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Bioconversion of C1 gases and genetic engineering
modification of gas-utilizing microorganisms

ZHOU Yu"?, RUAN Zuoxi', FANG Chong’, CHEN Xiaoyan®, XU Huijuan®",
WANG Zhongmingz, YUAN Zhenhong2

1 Institute of Marine Biology, Shantou University, Shantou 510632, Guangdong, China

2 Guangdong Provincial Key Laboratory of New and Renewable Energy Research and Development, CAS Key
Laboratory of Renewable Energy, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences,
Guangzhou 510640, Guangdong, China

Abstract: C1 gases including CO, CO, and CH,;, are mainly derived from terrestrial biological
activities, industrial waste gas and gasification syngas. Particularly, CO, and CHy4 are two of the most
important greenhouse gases contributing to climate change. Bioconversion of C1 gases is not only a
promising solution to addressing the problem of waste gases emission, but also a novel route to produce
fuels or chemicals. In the past few years, Cl-gas-utilizing microorganisms have drawn much attention
and a variety of gene-editing technologies have been applied to improve their product yields or to
expand product portfolios. This article reviewed the biological characteristics, aerobic or anaerobic
metabolic pathways as well as the metabolic products of methanotrophs, autotrophic acetogens, and
carboxydotrophic bacteria. In addition, gene-editing technologies (e.g. gene interruption technology
using homologous recombination, group II intron ClosTron technology, CRISPR/Cas gene editing and
phage recombinase-mediated efficient integration of large DNA fragments) and their application in these
Cl-gas-utilizing microorganisms were also summarized.

Keywords: C1 gases; methanotrophs; syngas fermentation; genetic modification

— IR TS — AR TR
A, filin co. CO, Ml CH, %, H:rp CO,Hl CH,
MR ESMA, 14T CHy ¥R IR % 30 5
27.2 5 FHY CO, 241N, Cco Fi colH K AT
A A SR HUE S0 AT 7 A 1 UK
TAVES; M CHy FEAFE TR A
K H e 0 R S A B S SRS ) T L R S
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B, 1956 4, Dworkin Fl Foster! ™55 — ik
T8 TR CHy AR RN Be s i . K
SR BEE IR AT TG K . TR, 1B H . 14 5%
59 E oy B AT B X ISR T AR
25-37 °CYLFEI N AERARSEE, HARE B KIEEE pH
AL, B BT , o — Rt R
e, AR AR ME— A BRI AT BB IR CHae H
RTS8 2 1 4 S8 R e 78 5 T R A Y RS

(Methylosinustrichosporim) . H 3£ 1 %
(Methylocystis) . H! FEHL i %/ (Methylomonas) .
B B (Methylobacter) . H B {0 Bk

(Methylomicrobium) 1 H 3 Bk 7 (Methyl ococcus)
&, ENR FEABE DR R RSN, A LR

(polyhydroxyalkanoates, PHA/PHB)% ; JRK 4R HH bt
B IR W B e\ B K H (Methanosarcinales) 1
H 5¢ 1 B (Methanomicrobiales) &5 1l 18 A 70 %%
PR, HACH ™) F 2 CREM R (R
R 1),
111 FEARBE

HE 8 TR E A EU R T R4 CH, i
i J2 H ¢ BRI 4208 (methane monooxygenase,
MMO), iIXFiif§ i] LIEAE CH, 404k FHEE . MMO
Gy RTPHFPANFE 2R AY, — b I 1 A 4
MMO (soluble methane monooxygenase, SMMO),
T —FPR LS A RO EUR. MMO (particulate methane
monooxygenase, pMMO). WiFN AR HEAE 1k H ke

SN TM . R BERR MR R LR W R BR MRS, (HENTRYE B A RIS AL

*1 BRENBPRERH

Table 1 The reported methanotrophs
Genus Strain Type Temperature pH Product Reference
)
Methyl osinustrichosporium Methylosinustrichosporium Aerobic 25 7.0 Acetyl-CoA [7]
sp. OB3b
Methylacidiphilum M. fumariolicum SolV Aerobic 55 7.2-7.5 Methanol [8]
Mythylococcus M. capsulatus Aerobic  37-50 3.0-7.0 Lactic acid [9]
M. capsulatus Bath Aerobic 20 7.0 Isoprene [10-11]
Methyl omicrobium M. buryatense Aerobic 29 8.9-10.0 Lactic acid [12]
M. buryatense 5GB1 Aerobic 30 9.0 Liquid oil [13-14]
M. alcaliphilum20Z Aerobic 30 9.0 Lactic acid, mucofuric [15]
acid, isoprene
Methyl obacter M. alcaliphilus Aerobic 30 9.0 Tetrahydropyrimidine  [16]
Methylomonas Methylomonas sp. strain ~ Aerobic 30 7.0 Astaxanthin [17]
16a
Methylosinus Methylosinus sp. LW4 Aerobic  5-37 6.0-8.0 Methylactin [18]
Methylocystis M. hirsuta strain CSC1 Aerobic 30 7.0 PHA [19]
Methyloferula M. stellata AR4 Aerobic  4-33 3.5-7.2 PHB [20]
Methyl ocapsa M. aurea Aerobic  2-33 5.2-7.2 PHB [21]
Candidatus Methylomirabilis oxyfera Anaerobic 30 7.0-7.5 Ethanol [22]
Candidatus Methanoperedends Anaerobic 22-35 7.0-8.0 Acetic acid [23]

