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Thermostable CRISPR/Cas9 genome editing system and its
application in construction of cell factories with thermophilic
bacteria: a review

LE Yilin, HE Xing, SUN Jianzhong

Biofuels Institute, School of the Environment and Safety Engineering, Jiangsu University, Zhenjiang 212013,
Jiangsu, China

Abstract: The diverse thermophilic strains of Thermoanaerobacter, serving as unique platforms with a
broad range of application in biofuels and chemicals, have received wide attention from scholars and
practitioners. Although biochemical experiments and genome sequences have been reported for a variety
of Thermoanaerobacter strains, an efficient genetic manipulation system remains to be established for
revealing the biosynthetic pathways of Thermoanaerobacter. In line with this demand, the clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) systems for editing,
regulating and targeting genomes have been well developed in thermophiles. Here, we reviewed and
discussed the current status, associated challenges, and future perspectives of the construction of
thermostable CRISPR/Cas9 genome editing systems for some representative Thermoanaerobacter
species. The establishment, optimization, and application of thermostable CRISPR/Cas genome editing
systems would potentially provide a foundation for further genetic modification of thermophilic

bacteria.

Keywords: Thermoanaerobacter; thermostable Cas9; thermostable CRISPR/Cas9; gene editing

W SR AT B A YA FEE . R IR SEAT R (Thermoanaerobacter) KR K
BB ERE AL, ATDMEN RIFAIAIAIE T A" WEHRE T RAE A, HAM SR . O
A PIBRBERN Tl Ak 2 i, AR . LBE . TSGR L) 45 A B PR AR B A R SE A
WRR R MLER 55 (L A R p B 202 mg g 4l W 45 R, R RO W OB
iR A B TR N R, I BT AW D 4% (Thermoanaerobacter) R THFE AT LIS R 3 A
HY RSN, B E )2 kER A4y (& DP

1 ERREFERE (Thermoanaerobacter) FiFEHIE k5 %P
Table 1 Distinct clades of Thermoanaerobacter strains™’

Clades Strains

Clade 1 Thermoanaerobacter sp. X513; Thermoanaerobacter sp. X514; Thermoanaerobacter pseudethanolicus 39E;
Thermoanaerobacter brockii Ako-1

Clade 2 Thermoanaerobacter mathranii A3; Thermoanaerobacter italicus AB9

Clade 3 Thermoanaerobacter thermohydrosulfuricus WC1; Thermoanaerobacter wiegelii Rt8; Thermoanaerobacter

siderophilus strain SR4; Thermoanaerobacter kivui LKT-1
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REH Z/EAREFENISRE CRISPR/Caso EEMAGHIERARIEMR T HEF M ARRHE

FRIT X 18 R S8 i Y S B e
DU IUAS Tt 1) PR IR S R A i i, 1
0 TR 55 T 2 2 0 3T A I I ) W R S
W, IREIP R A S E R B 2) ig
PR AR g 42 D8 DL R 56 i 1) T RE R 1
FZE™Y, B G A R 4 7K S i M LT g AR 4R
¥ (Thermoanaerobacter kivui) HE AL &
T2 0 AR B T s AR O A BT R T A
g 3) LA PR,
Ny 2 WEVEHREFF I TW200 7E 2019 401
TaEFA P, £ NCBI B EFEA £
AN FAPR ST TR T8 R Y5 P T ok 4 B PR 21 P 91 2
DA 4) e AR AT R TR A I o L I, A
YRS M AT . PRORDRS B IR AL G,
Pl AR P - 1 -l T L 6 1 S RE AP LA B oy ]
W20 oAb, Sl s 1 ALy Rk v AR
SEUHF IR U5 10 4 A W S A R A T 0, IR S
AL RO AR E PR 5) e R AT TR Y
WAL E TS, e anAE SR R TR R
(T kivui) PP LG R 0 190 A% 0 e % I 5 [
(pyrE) HEEBAEHRAE R GE

IR EAF B (Thermoanaerobacter) %
AN TR R PR 20 35 R D R — S 2 A S e 45 2R
KW BBIIREMWIE (Thermoanaerobacter)
Y R Z 1] AR AR AR AR 22 57, ARSHAR
2 v 1) G B 1 ) RE AR PR A R i — 25 I B
PG, SR 1 IR Sk A g R DR AU 1A 10 A R
1, HEARS R AR PR g A
BED AR, T 55 s % S B il 1 i DR et
RIKIZHEEH . R, 5 HA AR BAERAE R
St 1 IR A A0 K W A B (Escherichia coli) M
P, W8 PR R AR I ot/ f] (5 PR 1) a8 A% R 7
oo o m T HEOAKR S M E (KW
Thermoanaerobacter ethanolicus) it £ K I

