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fixation technologies driven by clean energy have emerged and attracted widespread attention.
Hydrogen (H,), as a renewable and clean energy carrier with abundant sources and easy
production, can serve as both the energy and the electron donor for microbial carbon fixation. This
review summarizes the metabolic foundations of hydrogen-driven carbon-fixing chassis cells
represented by hydrogen-oxidizing bacteria (HOB), and highlights recent advances in several
representative strains. Furthermore, engineering strategies for HOB are discussed, including the
development of enabling technologies, the reconstruction and reinforcement of metabolic
pathways, and microbe-material coupling approaches. Additionally, this paper analyzes the current
challenges facing HOB and proposes the future perspectives. Despite existing technical
bottlenecks, with the advancement of metabolic engineering and systems biology, HOB are
expected to play an important role in carbon recycling and sustainable biomanufacturing.

Keywords: hydrogen-oxidizing bacteria; microbial carbon fixation; chemolithoautotrophs; chassis

cell design

YT YRR PR (R A5 R, Tl A
FEUW CO HER R R L3g hn, o — 2P il ek
Armgt, S, REE AN, A 4eln]
BUH #5281, AT REMZ A, Kok
— TR SR, gk
AALRERE =y o BRAFAL ™, 8572 3 4 Hb
IK BT IR ARG 15 Ye S 22 TR, xfE DA /2 AT RF
S I TS 1 A1 75 D N e 0 o
JRIK S CO, b B A HliE R, C
G 45 25 W o 3 RS RCAE ) A Y o Y
Tl

Ho VB — P Al FAE TS VS RER, ]38 L H fi
KBk il &, R AT 5 RGE . K BH AR S5 AT
PRAERRIRANG o AT HAIE LAY T PR RE I
ZREIRAEN B 5% Ge A re it BEARTL
WA AF AN geah, SEGHURY
LG, A H MY, HAM =K, e
SIABRHER . ey b, A Bk
b T ER AR SR, MBS B AT RS A4 Hy, 3X
HF UL Hy AR . COL AR IR A I A it 1
PRI, 78 AARERREF T, S A AN
(hydrogen-oxidizing bacteria, HOB)f# 84 | iX —1t;
WHREIE . [k, HOB #{IA A & H2 v] 14 RE R
FIH S BRAE 5% Ak i) E 2 A VI A

HOB R H 7 1% Ay A% M R0 45 0 1) PR 5

N REST, FIAEFH SR AR ARG B IR R
RPN 3 Ry HAE R R AN P B T
Henl, SRR, ZHFHARKRERE, #5RH
THR24EkoE HOB,  JisREETHHER [ 5E 5 A i
AR, A s m I E . R, B
FRRTE AL #RAE T | BB A RCR 55 T T )
FFAERPR, 2 T B A 7= 5 1 i a1
Wik, FlgEH, &k, il . CO, e K
R B 0 P S OB B, A W IR B AT
ARGV S, SRS H T I A% 0 h)
i, ARSCEFN HOB JiE AL AN T A S i 0 &
22, Hid HOB i Al 5 AR M T bk g it 5 2k
&, WRIKE ST RER AT & . ARl B H A
SRAGTRERS . A -MRR G . R S ik
RYH G S5O RN FE T2k, FE8E HOB Jdiiod
PO AU R AR R, T AR AR
(single-cell protein, SCP). =¥ #4 BF-& W S bk 1
IR SUR L FHYE T <

1 HOB XA Al

HOB J&—25 Dk Hy AR &R I AL RE F F5 1
AW, T T R ROK L ISR,
77 JE AR LB T 1] (Pseudomonadota) . T 2% 7 1]
(Actinomycetota)5s, i VLB ALHG 2R /& . T4
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B )& (Cupriavidus) 5 . X RBEDER A S 1Y
AR LA S . A E RE ) (LA R
Bl 1 PR S E R T R E AR

