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Application of gene-editing technology in solventogenic clostridia
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Abstract Solventogenic clostridia are bacteria that can use carbon sources to produce biofuels, and they
have great potential for application in renewable bioenergy. However, few manipulation tools for these bacteria
have been developed in recent years, thus hindering their application in industrial production. With the rapid
development of molecular genetics, gene-editing technology has become the preferred tool for studying
microbial metabolism, regulation mechanisms, and genetic modification. We first introduce various types of
gene-editing technologies applied to solventogenic clostridia in terms of source composition, basic principles,
and working mechanisms and we highlight their respective advantages and disadvantages. In addition, three
prerequisites for the application of gene-editing technology in solventogenic clostridia are proposed: (1) master
genome sequence information, (2) breaking the barriers of its own restriction-modification system, and (3)
establishment of a method for exogenous DNA transformation. We then review the application of gene-editing
technology and the continuous optimization process of editing tools in solventogenic clostridia according to the
time context. We describe the technological progress achieved from random inactivation to precisely targeted
inactivation and from low transformation efficiency to efficient gene editing. Finally, we propose the current Cas
protein toxicity problems, the recombination efficiency of HDR, and off-target effects in CRISPR, highlighting
the broad application prospects of CRISPR technology in solventogenic clostridia and the directions that can be
attempted in the future, looking forward to furthering genetic modification of solventogenic clostridia to achieve
higher industrial application value.
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generating gene function
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Fig. 1 The solvent-forming pathway of Clostridium acetobutylicum and Clostridium beijerinckii. The solvent-forming genes in C. acetobutylicum
and C. beijerinckii are highlighted in red and green respectively. adhE1/2, acetaldehyde/ethanol dehydrogenase; bdhA/B, butanol dehydrogenase;
bdhC, NADPH-dependent alcohol dehydrogenase; edh, alcohol dehydrogenase; adhA/B, alcohol dehydrogenase; ald, aldehyde dehydrogenase;
pta, phosphotransacetylase; ack, acetate kinase; thl, acetyl-CoA acetyltransferase; crt, crotonase; hbd, beta-hydroxybutyryl-CoA dehydrogenase; ctf,

butyrate-acetoacetate COA-transferase; adc, acetoacetate decarboxylase; ptb,

phosphate butyryltransferase; buk, butyrate kinase.
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Fig. 2 Development and optimization of gene editing tools in Clostridium acetobutylicum.
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Table 1 Basic principles and technological progress of gene editing tools in Clostridium acetobutylicum
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Gene editing technology Basic principle Advantages and disadvantages and technological progress
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plasmids c yable of double-crossover chromosomal acetobutylicum and successfully constructed a spo0OA inactivated

integration ' strain, resulting in a strain with severe defects in solvent formation
but poor mutant stability !

Tkumwﬁ‘ﬁ‘rv\];%RNA*I}”E%%V )ﬁj{%ﬁé%i' Eizfjgﬁ
. N « ” C. acetobutylicum bukHlsolR 2 2
iy FRNAM R <EERNAT, (EIEPH - G S00Riienr L du e K, e e
ﬁgﬁ;&ﬁ%ﬁ%ﬁ%lﬁ\1$7 IR A FEDNANGL A, STH G R JE S -
e . “ The insertion inactivation of any target site can be achieved by
gi&?”ﬁg:?&%‘; ?\éﬁ‘;e:gflaﬁ\éetiéoggégtalﬁgz%f simply modifying the intron RNA. The mutants of buk and solR
IEP, and migrates to thegar ot DNA site to achieve  Were successfully constructed in C. acetobutylicum. Compared
insertional |?1act|vat|on of tagr} ot genes with the wild type, the mutant increased the butanol production
getg by 44% and 37% respectively, and the mutant had high
transformation rate and good stability “”

BT A pyrESR AR5 A (R YR RIS AL 2 4, T IE
TTH&FHEEF%#%’J%*— WL YT, WIS & T ELAEAT 184 25 (X B Pk, 8 4 7 ClosTrondso R 5] & 1 3 [A]

ClosTron# &
ClosTron technology

5 o S R S B i R SRR, 2 T 9 R O I T (R R

Allele-coupled exchange Based on the coupled alllellc ethange between This technology is suitable for strains that are difficult to