JEh 69 CRfEL, Ml BB IARE T2
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AR AR A R 2R 2 B PR DR ST T i A48 o
INPRNE, CA AR RO h TR 20K R,
aP PR RE BB BT E P 4z

JFE B4 AL AR 1] o R ] SR A2 1) R AR 5
g

palindromic repeats/CRISPR-associated protein,
CRISPR/Cas) J2 4l I A1 ity T2 418470 4 M I8 95 25 11 e

B AR B — il R e e LI BT i RNA
& HIVIE DNA A IE B G0 8 28 48 s 1M
[ 1 % CRISPR/Cas9 3k [H 4 4 A A A= 1 3k
I RE R B . RIS E A28 B4 i A R o A 110 i L
S5 R — AN R S 7 0 20, S LA
K, BEEGBEY R, I CRISPR/
Cas [RGB AR S S 3 i i 1. A=
FEAREE SRV YRR AT B B ) 28 )
SRTM, HLIAY CRISPR/Cas9 % 45K i1
Cas9 % (U0 SpCas9) AT & i, E 2 /Y
CRISPR/Cas9 Z 4t if A R iz F 21| Wk o W8 34 18
W BRI, IERETER Cas9 BEREGHLIT & I
TF-hi IO FH g TR A it A% e 27 e v
f) CRISPR/Cas9 3 K 41 4t 45 F A 7E W8 $A R S FF
oo IR P Wk, R E T
CRISPR/Cas9 5k [K] Zhi i 4 AR 1 1 7 Ry W AR 4
FEEE AN T AR g 4R A T — AN RT3 mT A7 1 38t
RBAEF AR T e o FRATTRT g $A R UM B i T 5%
HEJEFI S SE P CRISPR/Cas9 J [F 41 4 4 A
FE G AR ENT R H 0 1 P EA T R4, izt
DR 201 44 0 AR A LAt g R T i R R L T A
FAZAEAR M S AT T R,
1 %HREHEE (Thermoanaerobacter)
EHNBRABT &£ WA 54
5

1.1 =578
WEIIRENF W E (Thermoanaerobacter)

(clustered regularly interspaced short
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LAY TR R P T s Tl R T A A W A 2 24 T )
W T Z— . HRTE 53 2 F 0 8 3] ) 08 PR
ENTHE R (Thermoanaerobacter) KU i) —LLTE
WREA R A M ORI R . W RDRIEE &
ey B TR bR R BT . PR R AT A 39E
(Thermoanaerobacter pseudoethanolicus 39E).
W IR A AT B X514 (Thermoanaerobacter sp.
strain  X514) . & # IR A P JW200
(Thermoanaerobacter ethanolicus TW200) . X
WK AFTH  (Thermoanaerobacter mathranii
BG1) 4 1 & W 7 AU 1 BOR AT T R
(Thermoanaerobacter) KGR RA : FE IR
AP H GHL15 (Thermoanaerobacter GHL15)Y
0B wh vg R A AT B (Thermoanaerobacter
tengcongensis JCM11007)P14% |
1.2 BEEZS Lk

WAV COy B At MR E AL 7 i,
S CO, RBEIEALFI T M ATAF T 5 =2 —P,
77 & TR W (acetogens) A LI il i Wood-
Ljungdahl i&484 2 4> CO, 73T WBE TR
Wood-Ljungdahl &% i) JC i 2 — & CO A
i/ WEHiWE A & W (CO dehydrogenase/
acetyl-CoA synthase, CODH/ACS), {HiG1H =
A, JULRERRAME (T kivui) ZHETE
HHRERMIR AN A B (Thermoanaerobacter) W
ME— 4 Wood-Ljungdahl 4% fl[# %€ CO, JIEE
e p AP
1.3 S RE

Z Bkl (higher alcohols) RJ LAYE B4k A1 1R
BHOE AT S EA, WEER SA AL
Rk RS, A O AL R YRR
RE . I PR Wk A= W I 5 Wy e Ak Ry v R
L 2 €6 A 0 i i 1 R 1) 22— P71 g Ay
PRAUE Jm R IR A R, g AR AT X514
(Thermoanaerobacter sp. strain X514) FIREHIR
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EATFE  (Thermoanaerobacter pseudethanolicus)
AT DURE A HLER A DA AR L (R WS40 D S
ERARYE, BRIXRAEAHFE (T
pseudoethanolicus) RE W45 5% Ak S 3 55 fg i
T2 R o7 114 S e pe

