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Abstract: To alleviate the inhibitory effect of ammonium ions (NH4") on photo-fermentative hydrogen production,
Rhodobacter capsulatus SB1003 was selected as the model organism. Ammonium-tolerant mutant strains were
constructed via genetic engineering, and their hydrogen production performance was evaluated. The nitrogen fixation
regulatory gene (nif4) was modified using overlap extension PCR (SOE-PCR), generating three engineered strains:
the nif4l N-terminal deletion mutant ZX01, the nif42 N-terminal deletion mutant ZX02, and the double-deletion
mutant ZX03. These strains were inoculated into a hydrogen production medium with glucose as the carbon source
and with different concentrations of ammonium sulfate and sodium glutamate as mixed nitrogen sources, and were
cultivated under anaerobic and illuminated conditions for photo-fermentative hydrogen production. The hydrogen
production performance, lag phase characteristics, and related gene expression profiles were comparatively analyzed
under both ammonium-containing and ammonium-free conditions. The results show that at an ammonium nitrogen
mass fraction of 20%, ZX03 achieves the highest cumulative hydrogen production of 801.80 + 60.40 mL-L",
representing a 22.7% increase compared with the wild-type strain. Gompertz kinetic modeling further shows that ZX01
exhibits the shortest lag phase (7.99 + 3.41 h), indicating significantly accelerated initiation of hydrogen production.
Quantitative real-time PCR (qPCR) analysis reveals that under high ammonium conditions (NH4" concentration of 8
mmol-L), the transcription levels of nitrogen signal transduction genes (g/nB1 and ginB2) in ZX03 are upregulated
by approximately 220-fold relative to the wild type. In addition, genes associated with electron transport, including
rnfB, and the flavodoxin-encoding gene fldA, are also markedly upregulated, indicating enhanced metabolic electron
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flux. Overall, these findings demonstrate that N-terminal deletion of nif4 ] primarily shortens the hydrogen production

lag phase, whereas nif42 N-terminal deletion enhances basal hydrogen production capability. Notably, the double-

deletion mutant ZX03 exhibits the strongest ammonium tolerance and optimal hydrogen production performance under

high ammonium stress by simultaneously upregulating nitrogen signaling and electron transport-related genes. This

study provides a clear and effective molecular engineering strategy, as well as a theoretical foundation, for the

development of robust, ammonium-tolerant, high-efficiency photo-fermentative hydrogen-producing strains.
Keywords: photo-fermentative hydrogen production; photosynthetic bacteria; mutant; photo-fermentation; hydrogen

production; gene editing
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5T R A R R AN, 5 Drepper!1&E A4
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capsulatus, R. capsulatus) A7LE A =1 [R5 H [
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Table 1 Bacterial strains, plasmids, and primers used in
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ZX01 T SB1003 [ nifdl 3 Rk ATk SCHRIY
R. capsulatus
7ZX02 £T SB1003 K nifd2 3o Ak AL
7ZX03 FT SB1003 [ nifd F RS 535 fk AL
XL1-blue Spec! Stratagene A )
E. coli S17-1 Tet* SCERU
pRK2013/HB101 IR B4, Kan® SCHRLS!
pBlu2SKP Amp* Stratagene A )
ok PBSnifA2 Amp', #EHH nifd2 2K K pBS2SKP Jiiki A
pZID29C Gen', FRFHL SCHERL
PZInifA2 Gen', #EH7H nifA2 B ARFEE W E R TR AL
RT16s-F CGCGCAGAACCTTACCAACC FiN'a
RT16s-R CGCTCGTTGCCGGACTTAAC AL
RTgInB1-F CTTCCTGCCCAAGGTGAAGAT AL
RTglnB1-R TGTTCGATGGAGGAGACGAAG FiN'a
RTgInB2-F TTCAAGCTTCACCTTCGGCA A
e RTglnB2-R CATTGCAGCGATCAAACCGT A
RTrnfB-F AGCAGATCCATACCGTGGTG FiN'a
RTrnfB-R CTTGAGGGTCTTCGGCTTGA AL
RTfldA-F GCAGATCCATACCGTGGTGATG AL
RTfldA-R GTCTTGAGGGTCTTCGGCTTGA FiN'a
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B ASRAT nifA2 N iR TR ZX02. KA AT
%, B EAE SRR PZInifA25E N CA R nifAl N
Ui AR SRR ZXO01, ARSI L, 3 PRE
nifA1/nifA2 N 3 BUR R RAZ R ZX03 .
1.3 AEEFERESE