HOB FIIH H, £G5S sE T e il
e, iz E A iy P AT, R
CO, e B 5 Yt [RIRPRE F 1% 38 2T
B, DL ATP BN s; ARPEE MO,
A AL AT 73 K [NiFe] 2 AL . [FeFe] & Ak i A1
[Fe] = fbiil, KZ4 HOB & A & (i T 4 M i ak
5T ) [NiFe] 2Lkl ; ZBUR PRI LS & &
AL (membrane-bound hydrogenase, MBH), #K43
W R & A ] % M S 1L B (soluble hydrogenase,
SH), /DER Pk R i Ho4% 2 2 %010 ; MBH i@

b /N FEB K C v [ TR, 15 B REZE &
20 B €0 3R 5 NP A A T 8 i A% s SHH
4IRS 2 AR BN R AL, v Hy 4
A7 H 1 H A% 38 2 AR T e AR My — A R
2 (nicotinamide adenine dinucleotide phosphate,
NADP"), B HIA A I AR RIS — A%
PR % I (reduced nicotinamide adenine dinucleotide
phosphate, NADPH), fE At S5 RIKL
(Calvin-Benson-Bassham, CBB)f/ ¥4 al i 13 I Il
b A, ATPI,

£ CO, [H5E Z1f, HOB FEZKIE CBB fiH
SER, A BREE R EEAEA 3 B,
AR B B A ERBE-1,5- Bl PR T i 42Ut

NH, TCA

RuBisCO \

El1l HOBRIHHIREE
Figure 1
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Schematic diagram of the metabolic mechanism of HOB.
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(ribulose-1,5-bisphosphate carboxylase/oxygenase,
RuBisCO)HEAL , Hili 2k 358 H i CO, FF -5 1% i
B -1,5- W% iR (ribulose-1,5-bisphosphate, RuBP)
545, A 3-BE R H il R (3-phosphoglycerate,
3-PGA); i JEHT B YA ] Hy Ak AR g
SRR T, K 3-PGA A6 H i -3- B iR
(glyceraldehyde-3-phosphate, G3P); 4= Fir Be B
57 G3P HH 2 51a ¥ LG i RuBP, {5 CBB
TEMFFEEE I CO, [ E i A

7 HOB 3 #5417 [ U8, - 1] i e i i 1)
ATP HI NAD(P)H [AlHEK A H, AL, {Hizid
7 LM FEHE 2 Hy LA /2 N=N B IR 24 1) g & 15
K, BEEA AR AT 5 =R ERTE P (tricarboxylic
acid cycle, TCA)WH R WI4s G, MENARR Y
A U AR, MR R A Z R
HOB RIH7 A r ] 7= ) 5% A Dy B FE T BRI
(polyhydroxybutyrate, PHB), fi#if7 2 4% 1Y BE = 1
B PR LA PRSI0 5 M EREE A AR IR
S5, PHB A HHT A i A QI % A2 il H B
PRI B R Y AR AR I T HOB A5
(PSR o P AN 22 T B TG T, B85 HOB B3 [
N DAL NN D = N S I/ 5 2 L B
— R H AT 3268 ) . tkAh, HOB AJ i it
4RSS A SRS, IR A SIS A
VBB 3 e P K A 3 S B A HE A it
AR, CAF5ERY] HOB Al #l& HoS #4745
¥, YRshT5 AL SCP!Y,

2 &M HOB

21 HBHTE

H 37 ¥ (04T 18 (Xanthobacter autotrophicus)t:
— R HARFEEM HOB, 1976 455 B4 515
£ I B g ANUE R O e =R o =W v )
FERAMTE , FITEAR BRI (CO,. WlE . ZBE.
BN, IR T EE R Z R A T R A &
RUPRE, A MR AR, ZE bk
LA i A AT PR A R B P, X HTF

Ji& R GEWE I ANAA Bl T A A A 0 %) P4 5 3 )
BLI, R BE A BT U5 A A TS Y SR e A R A
BT

X. autotrophicus ] F| F Z P 5t b & Ak
W BE A HLRRAE i, R0 B AR A A
ANRVES R H AR i A AERe 1. Bilan,
HEThem 9T IEASHA RS, Wi nT 740
JH 3 3 1, BRI AN BR ATP il 55 5588 ATP il
W, gl &N AREE s 5 ATP KT B,
il 2 24 N SO R, S B4 N A AR AR
Fic i sty A 45500,k — 25 H Ak 2K i
X. autotrophicus #45 EY-THIR A RS, K
FE L AL 22 K oy i B A1 A Y i, aE A H b it
IR G RHOT 8 A Ny A1 CO,, EHH A
R 2E AT o, X RARIN 499 FhER 1 ]
380 FhEEH R, 20 AR L. 4 AR
YU BeAh, M X autotrophicus 5 W R
BEL BB ERR A A HEY - IR R R,
WAEWOE M BRI B AL R i, SR A H
727 PR S 29 R B WA TR, 53 Rl
FA5 27 P B B A AP, 25 B
W, TR R R I A A T RN BRI A R
Ry S AT A 3 7 AL ) 5 4 Ry I 4 M 45 B T
BB