2 BRRENERMEBR XA
HR#* R
2.1 MERRETEGEENREIRE R KR
IR IR AR T T A 1A A A5 5 v 400 i
MK EZ N EZ —. NADH fil NAD &4
Jt e A Qs P T A4, NADH/NAD Y L
R W P B AL IR JFOK S, AR IR JFUK S )
TR LB 20 ) A BRI A R R A .
FERM, PRI TR K T 52 55 5% BT i
¥, Hr Rex ¥ 3#H T (redox regulation,
Rex), | ZHAETHFZKRBMERES, 2—1H
F0a 7 i P AL IR TR 4 BE (NADH/NAD H %)
[ei) Bsf 3 2 A AR O 7 S P, Rex #5 SR IA
TR A &R A L, i g A I R A A
S PR R ARG R i o, R BIRFEAH DG Y
KK, TP A N AR IR K- o i i o
NGHE” CEEERIRAAFT I (T, ethanolicus)
YT —> Rex BB F: AALIE 5N 25 1
RSP, {RANSZEGH B RSP 5 51 45 &
fiE J152 NADH ¥ B i 52 1 . RSP S LA NAD" |
NADH Hl NAD/DNA =Fp & A& 1A%5 115 5 fig
Bro RSP = 5@ MM FHLHERW, X4
RSP %54 NAD'ZFi, RHAFHMESE (open
conformation) A LAZ5& BHE P4 -, M
PIHZHE A 1y i sk 3R 1K 5 24 RSP 5 NADH 43 ¥
AR, SRAEMMS (closed conformation),
PP F AR RELE & RSP 2B 1, AHICHER nf DLk
Tl s 3eak™, AT MBR rsp FEH, B0F
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T RSP ENIZ SHAEKEE Y, WA
A HLER DY,

H T NADH/NAD" A H 2 Jz it it oy A4 4801k
W IFEACE, BRI AFT WS NADH/NAD 2
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O 42 Bl A Ferredoxin: NAD(P)H 4 fk
& Ji #§  (FNOR f ) , FNOR [ fd 4§
NADH-FNOR #1 NfnAB, 4% AdhE .
AdhB . AdhA, Xffgs 2] 45 1E Y Rex
i R F——4 bR B B 11 RSP 4%,

RS S ATF S A D 1 T 55 A T R 2K 4 30 i
H M (PFOR), AL HEN (Fd) 5. FE#
PRAEFE AR IR IR AR, IR 1R S 6
TR |l R RO R P T R A
et R a] LUK ADP 4k ATP., KA1, 1
PR EAF A P ATE LR, LTRVEEE (Ack)
SR BRI OCHE NG, AE TR AE L R T R R
ADP §44¢°h ATP,

HRAE H ET A 1Y 5L AL ) 45 R
FREMIR A W T8 (Thermoanaerobacter) KA
1) TR B ’ﬁﬁ%iﬁﬁiﬁa@ﬂ@%ﬁ%ﬁ@ﬁtlﬁf#
g e S 020 0 R 4 v HROR R A

LI

%2

(Thermoanaerobacter) U5 [ TR K 2% A W HE Y
TS/ O S it S R B S Y (% 2)P, R
&, —SERAR L N A ok K B A L
HE AL (aldehyde:Fd oxidoreductase,
AOR) L[N, filll: Clade 14332 1WE #IR AHF
39E (T. psuedethanolicus 39E). #fi FQFJIR A
FE (Thermoanaerobacter brockii Ako-1) g
PYRENTE X514 (Thermoanaerobacter sp. X514),

Glucose

ADP)[ C:AD(F’)+
ATP~ AD(P)H Fd,
Lactate JLdh Pyruvate

N
NAD* NADH de
I@OR

Acetyl P -—Acetyl CoA Fdo\ NADPH
Pat )l@anB
Ack ADP NADH NADH:‘CI NADP*
A Ip Adhr
NAD’
Acetate
Acetaldehy de

@1Fc]/ [FeFe]H,,.
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Figure 1 Key enzymes involved
metabolism of Thermoanaerobacter ethanolicus

in energy
[14,43]

TEE kRO S F T B RO R SRR

Table 2 Aldehyde:ferredoxin oxidoreductase and alcohol dehydrogenase genes from Thermoanaerobacter

species

Clades  Strains Aldehyde:Fd Aldehyde/Alcohol Alcohol dehydrogenase
oxidoreductase gene dehydrogenase gene gene

Clade 1 Thermoanaerobacter Teth39 0850 Teth39 0206 Teth39 0220

pseudethanolicus 39E

Thermoanaerobacter brockii Ako-1 Thebr 0872

Thermoanaerobacter sp. X514

Clade 3 Thermoanaerobacter wiegelii Rt8 Thewi 0375
Clade 2 Thermoanaerobacter mathranii A3 Not found
Clade 3 Thermoanaerobacter kivui LKT-1 Not found

