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Figure 1 (Color online) Directed evolution-driven single-cell protein
roduction. This diagram summarizes the multidimensional support
system for industrial-scale SCP production. Layer 1 (foundational
elements): industrial fermentation platforms and microbial resources
(bacteria/fungi/microalgae); Layer 2 (Core objectives): ensuring food
security and developing novel protein sources; Layer 3 (Technological
empowerment): machine learning-optimized enzyme design and
chemical synthetic biology-enhanced cell factories (Elements sourced
from BioRender.com)
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AR . AL TR e — ik & 4(CO, . CO,
CH,. CH;OH. HIERER)EIRH A 7= 1 = 8 (A i
. R EE YA F=SCP L 26 1. HB 1 R Sl %
A T EAI40%~80%!"Y, & AT AR . dEE R
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F 1 FALRREAE~ERAEF=SCP
Table 1 SCP production using different feedstocks
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apsn O9) NRRLB-BITIL BRRE g0 oot 10, - DRSO (4]
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Table 2 SCP production, advantages, and limitations of different microbial strains
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R 30%-~50% PEEARGE, B aqE R R A R [16]
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AASCRARTT U T PR A 0 AR R PR AP 5 LR Y
Bl 052 [ A 4 Tt 4 B 12 Ad &0 (methanol  dehydrogenase,
Mdh)FIZF4ERBFEG SC-1% T ARV R ST P OR ST £F 4
F/CTRM) AR A (N Kn>20 mmol/L, ELE
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PR AR TG P 2ot e 5 | R 22 A AR (R TR o e >8%!!), L
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2 1R SCPER LS o 1 AL s
2.1 gL IBEHLIEBRER T

S ] AR R AU A SRR fb I R R el T ) BE LA
R D& AN SCPAE P L AR, 155 ik
A6 55 EPCR (error-prone  PCR)ZE Bl HL 525 #4 2 SC 22,
25 AL I VB Gl B3 H 1000~2000 50 F%), IS
LR, (HAER X SCPAE 4 R Ge it i lifs i & Jm PR B
MURRERFEOOEEBZEAR, MU HREE KR
JP3 25 8] i 38 AN 2 it 2R 2848 1 R0
[T BB B L30% A #5288 A AL Gt T el 3K
TR L RAE B H 6~ 12 R IR ) nT e 5 A7
FRONE, HMELIARAS 52 M A ER AR 0, S s il A
AT RS, B RERIEE ARE LR .

2.2 EEGE ACE RS

J v AL G 7 s AR, 25 AR Al & 2 4
A EYE BF AT AR, SCI RS N
PR RESCPEA EE, KIRPBEARIR e T, [RIRHER AT
IIREAYERME. DL SEMEAE i R SCP I FIM A0 o R B
.

2.2.1 CASTing (414 & M AL 5 18 Fn L5 )

CASTing 5T il i (A2 44 B[R] PSR, R HES 2 K
YIah & ARSI 1 AR A L R AR 3, XX S gk L E
74 A 1 2878 G 3 (8 FH 9 F Quik Change 4 5 5.1
FZAFFAR), TR AE SR, HARSAE T B [ 50
R S A0 X B, R IR R
AR R R ER. 38 TR THR YR ALRCR, B
n, e e S A 10 A8 aR I nT 4 e oW TR I 57
TR IR i TR A K it 0L
2.2.2 FRESCOQGH It 1+ & B 5% 45 2| by e B 2

B HEZR)

FRESCOZ: 41144 T H (RosettafIFoldX 12175
H HAEAEILAAG, 43T 8h 11 MDEL /3 B il G 5
FEVE) T fit 3 4 R MR M (AAGO1<—5 kJ/mol) i)
IR AL . G TN B HEBR A G B
AR CUNBER B KAZ s« T AN FI U5, A R/ N RIS Y
REFEGE H AN R TR e 2T 280 A va b)), Hpu e TR
AR 5 16 AR 422 3R A 43 T 7K SRS PR 3R T 0 B
LR ZE S 1k 644 PP 52 s A S AL W /K S R (LEH ) 28