nitroreducens
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. REHBWPLEFRESAH pMMO, LHGET &, BAIRRBEEREWE 1 iR, Group 1, IH
sMMO, it —&B 4 [FBT HA pMMO Fil sMMO., B¢ S5 23 )i RuMP 136 8% 22 S PR #A A H]
sSMMO FZH LT 3 AMEHEEAFMER: Hoe  CHy, Group MINSEHA CH, " AfER A CO,,
NN 4 B 38 )R T (methane monooxygenase 38 1o < /R SRR (Calvin-Benson-Bassham cycle,
reductase, MMOR) . HI b B fin A i ¥ & 1 CBB cycle)lii CO, SEBIBR IR L. X 3 FERIAY
(methane monooxygenase regulatory protein, IR BRI CHy & WIS W, $5F
MMOB) 1 H! e 8 fin %A # 2 {t B (methane  Group I ##E A RuMP #E3£, Tiii Group IIF! Group III
monooxygenase hydroxylase, MMOH), =4 CH, B2zt i DU S B BEE R (tetrahydromethanopterin,
Ak ry e MMOH., pMMO H pMMOR #1  HMPT)&&ZHA KL, SR Group IR
pMMOH A, HAEHRRA, PmoBAC f45 3 4> 3 PUS MR (tetrahydrofolate, H,F)i&k 4%, i #2tH
WA PmoB. PmoA 5 PmopC. HH', PmoB Y &A%, W belf S =) 3 26 & 2 B G
PmoC & pMMO FYE A 55 o AT . NIRRT AEY) . —JRIR (tricarboxylic
HETE A A P B TR R 3R acid, TCAYEIRATAEY . H 3 % A 12 - il 1R
ZH % : Group 1 (y-JE ) . Group II (a-JE )Ml Group  (methyl-D-erythritol phosphate, MEP)i&4Z T4 |
0 (PEARFF ), AFZEBIXS B CEIRAA T2 28 SRR IR AR AT A= Wy St il ol R i A= 40T A2 W 55

CH,
' pPMMO/sMMO
v
Methanol
' Medh
v H,MPT H,F pathway
Formaldehyde — ———p Formate — » Methylene-H,F
H
” Edh |Shmt
," v ,V
RUMP‘EJ' R | Serine"a’:ﬂ:’?
/,.‘_\:,\ cycle ,"‘_‘: RuBisCo CyC]C i
N\ e / - -.~.\.‘¢ B J
[ cBB -\
. v s Z> cycle ]| v
Astaxanthin, tetrahydropyrimidine O/ Acetyl-CoA, PHA/PHB
Gronpl T Group II
A4
Methanol, formate
Group III

1 FEFRREFRERBEFEAE™  WF®RE: WAMNRERR; HMPT RE: WA BRI
1% Hps: CHERR-BEIR G I, Fdh: HERMEEE; Medh: HEEMENE; RuBisCo: —BEFRAZ MK R L
fiti; RuMP: PFABEFRAZFAKY; Shmt: 2RI ; sMMO/pMMO: 1] ¥t (BUkL) H 4t 2R 42 it
Figure 1  Methanotrophs and aerobic metabolism of methane (modified from [24]). H4F pathway:
Tetrahydrofolate pathway; HMPT pathway: Tetrahydromethanopterin pathway; Hps:
Hexophosphate-6-phosphate synthase; Fdh: Formate dehydrogenase; Medh: Methanol dehydrogenase;

RuBisCo: Ribose-1,5-diphosphate carboxylase; RuMP: Ribose monophosphate; Shmt: Serine
hydroxymethyltransferase; sMMO/pMMO: soluble (particulate) methane monooxygenase.
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6 K&, 1N, Methylosinustrichosporium sp. OB3b
i 2 A FRIERR IR CHL A 2k CoA s & HhiiR
FH 5 TA1 (Methylacidiphium fumariolicum) SolV £
CBB fR¥K CHy bl B EE"S ;B Le 5 R 1A
(Mythyloccus buryatense) 7E 7L IR I S B HOAELL T K
PRBRERES 16 R #LER™); M. capsulatus Bath 7 ] MEP
ARSI AR = s R F e
T (Methylomicrobium alcaliphilum) 207 %4k, CH, )
YRR . AR . Bk e D
Methylocystis, Methyloferula, Methylocapsa 55 H
BeE IR A=A 26 MR b &) PHA g PHB!?,
AL, BGE T IR TR A S v ™ A 1 20 B FEE g o
B3 AT LAA: 7 e e R A= ) S, 78 AT AR BRA
I 5 T HA — & &5 A A
112 RERH

FGEE TR AL T JC A PR EE I, BREHET TR A
B ¢ % 4k (anaerobic oxidation of methane,
AOM), EfliE B T2 SO . NO;y &
NO, J¢ Fe*', Mn”" 454 J8 8558l CH, #54k.
FBe DR S A Gt D A A AR 22 a3 ] A
AMUEYE CHy, 25840 02 CO,, XA
T FRER VS e T [R] ()l Bl DR DL SR A% 0
I o TEX P B AR S 5 AR ALK 2
1) & g BRI A5 1) 194 R o Y — SR il AR E AL
AR, HEZER MMO FUH & LAY H -4
fiff M if J5 i (methyl-coenzyme M reductase, Mcr)
by VR (o) HIE e o N IS R I E SR A DN
S B UL R LR R 6 A L A2 A 1 e DR A
A A4 H (sulphate-reduction-dependent anaerobic
methane oxidation, SAMO)FI LIl A E A F3%
PR il 25 &0 B (nitrite-dependent anaerobic methane
oxidation, N,-dAMO),

SAMO i 2 H i KA P ke ALl
(anaerobic methanotrophic archaea, ANME)% i
PR ER 18 J5 41 1 (sulfate-reducing bacteria, SRB)IE
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[] 58 B, 12t A i AR AR TR B L P8 S A 1 B
Hr, UL ANME F222 0 i /\ & 5K R /I o
FK i J& (Desul fosarcina/Desul fococcus) . H B A 5%
B R IS BRI 4 B, DU Ia) = B BE RS

