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From C1/C2 feedstocks to single-cell proteins: biomanufacturing
routes and challenges

QIU Jing"**, WANG Qinhong'”, DAI Zongjie'**", MA Yanhe'”

1 State Key Laboratory of Engineering Biology for Low-Carbon Manufacturing, Tianjin Institute of Industrial
Biotechnology, Chinese Academy of Sciences, Tianjin, China

2 Sino-Danish College, University of Chinese Academy of Sciences, Beijing, China

3 National Center of Technology Innovation for Synthetic Biology, Tianjin, China

Abstract: As efficient and sustainable proteins, single-cell proteins (SCPs) demonstrate significant
potential in alleviating the constraints of traditional agricultural resources and reducing the carbon
footprint of food manufacturing. Low-carbon C1/C2 feedstocks, such as carbon dioxide, methanol,
and acetate, offer distinct advantages, including broad availability, low costs, and minimal carbon
footprints. However, the assimilation of these feedstocks and the accumulation of proteins are still
limited by key bottlenecks such as poor host cell adaptability, imbalanced metabolic flux
distribution, and inefficient energy supply. In recent years, remarkable progress has been achieved
in the discovery, evaluation, and rational engineering of host strains for the efficient bioconversion
of C1/C2 feedstocks. The application of synthetic biology, metabolic engineering, and laboratory
adaptive evolution has enabled the continuous improvements of the strain tolerance to C1/C2
feedstocks, assimilation efficiency, and intracellular protein accumulation capacity. On the basis of
these advancements, various SCP production processes utilizing C1/C2 feedstocks are gradually
advancing toward pilot-scale and industrial applications. This review systematically summarizes
the strategies for constructing chassis cells that efficiently utilize C1/C2 feedstocks, key metabolic
engineering technologies driving efficient SCP production, and the current technological and
industrial status of SCP production from different C1/C2 feedstocks. Furthermore, it discusses
challenges related to energy efficiency, nutritional quality, safety, and downstream scale-up, aiming
to provide a theoretical foundation and technical reference for the sustainable development and
industrial application of SCPs produced from C1/C2 feedstocks.

Keywords: C1/C2 feedstocks; single-cell protein; synthetic biology; metabolic engineering;
industrialization
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Figure 1  Overview of single-cell protein production from C1/C2 feedstocks. The production of SCP from
C1/C2 feedstocks is primarily achieved through the assimilation of carbon dioxide, carbon monoxide, methanol,
formate, acetate, or ethanol by bacteria, yeasts, fungi, and microalgae. Metabolic engineering strategies have
successfully integrated heterologous C1/C2 assimilation pathways into conventional microbial cell factories. To
date, synthetic pathways with enhanced carbon assimilation efficiency and reduced energetic requirements have
also been developed. The performance of these C1/C2 feedstocks SCP producers can be further augmented
through evolutionary and gene-editing strategies, as well as coupling with electrochemical technologies.
However, the industrialization of SCP still faces critical challenges regarding scale-up fermentation optimization,
downstream processing development, regulatory approval systems, and market penetration. SCP: Single-cell
protein, RuMP: Ribulose monophosphate pathway; rGly: Reductive glycine pathway; CBB: Calvin-Benson-
Bassham cycle; ACS: Acetyl-CoA synthase pathway; ACK-PTA: Acetate kinase-phosphotransacetylase pathway;
MES: Microbial electrosynthesis system; ALE: Adaptive lab evolution; HTS: High-throughput screening.
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Table 1 Evolution strategies for improving C1/C2 feedstock tolerance of strains
Ccl1/C2 Strains Evolution strategies Results and achievements References
feedstocks
Carbon Synechococcus Gradient ALE from 5.0% to 20.0% CO, Identified potential key genes: pbs4, pyk, [23]
dioxide elongatus PCC7942 dnaA, MutS
C. autoethanogenum Chemostat ALE at 23.0% CO, in a Identified potential key genes: perR, [24]
bioreactor gerKA, prfB, thrB, argR
Desertifilum sp. Gradient ALE from 5.0% to 15.0% CO, Increased chlorophyll a, carotenoid, and [25]
enhanced antioxidant systems contribute to
CO, tolerance
Nannochloropsis Stationary and gradient ALE from 6.0% Mutations tend to be directed toward light- [26]
oceanica t0 99.0% CO, harvesting proteins
Cupriavidus necator Atmospheric and room temperature Identified key mutations LysS (C437T) and [27]
plasma (ARTP) mutagenesis combined key gene gapdh
with strain screening under atmosphere
of Hy:0,:CO, at 7:1:1
Formic Methylorubrum Gradient ALE from 30.0 to 90.0 mmol/L Identified key genes: METAI 0287, [28]
acid/ extorquens AM1 sodium formate METAL 3027, METAI 3028, METAI
formate 3029, METAI 1261, METAI 1418,
METAI 2965
Y. lipolytica Gradient ALE from 4.0% to 6.6% Identified key gene F#/1 [29]
formate
E. coli Stationary ALE at 60.0 mmol/L formate Identified key mutation /lacO (G8A) [30]
E. coli Stationary ALE at 90.0 mmol/L formate Inhibition of acetate metabolism is [31]
beneficial for improving formate
metabolism
Vibrio natriegens Gradient ALE from 20.0 to 140.0 g/L Identified potential key mutations: fumA [32]
formate (A44E) and sdhC insertion
Chlamydomonas Gradient and stationary ALE from 50.0 The alleviation of formate inhibition is [33]
reinhardtii to 60.0 mmol/L formate associated with increased carbonic
anhydrase activity
E. coli Gradient and stationary ALE from 70.0 Identified potential key genes: ptnAB and  [34]
to 120.0 mmol/L formate thr4
S. cerevisiae CRISPRI library screening combined Identified key genes: RPL33A4, RPL30, [35]
with the “Scan-o-Matic” platform RPLS5, RPS3, TIF5, TIF34, TIF35, RVBI,
RVB2, SNF2, SNF6, SWI3, HSF1, YPII,
SEC23, SEC24, RPTS5, RPNS, RPT3, RPT4,
RPN7,RPNI2
Methanol P. pastoris Stationary ALE at 5.0% and 7.0% Identified key genes: PSRI and BFA1 [36]
methanol
E. coli NTG mutagenesis combined with Identified key genes: rpsL and rpsQ [20]
gradient ALE from 1.0 to 3.0 mol/L
methanol
Rhodotorula Stationary ALE at 3.0% and 3.5% Carbon flux toward the biosynthesis of [37]
toruloides methanol glycerolipid-related metabolites was
regulated
Methylobacterium Gradient ALE from 0.5% to 2.5% Identified key mutations: metY (F36L, [38]
extorquens methanol S383L) and a premature stop codon in kefB
S. cerevisiae Cyclic ALE between 0.0 and 2.0% Identified key mutation in YGR067C and  [39]
methanol key genes AHD2 and ACS1
P. pastoris Gradient ALE from 6.0% to 10.0% Identified key gene PET2 [40]
methanol
Corynebacterium Stationary ALE at 15 g/L methanol Identified key mutations: ¢gl0653 (G1256 [41]
glutamicum A) and cgl0833 (C1439T)
Acetic acid/Halomonas Gradient ALE from 20.0 to 120.0 g/L Enhanced flux of the TCA cycle and poly- [42]
acetate bluephagenesis acetate (3-hydroxybutyrate) biosynthesis alleviates
acetate toxicity
(F¥8)
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(E=.3))
Cc1/C2 Strains Evolution strategies Results and achievements References
feedstocks
S. cerevisiae Gradient ALE from 3.0 to 12.0 g/L acetic Identified key genes: HSF'1, SKN7, BAS1, [43-44]
acid WARI, ASCI, GPA2, RAS2, and IRA2
Chlorella vulgaris Gradient ALE from 30.0 to 45.0 mmol/L Acetate stress simultaneously improves [45]
sodium acetate carotenoid accumulation and wastewater
treatment efficiency
Papiliotrema laurentii Gradient ALE from 0.7 to 1.5 g/L Identified key enzyme: glucan 1,3-B- [46]
sodium acetate glucosidase
Saccharomyces Stationary ALE at 0.6% acetic acid High concentrations of acetate trigger ACS [47]
pastorinous expression
Y. lipolytica CRISPRI library screening Identified key gene: YALIl F12842g [48]
S. cerevisiae CRISPRi/CRISPRa library screening Analyzed mechanisms of Pdrl and Yapl in [49]
acetate tolerance
Ethanol  S. cerevisiae Cyclic ALE with increasing ethanol The evolved strain significantly accelerated [50-51]

shock

S. cerevisiae
shock

Cyclic ALE with increasing ethanol

wine fermentation

Identified key mutations: cyr! (A1474T)  [52]
and usvIA
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b5 5 g 1P, 22 S - 95 2 R G 25 (serine-
threonine cycle, STC)BEHF H FR A by il — 14 T 11
REWR, JF7E R e A A ny 35 FE A 58 T 5L LA
PRIEH AR, v [ B o R DY P
4 i (formolase, FLS) & 4%, 1 A T35 1T fi
FLS W —Behic il L4 [, Jfalal 5 4B h %
oSN 3 T 1 e X N TR BN RN AW i
S P TE A B A AR R AR A 5K Bl 0 7R
3.0 kcal/mol DA |-, A% 52 07 v R4 I ) gk A 51760
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Wi A 4 i (synthetic acetyl-CoA, SACA) & 1%,
M X 20 WA AN 2 B R i A T T BE
IR TR R E 50%, HiZi& 7 EA S
ATP | RN B E LR, soh, fha3
T B A 1 B e (AL A et LAV ) was
B AR BRI feags £ B4
224 B