Teth514_1380

Teth39 0218
Thebr 0226
Thebr 0224
Teth514_0654
Teth514_0653

Thebr 0212

Teth514_0627

Thewi 2535 Thewi 2518
Thewi 1975

Tmath 2110 Tmath 2094
Tmath_2093

Not found TKV 02600

&B: 010-64807509
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Clade 3 7 LB ICIEINRANT A (T. wiegelii
Rt8) HYELINZH L & A R4k & A e
J5ifE (AOR) ZE[N . HJE, AKREEBAELEN
AALIR I (AOR) AT REHFIE IR A KIE A .
DITERI RS 25 SRR BB AR BT X514
(Thermoanaerobacter sp. X514) e i I i &
B 2 [ (adhd) AE W& B R 2K BRI
(Pyrococcus furiosus) R FR XSG, o] LI
il AOR-Adh BAEKME" LW HAEFINLEE
BEVKERE (P. furiosus) TREIEE . BRAELE
FAMLIL)5TE (AOR) KeBSIREL b N O, LM%
BRIRFIB IR RS (AdhA) B 50N L
BRI, ST HRIREAF#E (Thermoanaerobacter)
VR E R AL B AR AR )5 (AOR) #E4T
BRI AR, B RE R AR A 2
22 —SHKREBEIEREREXHEE
M58 N LR B SR 5 B A [ flk ads A8 ik
frregs, U8 6 Fl: RIRSCIERR . 3-825EN
RIUEIA . Wood-Ljungdahl &%, W JEE (G
) —ORMAGIN . RMR/A-FILT BRIGIF 3-
BN IR /4- 5 3 T R 2R P, Hof Wood-
Ljungdahl #%42 FEAEAE T CIRIRA A, %
AR 6 FhRIR [t A8 fe i i) — A [ as A2
BUILE PR EAFF R (T kivui) AT LAF
Wood-Ljungdahl 42 [HE CO,, 4% HH 5
Mras 3R], BULERIREMH (T, kivui) &
A Wood-Ljungdahl & 42 X 8l CO Mo i/ £, 1
4ilE A A B¥ (CO dehydrogenase/acetyl-CoA
synthase, CODH/ACS) FE[H (TKV _c19820),
H 2 3% TR bk BE B A XL ) BE Y T /B A B
(aldehyde/alcohol dehydrogenase) Z& K, 7%
AR AR B R AL )RR (aldehyde:Fd
oxidoreductase, AOR) F:[HU! B {H Mg #UR %A
W (T kivui) 2 B IR A EE
(Thermoanaerobacter) " WME——/~7R 7= )
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g PR AT o AR 2 B PR A R
(Thermoanaerobacter) F:Ath 1Y T8 #k — AR 5 LA
L. BEER . S AR N R
SRR ENT T (7. kivui) BERTLL H, F1
CO, #AT HFRAK, WRTLLH A0S . B,
WA DY R R R I A T S AR A 4G, A A
7 2 R, Wood-Ljungdahl 842 4 it
Z & CO AN LA A GG, HIhRes:
P H AT AR T phAh, PR R RN 2 T
A ZIA) R0 B Ak T S o P R TR Bk R AL Id D
(pyruvate:ferredoxin oxidoreductase, PFOR) ff
o BURRERISANTIA (T kivui) JER AP
ZE KW 3 4> PFOR Y, X126 PFOR fif}
A= BRI RE H ATEANTE A, T RABGE .

3 ERRAMERLRFUANE
THRE
31 REME R E R 5 I R R T

IR R HRIE RS
FEMIRENT 8 (Thermoanaerobacter) K

Co,

Hydrogen-dependent Glucose
rductase
Form%% Embden-
Meyerhof-

Formyl-THF
Parnas pathway
Methenyl-THF

Methylene-THF Pyruvate

Methyl-THF PFOR

—————

Methyl-CFeSPY CODH/ACS !
]»—h- Acetyl coenzyme A
COZ-_.. CcO

Acetate

& 2 PERERRSEHTE (T. kivui) RFHEER

=g
Figure 2 Metabolic pathway in Thermoanaerobacter

kivui”,
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R TR R A Ay g T TR RO A M T 4 2 P9
Ko WP & w] LA A9 5% 7290
S B AR R AL A S B OR R A
it SR WSy S ) o AR ST T TR AT DA — 2D
PR EEACEP ., TR BUR 2 () LA 1 4
P R AR E RO, WFFE N 51 32 Tl e e
PR 7 AR Gk B 7Y TR X i AR AT B
(Thermoanaerobacter) 1) — %& 5 Pk 17 K& [H 432
PENT, BRI IE PIRERF I (T, kivui) S
L A LI IR W RRAZ AR R W S (pyrE), 3R
A E SR T B RR Y X £ g PR 4
FFE (T. ethanolicus) &R 24 Hp ik A 1 e 38 il
BE (edk) SEATRCSR, ARAF— B IR A B T
e UM A, FE W OHROR HAT W R
(Thermoanaerobacter) & 1 2] 1Y Bt ¥ i 12 b
LR ER R RIS (k)™ D
F ) NI = W o & (Thermoanaerobacterium
saccharolyticum BO6A-RI)H 7325 2] 1Y Tk 15 A #1
e B, T4z T R IR A
W& (Thermoanaerobacter) K5 B TE k2542 ot
L A 1,
3.2 #AFREM CRISPR/Cas9 EFERBHA
=0f=Ava