AR . E 2 Fron, ANME &4k CH,
CH,

CoB
C chr
CoM-S-CoB

Methyl-S-CoM

lM tr

Methyl-H,MPT —— Acetyl-CoA

F42()
Mer Acd| |Acs
F420_H2

Methylene-H,MPT Formate

Fi Dl
Mtd
F-H,

Methenyl-H,MPT

O \'l Mch

F ormyl-H4MPT%>F ormyl-MFR fmd CO,
MF  HMP ﬁ;p

B 2 REFREELEREVEFRIRES  Acd:
LTt CoA WiZf; Acs: LMt CoA &AM ;
Fmd: H - H be ok I I S0 ; Formyl: H Pt ;
Formyl-MFR: H t-HBErkisg ; Ftr: HMPT HI ik
R ME; HMPT: PO H GRS ; Mch: WEH
HMPT fLMEF; Mer: HEE-5HEE M i )5
Methyl-S-CoM : HJE-S-4#fif M; Methylene: .
3L, Mer: WH 3 HMPT £ )54 ; Methenyl:
I, MF. BZEREmG; Mtd: HHEF Fap BUEH
B HMPT i85/ ; Mtr: CoM i BL4% 7% fily

Figure 2 Reverse methane production theory and
the biosynthesis process (modified from [25])
Acd: Acetyl coenzyme A dehydrogenase; Acs:
Acetyl-CoA  synthetase; Fmd:  Formyl-MFR
dehydrogenase; Ftr: H4MPT formyltransferase;
H4MPT: Tetrahydromethane methotrexate; Mch:
Methenyl-H4MPT cyclohydrolase; Mcr:
Methyl-coenzyme M reductase; Mer: Methylene
HsMPT-reductase; MF: Methylfuran; Mtd:
F40-dependent methylene-H4yMPT dehydrogenase;
Mtr: CoM methyl-transferase.

Biomass
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AN CO, 5 HS, CHy bt B PR iy i 722
HFZ K52 5 SRB H S sh i iz £h 18 JR 1
F, FESONW R T AEE . 2 ASEER 2 N
-, Horb F - PO S e S T AR RS Ak R £ T
CoA, HF—IE I CRREY T . IS0 BRI g
HARME, (HREENE TR CH, Wi
FEUTRR A s 122 5 1y AR 38

N-dAMO TR TIRAKIRE T, A F
fiSBR L FR A~ N-dAMO (nitrate dependent AMO),
) FHV A 2 £ i & n-dAMO (nitrite dependent
AMO) ; BT By AR W RE 4 5 A A
Methanoperedens £} M. nitroreducens LA &z —Ff
J&T NCI10 ['JAJ4 S Candidatus M. oxyfera, filfiz
A AMO JEFIF Mer (1452 7= FBe A S
CH,, [EREMRERSEFEA AR ER DI, CH,
TEMTRN AL CO,. 9140, M. nitroreducens
I P 1R v A i R AR A R - 52 AR B B0 DR AR AR
W, [FE AR RRER , JF 5 IR A A 3L ]
WISCHHIR AR . EASIRIR SR B+, 17T CHy 1Y
A TEASIRERR AMO S| H IV ASRRER A 5
Mt B NO Pt Oy, LB AR (L AR ST
CH, i TR A8k, HAP i O, A/t rl g

*2 EBRENERSKEHEN
Table 2 The reported syngas-utilizing microbes

K AP (R IR BEE RN O, TR 32 PEAIR
M. oxyfera X CH, W FHIA 75 R A E AL iR R
Forp i AR B - T AR b A SR A R 8L
HA AR, REEALR 62 M. oxyfera
FRR RS ERAR , AR F IR BT A,
CH, FIVEN At R P i A, X — i e
WARF] T RARCER, 1 NO WJFEK T IEF <K
N, X N-dAMO HLEVR A b 54248, FIFIF
KRB — B AR AN & B B B A0 1
ARG UHTAED AR, SCEm AR RS FF
1.2 ERSABEMEY

1987 4, Barik S0 #3 505 1 HAH
CO. COy/H, KB 15 LR ED ;
1992 4F, Gaddy 5 Clausen %5E H-an 4 1% AN
PR (Clostridium ljungdahlii)®”, G T
B IR L BERINFIE . H ILRE R A
R 2 PR, BNTADER L RIAME, 2018
#i(Clostridium), 41 C. ljungdahlii, Hy~Z &
(Clostridium autoethanogenum) ., &—% LRI H
(Clostridium carboxidivorans)%, Hifo@E &4 KR
J£4 37-38 °C, pH fwltE, L FRIETHI(Clotridium
thermoaceticum)l| /] 7£3& ‘B pH 6.0-7.5 T ifi 52

Strain Temperature (°C) pH Substrate Product Reference
C. ljungdahlii 37 6 CO/CO, Acetic acid, ethanol, isopropanol [26-27]
C. autoethanogenum 37 5.8-6.0 CO H,/CO, Ethanol, 2,3-butanediol [28-29]
C. carboxidivorans 38 6.2 CcO Butanol [30]

C. ragsdalei 32-40 5.0 CO/H, Ethanol [31]

C. coskatii Unknown Unknown H,/CO,/CO Acetic acid, ethanol [32]

C. difficile 35-40 6.5-7.0 CO,/H, Acetic acid, ethanol, butyrate [33]

C. thermoaceticum 60 6.5-7.0  CO,/CO Acetic acid, ethanol [34]
Thermoanaerobacter kivui  55-70 7.5 H,/CO,/CO  Acetic acid [35]
Eubacterium limosum 38-39 7.0-72 CO Acetic acid, butyric acid [36]
Acetobacterium woodii 30 6.8 H,/CO,/CO  Acetate [37]
Morella thermoacetica 55 6.9 H,/CO, Acetic acid [38]
Butyribacterium 37 7.3 H,/CO,/CO  Acetic acid, butyrate, ethanol, lactic acid [39]

methylotrophicum
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60 °Crailit o & TR BET , A Wi CO/CO,
B FE LR CE . T REM IR, HRIREF
1 #F B (Clostridium  difficile) . T [X i B2 #F B4
(Acetobacterium woodii) il & H X T 2 # &
(Butyribacterium methylotrophicum)i 7] F Fi 4 1%,
ST CTRIRECT TR

