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B OE: (8] 4Tt a A aBRAREY A, AFRATE T oREESHENERZF
HRE, FEAFAIBREALTORARANR NGO RBALEY T TR, [Fik] AEH
mie ) pH P fe i e 2R A A, T A R AR e 3 AN 4T H (Halothiobacillus) DCM-3.
T 7% 8 2 A AL 40 B A AL AT B (Nitrobacter) N1 & & Ak 40 i L A4 4L 4 Je H (Nitrosomonas) SCUT-1 £
oAl B R 5 A 6 BT R & B 0, 5 CO B9 mALILH), FAMBE AR R, 2 A EXKEREF
89 0,5 HCOy™ (CO)E RE WA AT M AR 69 & T 4 Btk ) S AT 433 R IGE, A B T &A%
S o A MR M Ao R B, AR RN minEE . [4%] DCM-3. N1 4= SCUT-1
B AR89 AR o B ) 4 A 4 0.733:0.267. 0.867:0.133 #= 0.6:0.4, # & F Rk & F 45 F b ]84 &
#, DCM-3. N1 #= SCUT-1 & #k % % 7T & m% 3.967 ATP/S,05° . 0.433 ATP/NO, #= 1.35 ATP/NHj3.
RBHHELER, A RORBIZ AL LRI RO ELS RO ATP KTV, B2 RE L%
BB AR ERANLE T AMNK, TR iEF, DCM-3 B ERK LA T A M EH
6.5x107 CFU/ML, & TR3z4|blbgt BBLA 49 2.2 42, N1 B HRAE AL L) T 49 A 45 4 7x10° CFU/mL,
St RALREEF, ERMA A 49 HCO; R E (0.4 mmol/L)BA 4K T xF B 20(2.5 mmol/L), Z @&
A E MG TR G AR 2t CO, & RIKAEKSEM, HiHFFRRMILF S, SCUT-1H
MAEIEH) Oy Fn CO, E 4 E I 28 P 69 £ 45 NH, R E A 4 & A R & 1.3x10° CFU/(mL - (mmol/L)) vA
Lt AR O, CO, 45 25%-40%. [4546) AT o F5meibic g i iRing,
BT FRH] Oy An CO, B REFHH o — T B A ML o T 5863z idth, A TRER —KYD
EUHTHEMERR, ANEKARADEA OB ARE— T HRBASL,

XA i O Amil; BT o RERM wRA
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Culture strategy of chemoautotrophic bacteria based on electron
distribution

HE Xiaomin, LIN Weitie, LUO Jianfei"

School of Biology and Biological Engineering, South China University of Technology, Guangzhou, Guangdong, China

Abstract: [Objective] In view of the difficulty in the culture of chemoautotrophic bacteria, this
study analyzed the reasons for the difficulty based on the theory of electron distribution and
explored the feasibility of using the electron distribution strategy for increasing the biomass of
chemoautotrophic bacteria based on pure culture.[Methods] From the perspective of maintaining
intracellular pH balance and optimal energy metabolism, we calculated the optimal distribution
ratios of electrons produced by the sulfur-oxidizing bacterial strain Halothiobacillus sp. DCM-3,
nitrite-oxidizing bacterial strain Nitrobacter sp. N1, and ammonia-oxidizing bacterial strain
Nitrosomonas sp. SCUT-1 to O, and CO, by oxidizing corresponding substrates. Furthermore,
different molar ratios of O, to HCO; (CO,) were set respectively to form different electron
distribution ratios for pure culture verification of the strains. Substrate and product concentrations
were measured by ion chromatography and ultraviolet spectrophotometry, and cell density was
measured by the dilution coating method. [Results] The optimal electron distribution ratios of
strains DCM-3, N1, and SCUT-1 were 0.733:0.267, 0.867:0.133, and 0.6:0.4, respectively. Based
on the optimal electron distribution ratios, strains DCM-3, N1, and SCUT-1 could synthesize 3.967
ATP/S,04*, 0.433 ATP/NO, , and 1.35 ATP/NHs, respectively. According to the calculation
results, the main reasons for the difficulty in culture were the small amount of ATP synthesized
with the energy provided by per unit substrate and the need to control a low oxygen concentration
and supplement an appropriate amount of inorganic carbon. The results of pure culture verification
showed that the biomass of DCM-3 under the optimal ratio was 6.5x10° CFU/mL, which was
2.2 times that of the control group. The biomass of N1 under the optimal ratio was 7x10° CFU/mL,
which was not significantly different from that of the control group. However, the HCOj
concentration (0.4 mmol/L) of the optimal ratio of strain N1 was significantly lower than that
(2.5 mmol/L) of the control group, which meant that the strain showed a growth characteristic of
tending to higher oxygen concentration but lower CO, demand, which was consistent with the
calculated optimal ratio. The biomass accumulation per unit NH;" concentration of SCUT-1 strain
in the group with controlled O, and CO, was more than 1.3x10° CFU/(mL- (mmol/L)), which was
25%-40% higher than that obtained under sufficient O, and CO,. [Conclusion] The culture strategy
of chemoautotrophic bacteria based on electron distribution restricts the culture conditions of
electron distribution by limiting the molar amounts and forming a certain ratio of O, and CO,,
which helps to improve the biomass accumulation under the same substrate condition and provides
certain strategic reference for the culture of chemoautotrophic bacteria.