(ACE) ApyrE mutants and non-isometric homology arms, genetically modify, avoids genome polarity problems caused by
single and double exchange sequences can be ClosTron technology and improves mutant screening rate and

precisely controlled by homology arms of different increases mutant stability

lengths, thereby achieving efficient gene knockout
CRISPR-Cas9t R4k itk gRNAS: [ Cas9 2 14 2 T I:H‘Tﬁl YIFIDNAI: 5| &k % J7¥E1EC. acetobutylicum ATCC 824 ) 4 48 24 % 1567 %-

pNICKclos, pdCASclos HDR1 5 DL S8 5k PR 4 A\ s e 2k U7 100%, F5h#4) 7 C. acetobutylicumrt spoOAF) 2 ik
CRISPR-Cas9 gene The gRNA guides the Cas9 protein to target genes, ~ The editing efficiency of this method in C. acetobutylicum ATCC
editing plasmids cleaves DNA and |n|t|ates HDR repair for gene 824 reached 6.7%-100%, and the expressmn of spo0A in C.
pNICKclos, pdCASclos insertion or deletion ' acetobutylicum was successfully inhibited '

TR LI SR B ) CasOR T I0 KU FE T G2 X IN{EC. acetobutylicum ATCC 824+ SZIL T e 3 K fff (1 3 K] 4

(R TR S5 AL, % R RLI S rgRNA R [APYEC. acotobutylicur )
AR, R A G gr s S T TR, ORI R R S SR &,

4 - . . "
RIS A % Tne Casd o Streptococcus piogenes wes Paced Ty metnod successtuly achieved ighly accurate gens eitng
v h . 8 in C. acetobutylicum and improved the efficiency o
editing system inducible promoter to construct the first plasmid, and vector transfofvmation but the control O?the anhydrotetracy}::line

E:haesggt(igr;glzzm:?gctzmsgttgea%ilﬁrﬁe?xwrgijaslsonmds inducible system was not tight enough, and gene leak expression

were sequentially introduced into cells for editing “© V@S Prone to oceur
FEFLREE Sa 3 T4 6T, ek — 4wt AcrllA43t

Anti-Cas%%Hgt% %a}s%%&lﬂ‘])iﬁ, Z 5 801F J5 KT i 4 Cas % iR B 1)

CRISPR{f; .42 ui J7% TCRISPR-Casi 9 R4/ # 1k

Anti-Cas protein Cloning a gene encoding the anti-Cas9 protein of asi 342 : :

optimizes CRISPR AcrllA4 under the control of a lactose-inducible Improved stringency of the CRISPR-Cas inducible system
inducible system promoter, involved in the regulatlon of Cas nucleases

at the post-translational level ")

A4 A0 1 B BR 1A 1) Cas 94k (K % 45 B SE R A, 75 24
CRISPR-CasHupp/5-5  # ik, H-7E 5k I\ uppZE A, uﬁ)ﬂuppIS IR EZRGHA %&E’J%l%ﬁiﬁ?&i MR Idh AT ptb-buk 5 2 T 1%L

PRVEWE 2 306 P 2 5t VR I 52 39 3% 2 4 BRI e 5 R Kﬁj\%ﬂmimo%%ugs"/

The upp/5-fluorouracil Integrate the Cas9 gene of Streptococcus pyogenes The system has high gene editing efficiency and the efficiency of
counter-selection system into the genome to obtain an editing plasmid, and add  deleting /dhA and ptb-buk operons is as high as 100% and 93%,
in CRISPR-Cas the upp gene in it to rapidly delete the editing plasmid  respectively

using the upp/5-fluorouracil counter-selection system ““
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Tt B L R e, S AR 5P i DR R Bk e N Y, 12 10
THELAHEAT 84 USRI B, B0 1 ClosTrond% AR 51 Ak i)k K]
AR Q1 ey A L D o= I NG N vy < o) | TR S N ]
e .