IR RARECR Z B U7 . AR AR £
Y&zt S A CK S A DO S 71
2 7 5 Re f AT R g vk A A TR ek s
JE LI TR = ORI S 4T A BRE T A
LI

KEB TN A RENE L R Ry P — R R
AR, BT BRI EIE N om,
B Bls Wi R ) O RAR B B R, it —
M3 ik ACS 3 ACK-PTA & #2544k 2 Tk il Tl
A HEAZTETRIEI . TCA TEFRLL R e w7,
ACS X O A B mpysE iy, (HRH
YLHFE 2 1> ATP; T AR 4R 3 #1717 ACK-
PTA IRARAUTFE 1 4> ATP ENRESE I 4R & £ Tt
iR A B[R AR R AR [ Ak & 42 ACS AN
ACK-PTA HHCHE I FRI8 K-, SEBRGR R P ]
FIH L B £ T R A 0 58 PR S R T~ icIR
A SEEL 2 R G AL R ) K 50521 gesh, ]
T AT A S AGE T R A T 3R KT £ T TR
I TCA R &, LU A E D A Ko
PR B R R e R ] 2 AR R ORI FH B
FENER, 1 7 FLROU™H 10 43+ ATP, H
I i it 3R 3k pek fE#E ATP FRA O . 51 A
pntAB F1 fdh F T NADPH FiA= 2543655 T FL 5 g
BT A RO AE R AN S, AT 2R R A ) A
R T
23 kBN ERRRRTTE

HIRMNE AR SRR RELR, X
NG TT R, SN &
5 U ESE (A 2). X T E AR, 4
JRLRE B B2 TH AT A0 i U5 . A R AR IR e 3
H AR A 8542 rh i T R I 412 2 ffkc il £ 1) 8 11

AR A, Hong 250058 1o f bk Jal e e £
Tii(F usarium venenatum) R A it BE LT A Tl
Chs3 FEN, AMURFE S T M E RS =,
AT BRI BRI T 40.0% . 78 R BB (S.
cerevisiae) "', W BR TIR4. SBE2. SBE22.
ECM25 LISSAL A MIEE S A%, [RIRERS 8 o
P T A BRRAE N, WM E A A RS
21.6%, ML, Gao “5IBOME UL R RF
Hh S T SR T b 20 A AR 1) OC B
S PAS_0305, H1S R I AR NG S E R i
ARSI AR T ILT A, R
PAFME A TR EIE 67.2%., TAYmEAR
46.0% Ay F AR AR 77 AR

s Ak B Y B S W) ki R A R T 4
N KT 7E Meng SRS, i
RIRA AN A W 2 2R B S 0N 2 —
PR R T R SR A 45 . SR 1 B U4
LR S RS . SR, AR
WA I 45 T BE A B AR ) AR 2R 52 IR KU
BEMTE—E R FRECR A E TR, S
R0 L AR A 3 i X6 2 1 o A 2 4 5 R R g
71, [RIREROA g — R A RS . N, TETR
WIERE(S. cerevisiae) ik ik GICT Ml 40 f-&
R, B CLN3 DUEK AN 240 G 1,
Y aT S SR AH MR AR B3 I, NN S 2R B R R
ety N OB R T A 13 7 N= b 373 A5y S |
(high osmolarity glycerol pathway, HOG )3 1 L) Vi
a7 A SR AW N E IR G sy 7 N Wi e &
PR fr AL B AR, LR 1 AR T 16.0% ™,
Lee 0@ 1 M EMLIA AR A HE 1) PAN2 2875 1K
BT T R RBIE SR S mRNA FEr:, &R
FRE 16.0%. IEAh, sk GON4 LRGSR i
WRELRR B r AP, HARTE SCP A iy i
T3, AR B B AT el vy 2 T 4 B R T B (P
pastoris)F TR A PR KOEH R 2.6 451

¥ #% 4 H& MR (branched-chain amino acids,
BCAAs)/E& SCP e & AN A REFF PR 5
HEEH oy, HAS EKF B SCP 1L ))& 57
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Figure 2 Metabolic engineering strategies for optimizing single-cell protein biosynthesis. In terms of carbon

metabolism, redirecting carbon flux toward protein synthesis can be achieved by disrupting non-essential carbon

metabolic pathways. For nitrogen metabolism, reinforcing the expression levels of key pathway enzymes and

optimizing inter-amino acid conversions provide sufficient substrates for protein biosynthesis. To enhance the

protein quality, promising strategies include strengthening branched-chain amino acid biosynthetic pathways or

de novo designed proteins with high BCAAs content. Furthermore, global regulatory approaches, such as

blocking the HOG signaling pathway, increasing cell volume, and enhancing translation efficiency can be

implemented to achieve efficient protein accumulation within the strains. SCP: Single-cell protein; AA: Amino

acids; HOG pathway: High-osmolarity glycerol pathway; BCAAs: Branched-chain amino acids.

MBS RS SR, KIRGEY)
R PR BCAAs 15 BUAE 1 SHAE N A 1 P Y
FO A3 38 2 BR T A E o IS . B st ] 9 4
LR it s 2w R . it iRk BCAAs
RIS BRI KRG 1v3 R IKAKF, 2Tt o-
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M5O . o-fi-B-H IE IR LN, JFEE G A
TSR BCAAs H 8 (A Y i K- 3k
e P E S 9.8 mg/100 mg AY = K SF
BCAAs B &, A Lk B A= 8 5 bk ™ & 42 T+
26.4%2, AL, PR T TR A A A R
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S5 B 2SR =R BRAGE LAF- 5 A AR AR 7
WA R BCAAs &5 SCP 77 i A 4%
TR,

24 SEAREKREKKRESSEE
ik

AR L ARG L A2 4 AT
TR Z AN AT L SCP Az 7= (1 G B BRI 5 . A
b2 h, dia bl Sid et JF4L
e 38 O 3 R R ) AR IR AE Y s, MU RERE
AT R PR, b ] O I SRR B TR G DA
FACH AR Re i R s SRS W
FHEYHEAL RIS B HG S AN AR | IR R F T
& (atmospheric and room temperature plasma,
ARTP) 48 | LA 50 &m0 il 500 o8 T g 14
ALE 555 38 o8 4 J5 DR 41 0 1RO 8 AR A5 i 45
G R TR, AR mERE ) A R E B
JIL AL PN AR R Y DG E R 5 SUTT . CNM67
PAN2, CCT4, [RIIIESE R 5 0 7 Tk A i ¢
BB, AEMREVENERY KA RE
| 00.94-95]

NI R R AR, 2 X SR R T A
BT AL MEMER EE R TR . SR, I
1 BUE B 7 VA AR RCRAR T YRR, A
FEAN ] ) PR DB pildn, ILRE Z0E T
SRR S A N 1 o 1 R 2 7
(bicinchoninic acid, BCA)J% . % 2 i i is &
P A S F Al E R A HLITER s
FERAR RS BE SR 5, HLERSRE S B 2 BT
250 12 min, I, Lin ZCEETF0Em,
R HT RNA G K gt 2043 Ve AR S 91 iy 2 14 o
B R R D, E— 2D X RNA
R TS A AN M A A R, BROR
FEJE b2 i i BRI TR T o7 sl L

3 CUICQ R AEFRamEE
& IR

Har, #iHT SCP A=) C1/C2 Yt $h

AE—AE (A e . — %Ak . H5E).
WA—RAEH (PR HR)M kb &% (2
M. OB, IE—miaY EZRIE T AR
BHRBE . BT AR AW ASE, HAe
TR sk R T A A e M A R A R R A
MIZTN, dla G A S e . Bk AL
ok . AR WAL AR A AR P IS — B A
TR EWTE CUC2 IR K EE T B B
WrEc, SO HEIBNC I & ZHOCHER, %
ZAMIA PRI FHIX 2L CL/C2 IRIA: ™ SCP.
3.1 8585 Cl1ERMEFRARER

3.1.1 EEEYEEK

e A1 ] B e Ak — Ak T
A, X TR RA B i 2, o
BT Z T A ARk A2 SCP Y AIE ST
GO TR A 20 TR, HEAR S
HH T 40.0%-60.0%7% . Hier ek
e R it LA ven 3 1 B A B (o 50.0% DAL 4R i
T ). SR DALV S ERE SRl 4
NS H AR EA T 1 A BB oA, L Y
SCP Az A7), 2 i) FH e A 7 SCP
B g SRR e BRI . G R
DL S pH XA [ RS GIGEE Y SCP it HA K
(Rl SR, fE AT (1 fr R 5 7
W, PR T B ez UL Ak,
TR 52 2% 1) 200 R B 25 g ] B 5 el 2 11 JB A Ak
PEFVEYIRI I, KA 250t i — 254
TR R Y,

A A A g (hydrogen-oxidizing bacteria,
HOB)HI M Hy /M RERERIE, O M HL 73214,
PA K COp AE iR, & 7 H s 8 A 3] Bk fiE
S]] Hr, %Eﬁﬁ:%ﬁ%(Cupriavidus necator)
AT E R IR 70.0%, T 2R S Y
P by FAE PR S o, 2 — R EEAR ) SCP ok
PRI eAh, BT HOB H 4 & 201 W ke & ik
RES1, HWHH TR SCP MBS NIEY
() B g A P07 SR HOB 7 8% 5% e 75 238 A
Sy RER, R IR 7T ZE4E R — 2 1Y 7 LUARAIE
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T R R, (A5 4 A A A AR
TERRVER FR N HOB 157 %% B TR (A A2 00 B
ARHOS1) - Hgi ) 25241 Solar Foods A BV & T
7 HOB 774 Solein™ K 47 &, 4R (i
Eri ik 80.0% M,

LR W (C. autoethanogenum)S&: Fx A 54
€ CO Al CO M EYI Z—, ATLOK S C1 K
WAL R A R R 2 8, AN 2 iR A 2
LA i 2R R — e e o il . & ol
BREARE, NSXTFRIEN G0 A KRN
Bt A AL R AL B TG P AR OR R B2 e
2021 4F, i ER LR B R E IT SaEE
W el R AR ARG E, LT
CO | 2, T 1 B8 A 7 Wi g Tk A A= 6 B
FRAFTR 26—k b EoRbE = e U

B ¢ %8 1k TH (methane-oxidizing bacteria,
MOB) ] DL LA FVBEft o S — iR A= 1, Hrh i
FIEBR T (M. capsulatus)7E Tl & FHF SCP 4=
P2, AR AE 70.0% LR l
MOB . — & f A K& 18, 5/ hRERE
(Chlorella) . %% KT 1 J& (Brevibacillus) . %' /R
Y3 [ 1 (Ralstonia) 35 TUAE PR i A 2L 15 54
%, AR MOB M BefRil, idmete B9
AR B, B W LE SCP AR T 1Y B
J el 118-120]
312 [EESHEUAFREEL