Wood-Ljungdahl &% K6 S Kk BEA )
FIH CO/CO, i F B4R, &R i L4y 3 Al
RIS SRR, W 3 PR, FEH S SR,
CO, TE MR A M . BE- D & B2 Rt A1 P
FEFE L5 — R G WA T e 25 Ak Ry 2 it ok

CO, CO,
Fdh Codh/Acs
v
Formate CO
ATP =
) FTs
ADP@g v
Formyl-H,F [CO]
MTec

v
Methenyl-H,MPT

iMetT

BRGTEE 11, T P 2 M IR 2 11 v Ay H R S e O
G337 A R DL ST A (HS-CoA)— 24 1
LW CoA, IV CO A/ 2 Bhing A &
R (Codh/Acs) ik, CO Ik H AMHIFEE, &5
i1 Codh/Acs ih it CO, =4 o ZTE CoA fEIE—
AR TR , WAL SO 43 59 R TIR £ Tk RS TR
CIRISTHEAL, 21k CoA i W] 7 N Bk . i
S A T AR . g, AR
L AR, ph R A A T O A R 2 #E
1 5 ATP, i 2Bk CoA ¥tk 2R FE P A= il 1
/¥ ATP, 1 Wood-Ljungdahl @2 %A L4

Methyl-H,MPT Biomass
A
Metf ‘
v Cohh/Acs - AdhE/Ald AdhE
Methyl-CoFeSP : » Acetyl-CoA » Acetaldehyde » Ethanol
HS-CoA A
Ptai AOR

Ack
Acetyl phosphate N > Acetate

ADP ATP

3 Wood-Ljungdahl i22"""  Ack: ZWa#A; Acs: LB A G ; AdhE: BE A ; Ald:
N U ; AOR: -4 AR AL IR R ; Codh: —% kA E M ; Fdh: FPRMISEGT; FTs: FIE
DU R A B ; MetT: IR RERG; Metf: 7 H JE PO FRIA AR ; MTe: 7 HH 3 D0 &0 R AL 5
MTd: WEHUEEPU ST PRI S  Pta: BEIR LIEFE A5

Figure 3 Wood-Ljungdahl pathway (modified from™”). Ack: Acetate kinase; Acs: Acetyl-CoA synthase;
AdhE: Acetaldehyde/Alcoholdehydrogenase; Ald: Acetaldehydedehydrogenase; AOR: Aldehyde ferredoxin
oxidoreductase; Codh: Co dehydrogenase; Fdh: Formatedehydrogenase; FTs: Formyl-THF synthetase; MetT:

5,10-methylene-THF reductase; Metf: Methyltransferase; MTc: Methenyl-THF cyclohydrolase; MTd:
MethyleneTHF dehydrogenase; Pta: Phosphotransacetylase.
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HIRE &7 A . WFRE R B2 3R 1% B il (ubiquitin-
protein ligase, Rnf)XE &2 SRE &R & MM, #
fLE Al S s A AR, JF7E C. ljungdahlii, C.
autoethanogenum  F1 fi§ i #2 7 (Clostridium
aceticum) 15 8] TUESE . LA, R E
(Clostridium kluyveri)H & B8 1T —Fl & F PO & i
B f) L T A2 (AL B AR TR 4
1.3 SEFREE

AR, EUEFRMEWZ RN Z 600, e
SEALBERISENE B SRR, AT ITER ALY 5
B, IR RUME] Ho AR REDR, COLPERRIR,
£ 0, 25T, &P e b3R5 R Ak i
T BB , X2 S HTTH A UK B A YA R Z
b o WS ARGE S SR R R A 2 9R E R
(Hydrogenomonas pantotropha) . B4 & 5. i i
(Hydrogenomonas eutropha) 1 %, # % % 7 Fl 5z
I# (hydrogenotrophic methanogen)55 , J5 & 5 &
A8 35 1) H 5 i 1 H (Methanocellales) . HH BT
W H (Methanobacteriales) LA f& H ¢ /\ & K B B
(Methanosarcinaceae) HBE R, EAT1LL Hy EHL
THEA, TE AR TR L S R B
(Fdox) AR Jit CO, 74 CH,, R fk CO, fid i 2
H— ZR Gk ST S A AR ER S, BN Calvin
PEFR , FHAILHI 5 5 S5AF 0 0 AR ] =0 2
W EAZES. HRAWR, BEH 25 CHEE
35 °Cr feiff /= S A M K BE ™ Hy, TEUE SR8
7P GE B A KBRS TR S 30 °C, SRR PREE B
A U8 SR AL TR B0 A R o [T, R
h 25-35 °CI, ZUE FR B H e T AT LA S0
HWIAY, AR Se i A REY T A Hy/COy,
T SCE SR H B R S 0o CHM Y,

2 —BRAEA AR A o
TRKE

2.1 FANERERERA
N T AE— BRI E AL P 3 R AR AU AR A
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B Z 00 B AR, i B R SRR R A
Wi TG, A ENEEE T TS
AT PR A A= 4 g 2 DR T s B AR B 455 ) U
AR EHE WA . NS F ClosTron .
CRISPR/Cas kP59 i S LA Wik PR 1 2 2H i A 5 1)
DNA R Bl A5
2.1.1 ETRIFEAMNEREFERA