Keywords: chemoautotrophic bacteria; electron distribution; energy metabolism; pure culture
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fbie H RN CO, T A FRAER, &
(MR AR =R AN = =R AN & 51 78 M= R e 2
IO 8 K A B B T A R VR FTR, AR
TLRE A SR A E AR K G218 . A s Bk, XA
A UG, FEOLE MK . Nowka
A4y 3 35 it AL AT 7 (Niitrobacter vulgaris) . 4
FCAH AT B (Nitrobacter winogradskyi) . ZLHr Rl
1K 2 B (Nitrospira moscoviensis) 45 W fifd fig £k %1k
40 & (nitrite-oxidizing bacteria, NOB) ) iff 5¢ /1 ,
B e A RACE A 13-44 h, fLEE A FRMA
AL 41 A (sulfur-oxidizing bacteria, SOB), L/ NFT
I )& (Halothiobacillus sp.) LS2, 7F 20% %8k & T
PL 1 mmol/L ACERRREL NIV, e K AEY
0 1.4x107 ZHA/mLSY, Wu 2580560 73 5 15 51 1
%481k 41 14 (ammonia-oxidizing bacteria, AOB) Il
fil§ Ak, 5 0 4 & (Nitrosomonas) f Bk i#E 1745 358, 7
1.5 mmol/L IR BE T, Hofm KAWL hg ik
) 10° 4Hff/mL. 5346, fLBE A 37 40 HR AR
A U, SR L OB R pH
. "5, &RE g, wu SRR,
B BL T 2 S8 SR B X 5 Bk Nitrosomonas F4 4
KA WERN, Zhang SE0F50 &I, LR BSR40
PRRETR /N A DL (LR . A HLIR) 2
T AR IR SCHG PR %) DA% Bl - 1, 5- B IRR
AL TN 42 i (ribulose-1,5-bisphosphate carboxylase/
oxygenase, RuBisCO)Jk [ (17 s RICR AN il 40 B
1) CO, [l xE , St nl 15 B IHAEIX LA P
F BRI, AR RE IR A0 PRS2 Tk 1 T AR
PE O S5 5% 20 A A 5 I DR T AR
PR b 15 SR AOMERE . ¢ TR BE H SR 40T
(55 R R Ay o 2 — 2D

AESMT, fREE H IR 40 E AR 7 A
Y 3R AR EE S, — oI IR AR i s 4
Uity B AR i O [W) ) B B 5 5T~ 466 B2 (proton
motive force, PMF), 1 ATP & il #|HH PMF &
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B ATP; 5y —if iR s 8 6 1 &
B NADH 2534 J5i 7 [R1 BV AE PMF, i J ) fe ¢
FLEMTREE CO FIIAH, fLifit H IR A
AR 7 A W H - 1 AR B T T ATP LA Ji
TG, 24— LB BL 45 O, Al CO,.
A AE 57 240 B P pH - A R R 3 e A (A AR
ATP F1 Ji 1 Lo A5 5 [ e 428 i it 1) — 350 1Y
AR, AT R BN . A 2 A i
Y ACHEXT pH B2, BIS L AH W= AH Y,
TEHL A HL4s O, Fil CO, Wit i, #7 Ll A=
70 A (A T it 2050 258 3R AV T G 400 48 A R 8 78 I
YRR TS Oy, ML= XS ATP Flik
JE IR K), 2B AH o> AH S, 51 4
W pH 284k, SR A A KA. ik, A
T YRR R R S ) A AR SR [ e R,
R AR B L A — i H AR A3 L 4
0, #1 CO4,

AHI G ER XA RE A 77 40 B 35 77 R XE Y [ 2
NHERF AR P pH -1 0 il B B AR i A
Bl AH™=AH" o (L F & ARG L% 0, BT
A - AR (B2 A4 T & B ATP
A 1)=0, LALA L) ATP Fid s & T
[ & CO,, M 1 it % 15 h SOB T #k
Halothiobacillus sp. DCM-3. NOB &tk il LT
J& (Nitrobacter sp.) N1 LA } AOB d #k
Nitrosomonas sp. SCUT-1 4 fbAH W i 477 A= i He,
T, AL O, 5 CO, ISR i, A
LN TV 7] B R gl W TR (B 1 N I
FRPETH 25 S48 T i T Be iy fb BE A R4
RIS TR ARG, LA AR RTSR 43l 3 A
Al (%) O, 55 HCO3™ (CO,) BE /R 1 LU 5] LI Jili AN )
() FEL 40 B0 L AT 2l FR B0 E , R A
43 T L A5 S w0 4 s A e A SR T A ) B AR
FWaI AT, ShikRe A SRR R R R
OEER
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1 ME5FE

1.1 BEHRFERE
111 MmELHEE

1k € H 7% B & 4k 18 Bk Halothiobacillus sp.
DCM-3 H AR 73 B kA5

W37 5 (g/L): MgCl, 0.12, CaCl,-2H,0
0.01, NaCl1.00, Widdel f##tZm™ 1 mL/L,
121 °C K # 20 min J5 , Jil A NayS;03-5H,0
0.248, NH,CI 0.027, FeCl,-4H,0 0.008, k%%
YR 10 mmol/L, NaHCOs 178 N ik & 5 il
FL 0 e b A9 7 5 45 SR RIS A 484k 7 A T e
TRA X, BFEH 0.22 um FLAR R B BERE
(R H S g0 1 25 A7 PR ml)#EA T 1 DR BR A
B33k pH 6.75-7.05,,

[ A 5% 5% 3 (g/L): K,HPO, 0.40, MgSOy-
7H,0 0.12, NH,CI0.10, KNO;0.40, Zjfl§ 15.00,
121 °CK 1 20 min J&, fill A Na;S;05-5H,0 2.48,
NaHCO3 0.20, FeSO,-7H,0 0.02, X747t vk
BRR, 55755 pH 6.5-6.8.

1.1.2 MEERE S HEE

IV il iR 3 %80 AL T Bk Nitrobacter sp. N1 i A<
I M P BT R A Sk KRR B RS, 1%
¥k 5 Nitrobacter winogradskyi Nb-255 4 1Pl i %
1£5(99.58%) .

WilkREF 5 (g/L): MgSO,-7H,0 0.25, CaCl,-
2H,0 0.01, NaCl 1.00, Widdel fi & 7t % %™
1mL/L, 121 °CKH 20 min J5, JiLA NaNO,0.35,
W2 2% vhil 20 mmol/L, % %E &) NaHCOs, i
FISEATILUERR P, K537 5E pH 6.9-7.0,

[ R B 3% B (g/L): MgSO4-7H,0 0.25,
CaCl,-2H,0 0.01, NaCl 1.00, K,HPO, 0.30,
Widdel e 2% 1 mU/L, Bifig 15.00, 121°C
K 20 min J&, JA NaNO, 0.69, NaHCOs0.20,
AT UERR T, 15975 pH 6.6-6.9,

1.1.3 |EMLHE

2 51k % ¥k Nitrosomonas sp. SCUT-1 i A&
PRI AR 00 K A B AR, KR RS R R
Nitrosomonas ureae FHPLJE £z 55 (95.54%) .