W TR AR T . R AR A
#, WFFEEIBNREG 2 RHEOR TR — A
AT, it (I ™ £ R TR NG A 9 L B
Z 4t (microbial electrosynthesis, MES) &L S8 — 44
fbli SCP Wi s A . ANRIERE, 7 LRI
NHEHEANEN SCP Az, Tij2idid MES 7E M B
Bk B B AL A A R O, AR
W Bt SCP E 7 42 fI — Bk Bk U5 . 45 40 Molitor
SEUPUIE L PR B AR AR PR S . SR — B Bl
it B K SRR S A, [ SR
TERE ST e A A ™ A4 SR ERAE A
ACH =4, T 58 B B 405 35 i i) sl 2L
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B, SEELT 25.0% MfRIREE {3 Pan 25U
KT R — B 8 Ak - SR AL RIS, 7F
By B A R P08 A i (Alcaligenes) SCP, i MFSY
I FH v 23 2 A J5 S 30 5 0 e 22 ] G 4 e 1% 5 A
PG ER A o AN R T B B & B S 60 2
A A 4 T8 3 L T ) fE Ak v R A
FRRER A [ ks 17, R S A Al Ao ) s
SEO K K R4k 4 55 4R i (chemical oxygen
demand, COD) M A £Bx, LLLA HGTHI I (C.
necator) H16 ) SCP Az =131,

¥x MES 8, LI i) 4 SR Mt vT Lo 3o
LA RS 2 Fh—Tik SCP Y4E 7=, 1REG
A ¥ J6 Pl B A& L &R 48 (bioinorganic
electrosynthesis system, BIES)F| H A] FfAf 52 5 2
ML S 7 S B AR Ak B W B B i Ak, kT S
% MOB 1y SCP A==, 2ol , @3t BIES,
P22 B R IR A gk 38 0 AT A S5 30 PR e AR — 4R Ak
) SCP &3k 70.7% HRBRCE!?), i ER B
REETAME A=Y BARBSE ir sk B 38 A A 1Y Cu/
Cu,O HEAEALA, SCBL T A Ak id i 2] H st
PR R R R AR G, B R — R U R
IXzh — A Ak SCP b R 4c, Horb i pefs ik
RIKF) 9.2%100 i, T4 E - A HLAESR
AYH FEAR AL c-Cu-MOF SZ3K: — A Abirib bl
L, FH TR (S, cerevisiae) SCP 4 y%
ELSCH 4.8 /L AR B RIS sk se SR mg 14k
L B A 3l — S A mme A= e A A A= i i e it 1T
A 5 AR
3.2 RS CUC RE R MEEH

3.2.1 HEEH

PP i 2 B AR A — BB U, LR R ARG
o Tighn, HEASEREME, fehityt
KA AL e R R IR T, A B FRUEY A
E E‘E\:T[SZIN]O

HLAE 1986 4, HEE{#EHE PRUTEEN T.J H
T W L & (Methylophilus) = 7= 1 45 11 2 HE 17l
BRI 2001 4F, A2 2 20290 A - g v
O3 — R ELA W P RE R AL RE R RR, &
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B AR AL B o s 80.9%, W R FE AL Rk
41.5%, TE SCP A /=S AR AN 1. #
ZHAT, CA 2D L0 BE A BTk
U4 SCP, [ HTEER SR IERE(P. pastoris) L& K
SRIFEE[RIALRE 11, 7E 33 cCHR KM A& o S B
63.4 gL AW R, WE-T AW L5k
43.0%, BB SOHEERY . mHIYH
%*?%(Methylobacterium organophilum)lél‘] FEHR
TR 54.1%, WA RARENE bR G HGE
&, TEPBH Tl b AT T A D RE I AR AR T
FO Shi A Hp KT s 4 T IX R A
T IR AR AR, o A R T
(Methylophilus sp.) HN238, b7 & 3z 5 &
GBI LIk 44.1%, BT WHO HLE (1) B AR
HEE, Hizmw bk S5k 4k SCP akH ™
PRUTEEN X4 A K R IR S AH >
322 HREH

VAR, R W R A= W 2 55 ok A= Wil
TSR B, (EEE R B AR B R AR
AP SCP BYAH W FRATI R b o 2022 4,
Tong 5P RARGE T H B R & % SCP A HE AR,
12 AT BA DN - 338 v 43 2 1 38 ) 3R B (Paracoccus
communis) MAS TRPE, 38 128 3 R 241 2 i st 4
FRAEHAEA R R . AN R H i e B8 % % 2%
Y SCP A AL, IR SCP A= P-4 fit 1 B
WIS, ZABNS Cui FE0E— 2B A4, i
1H 3 FL Ak 2 4 R A 35 3 R 2R T (P communis)
MAS DLHTR . — B IR S5 B0 2.6 g/L A=Wy AR
R, WHREAR SRR 45%. K0, X1k
TSE2 0 £ H A2 a2 s 50 AL 2l g A L 7 Cu-Bi-
Os00, AIBF A ALRRE AR U R, AT HOB
IRA AR SCP HLfb2g by, JA LY a ks
10.5 g/Lo BbAh, Liu 5P —Fh gt @ 8 % T
2, MORSZLEERE(Rhodotorula glutinis) As2.703 it
FEVER BRI K T i IR A R A 7
TR BURNZEHI B N Y SCP, S B & IR 1
o WM . R, X SEhF 5T AR AR BT
HH, FEAEYEHEME A RS A FAE

—EZEW ., SRR, B B TR A
) R Ifply e e . ARt = i B R SCP
A A T R o

323 ZEREH

VF 2 A KR kAR AR,
FIFH 2R ACS 342 H1 PTA-ACKA #&4%, LI
F 2 B2 B Ada-Adh2 3R A2 4R34 IR i A 4%
F—BR AR R, R AR VR T B 0k i A A A
FIH.

Tl b 3 A F R B S b vk A R i Al 2 TR
R . bR T8 LA R s, #E—HEm T
Z.T& SCP W HEARA = WA o 3l 35 DRAATE AL Tl
JEKARIL 218 | S5 R & B B 2R R
Y, sSOREEMATAE OB, Mo ik SCP
A PEREAR G T B, HEr LR ke
) S PR TR Y [ BE (S, cerevisiae). Kl £1 W (R.
glutinis) . F=HIH & (Alcaligenes) 5 1K £ 1% SCP
A, AR AT =5k E 59.9% . 53.1%
1 80.0% 331351301 sk i | 57 BT 20 R ] iR
i, JE LBRIRERN LI, RRAY R
AR, Fem A 15.2 /L. IiE—85
KPR ATFRRLe ) SRR BLY RS, B8 24
T AT BATF At N — R S s e, 3 3 L A2
s B B ORISR P R, T R
AN . PERFEE A SCP A4 IdE AR, A3 3.1.2
ORI ARIAT BLE, A ARTEFR
324 ZEEH

SRk O R TR BN FE ATP AR, L EfEk
RO A Wt R b a] W] 20 A4 i NADH, H
HRE % B = TR AN, XHH OB L1
AR AR P R L s R E A
FEEU R BAE 1979 4E, Watteeuw 25137k
P T P2 e 22 BB (Candida utilis) R FH £ AP
BER AT SCP BT 1, 1996 4F Yech! S iiE
ST 4L R JE (Rhodotorula) ) % SCP A 77 1%
J1, B HETA A LA SCP A S5 1+
AR WA RGE, Wit MES $iRZ5 S
W FiAES RG0S 3.0 g/L AY FR I B2 B (S.
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cerevisiae) SCP ;= H®¥

A R 2 B R R A BT S B 11,0~
13.0 g/(L-h) (A F=sm B, IR0 &
(A 5 B ST G A ) R e i) AR K SR AR Bl H
=6 8, MEER T 15X SCP A7, {HA 4
T BRI . AT A A - Ry
FwEVEHU AN, Almeida Benalcaza %50
IR, 38T T CBEHTT Tolk 4k SCP
ali S R WERIBOR AT AT, S aE AR 7 ) R
TSRt TR T B S A

2 RFMCUC2EISCPE LI E STEE

33 ClC2 [ RpEF=eaMmmpEg~I
iz

Wt 25 4Bk AR 1 R RS K S5 R HE R
JIARWm, L CU/C2 A& J FRHY) SCP 7~
WAk C R L oufbis R, T ERITAE A
PR . ANERPH B RS R B, 2 X
AR TN R BT B AE A L

fE S ALAk SCP @ik, 75 = Solar Foods.
5% [ NovoNutrients LA S fif 2% Aerbio &4 1F 4
B AR SR R AR 1) B R

Table 2 Comparation of representative industrialization projects for SCP from C1/C2 feedstocks