HKHFE X. autotrophicus ARG A R, Wl
B HN T I35 06 2 4k, S R RN < AR g
RS IR R R L bR . A WFE T 2R g
TRIK I 1Y 5 A 2% T A= ) JEE v 2 g A 31 2 Rk
SR MR B Bk TiO1 A Tio2, H: 16S rRNA £ [H
315 X. autotrophicus 5¢4=—2%%, NG WilR 45
TR A 288 X autotrophicus ; 2 BE T Y
H R [ i ol % 73 1) 3k %1 (3.8+0.5) umol/mg FlI
(28.3+2.2) pmol/mg™! . BLAh,  p AR eI M o4 it
Al e AR T AL G, I 1,2- R Sk
(1,2-dichloroethane, DCE), [ 3% X. autotrophicus
GI10 Jir 7= (1) pi AR %t )& i <1 fif§ A (haloalkane
dehalogenase A, DhA) A ¥f DCE 4k A8t AL
Y 5T, EHTC T DCE {534 T K i)
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Vi fk TR, e RS A SR =
i Ak & BE S F IR 30 °C L pH 7.0, fEFP i
10%), X. autotrophicus & 1, L- 752 R 1) 7= 1]
5 12.14%23) B[ E N A A8 AT (Xanthobacter
variabilis) NFM-97 5 53 3% & H K (Shinella sp.)
NM101 AT RE 55, w] fdi iy & 7 R B0 2 T
(11.4£3.5)f%, A& EIEEQ2442)%, Wit 2k
W2 o5 HE AR T (28+11)%%Y . [R] B 22 TR A 3 7T 3 5k
REBEREA M EARE, XL ZNHT
A 2 8 N R 28 LAk, WA
P X. autotrophicus WA J1, A 9 R FKE B
T 55 P A8 5 K 1 (i) Aot e 4 PR Y 4
RHE

22 SRR

k) M G TR (Cupriavidus necator), ¥ 24 &
B IR WA R E (Ralstonia eutropha), J&= HOB 1)
REME AT Z —, B THEZROIME. fik.
ToE IR A PEILBE A R, A HR+
HERGE, IR HZ Mk, RERELL Hy A it
& CO MaRTETFRALEE A TR, RAFMT
N2 SRR RO P A i aE Y AR A
R H 200, AT 38 G [ A AR e =
SAERHER, A REE AR R A 2 A s i E
AEPIA RS B, 7R PR A B AR IR AR R
R RN I T .