SR BIFRAS T80 T 25°CRARRDT, R A% 0o 17 FH T fie
PR TV I PSS, G e e Ak s T R IR Y A T
(O NV R e e L BRI ) . T pHLIsk 50 (49 B i ik (3% 7 1)
bR B R A% 1) LA K B LB B 1) A ok 4 i e 24
R, 0 AR A IRAE T A, ORIk T A=)
mfieS
2.2.3  KnowVolution( %0 iR 7k 75 7 72 1] 3 b 5 ¥4 )
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INHIURRE B ML 75 728 i B (202028 1) 22 43 2~ 34> S A X
B/ A1 2T A BYBRIT (HFNA38T): F a5 i
TTHRN AR, ik Bor kAT R GRS 2~ 3 s A R0),
TR DR =R (R T . Bk ), #iE4~6
AN HERRRA A BYBEIL (S5FBEH): 3D AL 43
BT 925 21 5 5% 45 /) 1) 5 W) (5 ] S A8 L S B ) 4%
&), WitRBHE TSR, BBV @A k): #at e i
AR Bk 2 15 A 278 (A OmniChange) & 4L & FE A,
HEAT /N AR 2 R0 8 (29200058 8 ). 125 ms T T8k,
s e AR ik AR TR Ge s, ABRCR AN SR S L T1%
GERFRELT G, HEE PR, O H T 1002,
FEARPRSCPA: 7 = RIS A% O R, 7] RGEILALIE
WAL (S BOUILE S AL 4 B 70N . B aRis e
PR BIBC AR ETTR) . s LR & (B
MLV AR s s LA B J12%), i SCPR TR 1L
e AT A A e A

2.3 BLEREE NGB E G FUE R AL

ITAER, HL#%4%>) (machine learning, ML) A IE I
2078 i AR, A AR SCPE TR Pk B it
SRR, S A 8- D RE AR AL, MLAMY
EPER T RARRTHE AR PE, BB R . R
W5 Eghe TR, KRR TR0, S8 T
TGRSl R REAL I . XA R TR S TR AE
Z BAMEALEE . FRE e . BrE) . e AR E P
(7] BTN, L AR ZR i B2 45 5278 I ) (PR Ou A

2P, IR H RS S BRI TR T XA
AR B AR, T AT AL S AR X WA E
PERIIRERYEMR, AR BOH S 4 R R R4 7R
2. AHFFEATBA & B, ESM-27F Tl 7 26 4 S A B G R
HEFEA T MERE(Spearman  p=0.68) L 45T 75 %1000
AFRIC s B B AL, O 2R T R IR R
P, A Sl 8-450 - Re IR )2 k. Bk
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FEATIN R T, Jo7 R R S0 B B T DAL 5848
Xt Fa e PEE I REMI T, 5 4MProtGPT2(protein gen-
erative pre-trained transformer 2) 1] A BUAFA FH AR LI Y
ZREVEITA, R REPE BT BB A

AL, WL T iEZE eI mS. £555% ] (active
learning, AL)ZRME A VFMLA AR 5240 5 A2 th AN K27 >
SR Th AR BUR O S S R R, AR
AR A 1 BRG FE 041 MODIFY 2232 (multi-objective
diversity-informed fitness yield algorithm) A~k
N ZAEPERRAE TR L. MODIFY S 5 T AL
iy 2 BRI fe il 5 SR, JF 5 | A PR R
B, B ORSAR A DL A B P BB DR R L B 1 2
FEPE, DT RE St b e S B S i i L. 7ESCPAE ™
o, AT RR HR G BE(Yarrowia lipolytica)f)
JIE VT s, ol L [T e e 280 i St 1 it v ) Z2
=t H il (triacylglycerol), JUHIE 1752 1 whg i
MREE(C16~C20)HYZH Sy, ISCPARFH% LA M 58%ETH
FR2%H WA, S5 A 3DEFRE ML . LT
SRS, MR A AR A M, &
WAL Ge e ARG R R PR, S 30 SRS 1 A s 1k (an
AAG-MetaZ R EERERY) FIE G 2 25500,

