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Abstract

Corynebacterium glutamicum is widely used as microbial cell factory for various bioproducts, but its genomic editing
efficiency needs to be improved. In this study, a highly efficient CRISPR/Cas9-assisted genomic editing system for C.
glutamicum was constructed. This system mainly involves a plasmid and can be used for both gene insertion and
deletion in the chromosome of C. glutamicum. The recombinant plasmid for the target gene containing all the editing
elements, and first constructed it in £. coli, then purified and transformed it into C. glutamicum. This temperature-sen-
sitive plasmid was cured at high temperature after the genomic editing was completed in C. glutamicum. Using this
genetic editing system, the genetic editing efficiency in C. glutamicum ATCC 13032 could reach 95%. The whole work
of editing could be done in 8-9 days and showed most time-saving compared to the reported. Using this system, the
native promoter of gdhA T in ATCC 13032 has been replaced with the strong promoter PtacM, and more than 10 genes

and very suitable for genome editing in C. glutamicum.

fermentation

in ATCC 13032 have been deleted. The results demonstrate that this CRISPR/Cas9-assisted system is highly efficient
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Introduction

Corynebacterium glutamicum is an ideal industrial strain
on account of high growth velocity and food-safety (Liu
et al. 2016). Its traditional utilization in industries are for
various amino acids production such as L-glutamic acid
(Wada et al. 2016; Wen and Bao 2019), L-threonine (Lv
et al. 2012; Wei et al. 2018), branched-chain amino acid
(Schwentner et al. 2018; Wang 2019; Wang et al. 2019),
L-lysine (Xiao et al. 2020), nonprotein amino acid (Mindt
et al. 2019; Shi et al. 2018) and so on. C. glutamicum are
one of most important model organisms in microbial
cell factories due to decade studies, increasing other bio-
products metabolic pathway have been constructed in
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C. glutamicum, for example, biofuels (Sasaki et al. 2019;
Zhang et al. 2019b), organic acid (Fukui et al. 2019),
enzyme preparations (Yang et al. 2019) and other natu-
ral compounds (Braga et al. 2018; Cheng et al. 2019; Zha
et al. 2018) and so on. The metabolic engineering of C.
glutamicum to produce various bioproducts indicated its
attractive prospect.

Metabolic engineering studies are most important
part of synthetic biology for C. glutamicum. With the
development of molecular biology, the cell factories’
establishment was inclined to rational design of meta-
bolic pathway including Design, Construction, Evalua-
tion, and Optimization (Chen et al. 2017). Hence, some
more efficient molecular tools must be constructed and
used to reestablish metabolic pathway. To date, although
there are some gene editing methods of C. glutamicum
have been reported, there were some obvious deficien-
cies like low efficiency and time-consuming. W. Jager
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et al. (Jager et al. 1992) was the first to report SacB-
based genomic editing in C. glutamicum and Tan (Tan
et al. 2012) improving this method and successfully con-
structed plasmid pDXW-3, which is a traceless editing
method and needs two-step homologous recombination.
Cre/loxP-based recombination system was first found
in a plasmid of prophage of bacteriophage P1 (Aus-
tin et al. 1981) and Nobuaki Suzuki et al. (Suzuki et al.
2004) first reported the Cre/loxP-based method for edit-
ing of C. glutamicum genome, this method was suitable
to large region (56 kb) deletion. Jinyu Hu et al. (Hu et al.
2013) constructed multiple-gene-deletion system based
on Cre/loxP-mediated method in C. glutamicum, this
method need three plasmids to edit genome: pBluescript
II SK, pDTW202 and pDTW109, pBluescript II SK was
used as vector of homologous arms and kanamycin cas-
sette, pDTW202 was kanamycin cassette carrier (lox66
and lox71 sequence were added to each end of kana-
mycin resistance gene), temperature-sensitive plasmid
pDTW109 was used to delete kanamycin cassette from
targeted gene locus in chromosome. This method will
leave residual sequence in the genomic loci of interest
and require two electrical conversions. These methods
above are often show low efficiency (<5%) and need at
least 20 days in C. glutamicum.

