & 86 2 15 356 [R
GapA . W TR A NH T 47 g 2 65 BE [ Fhad 1Y
FR U AR T X B . R RRER W AEAE N 5S T
C. bovifaecis HiZIFE I BEEEAEAER , 7T RS
il 2 SRR R o-BEIR W AP AR A Bl . W
PR IR B | I -3 -l R o = R IR
SR 206 it 4 TS A OC o

Clostridium

%2 10 mmol/L 130 mmol/L f§E4 21K E AR B E #E+RE+CO, W EREZMT Clostridium bovifaecis

E Rk BXX [R¥iEFE S IR R R

Table 2 Accumulated or consumed metabolites of Clostridium bovifaecis strain XBB with glucose, formate
and CO, as substrates at 10 mmol/L and 30 mmol/L of nitrate

Group Consumed (mmol/L) Accumulated (mmol/L)

Glucose Formate CO, Ethanol Acetate
0 mmol/L NaNO; 3.48 4.11 2.41 7.13 1.20
10 mmol/L NaNOj; 2.70 2.30 2.52 5.80 0.97
30 mmol/L NaNOj; 1.06 0.00 2.07 1.66 0.25
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BB A 2 C. bovifaecis FE WA %
R, A2 A B+ H R +CO, BT AT N
Wood-Ljungdahl i A2 B HL A >R U5 . i Rk
WHE S 30 mmol/L i, WA A TR, i)
I Fd* FI NADH J il 1 JI ) /K P2 fk (substrate
level phosphorylation, SLP);f=4: ATP iff 2 ik /L,
MXTF Wood-Ljungdahl 38572 H %) 31 H & U & it
TR 58 S IV R 6 D S PR A i il AR — S Ak e
AW, XL Y A SR
HERER MR R 10 mmol/L B, 25 bi AR EE A A

FzzE5m, A" CRREFAIARZ B, X
Al HESE H TREFRER M FE A 10 mmol/L B X i 2 i
W T i VR D50 e /0N, W I i i A2 A5 Rl 2y
Wood-Ljungdahl iR 5> it 5 TAEEREh
JE9 30 mmol/L IHHERE#KF-REAE, Ho™ A fid
JE M5 AN /2 PASZFF Wood-Ljungdahl 4209 &4,

DRI AR Eh v 1 R 30 mmol/L 2:41Hi| C. bovifaecis
i) Wood-Ljungdahl 342 &5k . £5 bk, AEERER
Mkl C. bovifaecis W 1R N = B 5k K B Wood-
Ljungdahl 3542 FPk i 78 22 BLESS QAL 5 R .

Na*

NO,- Fa=
X y ol Nap: NADH
E Glucose
NO;
PgcA (E.C 5.4.2.2) L JATP

FbaA (E.C 4.1.2.13)

GapA (E.C 1.2.1.12) |\
NO,- Pgk (E.C 2.7.2.3) INADH - -f/- -

v

2Pyruvate

2Acetyl-CoA

0.3ADP

Formate

l

10-formyl-THF

l Fd>
5,10-methenyl-THF A

--- 48 NADH\l

5,10-methylene-THF

- NADH# |

5-methyl-THF
v
5-methyl-CoFeSP

Acetyl-CoA

|—' Acetate, ethanol ~—/

5 FHERERHDE Clostridium bovifaecis R Bt S EGER K B! Wood-Ljungdahl BRI~ ER  Fd:

BRI ; THF: DUSEMPR; ATPase: ATP &1f; Rnf complex: Rnf & -&W); PgcA: o-BifR% %5 AR
fifif; FbaA: —WEMWEREAANE; GapA: HIMBE-3-BERRIN 2N ; Pek: WERR H MR

Figure 5 Model for carbon flow in the acetyl-CoA pathway of Clostridium bovifaecis inhibited by nitrate. The
level of glycolysis is reduced and the acetyl-CoA pathway is blocked. Fd: Ferredoxin; THF: Tetrahydrofolate;

ATPase: ATP synthase; PgcA: Alpha-phosphoglucose metatase; FbaA: Fructose diphosphate aldolase; GapA:
Glyceraldehyde-3-phosphate dehydrogenase; Pgk: Phosphoglycerate kinase.
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W FE I 7 [R) B 7 2 T RE R fF R R AR
T, ALY kA RS IR R S5 Ak AT 5
CO, 34ri 7121 {2 fd Wood-Ljungdahl i&4%
AR Z 246 . C. bovifaecis KRIRBRFAEAL
Wood-Ljungdahl i&4% L7 6055 — 2% CO,
I DA PR 1 PR R e Uit , R ot 5 L[] 2 7 &
FRTE ) CO, FFICANR], & A FR+CO, RYEK & I
W A7 10 mmol/L ASBRERAXT C. bovifaecis
H Wood-Ljungdahl 341 [/ 7™ A= 520,
30 mmol/L AYAEERER I 80 Tk & . S5 %
WIREER AR C. bovifaecis WER+CO, BRI
AIRE SHRIRER AN CO, Ter FL T HUSZ LG AN A]
HEZme A] §E 2Lt TRSFRERINT 1T C. bovifaecis
HBEREAEVE T, MM fETS A Wood-Ljungdahl
AR AL R ST A SR R R 5 e [R]
U= ZBRE Wood-Ljungdahl #4231 5
AIALIRAR L , Al FE AR5 rp gk — 2D I e 52 3 ik
ATUESE o

R R 2ok fef P 2 38 5 K S T TR 6 0 I i
PRERUE A L IEE AR TR . 3 b L sk, hE
SEAFIARL , X LU A TR R B R iR R 2 i Ao
WEEARE ., FERAHY R EP.
Muirhead™' & LI 2 sl 4988 15 H A il AR b o
R g R PR BT, RN B
M2 HAAK L A sh9E B A=Y s & I
7= 2 R B, H R IO e Ok R [ 2 = 2, T
[ RUAE R s 1 2 - e I K (01 % S 2L /]
UG BUS S B TR o 18 3R T RSB 5+
SRIEET, W, ASCRBFRR A REIH T — M
155875 By In) @ - A PR ERXT S 4 sh ) K ) A T 5%
M) 2 A5 55 HCA ] T8 ) B TR T 1 W I i
& Wood-Ljungdahl &2 [E WA K7 X WAHIRER
XF A S E FRE R e ma R AL TR R A T
T — PR
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