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HPMETEATRERLEY (GFP) #94ml A% 4 GFP LB ¢4 44 F 4T ATG AL RE H ACG, GFP Rik
EFRE, HZFATH CERABERAA T, IPEI GFP Ea W AE, SoAXMIANSIILK, T Hkf
FHEBMNE, RE, MBS SN BARE TR, 20K, 25T RARAE, EBAHELAETHBL
AR A (13.1120.21)%. fEdbfah b, @iEst RREHRALA . FF 04 ODgy H-F0 10, FF4HRERAT
AL, R GRS R BHRAA CCXII, #% ODeyp # 0.05, #-F81E 4 20 h, IPTG & /Z % 0.01 mmol/L.
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Abstract: In recent years, CRISPR/Cas9-mediated base editing has been developed to a powerful genome editing tool,
providing advantages such as without introducing double-stranded DNA break, a donor template and relying on host
homologous recombination repair pathway, and has been widely applied in animals, plants, yeast and bacteria. In previous
study, our group developed a multiplex automated base editing method (MACBETH) in the important industrial model
strain Corynebacterium glutamicum. In this study, to further optimize the method and improve the base editing efficiency in
C. glutamicum, we first constructed a green fluorescent protein (GFP) reporter-based detection system. The point mutation
in the inactivated GFP protein can be edited to restore the GFP fluorescence. By combining with flow cytometry analysis,
the base-editing efficiency can be quickly calculated. Then, the base editor with the target gRNA was constructed, and the
editing efficiency with the initial editing condition was (13.11+0.21)%. Based on this result, the editing conditions were
optimized and the result indicated that the best medium is CGXII, the best initial ODggg Of induction is 0.05, the best
induction time is 20 h, and the best IPTG concentration is 0.01 mmol/L. After optimization, the editing efficiency was
improved to (30.35+0.75)%, which was 1.3-fold of that in initial condition. Finally, endogenous genomic loci of C.
glutamicum were selected to assess if the optimized condition can improve genome editing in other loci. Editing efficiency
of different loci in optimized condition were improved to 1.7-2.5 fold of that in original condition, indicating the
effectiveness and versatility of the optimized condition. Our research will promote the better application of base editing
technology in C. glutamicum.

Keywords: base editing, Corynebacterium glutamicum, CRISPR/Cas system, editing condition
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HomtEHi A, B854 T CRISPR/Cas F 4t M E L
T A8 55 00 W 1 G D BE, TT LA SEELTE AR
P IR E B e . AH LT CRISPR/Cas /511
SR ik, I AR A A DNA W
%! (Double-stranded DNA break, DSB), Aii%e
HMEREAR FORRIS 16 B RIEEAE K, 6
SRR 0 S e, RS T A
Wit 3L F g e, David Liu BF53 I BAZR e
6 s I i 24 i APOBECL 5 d/inCas9 & 317
A, JFA T4 T H BE (Base editor), 5C
BT e FLSh P A i g (Cytosine, C) #|
Mg pmsnE (Thymine, T) BYfpmsttitimid, S
Al , Akihiko Kondo Aff 5t [ A JU) SR FH L fi 68 Sk i
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deaminase)'® , Bl 24~ 52 16 % 4 46 7] 9 S
Yy RO ) b AT T IR g R ST R S A
AT Z AR SE T AR, ASHF ST BA O 76 2 %
() TP R R A R IR PRAT 1 P B 0O R T —Fb
Z I A S g 4E )7 MACBETH (Multiplex
automated Corynebacterium glutamicum base
editing method), SZEL7E C. glutamicum JE K] 21 1

PROLA CH T %6 4k®. MACBETH A 544
FR PR FF A 2 5L F CRISPR/Cas9 1 Cpfl
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EIMRE RS RERBCR AN R CHEE, F,
Sk — 4 E MACBETH 5 R7EA BRI
T AR AR, ARTIY 1 SR AR A P
T RTHEAYOLEN (GFP) WA RS, @
L G T He A, AN TULERA GFP E A w]
DL H 9SG , ki S Al A M ik GFP
AN A EL ], LA PR sk i i R O FE
LAl b, Gl XIS D SR
ODeoo. ZifHTIE] , 75 Mk B b 174k, 15 %)
Bl g T L R iR A s IeJe, BEBCE 4L
o LAY S R AT G, E— 2 W B e i A
HEATHRAIE