HI RNA 45 319 V)% DNA (135 i M 52 7=
G ek s 1M AL A 11 CRISPR/Cas9 & [K 41 44+
A, HARMERR . RS EA, AT
T B A Yy B o ee . AR R AR,
HONAE YD RESL D 4240 . RIRR R . JE DA
SE R39S LA A T I r) Ao J5 9% 58 4 4 — A 1 1
CELONE Sals

AL IRYESEER TS (Streptococcus pyogenes)
KVRE SpCas9 A% R Mlf & JEE T K 1) CRISPR/
SpCas9 B [N 4 R4 2T 12 W H T HCE Y els
HAS2 ks, 1126 VR CRISPR 2% 2 11 Cas12a
(WARAE Cpfl) W) 2 A T 2k 5 21 9w 4R
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53361 R, Fidk SpCas9 F Casl2a & [ #F
AT, CRISPR/SpCas9 #1 CRISPR/Casl2a
Rk A fgis BRI E R E . RETRA
A SpCas9 %R B AEwg HhiR A h iE 47 T 2%
PR g 8, (H 22 A E I T AR RIRJETE 65 °C
A - e oty g AR B BT gk A, R P TR
CRISPR/Cas Z4t, WL SIS HAE UK B B
1k (Sulfolobus islandicus)®® Fl £ 2
(Clostridium  thermocellum)™ v 3 7. 7 P P4
CRISPR-Cas RN R 40, SATM, WM Type 1
CRISPR/Cas RZ4iH crRNA T 524~ Cas
LR AR 53 DNA MIZ54 V1% DNA
i, PR 1% R G A HAR AR A
321 AFREM Cas9 %EREERITHAEHHM

I %! CRISPR R4 ' crRNA HF7 % 5 Cas9
PAEAA R G HOREST DNA EU1H], 5
WA AT SRR AR, 118 CRISPR/Cas9 4
K] 4 80 22 e A9 B B R 2 DY, R TSR
e i P AT ) IR g B, A2 ARASUE PE Cas9
BRI 1 R WE 58 Y G B o WS B ad it 23 B
WEEY A B E (IMG), & INE 55 2
HIAF T (Geobacillus stearothermophilus)*™ 3k
U5 IER G ME Cas9 Ak e 1 i BR (S.
pyogenes) KR SpCas9 HA LRI, 1k
G, W BB R ZF M I (Geobacillus
thermodenitrificans)® | fi 4 Y& B # H
Mg B A 2R AT
B (Geobacillus sp. strain LC300)P/3f i )
SEPE) Cas9 AR D BERr MW A5 B i dir . H
AT 2 AR EME Y Cas9 SR 44, %
3 A T IX SIS E I Cas9 2 Y SRR HEME .

WEPAE T ZE AT (G. stearothermophilus)
SRUE A IFE E TERY GeoCas9 8 H i A FH IR
A LLikE] 70 ‘C. GeoCas9 I Hi 1 087 & F&
PRZH AN, Lk SpCas9 143 F /)N, GeoCas9 fiE

(Acidothermus cellulolyticus)?”
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R 3 AREM Cas9 EEMINAEFEELR

Table 3 Characterization of thermostable Cas9

Cas9 variants  Isolated from strain  Size of protein  Nuclease activity PAM sequence (5'—3') Spacer References

at temperatures (‘C) length (nt)

GeoCas9 Geobacillus 1 087 amino <70 NNNNCNAA 21-22 [27]
stearothermophilus  acids

CaldoCas9 Geobacillus LC300 1 087 amino 35-65 NNNNGNAA 30 [32]

acids

ThermoCas9  Geobacillus 1 082 amino 20-70 NNNNCNAA 19-23 [28]
thermodenitrificans  acids
T12

AceCas9 Acidothermus 1 157 amino 25-60 NNNCC 20-24 [29]
cellulolyticus strain  acids

