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sustainability. In contrast, biomanufacture with microorganisms as industrial chassis is gradually becoming a hot spot
in industrial production due to its advantages of environmental friendliness and sustainability. Nonetheless, the
limitations of traditional industrial biotechnology, including susceptibility to microbial contamination, complex
fermentation processes, and difficulties in achieving continuous fermentations, have hindered the competitiveness of
their products in terms of production costs compared to chemical industries To address these challenges, “Next
Generation Industrial Biotechnology” (NGIB) with extremophiles as non-conventional chassis, has been undergoing
continuous development with increasing global attentions. The basis of NGIB is extremophiles, such as halophiles,
acidophiles, and thermophiles, known for their ability to thrive in extreme environments. Through molecular
engineering of extremophiles, especially Halomonas spp., the recombinants can utilize various inexpensive carbon
sources for continuous open fermentation, leading to the production of diverse high-value products with reduced cost.
This review defines and summarizes the characteristics of extremophiles, highlighting their ability to grow rapidly in
extreme environments like high salt, high temperature, and extreme pH. Subsequently, the review summarizes current
genetic engineering approaches for extremophiles, such as promoter engineering, CRISPR-based gene editing,
community fate strategy, and stable plasmid vectors. Additionally, metabolic engineering methods such as precursor
supplementation, pathway disruption, byproduct reduction, and enhanced transport are discussed, along with various
products including PHA, proteins, amino acids, and small molecule derivatives. The review also identifies challenges
in extremophile engineering, such as the lack of suitable plasmid vectors, low plasmid transformation efficiency, lack
of efficient gene editing tools, and long growth and fermentation cycle, but proposes corresponding solutions. Finally,
the review proposes leveraging the characteristics of different types of extremophiles to produce advantageous
products, thereby driving the development of next generation industrial biotechnology based on various extremphiles,

and achieving green, environmentally friendly, and sustainable biomanufacturing.

/ Low-cost substrates \ / Synthetic biology \\\

¥ Carbohydrates v Gene expression elements
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Fig. 1 Next generation industrial biotechnology based on extremophiles represented by Halomonas spp.
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(Production of intracellular PHA products or proteins and extracelullar small molecules by recombinant Halomonas grown on low-cost substrates in

seawater under open unsterile and continuous processes conducted in plastic or other low cost bioreactors)
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(a) Gene expression regulatory elements and tools. Genetic elements include promoters, insulators, ribosome binding sites, and terminators. Gene

regulation includes static regulation such as bypass knockout, pathway overexpression, and dynamic regulation such as chemical-induction system,

biosensors; (b) Gene editing tools include homologous recombination, TALENs, CRISPR/Cas9 and specific-site recombination; (c) Metabolic

engineering includes morphological engineering, membrane engineering, regulation of NAD(P) '/NAD(P)H ratio, and expression of hemoglobin;

(D) Genome mining. The applications of omics data to build metabolic models for prediction of new elements, enzymes, and pathways
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EhE M T AT DA S R R AL, ORORfRTAL T UKL
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ArRE T, (AR IR, T 5] N DNA H M R
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ol I BRL N TAB M 75 92 0T LA S ¥ A0 U J R
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9 B 5 Re % TR T 1 R B PR A P D D
HETTHE B R 7

AR, A HAR ) — L8 B SR AT A T
P g BB AR PR RE 7)o i is 3 R A4 SR e S B sk
MEEWAEERN BV R A7, AN
KA Bt 4T PHB & . Ji %5 7Y Jd it 75 2 A
ompW (Yt AMEE D )3 3+ ML R porin JH 3
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R KPR B TR S TR % mreB
M frsZ B RIZRIE , A7 A 58 K40 RS 3G T i 9 7
YRR RS2 B4 B PR T DB T R AN B A
R HER J5 1) A0 IR o B T K 8 6 SR s M,
A K AE S e e, IR BRI N R
s = PR S R N IR /R G A eI O T
hbpB/hbpC 7 K -Hi# K R4, RensF 7 JF R 1
& 5e 20 ORI #4A pHbPBC, W] DASZEL TG 75 s in4b
VEHUAE 2 BRI AT OR KR M N BORL I RS E A AE (R 2D

2.2 RintHEMRCETIRE

A S Ak A= 0 R0 AR R A S T Y Y B A
W, VR 2 HENE R T R 4 AR AR U 3 A AT B
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Table 2 Genetic engineering of Halomonas spp.