1 MBE5FE

11 ##
111 BRIk

AR5 T ) TR AR RIS 450 Oy 2 o S 2 I S
MPRAE, PRI 2,
112 . 519X &

Q5 R FL DNA 5. T4 DNA i 4
F NEB A ), KT P52 285 40 B i 4 10 &5 1
H TaKaRa (i) ; £5 A B il 14 N VI EE I B Thermo
ANFEL 2R BERNE E AL & A ER (4
7); PCR 5¥ (3R 3) ERAEY (b)) AR

*1 B/REEFEDP CRISPR/Cas RS MACBETH #HARKLLE
Tablel Comparison between CRISPR/Cas system and MACBETH in C. glutamicum

Property CRISPR/Cas MACBETH (base editing)
Double-stranded Yes No
DNA break (DSB)
Gene editing Depends on donor DNA templates and host ~ Point mutations (without donor DNA templates
homologous recombination repair pathway  and host homol ogous recombination repair pathway)
Efficiency Low to Moderate Moderate to high
Target sites Depends on PAM motif Depends on PAM motif and editing window

Multiplex editing
Library construction
Iterative operation

Operation time for
one round editing

Difficult
Yes (plasmid curing firstly)
About two weeks

Achieves single-, double-locus editing

Achieves single-, double-, and triple-locus editing
Easy

Yes (plasmid curing firstly)

About two weeks

*x2 ARNXHTRAMRKSER
Table2 Plasmidsand strainsused in this study

145

Name Source

Plasmids

pK18mobsacB-AldhA::gfp Lab stock
pK 18mobsacB-gfpost This study
pK 18mobsacB-gfp,n This study
PXMJ19"S-nCas9(D10A)-AlD-gRNA::ccdB Lab stock
pPXMJ19™5-nCas9(D10A)-AID-gRNA(gfp) This study
Strains

Escherichia coli DH5a Lab stock
C. glutamicum 13032 Lab stock
C. glutamicum 13032AIdhA:: gfposs This study
C. glutamicum 13032AIdhA:: gfpon This study
C. glutamicum 13032/nCas9(D10A)-AID-Cgl0025 gRNA Lab stock
C. glutamicum 13032/nCas9(D10A)-AID-Cgl0369 gRNA Lab stock
C. glutamicum 13032/nCas9(D10A)-AlD-Cgl1314 gRNA Lab stock
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Table3 Primersused in thisstudy

Primer name Sequences (5'-3') Size (bp)
GFP-ACG-TGG-F ACGAGTAAAGGAGAAGAACTTTGGACTGGAGTTG 34
GFP-ATG-TGG-F ATGAGTAAAGGAGAAGAACTTTGGACTGGAGTTG 34
GFP-ACG-TGG-R AAGTTCTTCTCCTTTACTCGTTCTC 25
GFP-ATG-TGG-R AAGTTCTTCTCCTTTACTCATTCTC 25
SacB-R CAAATTCAGAAACTTGATATTTT 23
SacB-F AAAATATCAAGTTTCTGAATTTG 23
GFP-C-F TTCTCCACATAAGCTGGCAATG 22
GFP-C-R ATGTGCTGCAAGGCGATT 18
GFP2C-R ATCTCGCAAAGCATTGAAGACC 22
GFPCX-F GTCCGGTTAGGGAAATCAGGAA 22
GFP-gF TTCACGAGTAAAGGAGAAGAACTT 24
GFP-gR AAACAAGTTCTTCTCCTTTACTCG 24
9sgCX-F AGACTATTCTTCGCACCCAC 20

ONEIA G ORI AR R A H R AR AR AR R
Bdest) AR H
113 EFHE

LB 55 5E (g/L): EFFR 10, S bih 10, B
BEBy 5o il 28 A SR R LRI 2% 388 -

LBG 15574 (g/L): &AMk 10, &Aibfh 10,
fetlky 5, FiATHE 5o il 2 WA R IR LR N 2%
3R -