HAT, 1% C. necator WIS E M AR Kot
BhmEiEsReAR2 R R HEXT
C. necator W HLFALIBHLHIHAT T T, WIHHA
Mtz o AALBRAZ AL, TAERRIA IR iR I
BN, AMEEF A FTRES SR, X
S B0 A Ak A ) L 2 R AR T AR PR
[FIES, WFFEE R EE T LURY IR 3k o0 A i H A2 14
B AR B 2R, R IR A T IR A K
BUORMAL ;. YRS IR AR M BR G R, K
A K (0,509 d) 83 T 0 i R B A
0.195d™", BAVHUNE S S50 8 = ) &, 1l
AR AR R IR AR R, 5 R A
KT C. necator &5 [ J5T 5 Mg 1 5% 553 B A58
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B, R EERE REEAM, HHPY 43%
ANE F it 25 6 TR DA X SR B A Ak, HC 1 o ]
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IR G50 5 L TR AR S R A P R CR PR TR T
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KT C. necator (N, R EAA RZH
VAR RN D7, G HOE T R R R 2 I
(polyhydroxyalkanoate, PHA) ) 4= ¥ [n] U§ J5 1T
F R R R R T B O . BESE AR
C. necator H16 157 15 7 PhaA [q] T fiff; @1
WG BT B B SR E R 5 22 R ek 58
ASRR AR, N PhaA, BktB Al H16-A0170
FEAWZ 5 PHB A B O B-FR A% A 1 5 1%
I8 AT AR O T oK) PHB ks . DL R
JRoRk A R B R, UL KA B H R I 1 3
BRCT38) 0 B R ZRAMT, EE T KRR
PHA (5= PR 4RI T-FE 0 90%); 1 i 6 75 15
FRE&ME, XK PHA & =M 2 &AL, ff 75%
BT Bk A B TR A B, B
15 20 40 60 4RAX, TR SEHR A O 2 ) 3
2 TR TP, 2002 4E AT gE E— A 0,
C. necator W] 1E AL EE 15 35 36 h il 17 i3y % &
Mz, TSR] 150-182 g/L; e A MR 5%
HF, EEATAVLER, WS AL PHB LIV
ZaRdEdr, HAME A AR, EARSE
L, mHTEAR A G, A
phaP JA8h¥, FAPLBK#EEE THT, @i
BOEARL W P DS R etk 1, Al 3T
AR 99.1 /L BT IR RS RS, S84 TEWT X
] T RAE R E AT 1A, C. necator 7
RS N 7 T R B ) o SCERIESE, XA
A 3-# FE N IR (3-hydroxypropanoate, 3-HP) fY
RiEE, REWSLL 3-HP MME—iiFA K . it
G B 2R SR S B S e th 3 AR A
N R R 3L N (mmsAL. mmsA2.
mmsA3) M 1 DHEE B A B SR, Hof 3 Fhi
AMS 5 3-HP FERET. XRWLREE &%
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Pl ReE g B PR, AT ] 9840 A AL 1 A= ) A
PATT S8 B IA BT () i AL A3 . 28 BTk, X
C. necator WRFELAIEGE 5 FF AR e sl HAE R BE 1&
B AR S A AR TAR S Tz W
TR 55 T AT K
23 BEFARBRE

HPE 4 B O B (Rhodopseudomonas
palustris) /& — M EAEGAME , |20 Mm T
Je. THE. RATIRYY . KA R A
Reg L w B R g S Z MRS IR
KM, ZEBRREFIADGEE . DL COy AIRIR A
K, ] M A LAE il Fn, &
EREMNANALE Y BRI S &, BN
ML B W IRIGRERD) R, palustris BAG TS
Ferk, AT A AFRADLE AR, Fnf
B 2 e, oM 23 iy ARG =0 g H SR
HE 5 AL B 25 2 IR, e s I (e
WG BCRN IR 15 Gl Wy Ab 33 5 THD FR B R B 1) i
1.

X R. palustris 1) CO, [ 7 HL il 5 e 4 HL
i, EEIAE Y C BSOS W A Y
B S bR icE w8 A B, R
T HLALRE CO, [ 5E AR AL T LA 1 45
7 NADH Z5 545 n 8 1, J0m i B A 25
MR AR OE B, O TR SR HE ST, AT
$Eim COy BERCR; HHRAYHIHEAL(-0.8 V)Al
R AN AR E A S, JE— DT T
W5 CO, [5E M P RIZBERM, b, KT Co,
WA ML AR, B RE LA HH IR Sy o — B
Ui, R EER G B A RN 2T
T PRS2 CO, Wi s ANTE MR R ANSEE b
RO R A CO, AR, JE MU
PERY HCO; Bl PERREE 5 [RIIY, 40 11 A4 28 28 1A fi
A REAI CO, U B A, Wb ik s il A
RibBX $ /= 2 o] M, 10 B 5t St v
fifl CO, 5 AR RET], Wi 22 CBB fHA#K, M

T B i R S CO, MR ARMY, 13 R Bk i —
A A s Hoa A AL 2 A T . S TRl
TR R B B DR FH LR 9k 38 78« R. palustris
R 2, AR ZFA R, (HICHE R
M ULFLIR e — B s AR, CHELR S O .
BERR . H b A Sy A7 i A] g s R
TEZ IR [ I AEAE R IR OO, IZ L Je A
VR, [EEF e A AT, R B AR
PRSI AE,