I PR [R5 AF T 9 DNA FE 5116 B AG 5L DI
R B A8t o 6 K1 2 0% DA T S5 0 5 DA o P [ 1
AR, B—FEMB e EE T H, 8wk
W R A Bt B ok b, IS I An iC A R
IR FRIREA, SRS PR A T A T8 E1H
T i [l Beatb AT sc#ie , 2 E A s i &
PR AR R R 5, el s kAR I
PRH T BE ) B AR BRAK o UKL A3 A4 DL ook FilE
ST B 2R BRI S i R oA R 3 e [ i
RO, 5 DRI OR R 5 R R B £, Wl
FEARM NI, 2830 B 22 I 22 i A 26 R 2 e
AR LAE R, BRI BIRILS 2, FFAT7E LR
SRR C T el [V Tip vy i TR S v e S 125 ¢ e P
BI4n pyr F(Z bt L5 IR PR IR IR AR I Y BE 1), 1%
% Susne A e, LK S-RrL i R i
NABMEY, FEAMIET . WE pyrF HR
R TREGE S, AT LA o 7 7 e 155 73 2 o o s
B AT 5 FLIE T R (orotidylic acid, OMP), N
AT ORI, I AT o —Fh s B
e, ZPRC T LERE 4™ Z R 1 (Thermophilic
acetogen) ATCC39073 Hl & /K [ 1# (Morella
thermoacetica) I~ . 18R J ] i BE A 1 ] i 1E
AR, (AEAERIHE, FIRE AR,
SR M A TR ST RS 58 1) B D] G R
212 EFZHRAETFHEEBAKE

TRNEG T2 TR A Y AL
Y, & —FP A B BT AT R RS R 1 a5t
ootk EAEREE S ENME ERITRIE, N



AR F-RSAFHBAREMRERERTRNIE 3133

mRNA Fiifk A 54Tk, JEREA LG TR
M T RNALZN & F RNA FIN & F 4l i
(intron-encoding protein, IEP)ZH i A% M % 25 11
(RNP), [a]Mf HAY 05 5% S EEF DNA N UIBEE1E,
ERERA LR P A S, A RN R
Wi s, A AR AGZAL SN SN % F I8
R e EBEE LB DNA fE A6k
M, fEif Bl A —BoBi) DNA B, i 4
PR, XPFZRNE g X, il s b m
B, NEFrgs M A ST rd my XK,
WOTIERAER B, (BRSO . FEXTIR AT,
W5 A D13 F 2R #LEK I Lactococcus lactis ItrB
FEE(LLIrBYRI B ah i) RN & F, M T3
R JTE i, BEFR A “ClosTron™, 43 7l 78 A Tl
TR A Clostridium acetobutylicum FlJE G A%
& Clostridium beijerinckii WAL I SZ 8L T BE A
R
2.1.3 CRISPR/Cas &%t

CRISPR Hi'& & AT I T8 5 IRBEH S
(9% 0 5 52 5 4 B B R ) B 17 47 (spacer) BT
MR, Cas FREZMRNVING, ¥ M~ Cas9,
CRISPR/Cas9 F A LY crRNA (CRISPR
RNA)Y tracrRNA (trans-activating RNA), 7EiX
WERA TN, 08 Cas9 XHEFSI N LIBY
I, ATLASEIE DNA RUEWTZ(E 5). HItE &
T [R5 E 2 (homology-directed repair, HDR)FIHE
[A] Y5 5 2 (non-homologous end joining, NHEJ)#
FMESZHLE], NHEJ SCEE T DNA RYRAE, [A]HT
CRISPR/Cas9 f& CRISPR/Cas 4t 55 12K H K fi
gRNA 5| H—HA NUIBREHE LR Cas9 &
FIE B S50 o BT AT FH R AR s 7T
HAG] T RNA (sgRNA)UEATHSE M RAE, 5]
AFEAFRE RN, 8038 B t— X gRNA 5 Cas9
AN s s L Y, (HE:, Cas9 &
FEGAEMBOL, #iLHER Cas9 EAZRAY]

&: 010-64807509

it 1, A5 2 28 A8 1R dCas9 2 1] LA H
i PRMEARS & AR RUEETT R, DRI AT %) 25 PR 9 3Rk
HEATAE B b E SRS, A3 ) DNA 4S5 . dCas9
FEMH/ A CRISPR T4 (CRISPR interference,
CRISPRi)H At Tk C. ljungdahlii 7411y
B EGEAR , ZHORBEME H AR R 5%, Aig
Emi it IR g% R DNA Bt XF 7% GC &
B Y, BIANtR R, CRISPR/Cas12 N4y B
TR HE, [k Casl2a HEAM T EL Cas9
H /N 100 ASSIERR , 38 H 14 1 8] B P 91 408 3 35
J¥ (protospacer adjacent motif, PAM) J¥ 51| Jy
5-TTN-3', ¥FX%F AT & F & 3R 751 il k4
PFEAR OIS 2, FIIEHT GC &MY
Fio eAbh, Casl2a ALA]LAXTHESR DNA #171)
#), WA LIXEE B CRISPR %5511 RNA RijfA i
TToIEI T, TR crRNA, IUAh, X
AR SER S4B R, Casl2a 3¢ CRISPR/Cas9
T T AR AR
2.14 EEAEHEENSH DNA XFESIA
W DA 27 48 TORE A R A4 A S IR A
BRI i TR A s, EUR R RS AL 5 A ReR
%, % T KRB DNA 5] AR KF XM, 1
CRISPR/Cas9 if NREA RCK K Y DNA F B &
FYefathep, 2019 48, pEPBLERBEY A AL
BWFFE A2 DL Aol R I T —Fh 3 T
AR AT 5 A S R L AL ) ) R B O R e e 8
B FIBEHAR, BT C. ljungdahlii, h—
fie S ARALRE A0 B T i A i A o S 485 T8
WGERAE T Iy 338 2 3 < 00 5 il - XX
attP/attB” 5 i 1 P S 41 LA )2 CRISPR-Cas9 &
V)R AR T, SEEL T R B AR R TE
Pk EES . RN T WIREIAEA
B FIE A4 SR s A, LR H S SR
2 1Y attP A7 S g EIE 4 Y attB i s,
e et Bh T CRISPR-Cas9 [N 4l 240,