LAS #5738 (g/L): HEMAMF 10, BELEH 5,
FEME 150, il 4 [ 1A 55 77 FE RS I 2% 30 o

BHI }53%5L (g/L): BHI 37, (NH,),S0, 10,
K,HPO, 0.2, NaH,PO, 0.3, MgSO,-7H,0 2Lk JiF
0.5g/L, pH 7.2,

MgSO,-7H,0 & 50 g/L F4) 100xfif i, 1 F
R RN

LBHIS §:3%3E (g/L): &M 5, &bl 10,
f kK 2.5, BHI 18.5, 11151 91,

COXINMBEF I (g/L): (NH)S0,420, JRE
5, MOPS 42, KH,PO,1, K,HPO4-3H,01.3, [
WA BE K I L I8 pH 7.0,121 *C K B 20 min,

MgSO4-7H,O 0.25 , FeSO4-7H,O 0.01 ,
MnSO,4-H,0 0.01, ZnSO,-7H,O 0.001, CuSO,
0.2 mg/L, NiCl,-6H,00.02 mg/L, iR i ik,
100x{B G Bk, RHUEFBRE, TREHBIRBA
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CaCl, 0.01, Jii )LA5H2 0.03, =¥ % 0.2 mg/L,
VB10.1 mg/L, FiR 4 Fipl o Sk Be p 100x B
P UERRTE, TR R A

%M 5, 10 100xBE W , 115 °C K 14 15 min,
Tl R R
12 FHi&

121 BEAMRBEFE GFP EEMES

Jik pK 18mobsacB-IdhA::gfp AR , FI 5
Y1} GFP-ACG-TGG-F/SacB-R Fll GFP-ATG-TGG-F/
SacB-R 4 HIH HE £ MAT . F8W XA 5, 575 Al F8W
BN AR ofp SR, LA 51 H%) SacB-F/IGFP-
ACG-TGG-R #I SacB-F/GFP-ATG-TGG-R #"#%
M IA) 5 sacB FEREEAEIE A 1) pK 18mobsacB Jii ki
AR, a2 B ERE E A4S pK 18mobsacB-gfpy
1 pK 18mobsacB-gfpon JFT K »

W DL E PR SR 43 ) H A Ak 2 Ay R R AT TR
13032 i, | FERE e a0 (5 ok b Ui R
FISEIRIZH 1dhA JE R A B R A RE 4 (K] 1A),
T ofpors AT Ofpon ik R 3% 5 2145 S BR AT 1 2L
PRIZH v, HAARIU S 30 i 16 1 7] 25 L SCHR[15])

pK 18mobsacB [ ki JC 12 £ 4% 2 IR 1 T 1A
13032 H & ifil, AR E R EIER 2 6 h, 12
F TORE Y R VR S S A A AR . BT
HEAT B VE PCRIGIE JSokr 5 JE R 2 7E 1 i [ U5 Ak
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| pKI8mobsacB pMBI1 ori
\ /
Downstream arm

W Upstream arm
GFP cassette

Wide-type IdhA

<  —
GFP cassette  -1dhA
l:>1]F

_|:| GFP >—

WL ATGAGTAAAGGAGAAGAACTTTTC

off GT/\AAGGAGAAGAACTT PAM

on ATGAGTAAAGGAGAAGAACTTEGG]
Start codon

1 REBRENE GFPRARNARG RERE
Fig. 1 Schematic representation of GFP reporter-based
detection system in C. glutamicum.

Mutant  IdhA-

KA, B IGIE A S | e R A
Vi RV O s s A B 7/ d e A 3 R )
T o PRIBCIUE TE B Y BAS HR  R A LBG IRAA S
FHerp, 30°C. 220 r/min R FE . B 100 L &=
5mL LASHASsEF RS, 25 CHEFR 16 h, 8 4R
JETRA LAS A, 25 CHi SR, PREU LAS P-4l 111
BATEVE, oy BEER T LBG M AN R4 25 pg/mL
Kan HitE 1) LBG A o Pkt Joik fEdisk V- A=
KAV, AT PCR IIE3RAF IEHIAY ofp
1 A Bk C. glutamicum 13032AldhA::gfpess Fl
C. glutamicum 13032AldhA::gfpon.
1.2.2 ¥BF3 GFP Z:FHE A4 T HiHM g