KT R. palustris W, BT FEERET
YA, BFSERIT, ATH LR M v v
i I 4 H Al KA y- N PR Rpa3624, T
T Y A BRI A R A PR T
X4 IR AT AR Mk v, ATl L 4R R Tk
SRR VESRTEXT PP LT RE Sy, IR FEMR BT 4%
TR AR 1 g, WIhR Fe” YR 65 mg/L.
pH 4.0, i FE 45 °C, A 55 K% B 45 5 ) A
13.10 mg' !, B AT F T IO My et Ak
B, WAh, R. palustris GEAETCEATHRIEAE & A
P S5 T I R A A R b 2T, H e fi
TR RO A PGP R R A 328 R I R T,
3 AR S kA A A 3 5 T A R4 g
HiS

BRI YLYIALBRAN, R, palustris 6 0] FFH 7=
AW RS RE R . BFSE SR P, K CGAO009
REF AR B R B A 7 W) 45 i PHA, {H PHA i
I IR SR e 2% A W SR A 7 A BR A PR
¥ C. necator H16 1) phaPl %& [H v [ 2 28 1K
pBBR1-MCS2 J- %L & CGA009 H', W H{I 5k
ik phaPl JEPH, iV PR 21 A1 B T 78 A 4R R A
TURE LI A RS Y, S Ah, M sk
& HFEW R. palustris TIE-1 15 A 2 FE T B%
HRIR S, IR E A . PHB & A b i
G RGERIE, FELL -5 T RRBE M akiE . NHy
HRBHOCE FFRAMT, ET R &0k
(4.98+0.87) mg/L™, il ML R. palustris B[
R TR R EROR A SR [ AR O R
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H(Nif., Vnf, Anf), i#% LA Nif 3, Vnf Fl
Anf {UFEBRAESANT T/ 3RIK; 45 Vnf F1 Anf [T
BCsi e 7o i ik, nl AR AR R A KR
ST RERRZE ™ A, TS Tl 28 &
oV T AR R A R R T R AR TR AR 5
R. palustris A7 Bl TR 25 Hif (1) BREE 5 G IR]
2 B Rk, X, autotrophicus . C. necator
R. palustris Y] ] P\ 4 HE oy B AR AR, H
R. palustris W0 AL, X Alfe 5 H)E 756

#z1 REMHOBREHFIEXTEL
Table 1

AR, RS Tz . PREEE A AR R A G
1 3 MR B R 0 T AR IR | AT RE
Ji. BACEIRE 0 . AR AE L OCRAE
PRBEAE N 5 0 AT X (R 1), = F AR
WIHLEI S M SRR, X autotrophicus FIBITF
REEP T RE SHEE N RE S, &R
ANF AL 2 I (R RE ) . FAR SR K A e A
SIS AR N 5 C. necator HIWFSE £
RAET AR T 998 I 5 Bl S i 1% 38

Comparison of metabolic characteristics of typical HOBs

Parameter

Xanthobacter autotrophicus

Cupriavidus necator

Rhodopseudomonas palustris

References

Energy source

CO,, methanol, ethanol,
N-butanol, organic acids,
etc.

Chemolithoautotrophic
growth using H, as electron
donor, also capable of
utilizing various
heterotrophic carbon sources
in combination with nitrate

metabolism
Carbon Carbon fixation capability =~ Chemolithoautotrophic
metabolism with flexible metabolism growth using CO, as carbon
under different electron source; metabolizes nitrate
donors and carbon sources  and nitrite to optimize
growth rate
Nitrogen Nitrogen fixation capability Denitrification metabolic
metabolism (potential for agricultural capacity (reduces nitrate to
microbial modification) dinitrogen under anaerobic
conditions)
Metabolic Environmental stresses such High maximum specific
regulation as magnetic fields, electric ~ growth rate under nitrate
fields, and semiconductor limitation; allocates protein
materials; actively regulates resources on demand to
membrane permeability to  adapt to environmental
survive extreme conditions  changes
Key Carotenoids (pigments) PHA/PHB or SCP; balance
metabolites reducing power
accumulation under
anaerobic conditions
Environmental Degradation of High-density fermentation of

applications &
potential

environmental pollutants
such as toluene and DCE
(closely related to
environmental remediation)