Enterprise Chassis Carbon  Productivity Product Current status Advantages
source application
Shougang C. CcO Current: 25  Feed Obtained the certificate of Low cost: utilizing
Lanzatech autoethanogenum 000 t/a protein new feed approval industrial waste gas as
Achieve industrialized feeding
replication and rollout in
Hebei, Ningxia, and Guizhou
GTL Biotech Y. lipolytica CO, Current: 10 Feed Obtained the certificate of Electrocatalytic carbon
000 t/a protein new feed approval fixation coupled with
Factory Completed the industrial-scale high-density
under trial production fermentation
construction:
300 000 t/a
Aerbio HOB CO, Current: 2.4 Feed Completed EU feed ingredient One-step anaerobic
t/a protein &  registration fermentation
Factory pet food Conduct applied research on ~ Zero carbon footprint
under feed formulation in
construction: collaboration with BioMar
100 000 t/a The pilot production line has
commenced continuous
commercial operation
Solar Foods  HOB CO, Current: 160 Functional The product has obtained Good food processing
t/a foods & novel food approval in properties
Factory everyday  Singapore and Generally
under foods Recognized as Safe (GRAS)
construction: certification in the United
6400 t/a States
JingFuture P. pastoris Methanol Current: 10 Feed The demonstration line is High-density
Biotechnology 000 t/a protein operating stably fermentation
Factory
under
construction:
200 000 t/a
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Hrp Aerbio 23 &) i “Proton™ F= i J5 22 FLRI 1Y) 1Y
P AR PERE AR 10 J7 (141 H &Sk AL
TOE R R AT FR A\ T 2025 4RSS TR E
gk DL A A Sy Sk IR B DR ERHIE S, &
TEN S A TG A R HR I BE (Y. lipolytica)
SCP /Rige B, . B — S fLhk & T R 5N
B, AU ETE B BB e A PR B 2 HE AR
SRR B K — S Al B 1 A A 7 e
AR PR G 2.5 7t A T R B K
SEOSL B e B A O T, R () A PR A
T A A BRI JENE B BRI (M. capsulatus) T
SRR RS E P, AEPEREAE] 2 5 (1Y
F+4Z Unibio 28 FMKFEAAIAY U-Loop 2/ 4
SEE Uniprotein® 8K [ 1 sy 2 4011, W R 2R
G, FAE 1979 4F, S ICT A Rl B S B4R~
50t AR R, ek R AR 4 ) g 4]
2012 4, SURAE RIS H F R AR E il i H ik
M U-GAS S B 250, Ehoe itk sl
A ATHE TR B, 0 AR ST H R 2B
Wit 2024 4, ERRER R Tl AR
RIS AL e AR AR A IR A AL B
VU SE KA v R PRI BR R AL A PR B2 AT 23 W) i Bl
WAE ™ 10 J7 t 90 H B U5 I 1 2 1 A i T
JTUS 2026 4, R T A EAR B A A BRA
) E RS EEE AR S R, IR TR P
SR, SR, ZMigEZ EERN R, i
AP BB AR S R R Ak 1, 24K
I B TR B B, Flan, ERIERRIE IR
AW R A BRZA 7T 2025 4F 10 H S8 sk H
B (I H A2, BUTHAFE = g 9.2 J7 £,
K, ZREAFRELTEARGRNE, C
NIHE BAFEPR)N T YA AR A R A A
1) TR PR AN M AR A P IR & TR, DAL
TR BE IR R A FR A A 2023 4E A5 1Y) TR R
8 e P o ]

4 REHFRR

C1/C2 JiEY) SCP r= i 15 2% fi 2 (o % I 4

SR S R R A i T T LA W . A%
Hil FrtkrERe . A S ea e et
DL KR HME A L2 EHPRE, Cl/C2 JEY) SCP =
MrACHERRAT AT 22 07 TH B AR

w4y CUC2 KW AEREYE, Sl
ARKSEATA R, RS T 23 0 A
Z. KA BEARSE S HZ R
H AT AT T4 T PN AR B R AR TR R
WA A R AT B, REOKE T ) g o i % 7 R
S, R AR R A e AR A Y ATP FA
NidR, 5 CUC2 IRYIRe L% B AN [ Z R AE
WA Ry, A 2R 0 AR TR R R T R
AT AT I k2 PR AR o B B S W 2 B 9 SR A
Tl TR RIS SE 3 C1/C2 IRy SCP
AR, R HE— 2 C1/C2 ARG
T v A7 B T B P AR B ) R R OC B ) g
AN

RIURVE R SCP A= 110 55 — O IR, TRk
EREAERKHER AYRRRSEAR S S
J TR R HE N, R TE SCP =i 5 4 i
IR ORERZE, SRR BAR . AL
KA 25 S ms T O B o A e AR, 4R TR
B TR IR AL B SRR A, TR AR
AP A L W BB SRR KB . AR IE ]
T OCTEAR AR | AT A SR SO 1 R AR
FEARWIB A

M LA = R, R R RO
RORZIR . AEEFBRERmB  NEin TT 2
SZ7%, Iz /NN IE 20 A 7= B R RN
AN T SCP = DI AR A = HOXERE . AR
PRI R, KR CL/C2 AR I sh 2 a4
PR, Z5 Gl iR A ME, KA~ It
R TR PR Y E L, Fenib
TAR BHL™= S a A C1/C2 &Y SCP B AT &
M s, IESKFRARR AT . s, SCP
P NI T B AN M RE R . AR S A
THREE T A RRERE 5 AW i — 21k

HAEA T, BLRYBE SCP 44 AT & i ak
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TR R FR L I A L AR )
VTR, o AS TR FE A X AR S F bR v A A
NS EAEAE B 22 5, EE XTSRS SCP
P E AL R, e R RRRH T
HHE N . FEARSCECR IR R I, EERH™
T WA, KT DS 2 B A
Ja ) GRAS IEIR R, 575 A& 7N DNA R
LRI WA e, HLRCR B A R
RS RS S ZE, BECEAT TR
ORI TR R . H AR s ATk
b B FE R A 2 0P L B B R Y
MU HEAL S, A BOR IE 45 &R @& 4L T8 SR
DNA 19 5L K g 58 B D i oL R . LAk
I8 A LR X B 3 R B A A HE R OD B
XA BSR4 R R TR i A AR < AR R AR
B P LA B o T B A SRR W S R ) A6
BEAS PR MM, R ECT R T R
S, NEEahmEmmMasmel, Hit,
TE TR DR B T R R TR R, RE A
LI PEASHE S, fal £k AR E AL B s bR . TR
Y RGH T2 aH R, 51 SIEmEs | #2
T EF2EINFL, WA SCP M SE 86 % 5 7] 77
b A A A S 2 1) B PR

AN, A NTHERELEAR, BiEL
Cl/C2 JEYIRfbIEAE . ARG N & A R 2
BRI R 5 . T & T i 2 R e LA Y
TR IE SCP fUE YR ST I AZ O T ) .
P RE . fboF BB Z RE B AMW 24 A RE B LN
TR ZIEHEE SCP A MUSUCR MG fEd AT . RS
A il A O e BRI TR L R R
KT 2. W kS s fm —kibiit,
SAEMEBUR 5L MR, A BTN
SCP 1 R v] R 2 il i, DA o 98 3K [ 2
RS R, AR B A Sk A H bR sk
ES i

VB 75 B AT AEAT AT 1T BE 2 52 M 7S SC P i
HTAER DT RIS ALR

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

(v

b $RIMES, REICE, . B B
L HORA: PUES, RIS, WS8R D
EI‘D H 4‘\\1 IEEE;I\E%?EIE"?FO
{EEF &5 A FF AR

VR PRI AEAR AT Al RESSSEMA A STl i TAR
R E A s AR

Ar @

{13

Cl

B3k

[1] BAJARD MPL. Can future protein production meet
global demand[EB/OL]. [2026-02-13]. https://www.
feedandadditive. com/can-future-protein-production-meet-
global-demand/.

[2] Alves SJF, Pires EBE, da Silva Alexandre MA, do
Amaral Santos CCA, Martin JGP, Campelo PH, Martins
E, Eller MR. Single-cell proteins as alternative sources of
proteins and nutrients[J]. Food Research International,
2025,214: 116631.

[3] Orsi E, Nikel PI, Nielsen LK, Donati S. Synergistic
investigation of natural and synthetic Cl-trophic
microorganisms to foster a circular carbon economy[J].
Nature Communications, 2023, 14: 6673.

[4] Shi AJ, Chi MH, Zhu Z, Bai WQ, Cai JL, Chen LM, Li
DM. Screening and fermentation optimization of
Methylophilus sp. HN238 for efficient microbial protein
production using methanol[J]. Systems Microbiology and
Biomanufacturing, 2025, 5(3): 1050-1066.

[5] 2570, XUBL MURAS, ERE . U TRNGE CRIN 2

TS i HS FQ I B 3 BU(R)-3- ¥ 25 T R[)]. £t 5 A e T
Wk, 2026, 52(10): 166-174.
Li ZC, Liu Q, Dai ZJ, Wang QH. Metabolic engineering
of acetate-tolerant Yarrowia lipolytica for -efficient
production of (R) -3-hydroxybutyric acid[J]. Food and
Fermentation Industries, 2026, 52(10): 166-174 (in
Chinese).

[6] Qi X, Zhang Y, Tu R, Lin Y, Li X, Wang Q. High-
throughput screening and characterization of xylose-
utilizing, ethanol-tolerant thermophilic bacteria for
bioethanol production: screening and characterization of
ethanol-producing  bacteria[J]. Journal of Applied
Microbiology, 2011, 110(6): 1584-1591.

[7] Mukherjee V, Steensels J, van de Voorde I, Verplaetse A.
High throughput screening of yeast strains for desirable
stress tolerant traits for bioethanol production[J]. Yeast,
2013, 30: S206.

[8] Woodcroft BJ, Singleton CM, Boyd JA, Evans PN,
Emerson JB, Zayed AAF, Hoelzle RD, Lamberton TO,
McCalley CK, Hodgkins SB, Wilson RM, Purvine SO,
Nicora CD, Li CS, Frolking S, Chanton JP, Crill PM,
Saleska SR, Rich VI, Tyson GW. Genome-centric view of
carbon processing in thawing permafrost[J]. Nature,
2018, 560(7716): 49-54.



B %

WA=, 2026, 66(9)

4561

(]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[19]

(20]

(21]

[22]

Parks DH, Rinke C, Chuvochina M, Chaumeil PA,
Woodcroft BJ, Evans PN, Hugenholtz P, Tyson GW.
Recovery of nearly 8 000 metagenome-assembled
genomes substantially expands the tree of life[J]. Nature
Microbiology, 2017, 2(11): 1533-1542.

Feng J, Ma D, Gao SY, Liao Y, Feng J, Xu S, Wang X,
Chen KQ. Recent advances in engineering heterotrophic
microorganisms for reinforcing CO, fixation based on
Calvin-Benson-Bassham  cycle[J]. ACS Sustainable
Chemistry & Engineering, 2023, 11(26): 9509-9522.
Zhou P, Sun Y, Xu YB, Liu YP, Li H. Metabolic
engineering strategies for constructing methylotrophic
cell  factories[J]. Systems  Microbiology  and
Biomanufacturing, 2025, 5(4): 1371-1381.