R. capsulatus SB1003 2 H AR R MedA
FEARE R P AT R AR . B AR IR
LA 30 mmol L #i & B kIR . 6 mmol L A 22
BRARIRECH] & e A TR RNAE IR LA %
BE 5 LU AN IR R 4 /E VR & IR . BTG 7% 256t
KA, FTH3EA 8000 r-min! 244 T &0
5 min, 3% L7, FARENR MedA AR 7RI H
BVRER IR o BEU o [ A4 = S R VM B 2
£ 660 nm 4b[P)JE% E (Optical Density, ODeso) {H A
0.3, BRI =S He =S N2 U
Kl 2 R, FREURNESRA 30 mL CRES 4R, T
TEARRUN 10 mL. 72T FRA0 TR 77, SRR fR
FFEZ) 6000 lux, HEEIEHITE 30+£0.5°C. Frf il
BT 3 CPATER .
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TGACCGATCAACAATCQCGCCCCGCCTCGCCGCGGYGTCGCTCGACGCAGTCGATCGCCG 160

TGACCGATCAACAATC

GTCGCTCGACGCAGTCGATCGCCG 113

ACCGCCTTGCCTTGGATGCGCTTTACGAGATCGCGAAGACCTTTGCGGCGGCGCCGGATC
ACCGCCTTGCCTTGGATGCGCTTTACGAGATCGCGAAGACCTTTGCGGCGGCGCCGGATC 173
CGGTGGCGGAGGTGCCGCAGATCTTCAACGTGCTGTCGTCTTTCCTCGATCTGCGCCATG 280
CGGTGGCGGAGGTGCCGCAGATCTTCAACGTGCTGTCGTCTTTCCTCGATCTGCGCCATG 2.
GGGTGCTGGCGCTTCTGGCCGAGCCGGGCGAGGGCGCOEGGGTGAACCCCTATGTCATCG
GGGTGCTGGCGCTTCTGGCCGAGCCGGGCGAGGGCGCOEEGGTGAACCCCTATGTCATCG 2!
CCGCGACGGCCTTTCAGCGCAGCCCCGAGGCCCCCGCCGCGGATGTGCTGCCCGATGCCG
CCGCGACGGCCTTTCAGCGCAGCCCCGAGGCCCCOGCCGCGGATGTGCTGCCCGATGCCG 353
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Fig. 2 Photograph of the photo-fermentation reactor
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Diagram of gene knockout and homologous recombination

Y (Agilent 1260 Infinity 1D JU5E . JRARKE 1L
JE 410000 r-min ' 25 4F T 25003 min, HU_E G A
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cDNA. MNAKRRIKIRE2S °CIF B S min, 60 °CiFH
15 min, ¢ 185 °CHRIES min 2% 15 2 N . FT S cDNA
FEYINE NS E R PCR AN . 45 5 51 i@ it
NCBI # i, LL16S rRNA fENAZSER . XH
SGExcel FastSYBR TR & (AT, HE), sz
e B R EEE RN (qPCR) SNk &R EARFUA
20 L, 948 ;R NAE D E B PCR X (QTOWER 2.2,

Analytik Jena) F#FAT, B2 74045 95 °CHIAZ 143 min,

B J5 EATA0 MR, FEMEIREHEIS °CAE 4S5 s F160 °C

BK20 s. FEEFRILE R AACt J7iETHE, FAME
RBE3 MR ER . FRAKF G5 R A S
#7253 HT(ANOVAD , 23 M /KF % 5e  p<0.05,
it oA H GraphPad Prism 8% 14 5¢ ik o

2 R 51 R
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K387~ 1 PA30 mmol- L & W BRIy, BFA:
BB k5 AR 0 BIAE A% (6 mmol- L4 & RN
MRS B ECN20% (0.6 mmol-L- iR #% #1148
mmol LB Z IR AT T r=albit. K, s
BT R B R BRI EE IR B A
SR AR B[] 5 96 mmol L. 2 BT LLIG B AR &
I3 BURN20% 1 E NS 564, 2 RORTERT B TS g6 R
B, SRR B R E30%K, B AR E R
FPAES20%L A ZERAK, HERBR ZX01H]
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FETHIRFEAR F20% 0 26 14 3 — 0 LUIRAS R B ik B T
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RIRE I BUN20%IENARER M S 25 1F, TP 58
RRAE B8 R B re A R