ML Bh Ak 2 28 i SCP Rl T APk Ak AT = 8 T~
B, ANUA] SR S e A SR R PR E ML, 5- A%
i 2 1L i (ribulose-1,5-bisphosphate  carboxylase,
Rubisco)RILACE M CHEZREAR, AT DAL & it/ 98
pHAYHE R T, 0 2 IR G U (Cln H Bt 242
G B RIS PR PR, SRR SRR T i DA
PR AR DT ) S A0 ) SR ), 38 I A
SCPA: ™ T 2L (ANt /K i R 4E).

3 MRS EE B R TR

Table 3 comparison of knowledge-driven protein engineering strategies

2.4 CERBHEEIBR L 5k

AN E ] AL RS AE 0K . s o6 RN 3 3
FAFEZER(RS). RS m R E . A
HAMELASRAT S F 3. 55 (A% (CASTing, FRESCO,
KnowVolution) i ad #EMEB I 7154 Bh A% 6B SC
FEREE, DL R Tk i (CASTing:  500~5000;
FRESCO: <200; KnowVolution: 2000~10000)3Z¥14HE
$eTt, FHRAHLEIARL. o, KnowVolution K 22 4¢
AR FITE AR B A 5, A fi RS2 2 SCP il
TR Z A PE P R R BRAR R, L7~ 5l
AR T 200k e, Reab IR &2 22 ks
5B RIFHN A ], AN SCPREgH 165 A& 1
K 7.

3 EIIIHMETESCPA: =ity i

S X T R R )l R, AR SC LA SCP G il
B M HEA RO, 56 Tl A A r=iE AP, Bl e
] PRI TE PR AR AL P I aT S5 00, R B
(1) $R B T S I AR 1) (2) Ha5R
LR IR A 7 (1) S A R R R I R e T,
(3) BUTREALANLEE (1Y A RIS, (4) B
LR 1A 7= S A N (B il ) e .

3.0 #THEmFN SEAEECR

NI TR AT S AR 2idt, SCPAR ™ Hhid
SR JURIAINE . AR H-ih S A 22 B Bl U
SR, R T S A O i v Y PR e il WAl . 0
PR R It S 450 ) T JEG 0 14 K AR 23 1 8
IR EAEAL RN AL,, BRI SR LA B R KA, ikt

A Y

B i A g B

Fafe® & - ! NhLAL ; i v T
e fisk B s Wik 4 rk .
S
{5 L X PIESE I BHL% RRLZEEN ) 500_15000
I RN
CASTing GEMIRE A TSR RERARGEMEALN)  EAURRIgAR SE AR 500~5000
LERIIE R4 T3 et T A HBEAAG)TT b b
FRESCO i PRUEEIRAL  gop ey ENRE ERRE 9500
ProSAR P-4 JZiEH FEHLIEAE+ BB ZEAE  ProSARGEHMT  2BE LR EH 60000
KnowVolution ~ 45# ( & ATEI ) i [ SE LRI FERRZE 2000~10000
OmniChange
MORPHING  %5#) ( & AIBAED ) JziEH AL A FE SN SR A FE ISR 500

a) BRIFIK RGN PE RGNt ORISR FRr A S5 SCHR[38]
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— R TR AR B SR A R, TR RN, BF
YA 1 B AL 28 4% 55 FE F B-factor i 2 BEPE R 1T
LG, EEXRIRYI A S AL G A0 2 LR 5 L it
MOFNZRAR, JH AR I R AR, ifs 7 248k
FLA S SRR ) SO0 = AL R AR IR, B Sk
TIPSR B,