£ GFP gRNA 4k pXMJ19™-nCas9 (D10A)-
AID-gRNA(gfp), T ik pXMJIL9-CAG, Hik
M)y T 2 WSCER[8], UE AN B S HE L
&M GFP gRNA i N20 #8845 %41 , i 1 95 °C
il 2 min, JERIE MR R, LTS 6B K

&: 010-64807509

gh4, i Bsal fl T4 DNA & #EE# H 5
pXMJ19"S- nCas9(D10A)-AID-gRNA::ccdB Jii 4 i
i} Golden Gate J7 ik HEAT4H%E , My aEAS 2% Rk .
123 HEARBEFHERNEL

Bt 0.5 ng pXMJ19-CAG Jii ki Hi % fk & 80 uL
C. glutamicum 13032AldhA:: gfpors 257 25 21 it
HAR AL S 505 W SCHk[16] 308 o F5 105 4 i
230 CI¥sgE Lha, A F+% 5 pg/mL Cm it
PER) LBHIS ARG FREFAR -, 30 CHrElisc
2-3d, HERKHHEREE.
1.2.4 A EBRE R IR R4 E
1) i

PRICAE R AT AR PR TR LA 0.35 mL
LBG WiAkss =% (%F 5 pg/mL Cm) fY 96 FLIK
fLAH, 30°C. 800 r/min %3t 24 h,
2) BRERF

W5 b7 55 32 W H9) ifi ODeoo M 0.2 Y F b 5
BRI ELEA 0.35 mL % IPTG (0.05 mmol/L)
& Cm (5 ug/mL) 1 LBG Mk 77 L1 96 TR FL b
Wi, 30 °C . 800 r/min 577 16 h, AR ZE &4k
Jei o e e 45 o 375 50 11 TR AR 22 37 X A A8 4y
Br GFP & i L il .
1.25 W 4HMASHr GFP & H & 1 L

BRI A, F PBS 2% il ik 2-3 1K,
SRIGHE R 2 PBSZE MR T, JPRAE S HEA TR RS,
i f3 1E & ODeoo N 0.1 247, NP 1L B AR, ¥
FEA A 5 min, SR MoFlo XDP i =40 %
(Beckman Coulter, #8[E) #4750 #71. K 488 nm
B IE , FI I @ 530740 Kl GFP 98615 5.
o0 S 66 TR AR (R 2 R B, 10 AT S G R AN
ey VIS OO N I = s g e = SFTY Rl
41 il 850k 100 000 4~
1.2.6 BAEGmBAAHIIL

P85 352 551 R 1.2.3 347, - EERaT, &
BIEAL LR 254 .

BAUEE SR B E . 5l LBG. BHI,
CGXII, LBHIS Ui 5 5 Xof g 450 5 1 5 M)
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P55 5% )5 LAl ODeoo 0.2 4z ZARN 77 55,
Cm ZkFE R 5 pg/mL, IAZHK S 0.05 mmol/L
7 IPTG, 30 °C. 800 r/min iS55 16 h, U4k
w3 g XA A 0BT G e LA

VI ODeoo MM : FTFHEFRIE, 439
LA¥) i ODgoo >~ 0.01, 0.02, 0.05. 0.1, 0.2, 0.5,
1R LR T, Cm 29Kl 5 pg/mL,
hin A2 e FE 0.05 mmol/L 1% IPTG, 30 “C .800 r/min
WS 16 ho WA, 38 a4l A o pr
GFP & i L il

AL S R . B FEEIRE, DRl
Wit ODgoo i = f AL G IR 3, Cm Lk E R
5 pug/mL , il AZHk )% 0.05 mmol/L ) IPTG,30 C .
800 r/min &S 8. 12. 16, 20. 24 h, WsEFIA,
3 L A LA 5 BT GFP A3 LAl

IPTG LB FWREME: FFI5)G,
DUAR W) Uf ODeoo 5545 e i 2 L, Cm A&k
M 5 pg/mL, 43 BN A 244 BF 0.001.,0.005.,0.01,
0.05.0.1.0.5.1 mmol/L A% IPTG, 30 °C .800 r/min,
17 iRl o /W I = % NI T U ea et
15T GFP 3% il