T Ak B Bk smg 225 ik
LRI o TR porin J3 )T, R TTRIER G, WM AF/Nr THSHN L EES RS [25, 52-53, 59]
FER AR AR CRISPR/Cas9 & %4;, CRISPRi £ 4;,CRISPR/AID £ 4; ,sRNA 1% 240 [60, 66, 78]
EVBIRIE SEEEE BRI RLE 5 40 T AHL 12 R4t , 2% € = PHA 7 & (qPHA) [25, 61, 79]
iz L [ Pk g H PHA & U3 K\ 0 75 B K omp W JH 2)) G 3 3R ik [74]
AT FNHI 20 B 3L 5L R mreB, fisZ 31K [75]

5 ORL T8 H FEF 5 M T PR 1 R AR 1 hbpB/hbpC # K- R RS [77]

VORI B IR 1) H AR AR AR i RR W AR
B, D AR BINH R SRR I
wEEEES . AR TR . W,
AU IEIALAL, A2 A A T ST
BN T RE o
221 ¥mERREZ

HEHEE N Z A BB, B A S
B, AR NHTAR G LA A i, A AR AR
WEEE IR TR AL R 2 S Y Jiang
SR RT3 TR OURRIE, ML, 30 TR
AL Tl MY 2 T I S B SR A B P 2 e
B3-RENER GHP) MAREHERE. Linsg ™ £
T T a-TER BRI R GE, AR AT BRI
VERHE T Z R PA ) . Zhang S N M T B R A
TDHA4A,B.P i# ¥k 0K sh i AL A0, HL e e 2 b
LA T AR, EaF AN SRy, AR
FREASEANERRIRY), IF HAEAME—BRIEA K ™,
222 RMITHRE L

S TR 3 AN %S 23 SR B U5 E 22 1A H
(K974 . CRISPRi Xt g i A7 15 PR & B ) gled S A
{1 40 1) 7] K acetyl-CoA A TCA 7 34 B £ #s & A
PHB 5 B s P> TCA {8 ¥5 A 5% 2 1] sdhE Ml icl
IR 2K, DL 2 AL o P A4 1 X AT AT PR PR AL I8 1) ppe
FEDH i 20k, A 2 A BV 1] 3HV 5L
223 Bk FHARM

Sun &5 I F [RIVR 20 1) 735, TERE FAGHEE IR
SR R 2 2 FRURT BT ok 5 S MR A 55 A R 2R 1]
K IR ) £ Hhimt ) SRR I & & A . FERE 34
REN B Thermoanaerobacterium saccharolyticum
bR QPR ERAE OB ROFE A, AT DL e B AR
PRl D s AT 92> 4 i A 0 R 2 e e T
Zhao 55 1 751 £ TR g bRk A 58 6 e B IR O

it X P ) T R AL B RS TR ek 1R AT T B, kb B
LR (OAA) ) HAhIE BE #5410
224 B FHARA

Du%s " IERI g R A R L- AR R, ST
K2 HO A T AR 95 R AR N IR AR R,
RN HA AR, WHER, FHL-HAR &
/b B G NCBI A 2 1 [R5 5 371 B s 7E g 6
B ORI G R I TR T S Y edlh B TR 9 R
WD T IR P TH FE
225 HiEEHIA

Zhao 55 " ) i E IR 1% 18 RGP TR R
&, EId5 AR WA 12 5 E LysE
A W 5 TR A IR TG 32 T e I 2 R A HE s iR
M, REREBERE. Duss " @ik T e
ahd R AR O s B A S R sse T, Jk/b 1 AR
INATRIIHFE

2.3 tRiRMEMEFSH~n

Wi A AR T — A MR A = R A
R huis R BERE S, MR AT 25
BB =
23.1 BAFek A A

K E W ¥ T AR ) I g AE Tl R B A IR AR A
KRR SZ AL, o SR DR AT IEAE B Ty kb B
AR A . B A B AR 7=l 7 B RE 0 7R )
Ui sk A N REAE R BIAEVMI K F o AT K&
HVA @ N AR B AR AR T R V2 R .
VFZ VTG, W4 JE s . TP LN T R I
AAERBEOREEN. JLT M. B, R&
AR A W, IR R = AR Y A
PR o0l