4, PIGHTIARRBERXyn 11461, #5955 #3815
FEPCRIGH T FEHLR AR, FF456 5 A RS54 1 B-
factor{F B, FIXIIRIZE G DASSE I O 2 SR R 5L
AT SR A, AT IR A — R R AR, 7
TOCCHKMT R W i B A ALY 0.5 mind JI &2
410 min, FEW R T =R BESC I T RS M AR RBEIR
YIRFEoR, OB E T TICYIRE 38, A qE =K
WA R IR AESCPA: 7= iy P s % AL H A 1 ] 5 32
FEBOSU 3 — TAEARAUIAIE T B-factordis 5 F H5R 3
PR A 2 1 B IS M T TR A R, ol SR 2
o A AL PR T BRI R R TR AL T
RO

TEC UK H B[R] fb s i, HhiepHAR A
RIRAEMAh RIS PERLAR, XFSCPAE R AL T i 35 1
2y, FEXPZAMERE, A5 ER R A ) A v 3 O
PR ARMGE A B RS TPirm-gfp i) A= P& Jikas W
DM dh Ak Y AR i H v B, A B o X 4 AR i
ITE Yo E A, b5 Nashix5o e & =, %)
AT AR A TR, e, T153PHLA SR ko Ko
BB A R 56,56, K% 259.8 mmol/L, fifi Tl HY )
T3 6 B0 TS W e AL SR R IR AR A s BB T
“FACSHii+Nashk i 347 5 B AEC 1l & [m) AL rh EE
T SIRE AR R R 3, R A RS 1% B 1E
R AR TR A S %,

FEFTHLA: W) [ (straw-based biomass, SBB/WE N £ &
AR HARVERIR ™ 5, 285 Rz, A RS
SRR FH M 1 A TS YR IR 9. SR, HAF4E
KA L 2 RN R 1 PR AR AR I R AR AR . A
HLEUAT I (Bacillus subtilis) A H s H & . XTZ2Fh
RUR B R Vs i R AR R R O 1 DL R AE IR S 45
ERGLRREF e, W SCPA = B s 3 =2 B0,
TEHE T, Wu AP HZ @R W I GHS 5 N
YIH R EBGEG 5C-1RFF & M LoE. #F5 Al B it
IR IL AT, BUE T m B AL PO A T BEE T #
VR G AE A SE RIS PR G L, RS >R FHAE AR RN

%75 (iterative saturation mutagenesis, ISM)Ffitk, FKfS

TKSIT/LOITRUGE AR, % G AR X R FH L AF AR 11 L
TEPER4170 U/umol#ETH 25678 U/umol, Xt 4T 4 2%
B3 IR B 320 U/umol3é il 2521 U/umol; 43F3h J12#
BERIE— 247N, SR PRI S 40 A5 T PR AR, 4
TIRYIPER I T SRR e, MITSEE T Koy
AR Koo/ KB RS . X — R AR T T
EG 5C-17ESBBHALH % TR A E, R EEfESCP
Az 7R R B ORI A ST £ A R AL T3 A SRS

TG E CURYIE E RIBESE, ZREREZLANER (Rhodo-
bacter sphaeroides)iE i Y& VERFCO, 5 ZHiHE-1,5-
T WMZ (ribulose-1,5-bisphosphate, RuBP)#% 1k 4 3-R
HIMER, X — i P Je HSCPAE = S ik [1 1k A .
Zhou%E \PHA IR K AY R ubiscof<#i i 15 25 45 (rubisco-
dependent E. coli selection system 3, RDE3), 1E X #T ki
WA 2 N B ML IR AE SO, IR 45 Wl R A% TR U8
(phosphoribulokinase )it A= K ik, XF 9 AR AT
PR, R Y Z1IRAER(VIIL, K83Q.,
R252L. Y345F), HRH R (ko BB RIFETF27%,
FRACBCR (koK) FE R 17%, T CO/O e Bt 55
SE. ST TR, ik R AR i i IR #E Ru-
bisco W I L5 SIS, fifk TRuBPIIZS S A4
K AR EA,  DTINGE T CO, & %2 -0 ik T Ak Ak
K, R IRYAESCPA ™ b iy S Rn; R AL T 401
FEA.