WA K FE 3 (g/L): MgSO,-7H,0 0.05,
CaCl,-2H,0 0.02, NaCl 0.50, 121 °C7K[# 20 min
J&, A NH,CI0.053 5, BEfRZE ik 6 mmol/L,
e R 1 muU/L, BEE R R NaHCO;, iR 7
HATRIUEBR TR, HEFR%E pH 7.50-7.65,

& K% % 3 (g/L): MgSO,47H,0 0.05,
NaCl 050, KH,PO,0.10, CaCO;500, Hii§ 15.00,
121 °C K B 20 min J5, Jil A NH4CI 0.535,
NaHCO; 0.42, e &M% 2 muL, 5 utfr
TUERRTE, 53R pH 7.9-8.0, AOB [H (&% 3
SR I 375 R 2 AR, LA 125 mL a3 R
ZRAN, IR TG M 2E R R T IR
i Parafilm™:&F 11 560 38 1 758 1
1.2 EFERFIFLR

FOKBRACHR RGN . EhRZE 4 M, LA
Ve AR R A BR A F] . Sk . IRIR A
By KA ERAN . RN IR AL KR A
TASFEIRIRAN, BT N () A PR A F
RS RREA . R, R RO &
FER, iR RRIARA R mAR,
RS TR b2 A PR A ]

R, DRSS AERAR; <
PTG, W VTAR S A AT AL A% e A PR A Wl
BT, PR CHRBHE A KM
JEEELE, TSR ERAT BR A A
1.3 BAEFEMTEZHHHERINT
S5=/NE

WARSE FEIELTI A SR 46 . B4 125 mL
IMLTF 534 50 mL WA BE IR AL, Tas (KRR
70 mL. MBI TG e SE A 55 B K T
20 min, FIFHEH KX A LA 7 min, 7

B
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A 0.15 MPa @< 1 min, ZJfliE%s 4 min EA
Ar 1 min 3 4 K, fJfa5EA 0.12-0.13 MPa Ar
2 min, TR PRI S0 A5 R I 48U

XA 50 mL AR 125 mL I3 5E i T
BRBERNEBAEE, A —ERmNAIEE
TR AT, AT A8 A AR B R o, i
WIGLE IR R, HOREIMNR I A TS R
) a5 AR AT, IR, AR R
o7 LB A T s S IS I A B s/, o
/N Y 5%(F 1), IR IR SR B A B i
A DATH S S U iR AIE

A B 37 5 T 2 A0 R o R FHAS0RE R A
WM, i H ECD Il #5F1 Porapak-Q £, Ar {E
B, JEEE . ECD K #8450
100, 300. 70 °C, #~<yi# A 30 mL/min, #
FEARFUR 1 mL, brifE i 80 A AR 505 0%
AL C R . BB S A AE R &=
FH A A (L) s .

N=vx0.07/24.5 (1)

=, N BESHEmol), v HRSIER %K,
0.07 F8TH 25 4A Rl 0.07 L, 24.5 Hy 25 °C | 19
TR R H(L/mol) .
14 EFRPEDF~E SRR

S,05% il SO, Ht ARSI {5 FH B8 F (343,
Dionex lonPac AS19 IC #, #¥E# A 18 mmol/L
KOH, it A 1 mL/min, #iH|#% L3R 45 mA,

w1 BEMEESSESREEERINE

FEIR 30 °C, 5L 4-6 puslem, JEEERE 25 ul,

NO, s AR . S HREFR(HI 634—2012),
VEFERIRZE £ e B sk AT 2l

NO; & B [N 2 BR. Cawse [ )7 b1 71831,
H 100 pL B3 5 100 pbL i 205k 2% B4
SEBE MRS RS, T E WA T R
2min, FEAMA 800 uL AFR 54, 5% Y i AR
W, IREAET 203 nm A EEBUROEAE

NH," & f 4 2 I Hood-Nowotny 45 (75
AT, B A: 8.5 g KIEERMN. 0.6 g A
A Akgh . 0.063 9 g WA T LI —KILE D
BT 50 mL LB ok BAMB: 029 &
SEEURFRENE T 50 mL 258 7oK, ¥ 100 pL
Ri#ii 5 100 pL & A, 100 ub 2B B L
K 1.7 mL K FEIMRA . RS T R 30 min
J&, F 660 nm AbEHUR A
1.5 HMBEFHEEEHIRTESE

e M L 4 B b ) SR AR B CO, [ e
ATP FIA T Hef], DA S AERF AR Y pH -
PO, THEE S R SRR L . CO, [EE ik
T e W W e A S 1) B P o v FE AR A, 220 e i
A AR O R E AR, R
A O A B (1) e — L) S T2 R O, 1Y
TR FETTEAR R R AR 0 B A 43 FE L B,
P BRI SE RN AT 408, BB L 22K
ARIEE TS . BRI AR S PR BE L] 7y, DA

Table 1 Measurement of oxygen content in liquid headspace and dissolved oxygen

Oxygen addition ~ Oxygen volume Molar quantity of Dissolved oxygen in  Molar quantity of ~ Total molar

(mL) fraction in oxygen in headspace  liquid (mg/L) oxygen in liquid quantity of oxygen
headspace (%) (x107* mol) (x10™ mol) (x10™ mol)

0.00 0.092 0.027 1.040 0.016 0.043

0.86 1.067 0.314 1.205 0.019 0.333

1.72 2.470 0.726 1.710 0.027 0.753

2.62 3.509 1.031 1.903 0.030 1.061

5.00 7.223 2.123 3.110 0.049 2.172

< actamicro@im.ac.cn, 7 010-64807516
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SEHLF 22 . ATP RIS R 7 BRI 45 . dEHF i
P pH ST 2 A P ) 5 A0S T R D
DR O 87 DA B0 1 5 ST N - 4
SR+, NN AH= AH ot AH+E’@W‘ZF§P& -
AH jgpgen:~AH,=0,