Chen PR, Xia PF. Carbon recycling with synthetic CO,
fixation pathways[J]. Current Opinion in Biotechnology,
2024, 85: 103023.

Liu YS, Chu GY, Dong XM, Luo H, Mao ZT, Mao YF,
Yuan QQ, Ma HW. Systematic design and evaluation of
artificial CO, assimilation pathways[J]. Synthetic and
Systems Biotechnology, 2025, 10(4): 1107-1118.

Yang H, Huang B, Lai NY, Gu Y, Li ZM, Ye Q, Wu H.
Metabolic engineering of Escherichia coli carrying the
hybrid acetone-biosynthesis pathway for efficient acetone
biosynthesis from acetate[J]. Microbial Cell Factories,
2019, 18: 6.

Jo M, Noh MH, Lim HG, Kang CW, Im DK, Oh MK,
Jung GY. Precise tuning of the glyoxylate cycle in
Escherichia coli for efficient tyrosine production from
acetate[J]. Microbial Cell Factories, 2019, 18: 57.

Yang P, Liu WJ, Chen YN, Gong AD. Engineering the
glyoxylate cycle for chemical bioproduction[J]. Frontiers
in Bioengineering and Biotechnology, 2022, 10: 1066651.
Chiba Y, Sumida T, Kameya M, Fukuyama Y, Wakashima
T, Shimamura S, Kamikawa R, Chikaraishi Y, Nunoura T.
Impact of acetate on CO, fixation pathways in
thermophilic and hydrogenotrophic bacteria[J]. ISME
Communications, 2025, 5: ycaf227.

Sun MM, Gao AX, Liu XX, Bai ZH, Wang P, Ledesma-
Amaro R. Microbial conversion of ethanol to high-value
products: progress and challenges[J]. Biotechnology for
Biofuels and Bioproducts, 2024, 17: 115.

Liang H, Ma XQ, Ning WB, Liu YR, Sinskey AlJ,
Stephanopoulos G, Zhou K. Constructing an ethanol
utilization pathway in Escherichia coli to produce acetyl-
CoA derived compounds[J]. Metabolic Engineering,
2021, 65: 223-231.

Bennett RK, Gregory GJ, Gonzalez JE, Har JRG,
Antoniewicz MR, Papoutsakis ET. Improving the
methanol tolerance of an Escherichia coli methylotroph
via adaptive laboratory evolution enhances synthetic
methanol utilization[J]. Frontiers in Microbiology, 2021,
12: 638426.

Meng D, Wang S, Zhao K, Luo Y, Li X, Wang Y.
Improvement of acetate tolerance of Escherichia coli by
introducing the PHB mobilization pathway[J]. Applied
and Environmental = Microbiology, 2025, 91(5):
€02454-24.

Kuang W, Hong YX, Hu ZM, Xu P. Evaluating the

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

toxicity of methanol, formaldehyde and formate on the
growth fitness of Yarrowia lipolytica[J]. Results in
Engineering, 2025, 26: 105016.

Ma JJ, Cui YL, Zhou RL, Sun FJ, Zhang H, Meng CX,
Chen GF, Gao ZQ. Adaptive laboratory evolutionary
strategies and mechanisms of Synechococcus elongatu
PCC 7942 wunder high concentration of CO,[J].
Bioresource Technology, 2025, 434: 132789.

Heffernan J, Garcia Gonzalez RA, Mahamkali V,
McCubbin T, Daygon D, Liu L, Palfreyman R, Harris A,
Koepke M, Valgepea K, Nielsen LK, Marcellin E.
Adaptive  laboratory  evolution of  Clostridium
autoethanogenum to metabolize CO, and H, enhances
growth rates in chemostat and unravels proteome and
metabolome alterations[J]. Microbial Biotechnology,
2024, 17(4): e14452.

Ding WQ, Jin WB, Zhou X, Kang D, Li T, Miao YX, Li
X. The CO, gradient adaptive laboratory evolution of a
self-flocculating Desertifilum sp. in wastewater for
nutrient removal and phycocyanin production[J].
Bioresource Technology Reports, 2026, 33: 102498.
Wang ZY, Cheng J, Sun YX, You XX, Chu FF, Yang WJ.
Mutation adaptation and genotoxicity of microalgae
induced by long-term high CO, stress[J]. Chemical
Engineering Journal, 2022, 445: 136745.

Ma CL, Cheng XL, Wang YH, Chen K, Ma YH, Lin YP,
Guo K, Zhu ZG. High-efficiency CO, fixation and single-
cell protein production in Cupriavidus necator via ARTP-
driven metabolic rewiring[J]. Green Chemistry, 2026,
28(10): 4550-4563.

Mo XH, Zhao Y, Zhu L, Zhang CT, Liu Z, Ma ZX, Bao
K, Yang S. Adaptively evolved Methylorubrum
extorquens with enhanced formate tolerance and its
application in 3-hydroxypropionic acid production[J].
Applied and Environmental Microbiology, 2025, 91(9):
€02560-24.

Chen Q, Chen YH, Hou ZM, Ma YY, Huang JF, Zhang
ZD, Chen YF, Yang X, Zhang YF, Zhao GP. Unlocking
the formate utilization of wild-type Yarrowia lipolytica
through adaptive laboratory evolution[J]. Biotechnology
Journal, 2024, 19(6): 2400290.

Cowan AE, Hillers M, Rainaldi V, Collas F, Choudhary
H, Zakaria BS, Bieberach GG, Carruthers DN, Grabovac
M, Gin JW, Cawthon B, Chen Y, Turumtay EA, Baidoo
EEK, Petzold CJ, Feist AM, Tejedor-Sanz S, Kensy F,
Simmons BA, Keasling JD, et al. Fast growth and high-
titer bioproduction from renewable formate via metal-
dependent formate dehydrogenase in Escherichia coli[J].
Nature Communications, 2025, 16: 5908.

Kim S, Giraldo N, Rainaldi V, Machens F, Collas F,
Kubis A, Kensy F, Bar-Even A, Lindner SN. Optimizing
E. coli as a formatotrophic platform for bioproduction via
the reductive glycine pathway[J]. Frontiers in
Bioengineering and Biotechnology, 2023, 11: 1091899.
Tian JZ, Deng W, Zhang ZW, Xu JQ, Yang GL, Zhao GP,
Yang S, Jiang WH, Gu Y. Discovery and remodeling of
Vibrio natriegens as a microbial platform for efficient
formic acid Dbiorefinery[J]. Nature Communications,
2023, 14: 7758.

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



4562

QIU Jing et al. | Acta Microbiologica Sinica, 2026, 66(9)

[33] Jiang J, Li XW, Yang KG, Wang Y, Ye ML, Wang WY,
Cao XP, Li C. Formate for enhancing the growth of
microalgae and accumulating high-value products[J].
Algal Research, 2023, 75: 103261.

[34] Wenk S, Rainaldi V, Schann K, He H, Bouzon M, Déring
V, Lindner SN, Bar-Even A. Evolution-assisted
engineering of E. coli enables growth on formic acid at
ambient CO, via the Serine Threonine Cycle[J].
Metabolic Engineering, 2025, 88: 14-24.

[35] Mukherjee V, Lenitz I, Lind U, Blomberg A, Nygard Y.
CRISPRi screen highlights chromatin regulation to be
involved in formic acid tolerance in Saccharomyces
cerevisiae[J]. Engineering Microbiology, 2023, 3(2):
100076.

[36] Kim J, Seo SW. Enhanced methanol tolerance and
utilization in Pichia pastoris revealed by adaptive
laboratory  evolution[J].  Journal of  Biological
Engineering, 2026, 20: 3.

[37] Wei SY, Wang HY, Fan MX, Cai XR, Hu JP, Zhang RX,
Song BC, Li J. Application of adaptive laboratory
evolution to improve the tolerance of Rhodotorula strain
to methanol in crude glycerol and development of an
effective method for cell lysis[J]. Biotechnology Journal,
2024, 19: 2300483.

[38] Lee GM, Pham KN, Bang I, Ko S, Kim D. Integrated

genomic and transcriptomic insights into methanol

tolerance mechanisms in Methylobacterium extorquens

AMI, identifying key targets for strain engineering[J].

Journal of Biological Engineering, 2026, 20: 2.

Espinosa MI, Gonzalez-Garcia RA, Valgepea K, Plan

MR, Scott C, Pretorius IS, Marcellin E, Paulsen IT,

Williams TC. Adaptive laboratory evolution of native

methanol assimilation in Saccharomyces cerevisiae[J].

Nature Communications, 2020, 11: 5564.

[40] Wang S, Wang YY, Yuan QY, Yang L, Zhao FG, Lin Y,
Han SY. Development of high methanol-tolerance Pichia
pastoris  based on iterative adaptive laboratory
evolution[J]. Green Chemistry, 2023, 25(21): 8845-8857.

[41] Wang Y, Fan LW, Tuyishime P, Liu J, Zhang K, Gao N,
Zhang ZH, Ni XM, Feng JH, Yuan QQ, Ma HW, Zheng
P, Sun JB, Ma YH. Adaptive laboratory evolution
enhances methanol tolerance and conversion in
engineered Corynebacterium glutamicuml[J].
Communications Biology, 2020, 3: 217.

[42] Zhang J, Jin B, Fu J, Wang ZW, Chen T. Adaptive
laboratory evolution of Halomonas bluephagenesis
enhances acetate tolerance and utilization to produce poly
(3-hydroxybutyrate)[J]. Molecules, 2022, 27(9): 3022.

[43] Salas-Navarrete PC, de Oca Miranda AIM, Martinez A,
Caspeta L. Evolutionary and reverse engineering to
increase Saccharomyces cerevisiae tolerance to acetic
acid, acidic pH, and high temperature[J]. Applied
Microbiology and Biotechnology, 2022, 106(1): 383-399.

[44] Salas-Navarrete PC, Rosas-Santiago P, Suarez-Rodriguez
R, Martinez A, Caspeta L. Adaptive responses of yeast
strains tolerant to acidic pH, acetate, and supraoptimal
temperature[J]. Applied Microbiology and
Biotechnology, 2023, 107(12): 4051-4068.