2 HREM

21 AEEEIE GFP XN ASGHAE
R 5 A A B A T AT P i 2 G B 0% ) P
e 5 g, ARSIk Ak e (GFP) 1E
RIS A, W NS GFP 2 (P A R AR
R, SEH GFP AN, 45 G iR an iAo b
AR, PR ger . M ERHER, A
SCHG R A A ofp FEIR, I SRR IR R
+, 15 GFP & A LIk IE R £k ; SAE5IA F8W
KA, NN PAM 05, f#i15 ACG iy fs ik
C AL gnis T HMGRIBAEN, SO bR 4R
B, B AT 4R ofporro A FEARALEL C B4
KT, WRE ATG B % S FIhEe, (H F8W
RAMEAE , I FE a5 448 ofpon (K] 1B). ¥ ofpors
SR A AR TR AR R AR (] 1A),
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AP A R 13032 HE A, 535
C. glutamicum 13032AIdhA::gfpes B 4K 5 7 R %t R,
[ ofpon B2 #4442 13032 HEK A, 153
C. glutamicum 13032AldhA::gfpon I FE . £,
C. glutamicum 13032AIdhA::gfpese £ M AS 2] 2 S
Mk W GFP & s 1 C. glutamicum
13032AldhA::gfpon WU R 52 FBW Z87%2 s M, n] L
R 358 . 245 R R WIAT ofpors i A H B BE AR
M C R gmiE, WJTE GFP &R I E T R I,
RGN Z S8 AT LA 5 e i S 5

22 WEREIEEEGFPRNXEH

mE 2A Fis, HEEEAR ofport 2K H ARAL A
Bk pXMJL9-CAG, % itk il fE 7% Tac /557
2 31T i) nCas9(D10A)-AID Fill 47 11 2 A HE A5
HMIH ST PLIF () gRNA FISHE, H1i%JFkL
AL R F AL C. glutamicum 13032A1dhA::gfpess
53] H A Pk C. glutamicum 13032 gfpest /CAG,
BEAEMFEFE 24 h )5, PIRIIG ODgy My 0.2 5%
B ZE B A9 5 ng/mL Cmii i & 0.05 mmol/L IPTG
) LBG Hi373E9, S 16 h, WEERIA. LIEHk
13032AIdhA::gfpon 1 A BHE YT, 13032A1dhA::gfpess
VENBAMEXT IR (&1 2B), sl it =N an i o4 ids 55
PR GFP &3 Hefi), anf&l 2C fiizs, 42 nCas9(D10A)-
AID-gRNA kit R G gmiR ) , 7643 C. glutamicum
13032 gfpei/CAG AR FAFEN, B ofpor H
RO ACG W B gmith ATG. &1, ¥
IR AMT, PSR R (13.11+0.21)%.

23 WEREFHMHKL

R A G A L B e B I g
R ARFIE R Bk 3T GFP 98 68 FH AIAS I
ARG, R IRISA | F I ODeoo.
VR SRR T T
231 FFRERBWML

AN R] R ) B 5% 5L R LB SR Y i AL o R
], X 4 A= 4 R 2R 11 2235 1 52 et A A [R]
B LBG, BHIL CGXII, LBHIS PUfkE
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TN G ACR R A5 R WA 3 iR AT
Hofth 3 R FE3E, COXIN R Fe L b St siCR e i
ik #] (17.63+0.25)% . #H bk H At JLFh 855 57 3
CGXII Kig2F N TOMER R IR EE, e ToHLER oy
. HEI 5 R AT BB A RS A O HIL R K4 X

nCas9(D10A) -AID Bil5 8 B i Sk R ML A 2
M), DTS 3 A R B AT
232 PEREWIE ODeoo 1L

HEATRIWIG ODeoo HIZRMET, WIS T/ &

A48 nCas9(D10A)-AID By FEikH, MM
FMBIL g AR RCE, RIS, SR iR
i HE CGXIN, 43l AW IR ODego 24 0.01, 0.02,
0.05, 0.1, 0.2, 05, 15:4%, &ifF)E. Kl
RCRNE 4 F7/R , 24911 ODeoo 7E 0.01-0.05 = Ja] i,
SN Bl W) 4 ODgoo 35 A TTTHG 3 248 4t ODegoo
A7 0.05 B R scR e, 15%(28.28£3.01)%; 4
Wi ODgoo =1 T 0.05 B} s8R 52 BT Bfa 34,
Kk, 0.05 1 Wi fEi5 047 i ODeoo-