A Y L AL R R SR, R B R
7= 2B I R R R A 4 A (L R ¢ SRR
(ubiquinone, Q), TiA—E WK G4 | FF iR
Jpflik, o, BPEBEENE AR BAE
. ZE6 IV REAEV (ATP & ) i fE 1L
T EHS S PMF RS o 40T b0 S 8 A7 A 1A
(NDH-I i) i1k NADH 1 Q =z [a] () 1 T1% 3% ,
BEASEL T IML 3B UK Bh 2 AR TS A6 RS, 5
RS AR BOIMIE, TR RS A
1, PRz AT DI fE QH, 18 it NAD' ™ Ak
NADH, Jf5#E PMFIS] . Jsidy Ak Wy i 2 4 1k
AL QH, AN E ¢ Z R F15i, &
38 2 B T-20B MY 2H RE R B R4, HL
B I QH, & Akt 2 BE ik 20 B BEAN, W I
KM T F AR 2 A 532 1 21T, IRIIE i
A IR HY e ey 1M RIEI4H B & A 1=
BRIV BBURR, KRR TRl ek
RIRZERIE AR IV, Hrp R 4 (4 R aas
L E ARG % 1e™ % O B5IHALIZ 1H", JHIHFE
B IH IR B HOM8L, e b R 35 2 A 1K IV 11
H'/e Lol 1, HA S T IHAERN IHIE K
H.,0. & &1k V (ATP & HHf) 8 #& PMF & i
ATP, ZHE 51 ATP & & FoF1-ATP &
W . KIAFF R FoF-ATP A BgZ5 i
TN ) Fy 350 e AL VE T B 3 AN AR A
i F s R R0 T Fo ko, FRis TS
c WA I, T ¢ M FE A9 B REY) Fhom A
], A2 H AL C RS i 4N ATP &R ¢ I
HEE 9-15 1, —PMEE n A ¢ WHEMEL T
W5 n AT =4 3 A4 ATPIS2L, SR

iy A% 48Pl 41 T A A 4 T B ATP A Rl L A
SEAE R ARGE , AN ATP A A ¢
WA EN 12, WG R 1 5T ATP 5 5 I s i
AH" . AR A Al 7 A ) LT AR I 1 67
B, R x B E RS A A, Y
ML I s i i %3, B BRI ), Re4qt
B2 CO,, I FEG BN ATP 5k 5 7 IESF4F
4 CO, [sE AR (AR L. TR 1 43
T 0, FHE de”, ML 1 40 FIRWITHE x/4 43F
0. JIrifs CO, i 5 HAKE ik 2 h CO, 1k
ST A OC
1.6 LEEBFEEAIEFEIERM S E
EE 451
1.6.1 SCIFFIRAIHIE

A T 44 35 75 5 - BRHR T V% 2] 50 mL i 1A 85
FeHE (25 23S, W 0.20 g/L NaHCOg)
£ 30 °C. 150 r/min WY& MRS SR, SOB Hil
NOB i FRTEJIE YN #E 80% LA )5 LA 2% HE/h
A, AOB FRTENEY)IHAE 50% LL FJ5 L) 4%
iAW

¥ iR A SOB F1 NOB {115 724 LA 3% 4%
P, M & 2 fI02S s S0 150 mL A
Frdkr, AOB (A FRYILL 6% Hfh i 5 2
6 I T 25 S 25 K1Y 50 mL W Ak e b 7E
30 °C. 150 r/min A&/ FHEIRKE SR, >4 SOB il
NOB #5351l Y JIK ) I #E 80% L) I . AOB #5357
WY FE 50% LA L, HFLIE 0.22 um R
Fit BX 8 RS IR AR A, P 150 mL TE/ik A il
HCO; 1948 I K 37 S B L i B IR, PRk
B AR SR AR, B ZMA L) 25 mL &5
8% 77 5 R RO U IR, AR Sy S A
T
162 BEHREARRE 0, 5 HCO; (CO,)EER
=L TS FF

i i T, TS IR O, Fifi
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AR BT RN WA TR, AR
HCO; Fifi CO, s i R 1k A CO, B &
FEIE . BRI 1% R AR E AN O, 5
HCO3™ (CO,)BE IRt L M8 14 52 56 2 Je A2 il L A7)
() X HR 2H 8% 97 56 (T %5 Sl 25 /<0, B3 0.20 gL
NaHCOx) ", #dlik 2 AT, HefhE
Parafilm™:f M RELZE M T, 30 °C. 150 r/min
FEIREE IR o 5 22 I BORE R 25 6k 45 37 W ) i
VIR B, A AL — AN AR AT A
VR AL WS AN B A A 2 B . Rl R AR K
FIF BRI, 240 2 A EYEA T IE T 4m
JfL 2 B 1 R . AL AEY R R
U 2 AT R AR A AR Y AL
1.7 HIESI SR

FIH Origin 2019 A #7581t/ dr, &4
AR R 22500, >4 P<0.05 B, ANy
AR EES

2 HREAN

21 smMEBFoEEEGIRITE
211 B & & 4 & Halothiobacillus sp.
DCM-3 s P ECLL BT &

%} Halothiobacillus sp. DCM-3 [ %t [ 21 )%
H 53 K B, AT i Jo 4 AL TE B (Sox)
Z805 S,0° A4l SO, SEHEfY Sox R4
SoxXA. SoxYZ. SoxB. Sox(CD),4 &Ry i,
Ho SoxXA & ¢ Bifer 222 bR AL
S0 AL F AT 2 c (cyt o) f&b ik ANT
W, HARAL S,05% 7= A HL 10 B A% LI
S1 [/ S1. &l S2 FlE S3 s B 452 E Ak
B 2% % 38 b0 (http/inmde. cn), 4 5 K
NMDCX0001727].

FAN, SRR SR o R, Hog
Wi i LR & AR ALY, HE CO, [ E AR N
RIRCHEER, AL EF A | B RuBisCO, 5 4hik

< actamicro@im.ac.cn, 7 010-64807516

A R B RGEFRE Y . R IR STIRFR 9 6L

M A= (2) R o
CO,+2NADPH+2H +3ATP—(CH,0)+2NADP*+
3ADP+3Pi+H,0 )

Lf, (CHO) AMER R, P EE 15T
CO, JE Wi 1 4 T (CH,0), W E 3 43 ATP Al
2 431 NADPHP, 41538 % L1 NADPH ik Ji
J1[E % CO,, I 7E HAZ AH A 4 R 1A i1 — L8 21
R B A A N A
(transhydrogenase, TH), J#E PMF fi#{k. NAD(H)
L) NADP(H) Z [ %4 4 ——1 4> F NADH JE i 1
4%F NADPH %532 1H AP, Ak it
U A A T [ B ) NADPH Ok TR T JH #E
PMF (%4 & i i 4k, NADH %A, 118 =t (3)
Fis o