Bt CRISPR-Cas 2 Gt 1 K L, 4 [A] 4 %8 453 S 3 4 8
(A5 &, 20164F, Li%E N3 T CRISPRH & 7 —Fl 4 1 i 3%
[5] 40 9w 4 J5i ki pNICKclos, & f T-C. acetobutylicum ATCC
824, Yn A RIE6.7%-100%, PRIk 2 4h, & F|FHdCas9ty &
% 45 R pdCASclos, 3144 3 T CRISPRT-#iH, 1k il
TC. acetobutylicumspoO0Aft % ik, 4 CRISPR-Cas
FOR B 1R B R 2 DR g i 0, ABLLE BORL AL LATOAF A
B H R, BT Cas 9% F N & g 45 B 277 AR K
T10 kbR Bk, M2 BUR AR, BT X — X,
Wasels& A T-2017F I8 K& th—FOUBTkL R 40, KK B A ik i
BRI M Cas9B T /KM E FHFE ) FHEh T
—ANBURL, BB AN BURE U i gRNAZR A & A 4 BB AR, K
JoRL AR RN A, 5=V R Bk C. acetobutylicum
ATCC 824 5B 1 5 5 s Tf 0 32 [H 4 4 1, OUTT KL 4 8L R B¢
AN e B A g, o A ARIR 2 AT B 1) 5 ] o
P TR E s HIEKIU R R SRR ™%, £RE %
TR B FI gRNATE SR LR, HIL T R alig k. T ix
— i@, 20204F, Wasels®5 A\ \HiCas9m BBk, K&
M Cas9fE TR A, EAME TR TIH T, whE—1 %
4 HTCRISPREHAcrlIA43: K, Z 5811% 5 /K1 i {2 Cas
B g R Y7 20214F, Wilding-Steeles AR FI AR X442 7
KSRGS, B E Ak v 55 3R 1A 1 Cas 93 [K 48 & 21 5%
[RIZHH, JF6f T R B s/ N RNR R K RE S 49 31— AN/ i) 4
JRRE, 348 7E JFURE HE NN 2 i R 1 e 15 2 A% 0 B B2 B Y upp 5
(K, DA FH upp/5-F bR 5 e Jz 326 45 2% 40 1R T I B 20 %8 Jo
XL ARALAE 12 22 G0 M Bk 20 D L R i LB AJE X)L (IdhA) Flptb-
buk#E T 122 53 M Bk 100% F193% “%. 7 1fi 4f Cas9t%
& A D)l 205 51 K 20 R PR X — X, BT B AR R T A
FA B Ak PR 1% CRISPR-Cas AL il i2E 47 3 8 41 4w 45 1) 5T ¢, F)
FHMRIR 25 f0 T 6 £ )51 42 CRISPR-Cas L1l 3t 47 3 PX 25 4 %,
PyneZ ANWFFL T W47 X AR B (Clostridium tetani) « 44T 4R
(Clostridium thermocellum) F17= Z, &M ¥ (Clostridium
autoethanogenum) KW EPECRISPRA G I 4 & T EA11H)
PAMJF 31, iX /& FI -2 i H £ CRISPR-CasL il #F 47 3 K 41
G BRI BB — R IROEY, R, R BT AR AR R AE
CRISPR-Cas& 4, W5t # I+ A£1EC. acetobutylicum™ P
JIECRISPR& 4L, K WFIH H & CRISPR &R St kAT 4 [K 4
#£C. acetobutylicum AN HAG al47PE. Bk, CRISPR-
Cas#%iC. acetobutylicum+ B FL 4 18 FH X b, ZEAEAR
. CRISPR i 45 1. B 23 1 2k D] 40 86 3 4% DL S B0 % C.
acetobutylicumif) st U, A Rr ik BT AR
2.3 EFRERAEFRRETRNA

FE AR W =2 3 — Pt T BT 2 W72 IR &, A
R AT I A AR R B AR R PR T PR R A A
C. acetobutylicumZifel, 3@ i B E R I & A hr it
WAL TR, C. beijerinckiirf It 3 X 4 45 0F 78 B 1% 7] C.
acetobutylicum$1e), 407 [ ClosTron 4k i 3 K] sl FI] FH 25 437 5%
B A (ACE) 5 pyrE%E A 3 A Jy s 3% 5 A i R A7
Rk 2. 20164F, Mintonfi ty— i 7842 B h i A7 3 K A8 2
P 2B B, RIS )8 1 R TR 51 pyrE 58 AR M (R M i 77 il