11B

RN R I PR S IGITRLY (protospacer adjacent
motif, PAM) & 5-NNNNCNAA-3"" ifij SpCas9
FE AR PAM J7418 5-NGG-3', BEHHA
FAFFE (G. thermodenitrificans) IR #Fa
E M ThermoCas9 £ FI7E 20-70 CiuENH A
PIFNEYE, Hig s ERRE R LIkE] 70 C,
ThermoCas9 25 F 1 1 082 PN LR A%, [RIFE LY
SpCas9 #1143 Fim/)N, ThermoCas9 BEBZIHIINAY
PAM J¥51H1 )2 5-NNNNCNAA-32 ) g4 4 2E 70
FF# (Geobacillus sp. strain LC300) 3 I it i
FaE Mk CaldoCas9 # [7E 35-65 “Citi il NERA
YIEIE . CaldoCas9 2 F1H 1 087 Pa LR
A% , CaldoCas9 BE % 18 5% () PAM ¥ %I &
5'NNNNGNAA-3"T? o f# 2F 4 iR K
(Acidothermus cellulolyticus) > 5 W) # A& & T
AceCas9 & [7E 25-60 °C il A Y1 EE 1,
Him S EREE T LIEE] 60 C. AceCas9 &
1157 DMRAERAN, b GeoCas9 Fl
ThermoCas9 & /> T fi K, AceCas9 5 FHRE
IR B PAM ¥ 51/ 5-NNNCC-3"%"
322 MEREREHWE (1. ethanolicus) HBI2E
4 CRISPR/Cas9 £ E 4riE R G HIEL
bfiE A et Cas9 EHMAI, A
GO IR TEVE G h s G2 E 1 CRISPR/Cas9

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

RN RS, 2017 4F 11 A, FIFHRGEE M
) ThermoCas9 £ [1, W5 NFE 55 CHiFRI
B, X eg A A SR R AT A (Bacillus
smithii) AT T RER 4P, 2020 4590, FIH
PEEPERN GeoCas9 HFE 55 CHRMFTF, X
IR A MR (Clostridium  thermocellum)
AT T R H G E R

UG Z i E TR FHAEREE Cas9 X IE
ool T AT TR g i, (HOE AR E R
CRISPR/Cas9 k[N & 45 78 GEAE A S M8 AV BRT PP R
DARIE . 2020 4F 12 H, BATTHGE TR E
YL GeoCas9 FEHTE 65 CHRAFT, X g
PIRENFE (T. ethanolicus TW200) #7471 FH
Rt BfS 2021 455 A, #F9E A RHRGE T1E
65 CHiFRIEL, XRIRIEHWINGT (Thermus
thermophilus HB27) 471 He R 4t

H FREHIREFTHJE (Thermoanaerobacter)
AR TR A R SR Sl | [Tk LA SORE
A LB EL AL AR LA BE SRR, VB AR ST TR
J& (Thermoanaerobacter) K5 WITRARAE N —A
YR T AR A YRR A A S B BRI T
Vo R SEFNHNT — A WG P4 1 fa] 8 PRBE 1Y
FER iR RGN YR EE B bR, AT
S AR i W PR DR AR T e R e, FRATT B e
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T DR E-E AR AT R R R B
& pBlul0-Htk (GenBank: MN843970), iZZH42
FIRHEARE T RIE TR AT E (T
saccharolyticum B6A-RI) [#ERE T il
PEEE RN E RPN A B ERAFF A
PG s F 5. SD 781 2 s s flZe
1EFIFFNL S KA R BTkE pBlueScript 11 SK(+)
SRV pUC & il PRI S Pk F 51

RSB 2T (G. stearothermophilus)
SRR AT E T GeoCas9 A% & il 3k [K 51 3 1o
IR A RS R RN, HR
GeoCas9 # [ FEH 751146 A 2 22 T b 2 ik
pBlul0-Htk A2 FEEA i d . W T HFi7E g
AN E (Thermoanaerobacter) W% AT %3]
HFEMNESFES T, TERMNEZLT2404E
WA B F £ IK GeoCas9 HH. B EA
GeoCas9 & [1 1Y & [H 7 41 1 28 12 3 ik 81k
(pBlul0-Slay-Cas9) FIXfAEZH A GeoCas9 £
1A 3 R 21 Y pBlul0-Htk ks, 43534551k rg
WIREFE G, WA ASCRAAE N a2
5o A GeoCas9 I Y JTof i Ak g R ST
PR A B 3 A BT 80 ) B AR A 1Y
WF N — DA RER A2 GeoCas9 Rik)e
it e AR

AN, A T BOE orRNA
tracrRNA il 21 nt B[] )7 51 i e — i 15 2]
sgRNA (small guide RNA), F2 AR5 3l
THRIK sgRNA, HWEEH sgRNA KIBHER T
$i (pBlul0-P-sgT), it —2¥% sgRNA FIibHESF
HIE A BN EH GeoCas9 FRIBME ) ZF M F218 HAA
th, 152547 GeoCas9 FKIAHE I sgRNA FRIKHE
(4 kL (pBlul0-S-P-sgT) . Joi 4 % 1k 52 46 &
B, Y5 ki pBlul0-Slay-Cas9 #H Lt , J& %
pBlul0-S-P-sgT $EALIE IR AN RIIe, $E1LRL
REAEEY, AR — 2 T WA R 8 A BE