[45] Meng WZ, Liu EH, Ma JH, Su YX, Hu JY, Liang XM, Fu

[39

—

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

WQ. Enhanced acetate tolerance and resource recovery
via adaptive evolution of Chlorella vulgaris for
sustainable  upcycling of organic  wastewater[J].
Bioresource Technology, 2026, 447: 134221.

[46] Almeida ELM, Ventorim RZ, Ferreira MAM, Costa MD,

[47]

Mantovani HC, Silveira WB. New Papiliotrema laurentii
UFV-1 strains with improved acetic acid tolerance
selected by adaptive laboratory evolution[J]. Fungal
Genetics and Biology, 2023, 164: 103765.

Xu X, Niu CT, Liu CF, Wang JJ, Zheng FY, Li Q.
Screening lager yeast with higher ethyl-acetate
production by adaptive laboratory evolution in high
concentration of acetic acid[J]. World Journal of
Microbiology and Biotechnology, 2021, 37(7): 125.

[48] Fang LX, Chen YR, He QX, Wang LX, Duan QY, Huang

[49]

[50]

CC, Song H, Cao YX. Mining novel gene targets for
improving tolerance to furfural and acetic acid in
Yarrowia lipolytica using whole-genome CRISPRi
library[J]. Bioresource Technology, 2024, 403: 130764.
Lenitz 1, Borlin C, Torello Pianale L, Balachandran D,
Nielsen J, Institute B, David F, Siewers V, Nygard Y.
ChIP-exo and CRISPRi/a illuminate the role of Pdrl and
Yapl in acetic acid tolerance in Saccharomyces
cerevisiae[J]]. Applied and Environmental Microbiology,
2025, 91(4): e01824.

Mavrommati M, Papanikolaou S, Aggelis G. Improving
ethanol tolerance of Saccharomyces cerevisiae through
adaptive laboratory evolution using high ethanol
concentrations as a selective pressure[J]. Process
Biochemistry, 2023, 124: 280-289.

[51] Mavrommati M, Economou CN, Kallithraka S,

Papanikolaou S, Aggelis G. Simultaneous improvement
of fructophilicity and ethanol tolerance of Saccharomyces
cerevisiae strains through a single adaptive laboratory
evolution strategy[J]. Carbon Resources Conversion,
2025, 8(2): 100270.

[52] Jacobus AP, Cavassana SD, de Oliveira II, Barreto JA,

[53]

[54]

[55]

Rohwedder E, Frazzon J, Basso TP, Basso LC, Gross J.
Optimal trade-off between boosted tolerance and growth
fitness during adaptive evolution of yeast to ethanol
shocks[J]. Biotechnology for Biofuels and Bioproducts,
2024, 17: 63.

Cotton CA, Edlich-Muth C, Bar-Even A. Reinforcing
carbon fixation: CO, reduction replacing and supporting
carboxylation[J]. Current Opinion in Biotechnology,
2018, 49: 49-56.

Satanowski A, Marchal DG, Perret A, Petit JL, Bouzon
M, Déring V, Dubois I, He H, Smith EN, Pellouin V, Petri
HM, Rainaldi V, Nattermann M, Burgener S, Paczia N,
Zarzycki J, Heinemann M, Bar-Even A, Erb TJ. Design
and implementation of aerobic and ambient CO,-
reduction as an entry-point for enhanced carbon fixation[J].
Nature Communications, 2025, 16: 3134.
Calzadiaz-Ramirez L, Meyer AS. Formate
dehydrogenases for CO, utilization[J]. Current Opinion
in Biotechnology, 2022, 73: 95-100.

[56] Xue YJ, Ji XL, Li Z, Ma FQ, Jiang JJ, Huang YH.

NADH-dependent formate dehydrogenase mutants for
efficient carbon dioxide fixation[J]. Bioresource



Ry AF | MAEYAER, 2026, 66(9)

4563

Technology, 2024, 393: 130027.

[57] Choe H, Joo JC, Cho DH, Kim MH, Lee SH, Jung KD,
Kim YH. Efficient CO,-reducing activity of NAD-
dependent formate dehydrogenase from Thiobacillus sp.
KNK65MA for formate production from CO, gas[J].
PLoS One, 2014, 9(7): e103111.

[58] Cakar MM, Ruupunen J, Mangas-Sanchez J, Birmingham
WR, Yildirim D, Turunen O, Turner NJ, Valjakka J,
Binay B. Engineered formate dehydrogenase from
Chaetomium  thermophilum, a promising enzymatic
solution for biotechnical CO, fixation[J]. Biotechnology
Letters, 2020, 42(11): 2251-2262.

[59] Nielsen CF, Lange L, Meyer AS. Classification and
enzyme kinetics of formate dehydrogenases for
biomanufacturing via CO, utilization[J]. Biotechnology
Advances, 2019, 37(7): 107408.

[60] Schwander T, Schada von Borzyskowski L, Burgener S,
Cortina NS, Erb TJ. A synthetic pathway for the fixation
of carbon dioxide in vitro[J]. Science, 2016, 354(6314):
900-904.

[61] Gomez A, Erb TJ, Grubmiiller H, VShringer-Martinez E.
Conformational dynamics of the most efficient
carboxylase contributes to efficient CO, fixation[J].
Journal of Chemical Information and Modeling, 2023,
63(24): 7807-7815.

[62] Scheffen M, Marchal DG, Beneyton T, Schuller SK,
Klose M, Diehl C, Lehmann J, Pfister P, Carrillo M, He
H, Aslan S, Cortina NS, Claus P, Bollschweiler D, Baret
JC, Schuller JM, Zarzycki J, Bar-Even A, Erb TJ. A new-
to-nature carboxylation module to improve natural and
synthetic CO, fixation[J]. Nature Catalysis, 2021, 4(2):
105-115.

[63] Marchal DG, Schulz L, Schuster I, Ivanovska J, Paczia N,
Prinz S, Zarzycki J, Erb TJ. Machine learning-supported
enzyme engineering toward improved CO,-fixation of
glycolyl-CoA carboxylase[J]. ACS Synthetic Biology,
2023, 12(12): 3521-3530.

[64] Bar-Even A, Noor E, Lewis NE, Milo R. Design and
analysis of synthetic carbon fixation pathways[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2010, 107(19): 8889-8894.

[65] Antoniewicz MR. Synthetic methylotrophy: strategies to
assimilate methanol for growth and chemicals production[J].
Current Opinion in Biotechnology, 2019, 59: 165-174.

[66] Woolston BM, King JR, Reiter M, Van Hove B,
Stephanopoulos G. Improving formaldehyde
consumption drives methanol assimilation in engineered
E. coli[J]. Nature Communications, 2018, 9: 2387.

[67] Price JV, Chen L, Whitaker WB, Papoutsakis E, Chen W.
Scaffoldless engineered enzyme assembly for enhanced
methanol utilization[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2016, 113(45): 12691-12696.

[68] Zhang SJ, Guo F, Yang Q, Jiang YJ, Yang SH, Ma JF, Xin
FX, Hasunuma T, Kondo A, Zhang WM, Jiang M.
Improving methanol assimilation in Yarrowia lipolytica
via systematic metabolic engineering combined with
compartmentalization[J]. Green Chemistry, 2023, 25(1):
183-195.

[69] Qi MM, Zhu C, Cheng C, Kang W, Xue C. Rewiring
methanol assimilation and reductive glycine pathways in
Saccharomyces  cerevisiae to increase one-carbon
recovery[J]. Green Chemistry, 2025, 27(12): 3261-3271.

[70] Yuan XJ, Chen WJ, Ma ZX, Yuan QQ, Zhang M, He L,
Mo XH, Zhang C, Zhang CT, Wang MY, Xing XH, Yang
S. Rewiring the native methanol assimilation metabolism
by incorporating the heterologous ribulose
monophosphate cycle into Methylorubrum extorquens[J].
Metabolic Engineering, 2021, 64: 95-110.

[71] Liu HY, Chen Y, Li J, Zhu C, Peng JH, Gonzalez R, Bai
YF, Tan ZG. Scavenging intracellular reactive oxygen
species to boost methanol assimilation[J]. Chemical
Engineering Journal, 2025, 516: 164002.

[72] Bang J, Lee SY. Assimilation of formic acid and CO, by
engineered Escherichia coli equipped with reconstructed
one-carbon assimilation pathways[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2018, 115(40): E9271-E9279.

[73] Yu H, Liao JC. A modified serine cycle in Escherichia
coli coverts methanol and CO, to two-carbon compounds
[J]. Nature Communications, 2018, 9: 3992.

[74] Li K, Zhang X, Li C, Liang YC, Zhao XQ, Liu CG,
Sinskey AJ, Bai FW. Systems metabolic engineering of
Corynebacterium glutamicum to assimilate formic acid
for biomass accumulation and succinic acid production
[J]. Bioresource Technology, 2024, 402: 130774.

[75] Zhang YJ, Sun T, Liu LQ, Cao XP, Zhang WW, Wang
WY, Li C. Engineering a solar formic acid/pentose
(SFAP) pathway in Escherichia coli for lactic acid
production[J]. Metabolic Engineering, 2024, 83: 150-159.

[76] Siegel JB, Smith AL, Poust S, Wargacki AJ, Bar-Even A,
Louw C, Shen BW, Eiben CB, Tran HM, Noor E,
Gallaher JL, Bale J, Yoshikuni Y, Gelb MH, Keasling JD,
Stoddard BL, Lidstrom ME, Baker D. Computational
protein design enables a novel one-carbon assimilation
pathway[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2015, 112(12):
3704-3709.

[77] Lu XY, Liu YW, Yang YQ, Wang SS, Wang Q, Wang XY,
Yan ZH, Cheng J, Liu C, Yang X, Luo H, Yang S, Gou
JR, Ye LZ, Lu LN, Zhang ZD, Guo Y, Nie Y, Lin JP, Li S,
et al. Constructing a synthetic pathway for acetyl-
coenzyme A from one-carbon through enzyme design[J].
Nature Communications, 2019, 10: 1378.