B<: cjb@im.ac.cn
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7t C. ljungdahlii ik FEE TR A TRESR
RS RGN attB i 5, TR RS i
T attP-attB AL SCEL 1AM R AE
Peafk B AE— attB {7 51 100%36H A o Hrd A 7E
—EMRE TR T DNA KA BHEGHALE, (HE
HASON 2 B — e S A A= v
2.1.5 EBBRFHREERSTFTEHE

A WAL B T P, S B e I A 1Y
BE T, vk A A S, X

\ Target

3!'

Target recognition

AT, —

Repair

4 ET-XASTHERBAKREREE

Qe
— AL s — 52

Reverse splicing

mRNA “REM S GC &y sUESEF
BT R NI 5 4h, BEIRRE T ool
A s H40EFERERENREEIC, B X
O3RNSRV A, SRR RIRL, A
7 ] e PR 3k A s ) A, AT DAl A 5 R e 55 7 )
X 32 FA A K 3k AN RS2 ) 17 2H R 2 TR
FEIERIAZ IR (2238, X AT DL —E F R L
ki P AR )7 8 5 IR N 2R
A K, SCERE OB TE A U B AE Y A

i

N
Double strand break

IEP

lll BEN
¥ g

Reverse transcription

Figure 4 Intron excision and retrohoming.
Read
CRISPR
TITTIT — ——— ) — (merva)() HOROEOR) 4
. New .
Exogenous DNA Extraction sequences intergenic spacer PAM protospacer  Intergenic spacer
l Transcription J’
- T T T 1T 1T T T T 71
Excision
tractRNA Pre-crRNA
- o g[
Exogenous DNA
breakdown Interaction with exogenous DNA crRNA, cas, tractrRNA complex

5 CRISPR/Cas ARG EREHEREE
Figure 5 CRISPR/Cas gene editing.
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WA 3 F A WA R R RAE A RS 3 A
Ppta il Pthl 55, iRk sl B 5 Ben] AP s bk
RIZRIR T, kst e T, it —25 42
[ SRSy & L
22 EETIERARE—RSEFBMEN
MM

TE 5635 WA — Bk AR I TCEE D000 A= WA
BBURE, B A SN0 TG EE T
filt b, WFFEE AT — 2 AT P 7 TR — Bk
SRR A Y A N TR G - (1) XA
B A s A T AT R 4 8 ss D B
B (2) FIASME AR R LA BOHT 4
22,1 HREFFRMNERTIIESUE

W e R WL CHy A= FLER IV
TAHATN Tl 5, R A AR B Tl i
BB FE A o IR 1 F B S F7  RuMP
WP EEM PR A, B R st
F 3 G T L B G SR D A S R T AR G
3%o Garg FHYML T8 TARRA AR S T
FIk H B+ FLFF# (Lactobacillus helveticus) 3L,
P2 M3t St 5 PR (Ll o) P A MR 25 S s, DA S
4 TR AR S Rk oo, N HTE M.
buryatense 5GB1 H', 345 T —Fkae" 4 L-FLR2
PITERE, B R i e HGE R 14 £, it
*3 BHEEFEMNEEIRESGE

H ot S Ak BB S AR A A s S s, G SR AL
IS (EMP)i& A% 5 BB F A2 1Y 80%LA |, T3
i TCA FEFRAIE FHECH . Nguyen 250w iR
¢ 5 57 I (Methylomonas sp.) DH-1 H TCA /3%
FAMR it = B L ] (succinate dehydrogenase, sdh),
BRI BB AR 10 £%, FaE A
H E. coli MG1655 BBk Y £ T8 B2 A1 ¥ Hh I A 5C
T I [N S A7 A5 R 2L A il (isocitrate lyase, il)
JE DR AP SRR 4 i (mal ate synthase, ms)5& [,
SCEL T e R BEHIRR 7 /134 mg/L (DS-GL).
e, MR T P R R R 2L I (pyruvate
formate lyase, pfl) il 2. & 34 it - Wk R 7 2 Tk T
(acetate kinase-phosphotransacetylase, ack-pta)
ANTEEEELR, fE ki A #) TCA TE3F .

Ub4h, Henard ZFUHS, T —Fh & A UMK E
A B TR0 BN SRk gk A, 15 8] T
— bk IE S U5 L R A A 2L R A= (lactate
dehydrogenase, LDH)# H e 5 95 TR, i 7]
R CHy P 3L, 7 ik 0.005 g FLMR/g
CH,, FLIRUEE N 0.8 g/L. M1 IG et o 2L+
o 2R B R AR AR AT AL W R IR 7 A B i A
ML, Brib M RS A M. buryatense SGB1 1,
BT —REERR I A A BaA ) a7
FGE 5 % i b g | SIS A 72 48 118 S Bt il ik [

Table 3  Genetic engineering modification of methanotrophic bacteria

Strain Approach Result Reference

M. buryatense Homologous Lactate dehydrogenase was overexpressed and 0.8 g/L lactate was [12]
recombination achieved, 13-fold compared to the initial titer

M. alcaliphilum20Z Homologous Recombinant cells containing L-aspartokinase genes could grow [15]
recombination in the presence of 4% NaCl and synthesize ectoine

M. buryatense 5GB1 Codon optimization
and molecular
element construction

Inducible and constitutive promoter and ribosome-binding site [47]
were combined and the strain produced L-lactate from CH, at a
flux 14-fold higher than previously reported