&B: 010-64807509

Ik Cas9 M sgRNA Wi E &k
DNA & A WUEEIBT 2L, BOA 15 2 Je i & 52 3k
R B s E . TR AT E R IR R A
(homologous recombination, HR) &% %) 5 &
WEEWT 2L DNA 47185, 76Uk pBlul0-S-
P-sgT i A BT U RIS, # e 5AT [R] IS
KR, AR EFF I (T. ethanolicus
JW200) Ky g, BT X% Y 6E AR
FECHEMERE N adhE FAALIE JsURN 2 11 5L A
rsp PEATRE N R, AUIHIARTS T RZ MK AadhE
FArspPt,

4 REHRZE

R R R o T S5 A A ) 2 e P Y
MM T, HABEHREW . B REEoR
BEEERE IEAh, REERCZFIRATR . B 8h kI
PR . AR R LIRS 4 T
)z N A A R AR 7 ) B B
B, M, B GURI A A AR
X X S R AT AU R AR B B R AR
DL A A, RO AR T I e T
£ AL 27 il B AR R R O

Mg TR A D — > A 7 R R R 5 it T
TER AR T, HATRYA LR R
JEPR L U R T G A XU L R AR REAE S 1L
o —BBREGE (AN T. saccharolyticum'® |
C. thermocellum'®' . P. furiosus'™") @14 /G A&
ek fe B T B CRERRE ) o AR
TREAGE IR EATEE (Thermoanaerobacter)
K PR TR PR B o A )7 B AT 5 28 2 F 5
BRIE GR 4)o T Mg PIETE i PRI op B
Fr, kARG . BRI RSETEZE L Ak
AR IR 2R A AR I A MO RO AR . e A
PR A TR BSOS BORTEA BT R T, B
200 P DR R B SR s b T A R LR AR AT SR R B
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Table 4 Engineered strains of Thermoanaerobacter for biofuel

Strains Genetic tools Description

Production References

Thermoanaerobacter Gene integration based
mathranii Aldh on an antibiotics
selection
Thermoanaerobacter A markerless gene
ethanolicus AadhA  deletion system based
or AadhB on an antibiotics
selection and
nutritional selection
Thermoanaerobacter Thermostable Cas9
mediated genome
editing
Thermoanaerobacter Thermostable Cas9
ethanolicus AadhE  mediated genome
editing

selection and

ethanolicus Arsp

Gene [/dh deletion, but retained
the resistance gene

Gene adhA or adhB deletion,
using kanamycin for positive

5-fluoro-2'-deoxyuridine (FUDR)
for negative selection

Gene rsp deletion, less than 10%
genome editing efficiency

Gene adhE deletion, about 77%
genome editing efficiency through AadhFE strain were
extending the time for cells to

Ethanol yields of Aldh  [33]
strain were increased

by 30.5%

Ethanol yields of [9]
AadhA or AadhB strain

were increased by

60%—-70%

Ethanol yields of the [31]
Arsp strain was

increased by 17.9%
Hydrogen yields of the [31]

increased by 184.2%

perform homologous

recombination

PRSP, (45 22 B R BR 32 B R s 2 )5 &
Je& BT AR 2R B 18 T3S 5 ) 67 07 8 1 G R R T
MR, — A RREBE, O — T A Vg
P A KL MLy, (115585
Yy i 1 1) SR 52 BB 5 el K e ) FAERLE
CRISPR/Cas9 FE [N 20 4 $-£ A FLAT fi] (R ERBE
AL

Mg I AL R BRI R I, el 2 AR
SEVE CRISPR/Cas9 Ji [K] g 48 45 A B 4 37 il 58
A KA BTk 2D i B AR A R A
RHEMFRI TN AE , A R g PR 1 a5t 1 it A it
BT JEL BRI SR o B R EURE AR Dy B TS R
e, HREAGECRIENIIREICIE, T BES BGR
FRINGE G AN B g PR T, AT LUK B 57 50k
FeAL R WAL A o T PR A ™ 1 Bk
W RN E RN, 22 AR, Eit
K IEPFEENER CRISPR THH AR LUK GIAE
[@] J5 K %% % #%  (non-homologous end joining,
NHE)) & i&&n] sl 2 5 R 8E, e
FEDR 20 1 £ BE F N RS AR G i 2 DR A i 4
S

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

HeAh, SRR E M CRISPR/Cas9 FEIFI 21
AR C ARG, s REF AW (B
smithii)?*, MEREE (C. thermocellum)®” | 7=
CTERER R ENTE (T, ethanolicus) Vg
W (T, thermophilus)®' b i sh @ 7, HIE
W AT 1Y B TR 28 G B O W 38 Ak T W0 0 K e Y
B, WEINGE LN 2 gn AR IR A R AR . R
TUEHRTE , ] e AW S g A T 3 AL 4R A i AR A
A, TN B SRR S AL, EIRGEREERL
TN, @AM T R AT, DLREEES
1B SRR, HB L4252 ) W TR AR AT T i A
G FERCR o ARR A DU LLTR LA Ty T R AR
sEPE CRISPR/Cas9 Kk [K 4 48 H AR #EAT U0 AL AN