) , IHIClosTrond R4H B, Ji& R AT —Fi# N ACEHF ik
F10 5 o7 56 R 22 B T R — B AR 1%, O T I IR X — B 2 0 S
P, LittleZ NE—#EHT 7 £ 211 C. beijerinckii NCIMB 14988
o N E AR AT A, R T s RO R R A T & T
ClosTron 145 Ay 5 (R 28 #e 78 AL T /R Il I8 AL 454 R T B R 2k
5, B HACER YLtk ESePl 1 m 948, (HACE# ik 1
ERR, R, SR FE Tt

CRISPRAS I, B0 T #2144 4 1) 22 R 4 87 5,
B4 T ClosTrond A 5 2 3k K Ml 14 I B, 75 48 JJIACE
J7 i b pyrE R 24 1L AR, TEAR T 10 3 IR G 48 o LA R X
I HE . WangZE A LT CRISPR A 4 4% 5 £ 1A Cas9
LA % SR 485 5 1) 2 45 554 AH 45 45 i 78 356 IR 4 4 R, BR T
SEILT X C. beijerinckiift) B IR 548 L B B A R AL IR
B4, Lidk 3+ CRISPR A 4 T 4 111 )it ki pNICKclos, %t C.
beijerinckii NCIMB 80521] 4 43 3% 1518.8%-100%; it i 58
AF Cas9E [ MM A 45 MM 15 2 dCas9, B E R TIWYI
FiE s P, (BT BE 5 BT A A5 A, F BT A RO B IR
e, LigsTT % (M T CRISPRF- L i i ki pd CASclos, %
0] T C. beijerinckiispo0AKI i, Wang®5 A\ & L%
CRISPR-dCas9% LIt C. beijerinckiil& ik it i ¥ B P 52 5]
BEH; 20194F, Diallo5 A 244 i ' CRISPR 45 1
AR, T FHRUFRL T H 2w %5 C. beijerinckii DSM 642315 K141,
HRMBRTEAMERIME W catBI A, 1% H k5% i1
KR RL G 4R R R A, B JE AR B3 H T C. beijerinckii
DSM 6423 AcatBr', ZFx T IR pNF2FTR, {15 5% 463k
AR R, BRI 2 A, AT SEIAS v e A A 32 O i
Li% \ ) B Mo 5 i 2 B (Apobect) « Cas9® A4k [ Al bR s i
DNAE I AL B #0177 CUGD FF & H pCBEclos/Fifi, SEHLIR
FC-GRIT-AME e, 5 1 56 I8 g 45 OoRS v 7, 0 TR A
C. beijerinckiirh 7= 7 7ML A% 0 J5 R (1 G B A7 2 B
TR IX L WA SR T I AR A A TR 4 R T R R
AR, IR AL Tl A 7= LR RORE T T (0 S F B 9T, AT 7
FUAAR AT 1) 25 DR s SR 1 A1 2 25 TR .

3 BHE5E5RE

ARSCEE BB MR VR H R A B TAELHI S T4 T
AFERBMER IR A, BRI S 28
IS DU e R R 1) ik 2% 455 3R 5 IR i 4 452 AR 7= ¥ 7 A2 I o D L
F, B R R g 8 00 K R, SEBL T MR AL 2% i 310 R 1 B0 1) 2
T~ TG 1A 3 80 31 T A0 TR 4 4 1) e R 28, 3l i 3% 45
TR SEE WA R gt TR, P2 00 o R ) B R Dh g« ABEK
P2 (1 3 TR L) 50 30 4 40t el B, R L) DAL, 366 R s 8 P VA TR AR
(AR 3 AR AR AE S AR R 8% 08 55 7 TS 2 T %0 AE
F, 5502 CRISPRE AR MK R, 7R R FH #2181 ) el i

BEIRCRISPR-Cas RGN — M 5 R, C&u It
RN R T 2 TR A G A T, IR T R AR A R A
FARR MR, B AAETEE 2 i, 7632 bR F A i 52 2
PR, FEA LR LS