SCP; applicable for treating
3-HP and heavy metal
contamination

Photoautotrophy (CO, as
carbon source) or
photoheterotrophy (obtaining
energy and carbon from
organic compounds)

Strong carbon fixation
capability; metabolizes
organic acids and lignin
degradation products

Nitrogenase-related proteins;
possesses photosynthetic
nitrogen fixation capability
applicable for nitrogen
production optimization
High metabolic flexibility
under illumination (can
regulate photosynthetic
electron transfer rate);
thylakoid membrane
structure limits CO, diffusion
PHA production under
optimized conditions;
N-butanol synthesis and
high-efficiency H, production

Degradation of azo dyes
(e.g., methyl red); enhances
Fe*" adsorption capacity
through modified lignite

[15-18,26-28,38-39]

[15-18,26-28,40-41]

[24,28,46]

[17,19-20,30-32,41]

[25,36,38,45]

[21-22,25,36-37,
43-44]

P4 actamicro@im.ac.cn, 7 010-64807516



B S | UZEIEER, 2026, 66(9)

4427

BLA, 3 EC e % RE 5 A (40 PHAL SCP,
PHB) } 52 2 558 T (W 8 300 F 3% -5 R V) 4ok 78
R. palustris B FA FGHE R AT OL AR K
-2 25 A ) FDGARR B At 4 8=, AR Gt
55 2 B St A HALE R I, 35 CO, W 4h 5 [
A, N HEW, SHEYASEREBERE
J1, AHEART 444 2255 . X, autotrophicus 7]
Tolk s e ab B, AR T 2T Qe b 5
C. necator A5t I HEAC Tl A= P2 B AR E 67, 7T
A PR AR A2 SEES Ye IR f% 5 R. palustris
IR R I E ), AT R
ZAE T T B IG BATE . 7 N E R WA
Ji1H, X. autotrophicus & WA W) I 7 ¥ 22 A
Bt 5 E IR KT 5 C.onecator &5 JEY)
SRR AR, B4 B R . SCP 44k
2, BRSO Tk A AR W A 7 b 5
R. palustris WKFCIEA XS ad 72, 35 3 B IR & 14
R, AR OR BT 2R K A 2R I 5 ) S8 A ik
s

3 HOB it Wi /&
HOB [ EH{E P BAEIR R . USRI

[ B R R AL TR S SR T A A A 2 R IR
AR TR R R i) 24 T A A 5 T A A O

R ANTEMRBUS RIS LA

Table 2 Comparison of six strain engineering strategies

TR O O e U s @ N 2 LS e e e P Uy L
HAGM g JEE % REbEmREl . 24
EARHTLL S M E - MR S S 0T R T — %
51135 Ji HOB JF 48 1 T bk BICHE S W (35 2), X 8%
7 S AU RE 1 3% 5 A 40 1 AL SR T T
WS THARIERL, R S Tl AL I & F
FEAR AL T W6 AR5 St
3.1 [FREEAFXL

I 3% JES 455 40 90 T g i 2 A e 2
HIH AR T EAR R, MBETTIHE R . i
I EE B R G AW R T AR T, SRR
HI T HOB 5[4 B U RERE R ST HEIR R L A
A T AR A . SEHA R A . 25
FEWPER B 3 A BRSPS T HOB 2
AR AR AR T 1
3.1.1 EETEMEHNESRIETHML

HEST R SE AT BRI R 5, BT AR
F 35 5 4 40 0 R AT TR AL ks o B RE . R T
HOB 2R % | b5 iy, KIMLOkEZ
AT SEROAR AL IR T AR T L, [N I 5 i
R % R L T AR B S RS M
A BT RS . P I, SRR
it BETRZIETESZANDREIAT, &
A5¢# HOB WIbREAL B TTIHA R