A i g ATk 2B 4 T G I B 1) v R PR RE
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s S NENRIRZ], H T &ain Lia 2R
& (glutamate dehydrogenase) . 4RI Al 4800 T
HIARREFIA ZEFERE (laccases and xylanases) Z¥)&
J% RS AL B R A% Z B (nitrilases and transaminases)
PLA TP A R Wi B (lipases) , 8 A2 P #0 Rl
A=) R SR A A A R 4T, e —
O RIE NEMAR, FHEANTI ", HE s
YR, RIRHE. JLTiRE. JEREESE U
Ab, AT . B8 pH IE B VE Y BE ) 4
HAFUUAE | il 5 N A AR, R
Thermoanaerobacterium saccharolyticum 7] M A B £5
FEWH A A3 E] 1.05 g/LIIE T B, AR T #iG
REEAFA) 26% ), TEIMETYERR W (Clostridium
thermocellum) %3 L% Ja vl FH T 427 57 T 10
232 CEEAE B D

WE BRI A W) AT A PR pH TSRS 8 R A D RE )
MIAhEE, IEVEREE. A, EREME. 4R
B ARENENG . o I EBE . PN 1) RN I R
By O METR B AR oy WA B R B O] BT UE R . R
H. GgERERTTREVWRRD LR, 1E
il pH N ARKG I 1 97 1hi5 Jemmr g, BUONAR
DA AR BT ATE A pH AT K 5 T 3R SR
V) LRI S8 5E Y. AN, Issatchenkia orientalis Xf
2 A HLER T 32 BE /1 98 T Classic Distiller” s
Turbo B#EE, FLAE N IRIHER (042 Wi bk, 72 Ak
11.63 g/L %,

W Bl T A= 7 S FG . 1 il DR G v 7 BE DT R T
WG R T Tl o R H W BR Bacillus sp. B P
38-2 1) CGTase 3 1 a- MG« B-HAMIHG . y-2F
B MAR AR R AR =, fESEI =4 T, HiE
TE oy R T B S K IR R WK A 3R 43 0 85% ~
90% A1 70%~80% “*' . W& W& Bacillus marmarensis
FE R K B ) K 50 ik v M) e ) 0 A 7 S Y R
FIFEAL RN 38 o/L F165%, {EE/KFI #2805 Ge i) IR
IR AR 4 WA A 7 Ol B 12 g/L, B
W H 50% B,

233 R MmAH

W& £h & Halomonas spp. A ¥ it F T 22 Fh i
HIEr=, ATUURERCANGIBINEE &, HT K
% g 5 A B R T B WE R A g SR, X AT
BT AT G it 1 RUEE e s

PHB 78 S MR N, B A48 i A A 26 5
it T % e ) 3RS 80 /L 4 o T A | BBk $1] 90%
) PHB “”. PHBV 1 3HV K (5t v & T AR AL
MEPERE, 7E BR8P T Hh R A B R B o B 2- H R A
15 R & B 0 prpC 2[R, W] 3R 153 3HV L 1 78
1%~13% CBE R 7 $0) ) PHBV St F 4 7,
P34HB /& 3HB fl14HB St 4, ZF &t T8 &
& 5 1 FP P34HB 7= & Al 4HB [ BE /R 70 8, A3k 753
o7 41 i T . 60.5% 1) P(3HB-co-4HB) , H: 71 4HB
) BE JR 53 BN 17.04% P53 fil Bk 40 IR A 96 3 [A]
IpxL A1 IpxM, 7E 3% b S 56 3R A5 5 & 2 208 82%
ff) P(3HB-co-4HB) , M. v 4HB ¥ J&E /R 73 8 N
23% ', PHBHHx H A~ 8] 3HHx [ FC H AT 3R 15 R 47
(0 A= WA 5 A A R A A R v I D R 12k
g s T R P A o A B A R AN R B S 15 B R
731 55% 1) P(3HB-co-3HHx), H:th 3HHx f BE /K
BN 14.21% 1,

S RS - S I W BT A
PR RAFEENIRI A E M, BRI A
T3-BEWER GHP) ", KRR JA) " R
KR (MVA) ", P83 7k #1154 g/L. 58.73 g/L
F121 g/Lo BEAN, W8 #h B 4 K DL AE P2 ik
g S AT, Bl L-25 &R . DY A g . L-75
IR DU R EZ R R SR 2 —, Du%E ™ did
ZHARW TREFRES, &AM ETLEY
SN #7433 g/L I - &R - Zheng 55 ' ] H
2 M A T VK T A PR 5 A R SRR, 223d 8 h
FF i R P f5t v AT DL AR 72 85.84 /L I Al A . DU
A mEnE e — PR AL RARATAENEY, Hu% " |
It R IE ectABCH AT+ B INAT AR T . 15
PEEIE R A KR RIS VL, ST
85 g/L KU S msng i~ i, ERA 1 g £k B b 9 B oK
JEE R DY S AR = B T AT I GR3FEISD.