RZE T, WGHIUARZBERGFN B-1,4 9 VI R b
it AR e i, B AL AR S Nash ik A 1Y
Mdhiiiie, FEIRubiscofIEA IR EMLAL, YRR
T 2R ZRMERE I E AR, RIS
A G VE VARG A, 456 A KA S R -
5, WS AT B P i e Fikeoe ML Tt
ARSI R I S T b B 45 Ok,
Bl N T8 R SR 30 % 2R 11 BT i AR AR (40 35 1 I B 1Y
BN S sl M 2E AR B, LT - =
S 5 1 - R X 4% T ) 1) PAD B 1o A TR R — 2
I R AL T &, AR A A T
TRl . WER A RRLR Y A Y A R

3.2 SO AR R R

TESCPLMp A A=y, SCHEACI R (AN 2T 4k 3Rl |
AR P I SR T I R pHBESh . e R
AR TR R AR R, HARE PR AN R B R 2y
A PR RAZ DB, S SE Il SR 5 5 | R R T,
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HET B B AR A K S RS G k. AT 5 A4
PR A S P (RDTE ShAS R E T 4R D RERR 2 AU BE 1)),
FE ) A A 3 B T4 G el i s, AT
% ELAT S B 38 N P R B AR A, A SCPRUR AL A
PEERAE T Gk R A

FEPETH IO AR e M R DT T, BT R R TR
AR TR RV, AR5 2 R FH 5 # P CR M S AR B Al it
PLSRARFE, 254 il e IR A 28 A8 (A Xyn372. %78
1RLE70.5°C F 21290 min) 5B 4= A9(30 min)#E T+
UL10£5. R ZEmeEREM IR, dE— BN F iRk
B ) BlE SR A, T R AR R Xyn375
(T2C/QTP). T 1AL, P i S o 2%
Bt R R,k W E— 2D R 2410 min(3R
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RS R AR 1 R AL, ST A pr e
LB AR IR, M A A R Xyn-B. HTE
pH 2.08 1 ELIE MR T 1245, S AR Y28F ffipH 3.0 T
() ko Ko (EAR (R 8. 7455, 40 FARHIIIESE, 28745 T A4 S 5 0
IRE H S, GRS R A R
S pHIAEE BT RE S Bt H AL T Atk A,