Strains Growth mode Key enzymes  Engineering strategies Synthetic products ~ References
X. autotrophicus ~ Chemolithoautotrophic Hydrogenase, Construction of gradient- Degradation of [15,18,47]
dehalogenase  copy number replicons and  chloroalkane/

strong/weak promoter haloacid pollutants;

libraries; XanthoMoClo biofertilizers

modular cloning; coupling of (nitrogen-fixing

carbon fixation and nitrogen inoculants); plant

fixation; functional growth regulators;

optimization of high-value pigments

dehalogenase; CdTe quantum

dot-microbe coupling;

expansion of substrate

spectrum

23
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Strains Growth mode Key enzymes  Engineering strategies Synthetic products ~ References
C. necator Facultative autotrophic [NiFe]” Knockout of CBB operons Bioplastics; high- [26-27,32,48-49]
hydrogenase,  and competitive branches; value chemicals;
RuBisCO co-expression of heterologous biofuels; SCP
RuBisCO chaperones;
expression regulation of
hydrogenases (MBH/SH);
carbon flux redirection;
global reprogramming via
ARTP mutagenesis; precise
engineering of multi-omics
identified targets
Hydrogenovibrio Obligate Multiple Synergistic expression of Bioplastics; high- [50]
marinus chemolithoautotrophic RuBisCO multiple RuBisCO isoforms; value solutes;
isoforms construction of salt-tolerant  biofuels
chassis; regulation of
metabolic flux distribution;
engineering optimization of
promoter elements;
enhancement of carbon
fixation modules
Acidithiobacillus  Acidophilic Hydrogenase,  Activity enhancement of Biohydrometallurgy; [51]
ferrooxidans chemolithoautotrophic sulfur oxidase hydrogenase and sulfur heavy metal removal
oxidase; engineering of from acid mine
extreme acid-base and heavy drainage; magnetic
metal resistance; nanomaterials;
optimization of energy barium sulfate
metabolic pathways; crystals
development of genetic tools;
improvement of oxidative
stress tolerance
Paracoccus Mixotrophic Formate Enhancement of Environmental [46]
denitrificans dehydrogenase, heterotrophic nitrification- governance;
RuBisCO aerobic denitrification (HN-  bioremediation;
AD); engineering of formate degradation of
dehydrogenase; optimization sulfonamide
of pollutant degradation antibiotics and
pathways; engineering of polycyclic aromatic
restriction-modification hydrocarbons;
systems; synergistic carotenoids; PHB
regulation of carbon and
nitrogen metabolism
Rhodococcus Dual NAD'- Reconstruction of Biofuels; PHA; [52]
opacus chemolithoautotrophic reducing photosynthetic metabolic fine chemicals
and heterotrophic hydrogenase,  pathways; precise coupling
RuBisCO of hydrogenase and carbon

metabolism; knockout of
competitive metabolic
branches; functional
enhancement of whole-cell
biocatalysis; balanced
regulation of carbon fixation
and energy storage metabolism
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Figure 2 Genome editing technologies developed in Cupriavidus necator H16 (adapted from reference [53]). A:
Gene knockout via homologous recombination; B: CRISPR/Cas9-based genome editing; C: Genome editing via

Tn5 transposition system; D: Gene knockout via Cre/loxP system; E: Gene knockout based on the group II

introns.
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Figure 3 The ARTP mutagenesis method developed
in  Cupriavidus necator HI16

reference [49]).

(adapted from
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Figure 4 Schematic diagram of autotrophic metabolic pathways in Cupriavidus necator H16 (adapted from

reference [58]).
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Figure 5 Schematic illustration of the microbe-semiconductor hybrid system for efficient photocatalytic fixation