WERTR, R8T, nifd2 N stk RAE
Pk ZX0211 it = A A 51 91059.16 £ 36.07 mL- L.
BRI, SRR AR E T EERE, X5
COERFFC S 508, R [ A EE A B
FZHHEER . SEARMLEL, ZX0ESESERED
BON20% 0 LB H B sm T e BE 1, T ZX0261) Bt
FPAREB SN AT ZX01. X—45 31
FH nifA 1 N i IR R A 7 — 8 AR D2 = T AR R
ek, RIS AR EE nifd 1, nifA 2% 5 BAG 8 v O 324
BEAk, UL R B2k ZRAZFR ZXO37E B Fh 46 1F T E AR FF
RS, AR, ZX03M A EN801.80
+£60.40mL-L", S5EARAH LIRS T22.7%, 15
MM ER nifd 158 nifA2) N i 4516 35 BT 1) 55 82 00 i %60
B R DT 78 25 e 2 1 T IR AR Sl v
FHHEFFFEREST. AP N i [R] IR 458 o o o 0 7
AP IR ASONE s B AR K PR BB A 3t — 5 BRI, AT 2
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T AR e WEURE I 5 55 7RI ) ODeeof1 pH fEL, LAk
o X P S A R B PRI . B4R T A
I AR A S AR AN pH B I . AE TSRS, BT
HHEMBIER K, &% ODsofiilr HAX RaE, H
o ZXO01 A KL T HAh B ik . TEESERE 5
H20%ZF TR, ZX01 152 ODesoti ik, 41.9. 7E pH
AT, 5 WEIE pH B R BEEA T IR R B . 18 i
SR, pH T BRI B R, o 2 Ra s R

Hrh ZX011 pH B&226.02, NFTH WK (K. 7E
R FE pH B 32 B2 05 R 78] 25 08 4 20 ik 26 1l
NG TR, BRAh, [ A = SR S A B
COMM, TR P IR , 3 — 20 BRI pH.
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Fig. 3 Cumulative hydrogen production of wild-type and
mutant strains under different ammonium conditions
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under different ammonium conditions
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Table 2  Fitting results of the Gompertz equation for hydrogen production by various mutant strains and the wild-type strain

Strains SFSBRENEY%  BAFFEAE S (mL-L)  BAFFEER/ (mL-L'h")  PEEIRHERE/A  AHmnes %
0 919.66 + 11.56 19.71 £1.35 12.99 + 1.62 -
SB1003
20 657.94 +3.01 16.82 £ 0.50 28.60 +0.58 -
0 863.55+9.02 20.94 + 1.31 12.36+1.30 -6.1
7X01
20 769.26 + 24.68 12.12 +£1.36 7.99 +3.41 16.9
0 1051.45+10.11 2239 + 1.60 13.29 +1.24 14.3
7X02
20 785.29 + 12.08 17.26 £1.29 12.17+1.71 19.4
0 993.62 £9.12 21.34+1.06 13.69£1.18 8.0
7ZX03 .
20 837.09 +33.23 12.83 + 1.60 13.28 £3.85 272%

s AHmax, PR R A BE S R B AT T SR S R A LA AE M E RIS K A%, %.

HE—2 R H Gompertz 77 FEX) P2 A BT A
(F2). R2 (WR5E R B M A& 105 1 H
febr, HBUAETEEA 0~1, HEBREHE 1 FoRFER
TRIME 5 5230500 v & B s, AEE RORE %W
KR 2R A RE R2 1363 0.99 LA E, F£H%
R BE 4% 1 A il R P SO FE W B J) SRR ME . S5 IR R
B, fESESATTS, FrE WM |1, AT R, H
KRR TR ZX03 1) T B B e/, e H, (837.09

+33.23 mL-L") 5B A B3R i 27.2%, #HE—PHEsK
RS PR S 2 ] e KRR BE S =08 ). AR KUTAR
Pk ZX03 Wi K= 2 s %5 SB1003 # LLIFTC i #42
T, 5 ZXO03 75 7= S e e 1 5 i e 14 7 T R 05
R, PR, P AU R BRI 7 A K [R] P AR FEAR X R
S, AR FE T ZEKZE 100 h, 1 SB1003 7£ 80 h
Ja I JUFAE A, &3 ZX03 R A &

Ho TEHEEAMT, FrE RARMR I = S0R H 13 B
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FEF SB1003, M ZX01 B e, X rTaeld
PRI nifA 1N i PR R 2k k25 0Tl 1 e 100 2 [ S il
ARV . ZX02 fETo A T A &S SB1003
FIELEER T 14.3%, VLA nifd2 N i i S A B B o] 1
S ARG PR AT, INNE G, T SRR e P 1)
BT, ZX02 R FFAEMN R S EE S
19.4%. CAW 5K, 1E Herbaspirillum seropedicae
i, GAF ZtBp) 5 SRR (G25E) f# NifA A&
i GInK H X gkl Kk, R. capsulatus
nifAl 5 nifA2 76 N 5 19 MEERZE 5, B S
HWHES GInB (45 G5 N 8UE 5 AL 3 RERANA,
nifAl B N Sty 5 B4R = SR 1 nifd2 1
N Uiy AR B S At S RE 77 o WUB R S8 A8 KR ZX03 T
I FEEA T WE RS, MIMTE S84 TR
MR =R C =

2.2 nifAN iR BYER S I EF A RU A SR HR R FI A RO EZ
M

Nk IGAIE nifd N S 764 2 B P O/ T
AHIE TR AN R B ik R R A L AT TR . IS
9 LA30 mmol- L4 & Wi AR, 2 AEE odk (6
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