Methylomonassp.  Homologous Succinate dehydrogenase (sdh) was deleted and succinate [48]

DH-1 recombination production grew by 10 times compared to that of the wild type

M. capsulatus Bath  Homologous Expression of heterologous genes to produce muconic acid (MA), [49]
recombination the highest titer, 12.4 mg/L MA, was achieved

Homologous recombination Isoprene synthetase genes were introduced to synthesize isoprene [50]
Methylomonas Homologous

recombination

Isoprene synthase was expressed and the activity of isoprenyl [51]
bisphosphoisomerase increased, synthesizing 0.056 mg/L isoprene
from CH,

&: 010-64807509 B<: cjb@im.ac.cn
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AT DS IR IR A I W 55 7 W 6 B, bR
MR T AR AR g Z2 Rl s B (LR =) , S 0l
PUAE P72 — B RARFLIR B 5 ) s, A T Ie
., R Z KRBT MEP i#&4%, #il40, Held
2EDO0L8 B R 55 e (Pueraria montana) i ispS 2[4
(IR B4 L ) 7E M. capsulatus Bath H
PEAT SR IRRIE , OGS R A TE AR T DL AR R
/& ; Donaldson 4% PU ok ¥ B g B IR &
Methylomonas, i H A 5§ e 1k 53 8 — 9 G g T
HAg R 1 H 000 5 B S A BT 1, X
TARE LA CHy AR A e e, WeBE Tk
0.056 mg/L, AXTHRZLM 2.7-2.8 1.

WA BFFER R £R 1 M. alcaliphilum 20Z fi4 DY
SMENE S A R L-2,4-diaminobutyric acid
transaminase (EctB) . L-2,4-diaminobutyric acid
acetyltransferase (EctA) fll L-ectoine synthase
(EctC) S HoARE i 8l 7 X I AE K E. coli
Fik, EAIAMATLATE 4% NaCl FAK 4k
PO ms e R 2B TR S s A T
Group IRV HH L E IR . WX AL, Group IHVE
R4 4R F Group IR, SE i RuMP {3 1) 3
Si, ARTE ST RuMP {38 N B RE
Rt Group 171%5% Group I HL B & U RE 380K
{22, Group &= 2 CoA, & AT
Yy, £ CHy Fl COp A Iy A7 Hol 45 iy B {2
R PEAL . Besh, il it 22 S R = %0 A PHB
& Group IHYFREEA ). Frlh, A Jaa] IXT
Group IRV HEAT AN IOAF9E 5 & 55
222 ARSLEMEYHNERTIRENE

BB TR, FREN X G RE
WEAEIIT R T SE S e st R HL i,
Heap S5 Wa i T XM AT I - AR T 2R B0k, VEAR I
A ) R R ELAT S R R 1 B b
U IRE, JBEH AT ARG 1 X0 e N R 4
T N30, SSUEAMGE TR,

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

W HAWIFAREEMED, DL X s Bt e
TEMARKBEREYIRIE IO, 3 4 FLHNH T
— BB AR TR A P ) DR TR G5

Liu % ¥ H| f] CRISPR-Cas9 # A i K
C. ljungdahlii ) Z. 1%/ . 5 R A L K] (adhE) , ]
BT L RER 28 AdhE & igte, A PC drid
LM CTRIEAT T AR SE G , i S Ak J5ioF-
5 0 A RN HC S S A 93, R W SR UG TR
A CO BYEHLT 82 2R A 2 1 AR Ak D il
(aldehyde ferredoxin oxidoreductase, AOR)jE4E
WAEAL S O, 3 5 e R ) SR ER bR L
f) AOR A JEAAMIAY . Tan P00 i T Asib B
C. ljungdahlii DSM 13528, % qRT-PCR 43 #r 4 fi5
T B U Y BL R (putative butanol dehydrogenase,
bdhl #1 bdh2)f% k)5, wifE A bdhl F1 bdh2
JH1E E. coli BL21(DE3)h SiRFEA, Wl T
PEAeAb o T, BHBRAEERIX 2 MR, Al DLk
TEER PR, XAk — PR T B
WA — 2 WA %R L. Woolston 45 P7 iR 7
C. ljungdahlii HFFF% T RIS CRISPRI R4t
‘B REW SR IR LIRS pta it 5k, fi
VE 3-¥25L T R(3-hydroxybutyrate, 3-HB)HE AL,
WRRZIESIE TR 3-HB e A A R
T 2.3 {5 A LBt Y TAEEAE ™
SRR SR IR, 1531 3-HB AT ARG AR AL
REIHLT TR PHB,

S, H—iSEF YA IR
BRAE R A ), W EA —E W T T
Ueki ZEPSM A T S48 T4 C. acetobutylicum
T8k CoA A R T RIS AR Tty () K [N S 5 A JF 4K
43 C. ljungdahlii Je etk S8 5% C. ljungdahlii
PRI ZE G AL s A TSR, B0 T X1 e )
PE, A CO, KA THEZMT R, 1M
Nakashimada 250595 Kita ZE0055 B LA RER™ 2, 1%
T (Thermophilic acetogen) ATCC39073 FIFAEEFE /R
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x4 ARSKREBHMEVHERTIENSE

Table 4 Genetic engineering modification of syngas-utilizing microorganisms

Strain Approach

Result

Reference

C. ljungdahlii CRISPR-Cas9 gene editing

AdhE gene was knocked out, deletion of the classical [4]

AdhE ethanol synthesis pathway

Phage recombinase-mediated

Efficient chromosomal integration of a whole donor [45]

efficient integration of large DNA vector via single-crossover recombination produced

fragments

1.01 g/L of butyric acid within 3 days fermenting syngas

(CO,/CO)

CRISPR-Cas9 gene editing

The dual reporter system (catP-lacZ) and the strong [55]

promoter Pthl had over 10-fold-higher activity than the
original expression part Pthl