3 &SRR

Wem A B A A Om AT (s R AR
BRu . i AE) FHREA KRN, KRR
HAF R Z HHAFED A RSN Hit, €
MIRRBEAFRE RIS, BT —ARIkAEY
BORBER RGN . IEER, BEESREDSF
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R3  ETERRME AT SR
Table 3 Various products based on Halomonas spp.
/] TR/ A s SR Fe EE BTN
PHB HERE Ve PR IR P NADH/NAD LLfl, #h 58 4+ 3 K T80 ¢/L, PHB IR & /- UK T [97]
KR, & L% 90%
B3R A BRI
RAETMRS 4 WAL A MWEWAHE XK 4R TRAEEB) A 7L R 42263 gL4IT &, @i [98-99]
BRITRLRY  WREET YERER, RIE4BRETREBHIERN 5459%060.5% [f) PGHB-co-4HB), H 1 4HB [
P(3HB-co-4HB) W1, K3 KK orfZ; BRI G 110 Wit Sl L (K] gadD s 3 BEJR 40BN 17.04%: 5 L R TG =4 100 g/L
Woy-T e B RS BV T SRR BT s AR A AE A T L i 4> % 60.4% 1) P(3BHB-co-
FeHE A IpxL F IpxM 4HB), H 1 4HB 11 BE /R 73 $0R 13.5% s i bk 41
BB H. bluephagenesis WZY254 15 7 L K T
PEAE 84 /L A1 T H AL H B R A H81% I
P(3HB-co-4HB), H:H1 4HB 1) B /K 5 £ 26%
3HRETRS 4 0 MR BB 2- TR R A R N B 63 gL 4N T, BLE RE A  [28-29,
RERIRILTY)  HERERYY  prpCs wiBR TCA G ¥R M 3 K sdhE M icl; £ 65% I PHBV, 91 3HV B IR 43 Bk 1 35% 85]
(PHBV) Gt s T 0 o e Bk 1R s 1 X AT IR R AL I
F A ppe
BRIETRY B kK H deromonas caviae FA440 [ PHA 7 L EFEHEF= 42331 gL T &E, 5/ [100]
3-FRAL OB ILERY CRAH & B 5L H] phaCac FVG TR G RS -A K & EE AL & 5 40 50.32% 1) P(3HB-c0-37.23% 3HHX) ,
(PHBHHXx) phaJac 3HHx B /R EE A AT ATE 0%~ 37% i il 4%
PHA Fiki A & A kg W phaC 2 Y, 78 2 R4 B3 3k phaP PhaP BRI 5 EL 19%, 7788 1.86 g/L [71]
(PhaP) FEH
R I8, A B TERD A G G 5 IR AE B T RIE M a-  DAEAE I ME—BR U A 7 PHA T EMENE . [82]
g, PHA , /Ny TR T RR 28T I o B M A SRR IE S AR 2 RIS
TRER W LR B A RS ROE E L RER 7 LB E R 33 /LT LR (66, 87)
(L-75 % » Wiz iz B A L5 S B I < 0 R0K L R e R 7 22,59 /L
L&) G A PR DG B[R], Ak ok JE A0 400 T 2K, 1Y
i L-HE R AR
% ez SRR IB T SR M PR W 5L R Cad A, LdeC 7 LRSI %, 7R 118 g/L [66]
Y s g IR PR 2 R DY S N A K JE 10 ectABC. 7 LR BEREAR P DU AU mEE , 72 B 85 g/L [25, 105]
lysC 0 asd = A~ BE IR e, 412 7o i 40 (L 7, 344 5
PR IS RGE R E IR %
5-a LR PUE=N A FiBR gabT R H, fE R A L RIA = A 00 7 LREEREA: 77 5-% 25 R, 7= 5 67.4 g/L [106]
[t] dvaBA £ X
3-FRELN IR ERE, TR R 5 3-ER L P R & BN 56 (0 AldDHD 7 LR TEMEAL 72 3- 52 3 TR, 7 & 154 g/L [81]
L3-H i AdhP BE IR, ok B4 AL M) Ddd A
AR R FIRRIER RIS o- IR A SAURMALAERS 48R, P 5 85.84 ¢/L [104]
alsS T a- £ FLIR Wi PR B FE [A alsD
KRR Fr kI T L Sk R B R T 4 RS L [N cadd R SRR AR R BERR , 77 £ 63.60 g/L [102]
1 3 % W g 69 5k K acny R IK 5y F AR R
GroESL ; 14 Jin g % PR 32 it 5 K] acn 1945 DAL
LS 554k 50 4 i 45
R R R i B SR phaB M phaC FER s SRR IL HFR IR 5 LREERE P A= R IR, 7™~ 121 g/L [103]