[78] Kiefer D, Merkel M, Lilge L, Henkel M, Hausmann R.
From acetate to bio-based products: underexploited
potential for industrial biotechnology[J]. Trends in
Biotechnology, 2021, 39(4): 397-411.

[79] Wolfe AJ. The acetate switch[J]. Microbiology and
Molecular Biology Reviews, 2005, 69(1): 12-50.

[80] Lee JH, Cha S, Kang CW, Lee GM, Lim HG, Jung GY.
Efficient conversion of acetate to 3-hydroxypropionic
acid by engineered Escherichia coli[J]. Catalysts, 2018,
8(11): 525.

[81] Noh MH, Lim HG, Woo SH, Song JY, Jung GY.
Production of itaconic acid from acetate by engineering
acid-tolerant Escherichia coli W[J]. Biotechnology and
Bioengineering, 2018, 115(3): 729-738.

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



4564

QIU Jing et al. | Acta Microbiologica Sinica, 2026, 66(9)

[82] Xu X, Xian M, Liu HZ. Efficient conversion of acetate
into phloroglucinol by recombinant Escherichia coli[]].
RSC Advances, 2017, 7(80): 50942-50948.

[83] Gong GP, Wu B, Liu LP, Li JT, Zhu QL, He MX, Hu GQ.
Metabolic engineering using acetate as a promising
building block for the production of bio-based chemicals[J].
Engineering Microbiology, 2022, 2(4): 100036.

[84] Hong RR, Tong S, Chai MD, Chen WX, Liu XZ, Chen
YX, Li DM. Enhancing mycoprotein yield: metabolic
modulation of chitin synthase in Fusarium venenatum[J].
Journal of Agricultural and Food Chemistry, 2024,
72(49): 27274-27283.

[85] Xie LH, Tian S, Jin ZH, Zou TT, Chang MX, Tang HT,
Yu T, Zhuang ZK. Systematic engineering of cell wall for
improving single-cell protein (SCP) production[J].
Journal of Biotechnology, 2026, 410: 173-183.

[86] Gao L, Meng J, Dai WL, Zhang ZK, Dong HF, Yuan QQ,
Zhang WY, Liu SG, Wu X. Deciphering cell wall sensors
enabling the construction of robust P. pastoris for single-
cell protein production[J]. Biotechnology for Biofuels
and Bioproducts, 2023, 16: 178.

[87] Meng J, Liu SF, Gao L, Hong K, Liu SG, Wu X.
Economical production of Pichia pastoris single-cell
protein from methanol at industrial pilot scale[J].
Microbial Cell Factories, 2023, 22: 198.

[88] Gu BX, University J, University J, Zhang WD, University
J, Feng JD, University J, Zhao W, University J,
University J, Gu ZG, University J, Lyu XM, University J,
University J. Upcycling CO, into single-cell protein via
an integrated electrocatalytic-biosynthetic system[J].
ACS Sustainable Chemistry & Engineering, 2025, 13(44):
19002-19014.

[89] Hao H, Yao MD, Wang Y, Zhang CL, Liu ZH, Nielsen J,
Shi SB, Xiao WH, Yuan YJ. Extending the G1 phase
improves the production of lipophilic compounds in yeast
by boosting enzyme expression and increasing cell size[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2024, 121(47): e2413486121.

[90] Lee YO, Do SH, Won JY, Chin YW, Chewaka LS, Park
BR, Kim SJ, Kim SK. Inverse metabolic engineering for
improving protein content in Saccharomyces cerevisiae[J].
Biotechnology Journal, 2023, 18(9): 2300014.

[91] RuBmayer H, Buchetics M, Mattanovich M, Neubauer S,
Steiger M, Graf AB, Koellensperger G, Hann S, Sauer M,
Gasser B, Mattanovich D. Customizing amino acid
metabolism of Pichia pastoris for recombinant protein
production[J]. Biotechnology Journal, 2023, 18(12):
2300033.

[92] Dong CC, Hong K, Wu F, Wang YF, Rong YY, Wu X,
Zhang J, Gao L. Metabolic engineering of Pichia pastoris
for high-efficiency production of branched-chain amino
acids-enriched  single-cell ~ protein[J]. = Bioresource
Technology, 2026, 444: 133988.

[93] Hao YN, Pan XW, You JJ, Li GM, Xu MJ, Rao ZM.
Microbial production of branched chain amino acids:
advances and perspectives[J]. Bioresource Technology,
2024, 397: 130502.

[94] Liu 'Y, Wu YK, Lv XQ, Li K, Xiong J, Liu X, Li JH, Liu
L, Du GC, Chen J, Liu YF. Improving cellular protein

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

content of Saccharomyces cerevisiae based on adaptive
evolution and flow cytometry-aided high throughput
screening[J]. Journal of Agricultural and Food Chemistry,
2025, 73(1): 706-717.

[95] Ji ZZ, , Du GQ, Li JL, Zhang FY, Meng ZM, Fu G, Lin
YP, Gong DC, Lee SY, Zhang DW. Single-cell protein
production from corn straw by Kluyveromyces marxianus
evolved through integrated adaptive evolution and
physical mutagenesis[J]. ACS Sustainable Chemistry &
Engineering, 2025, 13(50): 21510-21523.

[96] Rodas-Zuluaga LI, Castaiieda-Hernandez L, Castillo-
Vacas EI, Gradiz-Menjivar A, Lopez-Pacheco 1Y,
Castillo-Zacarias C, Boully L, Igbal HMN, Parra-
Saldivar R. Bio-capture and influence of CO, on the
growth rate and biomass composition of the microalgae
Botryococcus braunii and Scenedesmus sp.[J]. Journal of
CO, Utilization, 2021, 43: 101371.

[97] Norton TA, Melkonian M, Andersen RA. Algal
biodiversity[J]. Phycologia, 1996, 35(4): 308-326.

[98] Becker EW. Micro-algac as a source of protein[J].
Biotechnology Advances, 2007, 25(2): 207-210.

[99] Joint FAO/WHO Ad Hoc Expert Committee. Energy and
protein requirements[C]//World Health Organization.
World Health Organization Technical Report Series and
FAO Nutrition Meetings Report Series. Geneva: FAO and
WHO, 1973: 54-55.

[100]Metsoviti MN, Katsoulas N, Karapanagiotidis IT,
Papapolymerou G. Effect of nitrogen concentration, two-
stage and prolonged cultivation on growth rate, lipid and
protein content of Chlorella vulgaris[J]. Journal of
Chemical Technology & Biotechnology, 2019, 94(5):
1466-1473.

[101]Maltsev Y, Maltseva K, Kulikovskiy M, Maltseva S.
Influence of light conditions on microalgae growth and
content of lipids, carotenoids, and fatty acid
composition[J]. Biology, 2021, 10(10): 1060.

[102]Racesossadati MJ, Ahmadzadeh H, McHenry MP,
Moheimani NR. CO, bioremediation by microalgae in

photobioreactors: impacts of biomass and CO,
concentrations, light, and temperature[J]. Algal Research,
2014, 6: 78-85.

[103]Nunes MC, Ferreira J, Raymundo A. Volatile fingerprint
impact on the sensory properties of microalgae and
development of mitigation strategies[J]. Current Opinion
in Food Science, 2023, 51: 101040.

[104]Machado L, Carvalho G, Pereira RN. Effects of
innovative processing methods on microalgae cell wall:
prospects towards digestibility of protein-rich biomass[J].
Biomass, 2022, 2(2): 80-102.

[105]Lin L, Huang HN, Zhang X, Dong L, Chen YG.
Hydrogen-oxidizing bacteria and their applications in
resource recovery and pollutant removal[J]. Science of
the Total Environment, 2022, 835: 155559.

[106]Matassa S, Boon N, Verstracte W. Resource recovery
from used water: the manufacturing abilities of hydrogen-
oxidizing bacteria[J]. Water Research, 2015, 68: 467-478.

[107]Li R, Jiang YF, Huang JH, Luo K, Fan XL, Guo RB, Liu
T, Zhang YF, Fu SF. Simultaneous biogas upgrading and
single-cell protein production using hydrogen oxidizing



Ry AF | MAEYAER, 2026, 66(9)

4565

bacteria[J]. Chemical Engineering Journal, 2024, 490:
151576.

[108]Angenent SC, Schuttinga JH, van Efferen MFH,
Kuizenga B, van Bree B, van der Krieken RO, Verhoeven
TJ, Wijffels RH. Hydrogen oxidizing bacteria as novel
protein source for human consumption: an overview[J].
The Open Microbiology Journal, 2022, 16:
e187428582207270.

[109])Jiang YF, Yang XY, Zeng DF, Su YY, Zhang YF.
Microbial conversion of syngas to single-cell protein: the
role of carbon monoxide[J]. Chemical Engineering
Journal, 2022, 450: 138041.

[110]NIH. Solein®—Solar Foods[EB/OL]. [2026-04-16]. https:
//solarfoods.com/solein/.

[111]Valgepea K, Talbo G, Takemori N, Takemori A, Ludwig
C, Mahamkali V, Mueller AP, Tappel R, Kopke M,
Simpson SD, Nielsen LK, Marcellin E. Absolute
proteome quantification in the gas-fermenting acetogen
Clostridium autoethanogenum[J]. mSystems, 2022, 7(2):
¢00026-22.

[112]Yang PX, Li XQ, Song BW, He M, Wu CY, Leng XJ. The
potential of Clostridium autoethanogenum, a new single-
cell protein, in substituting fish meal in the diet of
largemouth bass (Micropterus salmoides): growth, feed
utilization and intestinal histology[J]. Aquaculture and
Fisheries, 2023, 8(1): 67-75.

[113]Chen Y, Sagada G, Xu B, Chao W, Zou F, Ng W, Sun Y,
Wang L, Zhong Z, Shao Q. Partial replacement of
fishmeal with Clostridium autoethanogenum single-cell
protein in the diet for juvenile black sea bream
(Acanthopagrus schlegelii) [J]. Aquaculture Research,
2020, 51(3): 1000-1011.

[114]Wu YS, Wang J, Jia M, Huang SX, Cao Y, Yao T, Li JG,
Yang YX, Gu X. Clostridium autoethanogenum protein
inclusion in the diet for broiler: enhancement of growth
performance, lipid metabolism, and gut microbiota[J].
Frontiers in Veterinary Science, 2022, 9: 1028792.