(1 CastH IR ™ & 40 s, T X — @, #F 5
R FH 40 T A U5 1t CRISPR-Cas 2 4t FF & B 37 1 35 DX 2 4 T
H, Zhang®s N RIE T B T BRARHE (C. tyrobutyricum) |-B%!
CRISPR-Cast K TFEF A&, FIHFLHE 5 S CRISPRAL K B
Bk 35T, BB K T CRISPR-Casi# MY, #im 1

anJ



\472

29% HE2H 2023448

Ffi L 4

R, X—WF 7t A H A 2 A IR TECRISPR-Cas R 4L AR
BT o0 T AT B AL UG B AL T2 3 SR, JEAS R BT AR T
HHHR SR 17 AECRISPR-Cas £ 4t , 9l i17E C. acetobutylicumh
WA BN R K IUAEAENETECRISPRA S, TN L2542 14,
FAR L Cas % 2 1 1 201 Al B 1 3K A LA 78 11 BE 3k N IR N
(2) [A]F B H A%, K2 H 5, CRISPRIEK %%
B S BUK 3 T NHEJEXHDRE &2, (EHDRA HE A BRAE T
FECRISPRY FI ) — KBRS, TINHEJ XM 5 BT, S8
ok, 575 %) B AL e N AT 255, I 92 S TR M v R 3 R 4 4, T
Gaudelli%E A\ AJF 7T (1) 5 2 G 48 B A W AT LLTE A i il DNA
W 2 B T, SEEURR 8 e, B TR B HDRE A 2k

2EHk [References]

1 Ddarre P. New insights and novel developments in clostridial
acetone/butanol/isopropanol fermentation [J]. Appl Microbiol
Biotechnol, 1998, 49 (6): 639-648

2 Sang YL, Jin HP, Jang SH, Nielsen LK, Kim J, Jung KS.
Fermentative butanol production by clostridia [J]. Biotechnol
Bioeng, 2010, 101 (2): 209-228

3 Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC.
Potent and specific genetic interference by double-stranded RNA
in Caenorhabditis elegans [J]. Nature, 1998, 391 (6669): 806-811

4 Karberg M, Guo H, Zhong J, Coon R, Perutka J, Lambowitz AM.
Group Il introns as controllable gene targeting vectors for genetic
manipulation of bacteria [J]. Nat Biotechnol, 2001, 19 (12): 1162-
1167

5 Heap JT, Cartman ST, Kuehne SA, Cooksley C, Minton NP.
ClosTron-targeted mutagenesis [M]. Springer. 2010: 165-182.

6 Uh, i, UL BAEL, RO, B0 SRR B R R R R
EFCHEfE [J]. AW T4, 2020, 36 (2): 210-225 [Hong W, Wan W,
Cui GZ, Guang ZZ, Qi XL Yu WF. Advances in Clostridioes difficile
genome editing [J]. Chin J Biotechnol, 2020, 36 (2): 210-225]

7 Heap JT, Pennington OJ, Cartman ST, Carter GP, Minton NP.
The ClosTron: a universal gene knock-out system for the genus
Clostridium [J]. J Microbiol Methods, 2007, 70 (3): 452-464

8 Heap JT, Kuehne SA, Ehsaan M, Cartman ST, Cooksley CM, Scott
JC, Minton NP. The ClosTron: mutagenesis in Clostridium refined
and streamlined [J]. J Microbiol Methods, 2010, 80 (1): 49-55

9 Terns MP, Terns RM. CRISPR-based adaptive immune systems [J].
Curr Opin Microbiol, 2011, 14 (3): 321-327

10 Westra ER, Swarts DC, Staals RH, Jore MM, Brouns SJ, Van
Der Oost J. The CRISPRs, they are a-changin’: how prokaryotes
generate adaptive immunity [J]. Annu Rev Genet, 2012, 46: 311-
339

11 Westra ER, Dowling AJ, Broniewski JM, Van Houte S. Evolution
and ecology of CRISPR [J]. Annual Rev Ecol Evol System, 2016,
47: 307-331

12 Amitai G, Sorek R. CRISPR-Cas adaptation: insights into the
mechanism of action [J]. Nat Rev Microbiol, 2016, 14 (2): 67-76

13 Charpentier E, Richter H, Van Der Oost J, White MF. Biogenesis
pathways of RNA guides in archaeal and bacterial CRISPR-Cas
adaptive immunity [J]. FEMS Microbiol Rev, 2015, 39 (3): 428-441