X (O NHL T2 1K) +y (CO L T-5214) =8
HEPIAH "= AH gy + AH ™ g e =AH " in =

X (EAMRIV, ZE H1H /e ) +x (0.50,+2H" + 2™ —
H,0)+0.5y (NAD" +2¢”+ H"— NADH)+

0.5y (1 CO, F ZHFERIHT -y (A&,
FAIH e -2y (B &KL FEA2H e )~

0.5y (NADP*+ NADH + H* ;t — NADPH +
NAD" +H i, )-0.75y (ATP/NADPH = 3/2) x

4 (BARV, 5 AAHTIATP)=2x-5.5y=0

®3)
A 1 mol S,05° %Mk 8 mol e 77
F 88/15 mol e 534 O,, 32/15 mol el [n] 51
T R ) e A 33 4 CO,, RIS il T 40 il
te il & 0.733: 0.267. R #E i B 45 R,
Halothiobacillus sp. DCM-3 %4k 1 mmol/L S,05%
7 1.467 mmol/L O, (R 3.59%) #11 0.533 mmol/L
CO, (RP 1.31%). #53EF feff L 40 Ie Hu 491 1) 2%
7, T DCM-3 7E & Tl a1k 1 53T S,04% 7
A 10HT, N 8e™ ## Hb 9l 1% 1% 45 Op, I FE A
3.967 ATP/S,04% .
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2.1.2 T HAEEREL | L4 Nitrobacter sp. N1
M ECEE B E
NOB F| H] v fii§ 2 £k 4 1k i& I il (nitrite
oxidoreductase, NXR)¥: NO, %4kl NOs;~, NXR
SEATEANM TR -, ATREHT NXrA (o). NxrB (B)
FINXIC (y) 3 MWL, FIRWE G A
NXxrA . 547 T Nitrobacter fi4 il 55 1281, NxrC
JE— ML R A ER o, Al BEE 2
P Ay FL P AT
Xf Nitrobacter winogradskyi Nb-255 %) J&
YFHN TR, L ERAY nxrA, nxrB 541
i3 ¢ M NO,7/NOs 5% 1z {4 narK 7E [A] —5& A
E b, HED NO, L AR L T AR ¢
I P AR A LRI o LR Y 55 AR
B, H CO, [flE w2 RIRSCIEHS, EIREE N |
A RUBiSCO, 73 ANA AT i B 42 il 4 235 Ay 1) 2 1A
5 RuBisCO FEHFAHAE . XA NO, F= A
T AL B AR AN BT I S2 Fis o TR A
BT 5K NADPH % St A . 115
FNAIN A () s .
X (O A HLF-324K) +y (CO L T2 1) =2
P AH = AH" ot AH g pe=AH " e~
AH =x (BA&IKRIV, ZE H1H  /e7) +x (0.50, +
2H"+2e”—>H,0)+0.5y (NAD"+2¢" +H" —
NADH)+ 0.5y (&2 CO, 7 ZIHAEMIHT )
2 (M B MINXRAAALNO, AR fH" )~
y EEIRILZEALR fe™)-2y (A 1KI,
HA2H"/e”)-0.5y (NADP* + NADH + H" oy —
NADPH +NAD*+H";,)-0.75y (ATP/NADPH =
312)x 4 (L RV, ZE ANAHTIATP)=-2 + 2x-5.5y =0
4)
AR 1 mol NO %4k A= 1) 2 mol e™ 7
A 26/15 mol e f& i 45 O,, 4/15 mol ™3 [ 1% i
T WG 5 ) e 2t 25 CO,, Rfii F4rBe
>4 0.867:0.133, HR#EITHHE LR, Nitrobacter sp.

N1 % fk 1 mmol/L NO,” 75 0.433 mmol/L O, (H[
1.06%) F1 0.067 mmol/L CO, (H 0.164%). #F %
T AL 2 Ll 4544, 150+ NO ™A=
2e i LItk 4 O, nIj™/E 0.433 ATP/NO; .
2.1.3 EEILAE Nitrosomonas sp. SCUT-1
RS ECEE &

AOB F| FH I 45 & 4 24 5. i 42 il (ammonia
monooxygenase, AMO)KJ& 5T H 1) NH3 Ak b2
177G = = W i e S N =W A % T
(hydroxylamine oxidoreductase, HAO)¥ ¥ it & 1k
4 NO, {H % fk NO JE il NO,~ 1 il 1 & Bl
i3, AMO H AL N B () i R 2e,
BN EAL A NOT 2 de”, Hirh HAO EAL M
FEHER) 38480 eyt Cosy 1538 25 B [ Cyt Cinss2,
i NO %&b~ 1 1le AL 25 eyt Crmssa, 1M
Cyt Cmssz A1 Tkt 40 Jirt Jl 336 M, 0068 g Ak ™ A 1Y
A4e7i 1T eyt cmsse fE 1R 45 Q, JFFERIE Hi 267
QH; 1 #h 45 AMO Jxz JiB34 %t Nitrosomonas
sp. SCUT-1 iy 3t A 41 I 45 & Nitrosomonas
europaea 3L H PV p b, H Co, [BE &
R RIR G, AEAE AL IS A 1
L1V VL, UG PME i 45 & 5 4
fii . Nitrosomonas sp. SCUT-1 ¥ 2 & 1k NO,~
AR T LB AR DL S3, 1158 K
MAKG)FR.

X (O WL T3Z1K) +y (CO KL T2 140) = 2

HENAH = AH" oy + AH ™ gy pyspe—AH “in =

X (AN ZE IR ) +x (AAKIV,

ZEH1H/e")+x(0.50,+2H" + 26" — H,0) +

0.5y (NAD" +2e™+H"— NADH)+0.5y

(#7E COL it ZIHAERIHT -2y (B A 141,

R A2H /e )-0.5y (NADP* + NADH + H" o,y —

NADPH +NAD"+H";,)-0.75y (ATP/NADPH =

312)x 4 (S A 1KV, A AHTIATP)=3x-4.5y =0
®)
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15 [ B A2 T i) NADPH % S i
FEA, 1 NHg E AL =R 4o i 273
i Q HFARFIEEE . THEAS I, HE AT A Y
2 mol e A4 1.2 mol e f&i# 45 O, 0.8 mol e7iifi
) 4% 16 I8 WE 5 ) e 24 3 45 CO,, RIS
T4y b Bk 0.6: 04, R 4R 45 R,
Nitrosomonas sp. SCUT-1 %Ak 1 mmol/L NH3 75
0.3 mmol/L O, (H 0.735%)#1 0.2 mmol/L CO, (K
0.49%). #HETEALHE ARG, mT
SCUT-1 7E A B4k 1 43 F NHz =4 3H*, Ml
EAWFIREE (1Y) 2745 L% 18 45 O, Al =4k 1.35
ATP/NH3,