=

B

(1) i Mg PR Y S8 8

BIXF Cas9 KZRR MY 5 I8 2k %) 1 77 4E
MEETEVER, — A5 R SR 2 R S S R
FiFFHRE Cas9 HEAYL Bk, HHreE
W TR UM R IR ) 3l A A B T i — 2B 42
A EPE CRISPR/Cas9 3 [H 4 48 5 AR 1 5%
o MRNRIERLTRE (C. thermocellum) .
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WE PN (T, thermophilus) ZFVEIGE H E T
FE T RRshFifidk TAE. &k, B A RTEREA
WA (T. thermophilus) HEE T —15F 8
Ja8hf (sip promoter) F . T —AMifk S AL
ik R G0,

(2) REIEMEE S E RO

CRISPR/Cas9 K 4R R 4iH Cas9 S
sgRNA ZH 5 1) 52 G (A AT LA 358 DR 4 7 A AU T
2L, WEINTE — MR W6 B A8 AR A T
o A THREFRBERAYCE, 7ErgRE 5
FIREAHBE—DAATH I, Filln. e
W (C. thermocellum) "3RIk HFaE M 1 &
LG RT DA — B4R M A AeRD . Iiah, e
FRPR AT TR Hh e 5 1A S D5 1) A () 05 i 14 422
(non-homologous end joining, NHEJ) &% &%
e — Al 22 R

(3) ftfk sgRNA Z5#4

R TR R AR AR R ROR, A
BT sgRNA Z548 J&— AN 2Ly 107, St
A ENE Cas9 EREE, KHDSE0 45 R R W
tracrRNA [P 2 3 I #IvE R, f
PFa E Mk CRISPR/Cas9 K& [H 4 4 2 4t S AE = T
WEE T ia17, JEWA UEHT sgRNA TE & i
Berh mie g tE S UIRNEYEZ R SE R

(4) B HARE MR CRISPR THEHA

T W AR AEURF 1 P i — 20 R Je ARRUE T 1Y
CRISPR T4 (CRISPR interference, CRISPRi)
HARAE F A LD S R A e R e
PE Cas9 R MRS AL EPER) dCas9 %R i
(dead Cas9)™™ . #FEEMERY dCas9 HEREFA
A DNA IENEME, HHA DNA 456877,
sgRNA-dCas9 &5 KAT LIBHAT RNA J4 1Y
S BURE E BN 0 B k2 B R

&B: 010-64807509

CRISPR Tt RAFHFEFE T, AT LU E
XL P D REREATIIFSY, 2% AR A i BH R 5%
IR PR AL A )y T HA R

(5) FEEIE PR ST R N PE CRISPR/Cas
FH e R 50

FE—SL R P OUE SEAFAE Type 1 Y
CRISPR/Cas Z 4t% i) FH g $4 8 PN IEE 19 Type
I 7 CRISPR/Cas & JF i 5 K 4w R Ge o] LU
RUHEA T3 P 2 0 R g IR ST B rh A
YENTEME CRISPR/Cas £ 40 JT & AH R ) Sk
DRl i % 22 46 1T LA & JR R 5 3 I8 I BT it A% i
HR

AT RIS A A AR
i, AR AT S U1 DL R an it s it
RO P, AT IR A OGS iR AR, B
B AR R S BB A S RE AR, DU B b PR
PR AR B AL Ry T — 2D A g FR TR 4t
T BEE 1Ak, PR SE RS CRISPR/Cas
DR 20 4t B R Ry v B T 2 T R AR T
— AR AT AT I HRE T H . AR e
CRISPR/Cas & [H] Z 5 H A F1 5L T B P8 1 14 ik
DRI 7 5 e s 78 5 TR & i 1 ot A% B e R el i
1) 8 PR TR B AN AT A R AR 7= A ik ek
Tolbfb2g 5, T Boe] Uik R 18 2 DL R T &
HiER R E A REEE (B 3).

Mz, HFEEME CRISPR/Cas HE[H 4H 4
FARTIEE NG A M 5E 3%, IR A LR IE
SRR A AR R 428 0 285 LA R g 14 15 4 2 i A
PR T PR T AT RE RIS T H . BEETE
I BEEAERE AR LR, AT LIA A &
AW, T4 R A R R AR R TR 1Y
IR, FEr AT s v PR A i A
T 1 v e R TR AN T
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Moderate thermophiles (50 ‘C and 64 C)

» &

Thermostable CRISPR/Cas \ / \ /' Gene deletions
-based genome editing system or integration

Engineered thermophiles

me =t )

CRISPRi

\k Type | cmspmay

B3 MEARMRI NAEREESEENR
Figure 3 A proposed schematic roadmap for metabolic engineering of thermophiles and its potential
applications.
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