14 Van Der Oost J, Westra ER, Jackson RN, Wiedenheft B.
Unravelling the structural and mechanistic basis of CRISPR-Cas

I AR PRI C. beijerinckiitt, 15 FH BT L 4w B A B
Ihi s TpyrE. xylR. spoOALL K araRIf) 5254k ™", Scl 3L Al
FEUESR R, 1K TR HY B 2 Y R R TR 7RV SRR B R 1 S
A, B Rk E A
(3) BT Cast 11t 3 P il @l . HDR[1) = 241 20% 1)

CRISPRATTHI Iff 75 A% L JRURS: 1 J6 8 1] 751, 3X & CRISPR M.
T AL YT T I — KBEAS, (TR =35 AR H ., CRISPRIf
it AL ) A LR S 7 e b A ol o IR O RS i) ) T T 2
I8, IXAHE VA SRR 5 R R OR I T B T T 1) a2, TETHI
CRISPRI¥1E % il @, WA #HAIAW A g TH, FFRIRER
B R R 7 1, ETE N SEILOEE . R R R T g
%577

systems [J]. Nat Rev Microbiol, 2014, 12 (7): 479-492

15 Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah SA,
Saunders SJ, Barrangou R, Brouns SJ, Charpentier E, Haft DH.
An updated evolutionary classification of CRISPR-Cas systems [J].
Nat Rev Microbiol, 2015, 13 (11): 722-736

16 Makarova KS, Zhang F, Koonin EV. SnapShot: class 2 CRISPR-
Cas systems [J]. Cell, 2017, 168 (1): 321-328

17 Doench JG, Hartenian E, Graham DB, Tothova Z, Hegde M,
Smith I, Sullender M, Ebert BL, Xavier RJ, Root DE. Rational
design of highly active sgRNAs for CRISPR-Cas9-mediated gene
inactivation [J]. Nat Biotechnol, 2014, 32 (12): 1262-1267

18 Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino
AE, Scott DA, Inoue A, Matoba S, Zhang Y. Double nicking
by RNA-guided CRISPR Cas9 for enhanced genome editing
specificity [J]. Cell, 2013, 154 (6): 1380-1389

19 Calvo-Villamanan A, Ng JW, Planel R, Ménager H, Chen A, Cui L,
Bikard D. On-target activity predictions enable improved CRISPR-
dCas9 screens in bacteria [J]. Nucleic Acids Res, 2020, 48 (11): e64

20 Huang H, Chai C, Li N, Rowe P, Minton NP, Yang S, Jiang W, Gu
Y. CRISPR/Cas9-based efficient genome editing in Clostridium
ljungdahlii, an autotrophic gas-fermenting bacterium [J]. ACS
Synth Biol, 2016, 5 (12): 1355-1361

21  Horwitz AA, Walter JM, Schubert MG, Kung SH, Hawkins K, Platt
DM, Hernday AD, Mahatdejkul-Meadows T, Szeto W, Chandran
SS. Efficient multiplexed integration of synergistic alleles and
metabolic pathways in yeasts via CRISPR-Cas [J]. Cell systems,
2015, 1 (1): 88-96

22 Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP.
Demonstration of CRISPR/Cas9/sgRNA-mediated targeted
gene modification in Arabidopsis, tobacco, sorghum and rice [J].
Nucleic Acids Res, 2013, 41 (20): e188

23 Wu Y, Liang D, Wang Y, Bai M, Tang W, Bao S, Yan Z, Li D, Li
J. Correction of a genetic disease in mouse via use of CRISPR-
Cas9 [J]. Cell Stem Cell, 2013, 13 (6): 659-662

24 Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM,
Makarova KS, Essletzbichler P, Volz SE, Joung J, Van Der Oost J,
Regev A. Cpf1 is a single RNA-guided endonuclease of a class 2
CRISPR-Cas system [J]. Cell, 2015, 163 (3): 759-771

25 Hur JK, Kim K, Been KW, Baek G, Ye S, Hur JW, Ryu SM, Lee
YS, Kim JS. Targeted mutagenesis in mice by electroporation of
Cpf1 ribonucleoproteins [J]. Nat Biotechnol, 2016, 34 (8): 807-808



ik DR 9 DA A 7 T A 8 £ 18

Vol. 29 No.2 Apr. 2023

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Zetsche B, Heidenreich M, Mohanraju P, Fedorova |, Kneppers
J, Degennaro EM, Winblad N, Choudhury SR, Abudayyeh OO,
Gootenberg JS. Multiplex gene editing by CRISPR-Cpf1 using a
single crRNA array [J]. Nat Biotechnol, 2017, 35 (1): 31-34