22 EEBFEMRAEFIIERMN S E
Et. 151

221 T | 1& 48 & Halothiobacillus sp.
DCM-3 B &5 FR 30 IE

£ 50 mL WK FR 5L, SN 1 mmol/L
S,0:% B B AL P2 A i B TN 4207 mol,
T O, il CO, 437 4 LT, W Oy
1 CO, iR 1x107* mol. ARG IR i35
45, WHE AR O, 5 HCOs™ (COy) B /K 1t L A
G4, VAKSEBR) O, 5 HCO3™ (CO)EE /R i L
BNk 2 firs, 3% 2 P B AR SRR IR B B AU
DS HHAR 22 0B R I, S AR 2 4
AT I AR E IR P BE . Hrp L @

(0.75:0.25) 5 Halothiobacillus sp. DCM-3 f4 f i
Fu A A

eSS R, MR S.0:% Ak SO,
FYUEFRWG pH I BINERE R, (HERAERE
76 6.0 UL L. W 1R, S054 57 SO
ML B 12 G2, BRI RE I
PR AR R RN 5 E A E 2 EA X,
-2 AE K B IR FRE W Y B TR] 55 JC 4 #E 5 174 ik (1]
i, HAYEMRESANEANRIEHL,
XA A Y AR IEAT I 20081, OMAEY
i AT A A RN A I S 71 R = I
(Control), DEZ AN AR EER, Q0
@REFETEAXE, RUEMRIRYAET,
1 244 O, Fil HCO3™ (COy) Y EE IR B L 31 A5 )
TFHREZER A RBE, Hd, il
@DHEYEHRERES TOO®, ik F
6.5x10" CFU/mL, X4l 2.2 5, FWHE
FHFERY ST, @ ¥ 6] O, F1 HCO;3™ (COy)
(1) JBE IR £ LU AT WA B 9 B RS R 3 B B 81
1 52 A B F 45 32 S B R Y Bt A )
AR
2.2.2 T FEESEY E 1L A Nitrobacter sp. N1
B4 1 7R 30 iE

16 50 mL AR EEFR A, SNy 5 mmol/L
NO, # Ak J5 P2 A e T 5 5x107 mol, firds

%2 DCM-3Etki% 5 LI A 434 K & LARISEFRO, SHCO;™ (CO,) Ky EE/R & LL 45l
Table 2 The groups of DCM-3 strain culture experiment and the actual molar ratio of O, to HCO3™ (COy) in

each group
Groups Oxygen addition ~ Average oxygen Average molar Molar quantity of Actual molar ratio of
(mL) volume fraction quantity of oxygen  bicarbonate oxygen to bicarbonate
(%) (x10™ mol) (x10™* mol)

@D (0.15:0.85) 0.36 0.658 0.202+0.002 0.85 0.192:0.808

2 (0.35:0.65) 0.84 1.291 0.395+0.019 0.65 0.378:0.622

3 (0.55:0.45) 131 1.732 0.530+0.020 0.45 0.541:0.459

@ (0.75:0.25) 1.92 2.553 0.782+0.021 0.25 0.758:0.242

(% (0.95:0.05) 2.60 3.171 0.971+0.035 0.05 0.951:0.049
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— —a—(3) (0.55:0.45) -
o 1.0F ——@ (0.75:0.25) 50 -
= —+—(5) (0.95:0.05) a T *
E 0.8F —<— Control “E i $ i/i
s 0.6} £ | ——(@) (0.15:0.85)
= 2 10k ——(2) (0.35:0.63)
Z 04f E - —~—(0.55:0.45)
2 E , ——(@) (0.75:0.25)
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0.0F v ey \“1 0.0
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7L —4—(3) (0.55:0.45) > T
) ——@) (0.75:0.25) E OF =
E 6F 1z —+—(5) (0.95:0.03) 5 1
é st I’?}K}\ —<—Control h& 5t l
N S =2
s 4 |f° f—g\a/}\i = 4
Y —u ‘:
5 st ¥~ 2314 :
L —ia
E 21 £ 2 2| .
£ a9t 5
= S 1H
Q 0k
1 1 1 1 1 1 1 0 1 1 1 1 1 1
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h ° of oF N F &
\C'J' n;')- c;) /\‘T q‘) Qo
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® @ ® ®» ©

Bl DCM-3E#REEHEFRMS,0.7 MSO, TRET K. £YETUMEYEMNE. A: FCHME: B: i
MRk, C:. AYmAik; D: AEYEMERE,

Figure 1 Changes of thiosulfate and sulfate concentrations, biomass change and biomass accumulation in pure
culture of DCM-3 strain. A: Thiosulfate; B: Sulfate; C: Biomass change; D: Biomass accumulation.

O, Fll CO, iy el 1.25x107* mol. MAEHALLL A9 2 AR AT IR REER (. Pt
B4R E R AR O, 5 HCOs™ (COx /K fil(3)(0.85:0.15) 5 Nitrobacter sp. N1 Ffz It He 471
LB, LLRSEPRIY O, 5 HCOs™ (COp) e IR ZE AT . B3RS W) IR pH &R 4% 3E
IRHEILBIINGR 3 s, % 3 PRI EAE/RE P, 8 6.9-7.0.