CRISPRI system

Downregulating phosphotransacetylase (pta) led to a [57]

97% decrease in enzyme activity and a 2.3-fold increase

in titer
Knock out butanol dehydrogenase to improve the [56]

Homologous recombination

producticity of butanol from syngas

Codon optimization

The ribosome binding site was modified, translation of [58]

acetyl coenzyme A increased and high yield of butyric
acid was achieved

M. thermoacetica Homologous recombination Reintroduction of pyrF into the mutant pyrF by [59-60]
homologous recombination ensured the recovery of
uracil malnutrition, producing acetic acid by using
Hz/ C02

C. autoethanogenum Homologous recombination Transforming exogenous poly-3-hydroxybutyrate [61]

pathway genes obtained PHB-producing cell
recombinants and the synthesis of PHB, an acetone
heterologous product in WLP

Homologous recombination

Reconstruction of a 2,3-butanediol pathway involved a [62]

NADPH-dependent primary-secondary alcohol
dehydrogenase (CaADH)

Intron excision and retrohoming

Genes encoding Codh was knocked out, indicating [63]

c00S1 and cooS2 were dispensable for autotrophic
growth and verifying the functional redundancy of Codh

Molecular element construction

The CRISPR/Cas9 system promoter was cloned [64]

downstream of the PHT3 reporter gene, expressing
phaA, phaB, and phaC, producing ethanol and butanol

C. carboxidivorans  Homologous recombination

AOR, adhE2, and FNR were overexpressed, enhancing [65]

ethanol yields

[CEE (M. thermoacetica) WAfF 7 X4, A [R5 &
20 1) Ji PR i LR I SO A TR pyr F I

1531 PR W e 5 SRR A R A dpyrF, MAMEETA
¥ A g R A FF B (Thermoanaerobacter
pseudethanolicus) ATCC33223 HFL A I & il it
T-ldh 1 pyrF J&, %@k A F ] Hy/CO, 7 A2
LR BLAh, I4F PHB Z 2 ORI 2 156,
de Souza 2 1k pMTL83157 25 JFki Ak 1 44
1 %74 B (Cupriavidus necator)ft 4 i, PHB i&42

&: 010-64807509

B, 153 —RRERI G U R R 3- R TR
JiE(PHB)H E 41 C. autoethanogenum,

H AT, A BT A SEEATT B B R
SRR R TEH AR MR . 22T % C. ljungdanhlii
A CO o & AT F oY, 4R B IR 3h
CRISPR/Cas9 R GEILIFRBHIMA S )1
(ParaE #il Pthl), %t pta Fl ack & 4T k% ,
B Jo B N BR T BERR B C. acetobutylicum ATCC
824 1 T ERA Mgk 2T A C. ljungdahlii 1, 155

B<: cjb@im.ac.cn
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R IHBEN K BE CO j7/E T, Cheng %1%
FIT ZE48 Bk, pMTL82151 54k T 3k [ N R T Bx
B C. acetobutylicum [#JFE[H AOR, adhE2 A
FNR (7371 4 bt £ T - 480k 2 1 AU AIR D il | T
S AR AR & T NAD IR ), MG A
MR ZEHIFFIE C. carboxidivorans % 1 CO 153
) 2Ty i s E 0 AR 2 FRRE S S R A G
FPRAE , LRI R B i, REUW R ik
A2 V855 B B ) TR AR SR AN SRR FAE , AR
AT LA 3K A SIS

3 RgE5R%

FHAEYER T2, LUK B e s FR
M. buryatense Jit ™Az 1) 40 it R fig i A% Shy ot £, 48
W, WG RURE H TR P e AL R R B R £ B/
T, AR, WE S i E G X
C. autoethanogenum #1744 T F ey, ff T84
FRAF T F CO . COo/H, 5855 Ak A A il 1 55 P4 it
FRRE 1100, 38 B AR 7 DR R S PR A DR A T
FA B SRR, R 585 T2,
AR AT Yl DA o] FEA BRUR BT FE, & AT
REAR IR % R HE . Rk, R CO. €O,
J CHa 55— SR A= 03 A 2B 7 BB S Ak 2
i A A TSR I AT Rpak R B, fERREA
BRI

SRS H AT — B SRR T TCE P i i 53 52 3
REXGE, S FUGEEARWZ RS , HARFF
TE—Lem, |, —mAERMMAY) DNA
PUNL U4 5 BRI 185 R T 55 , 3
[Fi) 5 2H 8RR, st G HRAERT oR T RN . BFY
FAVEEI R TR EfE TR, thhiiiE 5T
E. coli A MR (A T ZH T & (1 Red/ET 20 T
KIGAF B A S A AR X FHH R G
AT — WS A=, A o 1 [R) 5 2 2H 24415
[, {HAE X Red [FREMH G, Palkskt

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

DNA 7+ FWINEHNS, FEOLEHAARRE.
Shy ik B FEAR A SO ROR, BUA I RIS R g A1
Bro Hoak, Fokifems Fh ez, ma s
) PR G HOR I A Ff R, R AR A Att/Int
A4 attB £ 5 251 A C. ljungdahlii f93E K 241
W, IR 2T L — % 24 HbR DNA R B
Y tafh— RS AR IRR . )a , ez Pt
A A5 E A TR O 1 s, BRR T DR R R
(LC-MS/GC-MS) S 38 = 3 2 i e, (HiAS b 8%
15 o WU 18 A ) 1 TR 2 — Bl s A X
T RE R T, o] FHF R A i A 4R i
Yy, Hean, R AR DNA HAk2i YL s
E T4 B R E B =X H bR AR R AR ) AR R
“tpMetROG™ IV . [HIIt, FF & 3 U A A= 4 1% ek
a T —a AR HHAEY , 4 E R —1
KIEDT Il
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