Tu M, Lin L, Cheng Y, He X, Sun H, Xie H, Fu J, Liu C, Li J, Chen D.
A ‘new lease of life": FnCpf1 possesses DNA cleavage activity for
genome editing in human cells [J]. Nucleic Acids Res, 2017: e42
Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable
editing of a target base in genomic DNA without double-stranded
DNA cleavage [J]. Nature, 2016, 533 (7603): 420-424

Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH,
Bryson DI, Liu DR. Programmable base editing of AT to G+C in
genomic DNA without DNA cleavage [J]. Nature, 2017, 551 (7681):
464-471

Kim YB, Komor AC, Levy JM, Packer MS, Zhao KT, Liu DR.
Increasing the genome-targeting scope and precision of base
editing with engineered Cas9-cytidine deaminase fusions [J]. Nat
Biotechnol, 2017, 35 (4): 371-376

Nolling J, Breton G, Omelchenko MV, Makarova KS, Zeng Q,
Gibson R, Lee HM, Dubois J, Qiu D, Hitti J. Genome sequence and
comparative analysis of the solvent-producing bacterium Clostridium
acetobutylicum [J]. J Bacteriol, 2001, 183 (16): 4823-4838

Croux C, Lee J, Raynaud C, Saint-Prix F, Gonzalez-Pajuelo M,
Meynial-Salles |, Soucaille P. Construction of a restriction-less,
marker-less mutant useful for functional genomic and metabolic
engineering of the biofuel producer Clostridium acetobutylicum [J].
Biotechnol Biofuels, 2016, 9 (1): 1-13

Dong H, Zhang Y, Dai Z, Li Y. Engineering Clostridium strain to
accept unmethylated DNA [J]. PLoS ONE, 2010, 5 (2): e9038
Zhang J, Zong W, Hong W, Zhang ZT, Wang Y. Exploiting
endogenous CRISPR-Cas system for multiplex genome editing in
Clostridium tyrobutyricum and engineer the strain for high-level
butanol production [J]. Metab Eng, 2018, 47: 49-59

Wang Y, Zhang ZT, Seo SO, Lynn P, Lu T, Jin YS, Blaschek
HP. Bacterial genome editing with CRISPR-Cas9: deletion,
integration, single nucleotide modification, and desirable “clean”
mutant selection in Clostridium beijerinckii as an example [J]. ACS
Synth Biol, 2016, 5 (7): 721-732

Ventura JRS, Hu H, Jahng D. Enhanced butanol production in
Clostridium acetobutylicum ATCC 824 by double overexpression
of 6-phosphofructokinase and pyruvate kinase genes [J]. App/
Microbiol Biotechnol, 2013, 97 (16): 7505-7516

Cooksley CM, Zhang Y, Wang H, Redl S, Winzer K, Minton NP.
Targeted mutagenesis of the Clostridium acetobutylicum acetone-
butanol-ethanol fermentation pathway [J]. Metab Eng, 2012, 14 (6):
630-641

Yang Y, Nie X, Jiang Y, Yang C, Gu Y, Jiang W. Metabolic
regulation in solventogenic clostridia: regulators, mechanisms and
engineering [J]. Biotechnol Adv, 2018, 36 (4): 905-914

Green EM, Bennett GN. Inactivation of an aldehyde/alcohol
dehydrogenase gene from Clostridium acetobutylicum ATCC 824
[J]. Appl Biochem Biotechnol, 1996, 57 (1): 213-221

Green EM, Boynton ZL, Harris LM, Rudolph FB, Papoutsakis ET,
Bennett GN. Genetic manipulation of acid formation pathways
by gene inactivation in Clostridium acetobutylicum ATCC 824 [J].
Microbiology, 1996, 142 (8): 2079-2086

Desai RP, Papoutsakis ET. Antisense RNA strategies for
metabolic engineering of Clostridium acetobutylicum [J]. Appl
Environ Microbiol, 1999, 65 (3): 936-945