RS LR 22PN R B, &S WK 2 s, fEdigRd e, S4EiH
&3 NIFEHKIEF LA 5 4H R F AR SEFRO, 5HCO; (COp)HIEE/RZ L 151

Table 3 The groups of N1 strain culture experiment and the actual molar ratio of O, to HCO3;™ (COy) in
each group

Groups Oxygen addition  Average oxygen Average molar Molar quantity of Actual molar ratio of
(mL) volume fraction quantity of oxygen bicarbonate oxygen to bicarbonate
(%) (x10™* mol) (x10™* mol)
@D (0.25:0.75) 0.74 1.143 0.327£0.041 0.95 0.256:0.744
) (0.55:0.45) 1.72 2.832 0.809+0.012 0.55 0.595:0.405
3 (0.85:0.15) 2.57 4.031 1.152+0.013 0.20 0.852:0.148

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



708

HE Xiaomin et al. | Acta Microbiologica Sinica, 2025, 65(2)

FE L7477 HE Y R R 5 AR i S TE A
Koo AR B T e 0 BE Ho A9 BT Y
(BRFIXTRELH), A KM 5 IR FE 52 Y
HEARSE , TENRRMIAESC IS 1Y 48 h INE AT 101,
MR AR AR T Lo e H T RS 1Y &= (RO
Q), AWy i KT E W5 Y TH FE 52 i I [R]
ARG, o e ST S T 6 R R I R
HAE RS Z At BT . HED %
Nitrobacter B ¥k 7£ 5 mmol/L NO,” £ 14 F 4 &K
I, A KA TR T R A L ) S B i A B
A KIS FE 2 — e A, SRITEIZIRY R T
HT R AR B o 25 AL A ) i B R
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—— (083015
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0F »y
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3 of

0100 200 300 400 500 600 700 800 900
th
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D

175 22000, OQOH Z Il i LY B R R AT

BEZR, OQMAY R EER TS
WA, RUIEZIRY AT, & TR s
AGEAMTHADHOTERE, MHELZT, @
XA AEY R BAFEDEZER, Bk
| 7x10° CFU/mML, H:A@8; 3R EEM HCO, e JiE
4 0.4 mmol/L, i Z KT XF FE4L A% 2.5 mmol/L
HCOs ¥R, 4TS RE A 2] 55 %) HE L AH T 19 A= 4
o, RUZE KX CO, Wi oK B4k, 78
5 mmol/L NO, 54 F, 1% Nitrobacter 1 kk 7
R T8 R BN CO, T RAR M A K e
AR B AR5 LU BIAR AT
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Figure 2 Changes of nitrite and nitrate concentrations, biomass change and biomass accumulation in pure
culture of N1 strain. A: Nitrite; B: Nitrate; C: Biomass change; D: Biomass accumulation.

< actamicro@im.ac.cn, 7 010-64807516



fEf 45 | BLAE2A4R, 2025, 65(2) 709
2.2.3 EELHAE Nitrosomonas sp. SCUT-1  FURTIRAE Yl T4, TS Wu 25905 e

B 21 7 50 IE

7 50 mL ARG, FRESHNAY 1 mmol/L
NH, 8 E AR5 UE AT EE Y HLF 1R 1207 mol ,
JIis O Fll CO, By Ao 0.25%107" mol. AR 5 4
e el A 25 S 1 B AR TA] O, 5 HCO5™ (COy)
FEJR Ll al, DLASERRAY O, 5 HCO5™ (COy)
FEIR S LB an R 4 i, £ PR A ER
MG LIS ER 22 B R B, &4l
1) 2 A HEWAT R AR R P . Hid b
#1(2(0.55:0.45) 5 Nitrosomonas sp. SCUT-1 1Y%
AR RN T

e 3 fron, (el FRad i, Sk B R
WY pH 78 7.0-7.5 Z[H], X REZH pH T3]
8.0, M BB T HONT IR 2H 22 A Ak A0 b g A e 1
() LI IR, T R 2 A A K e b A
SR AE 600 h S IEFESEIRY . (HAERE IR
THFEAS R B2 IS 5 2F AR O Dol i A 5
T, O TR A, R NH, R
AYER B IE . TERIEYAMET, HHd
AR R, 1k 6.5x10° CFU/mL, H.f)
OF f i s NH, W A LS, Gk
1.5x10° CFU/(mL- (mmol/L)). J7 2= 43 ¥t % W1,
O AL NH, W B A Wy i PR Z [RIASFEAE
%S, #3565 1.3x10° CFU/(mL- (mmol/L))
PLE o £ P<0.1 R Ak SEB0 20 Y 567 NH,
EA YRR B T A T AR

[F]—FRARTE O, Al HCOg 70 2 Z5 41 T 1 50 NH,*
R AR W R 2 [1.07x20° CFU/(mL- (mmol/L))]#H
o, AWFIE LB i S NH, W 2 AR i LR
= 25%-40%. ZEERERM], 45 O, H1 CO. 1Y
FEE IR 2 LA B T4 R i AOB TR MEXT IR ALY
FIIRCR, T4 i BAL NH, R 32 19 A= ) 2 AR
£, S MBI AT U R 4 AR AT
SRIMT, >4 Oo Fll CO, Wi A HLARET, AT REASFI T
LR PRIE R B TE 5 AT, R RR4ERR A i it 1R,
SEUE I A 2 0L

3 WE4#h

f e B 57 40 A R K Ak 2o SR T
BHARKZE . EYEBIL. MRS
Uk, FEOGFMEECOR., ARSMT, fLig
H 7% 40 T A AR 7 A i - AR T
ATP TR T G 1, B 4% — 8 B o e 45
O, il CO,. AMIFTAT X ALfE A 5% 4H T8 15 7 R M
TN, MNAERFANAR N pH PR i AR 5 A48
MR, 145t T SOB Fi Pk Halothiobacillus
sp. DCM-3, NOB [ £ Nitrobacter sp. N1 L) A&
AOB T ¥k Nitrosomonas sp. SCUT-1 4 fk AH 1V Jig
YA i i AT L4 O, 5 CO, AR L
. R ELR, L Eibhg A5 anm A Ak
1 mmol/L fIRIRT, X Op T RARF 25 48
HTE (21%), T I CO, We I R 45 /<) CO,

4 SCUT-1EHRIEF LI A R & HAIEFRO, SHCO;™ (CO,)HIEE/RE EL A
Table 4 The groups of SCUT-1 strain culture experiment and the actual molar ratio of O, to HCO3;™ (COy) in

each group
Groups Oxygen addition  Average oxygen Average molar Molar quantity of Actual molar ratio of
(mL) volume fraction quantity of oxygen bicarbonate oxygen to bicarbonate
(%) (x10™* mol) (x10™* mol)
@D (0.25:0.75) 0.00 0.125 0.036+0.001 0.19 0.158:0.842
) (0.55:0.45) 0.16 0.499 0.143+0.026 0.11 0.565:0.435
(3 (0.85:0.15) 0.35 0.674 0.193+0.018 0.04 0.828:0.172
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Figure 3 Changes of pH, ammonium and nitrite concentrations, biomass change, biomass accumulation and
biomass accumulation per unit NH," concentration in pure culture of SCUT-1 strain.A: pH; B: Ammonium; C:
Nitrite; D: Biomass change; E: Biomass accumulation; F: Biomass accumulation per unit NH,;" concentration.