4 B3 [ HMG-CoA & B i f1 HMG-CoA-if
J5U ;s CIRSPRi $7 A BAR S0 A 561K 5 51 N
A SR I AR % (NOG 3 B8 ) U6l Bk 45 2

FC A S o A 2 — 5l ok sk AT AR A BE
H AT C e D SE BT i 2% PHA IR R AR 72 . R Kb
Wik — 24 KA HURE, BT g 2E 7= 2 B0

AW A B, o W B AR W HEAT 0 7 SUE I TR
H i 58 3, IO 1K A8 o S 22 40 2 5K B Tl
P EERE . CLRE R N, HARE N H AT T2 0
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Oxaloacetate |3 Acetyl-CoA 2N;EP)H
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C
Aspartate Aspartaly S
semialdehyde,  phosphate XA

PWV%

/
Homoserine  L-2.4-Diaminobutyratc |4~ TCAcycle ¢ Cltmts 13-Bropancdiol
lmns ectA ‘\ clizA e lACN thaTP /AdhP
ri P
Hiifoeerie Ney-Acetyl-L-2,4- Succinyl-CoA ‘," cis-Aconitate  3-Hydroxypropionaldehyde
phosphate diaminobutyrate Paaan i Jeap | Aup,/aup,

\ \g 2 y \ Itaconate 3-HP /

E3 FIHSRREAE S Ew 7
CRIH B i B AP SRR BN, BT AR 2R AATED . AR
ALAS—5-BEELBNIR GBS ysC— b R & ZIRE : thrd*— %Sk B KB 16 MG1655 ) G433R i@ £ Z IR I AW RAL K thrB— 9w Y
LR thrC— S -7 R G ectA— MG L-2,4- " T T RO EREE: ectB—HMITL-2,4- T “RFETM: ecrC—Yfid U1
WEETHE; ACN—SkREE: CAD—IS kMR EE: DhaT, Al AdnP—RE B S BERIBE BB  AldD, —3k FIT% SLBL S U1 KT2440 ) B2 fit 2
Wi AlDy,,—K [ i 5 5K IR (RS I s phad—2w ) 3-BABRIEERE ;. mvaS—%ild HMG-CoA & 1; mvaE—%i i HMG-CoA it Ji i

[107]

Fig. 3 Diverse chemical compounds produced by Halomonas spp.
(H. bluephagenesis has been engineered to produce non-PHA chemicals including proteins, amino acids, and their derivates, organic acids.)

ALAS—5-aminolevulinic acid synthase; /ysC—gene of aspartokinase; thr4* —gene of homoserine dehydrogenase mutant at G433R from
Escherichia coli MG1655; thrB—gene of homoserine kinase; thrC—gene of L-threonine synthase; ectd—encoding L-2, 4-diaminobutyrate
acetyltransferase; ectB—encoding L-2, 4-diaminobutyrate transaminase; ectC—encoding ectoine synthase; ACN—aconitase; CAD—cis-aconitate
decarboxylase; DhaT,, and AdhP—alcohol dehydrogenase and aldehyde dehydrogenase; AldD, —aldehyde dehydrogenase from Pseudomonas
putida KT2440; AldD,,—aldehyde dehydrogenase from Halomonas bluephagenesis; phaA—encoding 3-ketothiolase; mvaS—encoding HMG-CoA
synthase; mvaE—encoding HMG-CoA reductase

R, SR E. SRARERFT . A5 R4 ARIET BB (7
FF . MR B A A WA, B & Rk Table 4 Products based on extremophiles in the future
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