A B . .
nCas9 (D10A)-AID 10 10
Pm/‘ ~ 10° 10*
Lacl W 10°] 8 o 10°
[ V5 Bl 210
Cm pXMI19-CAG S 10
= 10" 10!
RNA\\ / & 100 GFP,; control 109 GFP,; control
£ pBLI ori 10° 10" 10> 10° 10* 105 10° 10' 10* 10° 10* 10°
C GFP fluorescence GFP fluorescence
3 10° 10
10* R2 104
O 10°] oo S Q107
% 2 5 A si P ) 102 3
10 13.35% 1 12.96%
10! . 10! . 10+ .
Editing 1 Editing 2 Editing 3
0 0 . . . . 0°
10° 10" 10* 10° 10* 10° 10° 10" 10* 10° 10* 10° 10° 10" 10* 10° 10* 10°
GFP fluorescence GFP fluorescence GFP fluorescence

2 pXMJ19-CAG FtinEE AR RN ML S HmERIELS R
Fig. 2 pXMJ19-CAG plasmid schematic representation (A) and base editing results by flow cytometry analysis (B, C).

25
g 20+
Z
; 15}
1
G
o 10F
g
2 sl

0

BHI CGX I LBHIS
Medium

3 AEEFENRBEYENFN
Fig. 3 Effect of different medium on editing efficiency.
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=
T

Editing efficiency (%)

0.01 002 005 01 02 05 1
Initial Dy,

B 4 F[EHI%E ODegoo X #RIBIIZR N
Fig. 4 The effect of different initial ODgy On editing
efficiency.

<: cjb@im.ac.cn

149




150

ISSN 1000-3061 CN 11-1998/Q 4:# T.#24k ChinJBiotech

233 EREEIMIL

PP gRIE, R LR 7R3 CGXII,
I LURAR I U ODeoo 4 0.05 42, 433l FiFs S n
8. 12, 16, 20, 24 h Hukf., MASgmiRRCRME 5
Fis o B ST R 3G, SR R B & .
MR 20 h e g scR s Bl K L2 e+
FarE, REEN (29.28+0.27)%. HIL, LK
S E G E A 20 he — BB T, SRl A,
EHREERD, EEBZRRBIMLER, EAE
KR, FEEURERSCRIE S, HRE SR R
Kb (>20h), WiAAERKCATFRED, HIERE
A, EARREERATES, LS
BT R
234 FHIRREEMRIL

ARWERFESH IPTG & X[l &HEH
NCas9(D10A)-AID [k & = 2, T 5%
RSO A3l 2Lk By 0,001, 0.005, 0.01,
0.05. 0.1. 0.5. 1 mmol/L ) IPTG % % 5%
e, A iR SR R 6 s, 4 IPTG
#e i 9 0.001-0.01 mmol/L i , B3 bl %5 IPTG

14}

Editing efficiency (%)

~1
T

8 12 16 20 24
Induction time (h)
GRS IE R = &S A
Fig. 5 Effect of induction time on editing efficiency.
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PR B g H 3R T 1.7-2.5 4%, WEM T Eakfl
25 J 0 v Sad Tk .

Table4 Editing ratio comparison of genomic loci in different conditions

Gene Protospacer sequence

PAM Editing ratio (original condition) Editing ratio (optimized condition)

Cgl0025 ACCAGTTATCGTCTGTTCCA AGG
Cgl0369 CCAAGACGTCATGCTGGACC GGG
Cgl1314 GGGACAGCAAGAAATTATCG AGG

3/10 5/10
2/10 5/10
4/10 8/10

The underlined Cs in protospacer sequences indicate the target editing sites.
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