(VIS8T 57 . LBtk B 4 ) LA 1« & 4 75 [N/OL].
[2021-11-02]. https://news. sciencenet. cn/sbhtmInews/2021/
11/366184.shtm.

[116]Tsapekos P, Khoshnevisan B, Zhu XY, Zha X, Angelidaki
I. Methane oxidising bacteria to upcycle effluent streams
from anaerobic digestion of municipal biowaste[J].
Journal of Environmental Management, 2019, 251:
109590.

[117]Wang J, Chen LM, Xu J, Ma SF, Liang XF, Wei ZX, Li
DM, Xue M. C1 gas protein: a potential protein substitute
for advancing aquaculture sustainability[J]. Reviews in
Aquaculture, 2023, 15(3): 1179-1197.

[118]Rasouli Z, Valverde-Pérez B, D’Este M, De Francisci D,
Angelidaki 1. Nutrient recovery from industrial
wastewater as single-cell protein by a co-culture of green
microalgae  and  methanotrophs[J].  Biochemical
Engineering Journal, 2018, 134: 129-135.

[119]Bothe H, Jensen KM, Mergel A, Larsen J, Jorgensen C,
Bothe H, Jorgensen L. Heterotrophic bacteria growing in
association with Methylococcus capsulatus (Bath) in a
single-cell protein production process[J]. Applied
Microbiology and Biotechnology, 2002, 59(1): 33-39.

[120]Nunes JJ, Aufderheide B, Ramjattan DM, Dass R.
Enhanced production of single-cell protein from M.
capsulatus (Bath) growing in mixed culture[J]. Journal of
Microbiology, Biotechnology and Food Sciences, 2016,
6(3): 894-899.

[121]Molitor B, Mishra A, Angenent LT. Power-to-protein:
converting renewable electric power and carbon dioxide
into single-cell protein with a two-stage bioprocess[J].
Energy & Environmental Science, 2019, 12(12): 3515-3521.

[122]Pan ZY, Guo YH, Rong WH, Wang S, Cui K, Cai WF,
Shi ZH, Hu XN, Wang GK, Guo K. Single-cell protein
production from CO, and electricity with a recirculating
anaerobic-aerobic bioprocess[J]. Environmental Science
and Ecotechnology, 2025, 24: 100525.

[123]Yang Q, Qi XJ, Luo K, Guo RB, Wang DM, Fu SF. In
situ production of single-cell protein in microbial
electrochemical systems via controlling the operation and
CO, addition[J]. Biochemical Engineering Journal, 2025,
220: 109738.

[124]Xu MY, Zhou HH, Zou RS, Yang XY, Su YY, Angelidaki
I, Zhang YF. Beyond the farm: making edible protein
from CO, via hybrid bioinorganic electrosynthesis[J].
One Earth, 2021, 4(6): 868-878.

[125]Xu MY, Zhao D, Zhu XY, Su YY, Angelidaki I, Zhang
YF. Biogas upgrading and valorization to single-cell
protein in a bioinorganic electrosynthesis system[J].
Chemical Engineering Journal, 2021, 426: 131837.

[126]Cui HJ, Liu WS, Ma CL, Shiri P, Zhu ZG, Jiang HF, Li
DM, Zhang LL. Converting CO, to single-cell protein via
an integrated electrocatalytic-biosynthetic system[J].
Applied Catalysis B: Environment and Energy, 2024,
350: 123946.

[127]Stepanov ~ SS, Zolotareva EK. Methanol-induced
stimulation of growth, intracellular amino acids, and
protein content in Chlamydomonas reinhardtii[J]. Journal
of Applied Phycology, 2015, 27(4): 1509-1516.

[128]Westlake R. Large-scale continuous production of single-
cell protein[J]. Chemie Ingenieur Technik, 1986, 58(12):
934-937.

(12014 k58, S BRE . LA & W B H I BIEE )], Bk
122, 2001(3): 34-44.

Zuo YH, Jiang DQ. Development of single-cell-protein
(SCP) by methanol fermentation[J]. Journal of
Microbiology, 2001(3): 34-44 (in Chinese).

[130]Simodes ACP, Fernandes RP, Barreto MS, da Costa GBM,
de Godoy MG, Freire DMG, Pereira N Jr. Growth of
Methylobacterium organophilum in methanol for the
simultaneous production of single-cell protein and
metabolites of interest[J]. Food Technology and
Biotechnology, 2022, 60(3): 338-349.

[131]Tong S, Zhao LZ, Zhu DL, Chen WX, Chen LM, Li DM.
From formic acid to single-cell protein: genome-scale
revealing the metabolic network of Paracoccus
communis MAS[J]. Bioresources and Bioprocessing,
2022, 9: 55.

[132]XUJRMG . 2E 4y v Ak~ S5 e £k CO, FIRY B A LR A9
B AMPIED]. Jbat: Ll TR, 2025.

Liu ZP. Bioelectrochemical in situ conversion of CO, and
nitrate into microbial proteins[D]. Beijing: Beijing

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



4566

QIU Jing et al. | Acta Microbiologica Sinica, 2026, 66(9)

University of Chemical Technology, 2025 (in Chinese).

[133]Liu FQ, Wu PF, Yu L, Lii ZT, Sun XY, Li JX, Liu L, Wu
J, Zhang IN. Selective utilization of formic acid and
acetic acid in succinic acid fermentation broth to produce
single-cell protein using Rhodotorula  glutinis[J].
Bioprocess and Biosystems Engineering, 2026, 49(2):
323-336.

[134]Riicker N, Billig S, Biicker R, Jahn D, Wittmann C,
Bange FC. Acetate dissimilation and assimilation in

Mycobacterium  tuberculosis  depend on  carbon
availability[J]. Journal of Bacteriology, 2015, 197(19):
3182-3190.

[135]Zeng DF, Jiang YF, Su YY, Zhang YF. Upcycling waste
organic acids and nitrogen into single-cell protein via
brewer’s yeast[J]. Journal of Cleaner Production, 2022,
369: 133279.

(13619 A0, B, S8, 9. Tl LB 77 AT

FAFA LA AR A [I]. L THERE, 2025, 44(12):
7135-7140.
Pan ZY, Yin WJ, Guo YH, Guo K. Production of single-
cell protein by Alcaligenes aerobic fermentation with
industrial waste acetic acid[J]. Chemical Industry and
Engineering Progress, 2025, 44(12): 7135-7140 (in
Chinese).

[137]Watteeuw CM, Armiger WB, Ristroph DL, Humphrey
AE. Production of single-cell protein from ethanol by fed-
batch process[J]. Biotechnology and Bioengineering,
1979, 21(7): 1221-1237.

[138]Yech Y. Single-cell protein of Rhodotorula sp. Y-38 from
ethanol, acetic acid and acetaldehyde[J]. Biotechnology
Letters, 1996, 18(4): 411-416.

[139]Van Peteghem L, Matassa S, Sakarika M. Fueling the
protein transition: can waste-derived ethanol enable
efficient and high-quality microbial protein production?[J].
Bioresource Technology, 2025, 418: 131990.

[140]Almeida Benalcazar E, van Winden WA, Puiman L,
Posada JA, Jansen MLA, Noorman H, Straathof AlJ.
Single-cell protein production from ethanol: model-based
bioreactor operation at industrial scale[J]. Biotechnology

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

and Bioengineering, 2025, 122(6): 1441-1460.

[141]NIH. New pilot plant turns industrial gases into animal
feed[EB/OL]. [2026-03-12]. https://www.salmonbusiness.
com/new-pilot-plant-turns-industrial-gases-into-animal-
feed/.

(14217 9 . Fe = 5 2 A — S A B ) (DR 7R
W H B 2h iR 7 [EB/OL]. [2025-12-11]. https://www.
stdaily.com/web/gdxw/2025-09/17/content_402405.html.

(14313 . [0 Tolb B R ARG 2 1 i T oA ™
) 4% & Z % [EB/OL]. [2025-12-11]. https://m.bjnews.
com.cn/detail/1709814712129043.html.

[1441RDISEAAF B2 i) . v [ S R BR BT AL P R 5 R
JE& A & 4R 45 (2024 f7) [EB/OL). [2026-01-12]. https:/
news.sohu.com/a/786137206_252291.

[145]NIH. Technology[EB/OL]. [2026-02-21]. https://www.
unibio.dk/our-technology.

(14614 Tk A H s 1 Ik e B e 1 B I e 2
2R 1 A a8 L & B PE[EB/OLY. [2026-02-14]. https:/
www.163.com/dy/article/KINKBA020556JYRG.html.

(14712 % 5 . BUN TAE i 75 [EB/OL]. [2026-03-15]. https:/
www.yima.gov.cn/14531/614646720/1642900.html.

(1481 AR =5 7 £ A L T A A8 B2 B 2% . A b v T X
R £ T J8& BL 441 7 51 %% 1 iR [EB/OL). [2026-03-30].
https://gxq. yl. gov. cn/zsyz/zsdt/202412/t20241203 _
1933550.html.

[149TEAIERT . I T2 E W (301301) 2y W Foff sl AR o R R
W 4% e 3l 52 Wl B G R A= W) 27 B D #fE E [EB/OL.
[2026-04-07]. https://quoteimg. cfi.cn/ybdata.aspx id=
20260406000446.

[15018K0E H 412 . BRI BRAGER A= Wy R RS FF 5L AL A H T H
&R 45 43 FF[EB/OL)]. [2025-12-27]. http://tieling. gov.cn/
tieling/ywdt/jrtl/2025090510492156333/index.html.

[ISTRHE 1T A8 RN T AR B A7 BR A W) 2025
ARAPARER[Z]. 2025-08.

(1521 EGA, i . —Fh BT R Ry JEURLAE 7 5240 M 2 1 7Y
il 4520 B - CN217838917U[P]. 2022-11-18.

Wang GW, Zhu Y. The invention relates to a preparation
device for producing unicellular protein based on acetic
acid as a raw material: CN217838917U[P]. 2022-11-18.



