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Abstract; To alleviate the inhibitory effect of ammonium ions (NH;" ) 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 (nifA) was modified using overlap extension PCR
(SOE-PCR) , generating three engineered strains: the ni fAl N-terminal deletion mutant ZX01, the
ni fA2 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,
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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-{ree
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 polymerase chain reaction PCR (gqPCR) analysis
reveals that under high ammonium conditions (NH; concentration of 8 mmol « L™!), the
transcription levels of nitrogen signal transduction genes (g/nB1 and g/nB2) in ZX03 are upregulated by
approximately 220-fold relative to the wild type. In addition, genes associated with electron transport,
including 7nfB, and the flavodoxin-encoding gene fIldA., are also markedly upregulated, indicating
enhanced metabolic electron flux. Overall, these findings demonstrate that N-terminal deletion of
ni fA1l primarily shortens the hydrogen production lag phase, whereas ni fA2 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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Table 1 Bacterial strains, plasmids, and primers used in this study

LRy N SR 5 AH G FFAE e R
SB1003 Bp R, Rif CHk[10]
R. capsulatus ZX01 T SB1003 1y na fAT B PR 5 5875 Bk SCHRL11]
7X02 T SB1003 1Y ni fA2 B PR 2 58718 Bk A3
7ZX03 T SB1003 By ni fA F PR RUGR 2K 28 48 b AL
XL1-blue Spec* Stratagene /A )
E. coli S17-1 Tet" Ek[12]
pRK2013/HB101 SRR B . Kan® Xk[13]
pBlu2SKP Amp" Stratagene 7\ fJ
N pBSni fA2 Amp’, ¥EHA ni FA2 HH 1) pBS2SKP JF ki A3
Tk pZID29C Gen', [ A ik SCHRC14]
pZIni fA2 Gen', #H ni fA2 AR ILFE B A R 5Ok A3
RT16SF CGCGCAGAACCTTACCAACC 73
RT16S-R CGCTCGTTGCCGGACTTAAC &
RTglnB1-F CTTCCTGCCCAAGGTGAAGAT A
RTginB1-R TGTTCGATGGAGGAGACGAAG s
RTginB2-F TTCAAGCTTCACCTTCGGCA &3
il RTglnB2-R CATTGCAGCGATCAAACCGT A
RTrufB-F AGCAGATCCATACCGTGGTG 73
RTrnfB-R CTTGAGGGTCTTCGGCTTGA &
RT fldA-F GCAGATCCATACCGTGGTGATG A
RTfldA-R GTCTTGAGGGTCTTCGGCTTGA e
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1.3 XREBFSRETE
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Query
Sbjct
Query
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(b) i 7% PCR ¥ilE

& 1

Sbjct 72 TGACCGATCAACAATC(
161 ACCGCCTTGCCTTGGATGCGCTTTACGAGATCGCGAAGACCTTTGCGGCGGCGCCGGATC

Query 101 TGACCGATCAACAATC(CGCCCCGCCTCGCCGCGGEGTCGCTCGACGCAGTCGATCGCCG 160

GTCGCTCGACGCAGTCGATCGCCG 113

114 ACCGCCTTGCCTTGGATGCGCTTTACGAGATCGCGAAGACCTTTGCGGCGGCGCCGGATC 173
221 CGGTGGCGGAGGTGCCGCAGATCTTCAACGTGCTGTCGTCTTTCCTCGATCTGCGCCATG
174 CGGTGGCGGAGGTGCCGCAGATCTTCAACGTGCTGTCGTCTTTCCTCGATCTGCGCCATG
Query 281 GGGTGCTGGCGCTTCTGGCCGAGCCGGGCGAGGGCGCGGGGGTGAACCCCTATGTCATCG
234 GGGTGCTGGCGCTTCTGGCCGAGCCGGGCGAGGGCGCGGGGGTGAACCCCTATGTCATCG
Query 341 CCGCGACGGCCTTTCAGCGCAGCCCCGAGGCCCCCGCCGCGGATGTGCTGCCCGATGCCG
294 CCGCGACGGCCTTTCAGCGCAGCCCCGAGGCCCCCGCCGCGGATGTGCTGCCCGATGCCG

(o) B 4k PR 5 36 41

HE DR B % 1) 9 o 4 A

Fig. 1 Diagram of gene knockout and homologous recombination
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Fig. 2 Photograph of the photo-fermentation reactor
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eI 5 54 T 3R BT (QPCRO S 1 f 5% A AL
H 20 Lo 38 R AE 96 7 BE PCR X (qTOWER
2. 2, Analytik Jena) Fi#F4T, #2745 : 95 C HiAs ¢
3 min, BiJG HEFT 40 /M8 3F 494 A FF 6L 4 95 C 78
PE5s H1 60 CiBk 20s, FEHFFXERAH AACL 7
W AR R 3 MR TR, BT
et ar bk B R J5 22 70 B C(ANOVA) L 2 25 1
KV BESE R p<<0.05, i it 43 B 6 i GraphPad
Prism 8 B {58 1 .