TEDM R T 22 e B e T, e R R A
i Lk sh S P BT V) ) &P R IR B2 4. 9T 3R
2B LA % 1T (co-evolutionary  consensus  stabi-
lity analysis), 7F£T2ff 5 P ik B CUn A SR/ P9 VIR 3R
BER) 5 ALRPF . A RIS BT AR AR TE L
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T I8 R 11 08 2 2 7 2 s R R A W Tl A 2 11—
ANBR A TR, I T I ) A R v A A I A T L
P A AR AT L AR I A s . WuZe PSR 3%
T Tl 12U AR FEN 7 7 (molecular dynamics-
based allosteric prediction method), i H 55 5 AR 7
K AR PA4 T LI AR R I o rhse Zd e - i 4 Tt
400%(i5 19.3 mg/L), e @R =i m5%. JFH, 158
AlphaFold2 UL (% ks BE g 25 F ARSI, e A FU1] 52w
JEE YIRS AR R ) P R 3, ki i
T 2T B 5 BT R RS N RUE IR I E T
SAIEIR ) R AR R DO, 3k — SR AR T T SCPRYE
FEME, e L A BT RE G 5 TR R AR L
T EE RS, MengZE A\ PO 1 ALEXT 2 37
ER IR RE AT B RS e 3R 3 163.37 g/ DCWINAE
Y= i, B A EN0.506 g/g DCW(RZE R TRE
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E [ AL EOR B 25 AR T IR DT A Ak RE 5
RS, Cen NI5emlifLgeil i, ad i ) it fh el
M 228t (Candida antarctica) IR iB(Candida
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ORI LA B S AR QW AT 4 - HE A T R T 1Y)
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ISCPy= it ZWERE KR 7 B AEAL L i PR Hh R 3
R R R R PR S A, AT ROK AR T LA 4
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Recent advances in directed evolution for single cell protein
production
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Single-cell protein (SCP) constitutes an environmentally sustainable alternative protein source, characterized by its
exceptionally high protein content (typically 40%—80% on a dry weight basis) and diverse industrial applications spanning
aquaculture feed, functional food ingredients, and nutritional supplements. Despite these compelling advantages,
industrial-scale SCP bioproduction continues to confront three persistent and interconnected challenges: suboptimal
substrate conversion efficiency, particularly evident in lignocellulosic and gaseous carbon source utilization, operational
instability of essential metabolic enzymes under rigorous bioreactor conditions (e.g., thermal/pH fluctuations), and
nutritional imbalances in critical amino acid profiles (notably sulfur-containing and branched-chain amino acids).
Resolving these multifaceted bottlenecks represents a fundamental prerequisite for establishing SCP’s commercial viability
at an industrial scale.

The discipline of enzyme directed evolution has undergone profound methodological transformation, culminating in the
establishment of a sophisticated second-generation paradigm. This framework strategically integrates computational
structure/sequence-guided rational design (leveraging protein folding simulations and catalytic residue mapping), machine
learning-assisted mutational prediction (utilizing fitness landscape models to prioritize beneficial mutations), and
automated high-throughput screening platforms (employing microfluidics and robotics for rapid variant assessment).
Collectively, this cohesive technological framework dramatically accelerates the precision engineering of enzymes pivotal
to SCP biosynthesis, effectively overcoming the inherent limitations of earlier random mutagenesis techniques—such as
low functional variant yields and excessive screening burdens—while establishing robust pipelines for enhancing
engineering precision and experimental throughput.

The transformative impact of these advanced strategies manifests across four critical dimensions of SCP manufacturing
value chains: Substrate conversion efficiency has been substantially augmented through targeted engineering of key
synthetic enzymes including xylanases (for lignocellulose deconstruction) and photosynthetic carbon fixation enzymes (for
C1 compound assimilation), leading to measurable improvements in biomass utilization rates. Concurrently, bioprocess
stability has been reinforced through systematic enhancement of thermal resilience and pH tolerance in hydrolytic enzymes
such as lipases and proteases, thereby ensuring consistent catalytic performance during extended industrial operations.
Addressing nutritional imbalances necessitates strategic optimization of amino acid synthetase catalytic activity, a
fundamental approach to rectify compositional deficiencies in essential nutrients. Furthermore, terminal product
functionality has been significantly elevated via engineered lipase variants demonstrating up to 50% enhancement in fat
hydrolysis rates within SCP-derived animal feeds, thereby substantially amplifying their commercial value as premium
nutrition additives in livestock and aquaculture sectors.

Looking forward, the profound convergence of artificial intelligence (enabling predictive biocatalyst design and real-
time bioprocess control), synthetic biology (facilitating modular metabolic pathway engineering), and green manufacturing
principles (advancing circular economy through waste valorization) is poised to propel SCP production toward intelligent,
zero-waste manufacturing paradigms. This synergistic technological integration promises autonomous process
optimization, resource-efficient operations with minimal environmental footprints, and fully sustainable protein supply
chains—collectively positioning SCP at the vanguard of global food system transformation initiatives and nutritional
security initiatives in the coming decades.

directed evolution, single cell protein, machine learning, sustainable protein resources, biomanufacturing
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