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Harris LM, Welker NE, Papoutsakis ET. Northern, morphological,
and fermentation analysis of spo0OA inactivation and
overexpression in Clostridium acetobutylicum ATCC 824 [J]. J
Bacteriol, 2002, 184 (13): 3586-3597

Shao L, Hu S, Yang Y, Gu Y, Chen J, Yang Y, Jiang W, Yang S.
Targeted gene disruption by use of a group Il intron (targetron)
vector in Clostridium acetobutylicum [J]. Cell Res, 2007, 17 (11):
963-965

Heap JT, Ehsaan M, Cooksley CM, Ng YK, Cartman ST, Winzer K,
Minton NP. Integration of DNA into bacterial chromosomes from
plasmids without a counter-selection marker [J]. Nucleic Acids
Res, 2012, 40 (8): €59

Li Q, Chen J, Minton NP, Zhang Y, Wen Z, Liu J, Yang H, Zeng Z,
Ren X, Yang J. CRISPR-based genome editing and expression
control systems in Clostridium acetobutylicum and Clostridium
beijerinckii [J]. Biotechnol J, 2016, 11 (7): 961-972

Wasels F, Jean-Marie J, Collas F, Lopez-Contreras AM, Ferreira
NL. A two-plasmid inducible CRISPR/Cas9 genome editing tool
for Clostridium acetobutylicum [J]. J Microbiol Methods, 2017,
140: 5-11

Wasels F, Chartier G, Hocq R, Lopes Ferreira N. A CRISPR/anti-
CRISPR genome editing approach underlines the synergy of
butanol dehydrogenases in Clostridium acetobutylicum DSM 792
[J]. Appl Environ Microbiol, 2020, 86 (13): 408-420

Wilding-Steele T, Ramette Q, Jacottin P, Soucaille P. Improved
CRISPR/Cas9 tools for the rapid metabolic engineering of
Clostridium acetobutylicum [J]. Int J Mol Sci, 2021, 22 (7): 3704
Pyne ME, Bruder MR, Moo-Young M, Chung DA, Chou CP.
Harnessing heterologous and endogenous CRISPR-Cas
machineries for efficient markerless genome editing in Clostridium
[J]. Sci Rep, 2016, 6 (1): 1-15

Campbell AM. Episomes [J]. Adv Genet, 1963, 11: 101-145
Wilkinson SR, Young M. Targeted integration of genes into the
Clostridium acetobutylicum chromosome [J]. Microbiology, 1994,
140 (1): 89-95

Bellido C, Pinto ML, Coca M, Gonzalez-Benito G, Garcia-Cubero
MT. Acetone-butanol-ethanol (ABE) production by Clostridium
beijerinckii from wheat straw hydrolysates: efficient use of penta
and hexa carbohydrates [J]. Bioresour Technol, 2014, 167: 198-205
Minton NP, Ehsaan M, Humphreys CM, Little GT, Baker J, Henstra
AM, Liew F, Kelly ML, Sheng L, Schwarz K. A roadmap for gene
system development in Clostridium [J]. Anaerobe, 2016, 41: 104-112
Little GT, Willson BJ, Heap JT, Winzer K, Minton NP. The
butanol producing microbe Clostridium beijerinckii NCIMB
14988 manipulated using forward and reverse genetic tools [J].
Biotechnol J, 2018, 13 (11): 1700711

Wang Y, Zhang ZT, Seo SO, Lynn P, Lu T, Jin YS, Blaschek HP.
Gene transcription repression in Clostridium beijerinckii using
CRISPR-dCas9 [J]. Biotechnol Bioeng, 2016, 113 (12): 2739-2743
Diallo M, Hocq R, Collas F, Chartier G, Wasels F, Wijaya HS,
Werten MW, Wolbert EJ, Kengen SW, Van Der Oost J. Adaptation
and application of a two-plasmid inducible CRISPR-Cas9 system
in Clostridium beijerinckii [J]. Methods, 2020, 172: 51-60

Li Q, Seys FM, Minton NP, Yang J, Jiang Y, Jiang W, Yang S.
CRISPR-Cas9D10A nickase-assisted base editing in the solvent
producer Clostridium beijerinckii [J]. Biotechnol Bioeng, 2019, 116
(6): 1475-1483

473