2 ZHRHIT®

2.1 nifA NBRENFERMREKRELEF

SEENMEmE

P 30 mmol « L4 26 Bl o ik U, B AE R B Ak
ZEAFBR AT B TE M SRR =0l 20%
(0. 6 mmol « L™! R4 A1 4. 8 mmol « L' B &R
BT E R E 3 pin. HAp L S AR
RN BR P B S A B A EE R LB R
TR B [ 7 R 6 mmol « L1, 2 fr LAk B AR S AR
SEOTECN 20 Yo S5 A A L A R A A T S 5
HR B Y B A AU A BB v & 30 Vo il B A R
PRI PR 119 72 St 5 20 V0 S5 PR AH BE 25 S5 AN R L F 58 728
ZXO01 Fl ZX02 7= A WA T B AR X T 5 2R
U =G AR TH I AR T 200 M &5 k. i — 2 A
AN TR B Jo i A B 1Y 7 SR A G B R I BE B B
ST B BETN 5% A8 Bk AR X B A A 7 A T iR
JEE 52 S B v/ i e e, I R AR B0 200
SRR BB B . N T A BOB AT 20 Vo B
AR T BB WU . B AS BIF O B R S AU
WECRH 20 V0 fF AR B AR T R AR
PRATE B T30 N 1 7= A R RE

WE TR AE TR ST omi fA2 N B il 2% 5878
7ZX02 By Bt E iR (1 059. 164+36.07) mL « L',
W& S AN & AR P AR R T EEE. XS
O R4 1 — 80 R o [ A s v LA 2
FAHAE . 5 AR A L, ZXO01 7 B A AU i
GYER 20 U6 It 32 B S 5 1 T £ RE 7 L T ZX02 1Y
Bl AR A MG AT T ZX01, X
—ZE R ni fAL N Ui (9 BK W] — i R 1 42
1o DA AR I i M S RIS A L md fAL i fA2 X8 B AT
S A2 B Ah RO B Gl 2R 58 AR R ZX03 7
PHRR % 0 T 5 PR 5 38 1 7 EUOK . 72 A R
ZX03 iy =AM (801. 80£60.40) mL « L', 55}




96 [ 7 . ]

¥ % ) %5 60 &
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ni FAZ 1N 5555 4 14 7T 1) 58 D R 0
FH AT 15 4 26 P T W0 A2 0 80 G0 9 B 72
e, SR 0N 3 ] I 3 A I O 7 21 .
I« B R — 2 W AT 2 B
i e B TR B 0 7 R S R . R
20 30 mL B DT RO . 7 B
P e JLRCRE W 2 B 9 WL 6 B0 ODyo LA pH
L B G 0 77 55 e R 2 R T
JR T S R A B0 A pH L. 7
B A PR T BB B4 TE 2 2 K2 OD i 1
FRDH R L Lo ZXO01 19 2 K A T A 8
e 5 T 40 BOK 200 2 #F T L ZX01 1) Bk
Dy FELIRAE -y 1.9, 7E pH A7 T - 4 i b pH
FLHE R B 35 F W 452 B 2P oH T 1
e 68T LB (G 300 ZX01 By pH
(R 2 6. 02, K AT bR B . 76 i B P pH
(A 2 35 0 R O 20 2 /5 A BLAR
A R P 19 7 I B CO. L 3
RS E MR BRI T pH (.
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Fig. 3 Cumulative hydrogen production of wild-type and

mutant strains under different ammonium conditions
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Fig. 4 Growth and pH changes of wild-type and mutant

strains under different ammonium conditions
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JE BRI Gompertz Jy B 7= AR A T
A B RANF 2 BT . R (P E 280 i 1 4 70 41
A0 I R AR FCBCE O Ly 0~ 1, Bl d 4 i
1 7R BT 1) T 5 5 6 5 1 W) e, DA
FRB LW A ML IS L R #3565 0.99
Db S BB R A% v i il 3 = S R I Bh ) 2R
fiE. S5 RF AT AT T A BRI R K™ A
W1 H, Y6 TR B A XU R 58 48 Bk ZX03 197 [
i B g /N, e HL, (837,09 £33.23) mL « L1, 4f3
B A RO 27, 2 00 o 1E— A5 IF S WUk PR e 2 T
KRR Y5 7= AW 1. BLAR UGS AE Bk ZX03 i e K
JRE R 5 SB1003 A LT i 2 HE T L0 ZX03 7
7 G R M S T A T e B R S AL PR L
TR RE A5 TR B B TR) P DR R A G AR L i S
A A] ZE K % 100 h, jfif SB1003 75 80 h J5 B JLP A7
AT ZX03 W Rt BT m . TEA %A

T TR SR AR R 7 AR i I 1 W] IR G T SB1003,
th ZX01 [ fE A B X AT RE H AL T ma fAT N i 1Y
BR300 TE RE B I R TS K A
ZX02 fETH 51 R I P2 A i 5 SB1003 AH L3 T
14. 3% Ut B ni fA2 N 3ty R B A< By RIVAT 394 558 1 Ak 1) 7™
FREST AR ST o ol T S A MR I B M 1) i — D 4R T
ZX02 B A 4R s IR I Z 19. 4%, EA WS
T BT (Herbaspirillum seropedicae) F1 , GAF
ZEFAI Y PR 2 (G25E) fff NifA 25 [ A GInK
EE H X v . Wi, R capsulatus
ni fAL 5 ni fA2 75 N I A7 19 DR 22 5 AR W] g
SEME S GInB Z5G KM 85 5 538 8= A
6], ni fAL B9 N 3y i 2 0] L4 7 2008 w30
ni fA2 [ N B il ¢ AT B i FE Al = SR . Uk R
ZEAE KR ZX03 )y ] B 5 7 00 AT AE B g
A RIS E A A PR

%2 BRERAMAFLEAFH,T A Gompertz FRMAS LR

Table 2 Fitting results of the Gompertz equation for hydrogen production by various mutant strains and the wild-type strain

B S W R RRTEW S/

RREARR/

PR

LS ) R AH,u/ %
538 % (mL+L") (mL+L"'+h™") i ] /h
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