Y (0.04%) , R O s 5% 1 ) e s e 22— 2
B SR A P 4 AR SO B R eI
MTCHLER . S35k, RIVdREE TRt i 50 BL Lt
Bl Z0F, LAEARRE A 77 40 B A e 15 iR
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AAIE K 2 53 F ATP, 1 40F FADH, & LIE L 1
5 ATP). M T RFRME, fLig A I 40w 1)
BN VR B R A ORI, BRI E AL
PR TR T A R R Ty, PR A i
Yy BE R A n A W AR

22115, NOB 75 —Z5H¥ Nitrospira i i I
HL 20 i F 91 24l 0.6:0.4, 2 E Ak B B
ML, 43 it L4 51] 4 0.586:0.414 (5% 0.524:0.476),
THE R R 1A S C 4858 E R A R B
ity (http://nmdc. cn), %5 . NMDCX0001727],
o DL bt Eas AT B Tg R AL e A SR AL
A AEAR S R AR B, Hink 2B iiF 5 %
B, TEMFEIRYHEE T, AOA W RERILH L
AOB i = Y8R Sy, 5 AOA F1 AOB (i
LB R RARAT . ARPE TR Z5 5, AOB Al
Nitrospira %} 4 i 75 >k # 1% T Nitrobacter, i
AOB 5 Nitrospira (1T . Sliekers ZEPI i fiff 5
W, 76 AOB 5 NOB g fith, ik
JE 4k 7 7F 2.3 pmol/L (0.005 6%) i} , AOB.
Nitrospira £l Nitrobacter 433l £ (5 EL 41 i 41 fitl 7
f] 65% . 15% Fi1 3%, AOB Fi Nitrospira 1A Fi i
k. Nitrobacter 51/ £ 1. MILZ T, 78
Law ZE080 gy if 55 o, 5 3L A7 (9 AOB
Nitrospira X} O, BRI &, HILAT S, 7E[H
—IRG MM, REVWEET AOB #il Nitrospira
HRA AT RE A AT, BIWR2 X) 48 ) 25 0 A
i, 5itESRYE .

A FEAR Hi 8 L 53 e B A9 B9 1108 5 SR 4 1
TETHFARCREE A TR R G IR R, &
'H 0, 5 HCOs (CO)HYEE/REE LU, LUE A
IO Y FL A3 E ] . o, LA 1 mmol/L S,04%
4T, Halothiobacillus sp. DCM-3 B 45
e b B3 B S A B T A5 203% R 9 B U A e AR
2 . SOB [ # Halothiobacillus sp. LS2 LA
1 mmol/L TR AR L M IS, 7E 20% Ak

T By KA 1.4x107 CFU/mML, 1E 5% %4
WP T 1 KA 1.7x10° CFU/mL, £
18 ML O, BE/R i A B T4 57% SOB TR Y
YRR (R 20% FRER 1.2 1%), SRR
S5 R M, A RS, DCM-3 T
PRAE S5 0 LU A9 20 1) 2B ) i B R D2 % IRZH 11 2.2
fis, FBHFR I O, M CO, FBE /R i H B Wi G L
B, XFFHEE% SOB WM A B R T A

L 5 mmol/L NO, M JiE ) 5% 3% Nitrobacter
sp. N1, S MY S AR T 5 43 e Lo i) 5 1) o
F, R PRTE NS AR FESE HLIHAE 3N B I
gt AfE M, YRR ERER TR R
EAEDL, ATRE SR IR TARERE A G, TE
I EEIE AT i g, R B AR IRy 1k
PGS, b oRAIE] Nitrobacter, #E
A T e A0 b A9 4075 | B PR BE X Nitrobacter 14
ARTEEAIEIE- . OQQSL55 4 A1 1
RBAR, WATRE S B A T B2 ) CO, AN
FREE M P B PHB SEAEZERL N, T AR Y [ Ak
ARG B, ki, EREWHE T, AR
% V£ 1E % ) Nitrobacter % CO, i 5 2R 8 I% .
Vadivelu Z5B9G i 52 v, #74E BURTEAE CO, A
23520 Nitrobacter & 4555 =M% NO, ™ () 26 il
K, BIAZmBEEAICHBCR, AR S
B, WK AE 5 mmol/lL JE ¥k JF T,
Nitrobacter i [1] T~ %% & A AH X CO, 77 SR AR 1)
AAFESR 5IHEA R &AL B L BAE AT, 7E
ZIRYIWRIEZET , 4 TR O, F1 CO, /R,
P R s, ATk B A R O, 5
HCO3™ (COp) 4 FAIE AR 2R

LL 1 mmol/L NH," MR85 3% Nitrosomonas
sp. SCUT-1, S5 HiZ i bk 785 72 B ik A
fasE W, (85 wu ZOEsy bk i AR
FUZE(1.6x10° CFUIML) A HL, ASHIFSE 4 A 4 LR
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B R H R FREE R 37%, 1] BEAZ 3B IR i 1)
S0 . Mellbye ZEUON G RIFSS & B0, 7 i FR AR i)
Nitrosomonas europaea fi RuBisCO # ik . % [
U, T 20 2 R I A T A I RY 37%-66%,
AR h SR A A KR mEAE YRR R
FEARH B AT . 5341, 7F Nitrosomonas ureae
(55 R A Tk = B R AR A IR, R A2
Y S LR T R LB 1 B RuBisCO, X CO, MY
JE R AR A SR AR CO, WeIE R A DAL
AR EA NHSOEAY R E . 5 Wu
2GR 5E v ] — B BRAE O, Fl HCOg FE 45 1F F
B NH WA Y AR R AR L, AR5 5200
ALY AL NH, B2 AR i AR 3R v ) 25%-40%.
X AT RS R i BR il O, A1 CO, B R & LU 1] R
il T RuBisCO M4 i 11, LA SRR T2 4R
A= R I AL 2 m), DT R T S 2H Y
BIRAL . X% AOB TR PR e L L 43 i L5171
THE S T 8= REFARIE OL T RuBisCO (14 [ fik
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