of CO, and N, (adapted from reference [20]).
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*3 HOBHEZENH ¥ RER
Table 3 The main applications and developments of HOB
Product Strains Fermentation conditions Cultivation Titer Process limits & mitigations References
period
PHA Cupriavidus Autotrophic cultivation 80 h 36 g/ Limit: low cell density in [63]
eutrophus with H,:0,:CO, (7:2:1) chemostat, high mass transfer
B-10646 in the recycled-gas requirements for H,/O,
closed-circuit culture Mitigation: two-stage batch with
system nitrogen limitation achieved high
cell density and polymer content;
gas mixture recirculation improved
substrate utilization
PHB C. necator Cultivation with formic 63 h 58.5¢g/L  Limit: O, transfer limits growth [64]
DSM 545 acid and acetic acid in Mitigation: acetic acid is directly
fed-batch fermentations converted to acetyl-CoA; linear
growth phase extends biomass
accumulation
PHB C. necator Cultivation with waste 48 h 66 g/L Limit: exponential feeding alone [65]
DSM 545 caused over or under feeding due
to parameter inaccuracies
Mitigation: novel three-stage
strategy maintained substrate
within optimal range
L-threonine Brevibacterium Cultivation with 44 h 12.14% Limit: pH drops during [23]
flavum glucose, peptone, beef (yield, fermentation due to metabolic
extract, and yeast g/100 mL) byproducts; high pH control
extract in batch increases ammonia cost
fermenters Mitigation: optimal conditions
determined via orthogonal design;
maintaining pH at 6.0-7.0 is
recommended to save ammonia
costs with acceptable yield
SCP X. variabilis Cultivation with 72 h 0.6 g/L Limit: energy-expensive N, [24]
NFM-97 and H,:0,:CO,:N, fixation reduces biomass yield
Shinella sp. (10:2:10:78) in sealed compared to NH,"-based HOB
NM-101 bottles Mitigation: coculture with
heterotroph enhanced growth and
protein quality via metabolic
cooperation
N-butanol  R. palustris Cultivation in batch 10d 4.98 mg/L  Limit: deleting acetyl-CoA [45]
TIE-1 cultures under consuming pathways diverted
photoheterotrophic or carbon to acetone (byproduct),
photoautotrophic lowering N-butanol yield
conditions Mitigation: deleting the electron-
consuming N-fixation pathway
created a more reduced
intracellular environment,
enhancing N-butanol production
and carbon conversion efficiency
(155%)
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Product Strains Fermentation conditions Cultivation Titer Process limits & mitigations References
period
H, R. palustris Cultivation with Upto212h ~16 mL/h Limit: overexpression of [46]
CGA009 glycerol and glutamate alternative nitrogenases caused a
in batch bioreactors metabolic burden
under anaerobic Mitigation: applying non-growing
phototrophic conditions conditions reduced competition
from cell division
SCP HOB Autotrophic cultivation 90 d 24 g/L Limit: Low productivity [66]
community with H,:0,:CO, (0.08 g/L/h) due to predatory
(65:20:15) Bdellovibrio (33% abundance)
Mitigation: high dilution rate
selected for fast-growing
Sulfuricurvum spp. (97%
abundance), achieving stable,
high-rate SCP production
SCP NF-HOB Autotrophic cultivation 19.2d 23 gL Limit: 0y>2% inhibits nitrogenase  [2]
community with H,:0,:CO,:N, in start-up; low N, fixation
(92% (59:19:7:15-50:25:8:17) efficiency wastes nitrogen gas
Xanthobacter)  in airlift reactor Mitigation: two-stage gas supply
reduced start-up lag from 20 to
4 days; CO, conversion
efficiency>25%
SCP C. necator H16 Autotrophic cultivation 35h 72 g/L Limit: heterotrophic inoculum [67]
with H,:0,:CO,:N, caused 10 h lag phase; foaming at
(70:10:12:8) in a high cell densities
custom 300 L Mitigation: enabling modified
pressurized deep-jet strains to outperform the wild-type
bioreactor with higher rates at later time
points
SCP C. necator R3  Autotrophic cultivation 5d 13.8 g/L  Limit: low CO, fixation efficiency [49]

Wlth Hz:OzICOQ
(7:1:1-7:2:1) in fed-
batch fermentations

limits SCP productivity
Mitigation: multi-omics revealed
key upregulations; synonymous
mutation in lysine-tRNA ligase
enhances translation; process
optimization maximized
performance

4 k5 REIT M

41 HfEER5REE

HOB {1 A F7 AR AR H, A fE B R 11t
TR, {E Hy B 40 BRRE PR R0 Tl R SR Al ok T
AU MERT . —J7 T, Hy M2 R, Hy 727K
VTR B U i A I (20 °C L 101 kPa T ACH

1.6 mg/L), gttt = A ¥ O A 0 SO A T
FERCRAL, REOG IR TR B RS Hy
We B2 AL T HOB U oK, K Hy AH
B, FRAL T ABeF A0, EaneliiR 7Y ;
T3 —TJi T, Ha 09 5 8k 2y R ety ol )™ 1 1 28 42
P, Hy MR KEM R R 4.0%-75.6% (1R F14
), TEEMEFRE R Y52 IR EEIR
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