Streptococcus pyogenes type II CRISPR/Cas9-assisted
genomic editing and CRISPRi technology are generaliz-
able to microbiologic cell factories, such as C. glutami-
cum (Cameron Coates et al. 2019; Cleto et al. 2016; Liu
et al. 2017), Escherichia coli (Jiang et al. 2015; Pyne et al.
2015), Bacillus subtilis (Altenbuchner 2016; Westbrook
et al. 2016), Lactobacillus (Oh and van Pijkeren 2014;
Song et al. 2017), Aspergillus (Nodvig et al. 2018; Zhang
et al. 2016), Saccharomyces cerevisiae (Mitsui et al. 2019;
Zhang et al. 2019a). The CRISPR/Cas9 mutation and
CRISPRi (Cleto et al. 2016; Gauttam et al. 2019) can fine-
tune gene expression level in genome and have been used
to study metabolic engineering in C. glutamicum, hence,
some strategies for C. glutamicum genomic editing had
been documented (Cho et al. 2017; Peng et al. 2017;
Wang et al. 2018). Jiang (Jiang et al. 2017) was failed to
construct CRISPR/Cas9-assisted genomic editing sys-
tem, he/she speculated Cas9 protein might toxic to C.
glutamicum, and reported Francisella novicida CRISPR/
Cpfl-assisted genome editing system, the efficiency of
codon saturation mutagenesis reached near 100% while
shown low efficiency in large gene deletion (>1 kb). Peng
(Peng et al. 2017) optimized codon of Cas9 and limit its
expression in C. glutamicum to make the cells survived
in media, he used two plasmids to express Cas9 nuclease
and targeted sgRNA separately. The sgRNA vector was
constructed as two-step method: link targeted sgRNA
(including N20 sequence) and homologous repaired arm
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to the vector pFST respectively, electroporation for twice
to introduce vector pFSC and pFST into C. glutamicum,
so the method was tiring and time-consuming in practi-
cal usage.

In this research, we succeed in construction of a single-
plasmid CRISPR/Cas9-assisted genomic editing for C.
glutamicum, all elements including gene cas9, sgRNA
and homologous arms were designed in one temper-
ature-sensitive plasmid pCCG1 or pCCG2, the whole
editing work could be done in 8-9 days and 5 days for
continuous editing. The editing efficiency was about
50%-95% in C. glutamicum ATCC 13032, this method
was suitable to both small and large (>3 kb) targeted gene
mutation. Meanwhile, this strategy was extended exam-
ined in C. glutamicum ATCC 14067 and C. glutamicum
ssp. lactofermentum (Shi et al. 2019) (a strain of C. glu-
tamicum for L-isoleucine production, genomic sequence
is similar to C. glutamicum ATCC 13869). Up to now, our
strategy demonstrated high efficiency in editing proce-
dure and time-saving compared to the reported.

Materials and methods

Strains, plasmids, and growth conditions

All bacterial strains and plasmids used in this study are
listed in Table 1. E. coli DH5a was cloning host for vec-
tors’ construction. C. glutamicum ATCC 13032 are
mainly used strain for editing strategy, meanwhile, C.
glutamicum ATCC 14067 and C. glutamicum ssp. lacto-
fermentum as supplementary strains used in this study.
E. coli DH5a were cultured in Luria—Bertani (LB) media
(tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, pH
7.0-7.2, LB agar supplemented with 15 g/L agar) at 37
°C. C. glutamicum is cultured in LBHIS media (D-sorbitol
91 g/L, tryptone 5 g/L, yeast extract 2.5 g/L, NaCl 5 g/L,
brain heart infusion 1.85 g/L, pH 7.2-7.4, LBHIS agar
supplemented with 15 g/L agar) at 30 °C. C. glutamicum
harboring pCCG1/pCCG2 was cultured at 28 °C, and 37
°C for plasmid curing. Adding kanamycin 30 mg/L for
E. coli DH5a and 20 mg/L for C. glutamicum as needed.
The seed media (g/L): glucose-H,O 25, corn extract 20,
KH,PO, 1, MgSO,-7H,0 0.4, urea 5, pH 7.2-7.4. L-glu-
tamic acid fermentation media (g/L): glucose-H,O 110,
corn extract 1, KH,PO, 2, MgSO,-7H,0 0.8, MnSO,-H,O
0.01, FeSO,-7H,0 0.02, pH 7.2-7 4.

Plasmid construction

The main primers used in this study are given in Table 2.
Kanamycin resistance gene (kan") with its native pro-
moter was amplified from plasmid pEC-XK99E using
primers P1/P2; temperature-sensitive replicon pBL1™® in
C. glutamicum was amplified from plasmid pDTW109
using primers P3/P4; PUC ori replicon in E. coli was
amplified from plasmid pBluescript II SK using primers
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Table 1 Bacterial strains and plasmids used in this study
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Strains/plasmids

Characteristics

Source or reference

Strains
E. coli
E. coli DH5a

E. colistr. K-12 substr. W3110

C. glutamicum
C. glutamicum ATCC 13032
C. glutamicum ATCC 14067
C. glutamicum ssp. lactofermentum
CGNO0O1
CGN002
CGNO003
CGNO004
CGNO005
CGNO006
CGNO007
CGN008
CGNO009
CGNO10
CGGOO1
CGG002
CGG003
CGGOo4
CGGO05
CGCo01
CGY001
CGY002

Plasmids

pDTW109
pFSC
pBluescript Il SK
PEC-XK99E
pJYW-5-gdhA
pJYW-5-speC
pJYW-5-gadB
PIYW-5-gdhA1
pCCGT
pCCG2
pBS-sgRNA
pCCG1-Idh
pCCG1-eutD
pCCG1-gabP
pCCG1-ginAl
pCCG1-ginA2
pCCG1-alaT
pCCG1-argR
pCCG1-gabTD
pCCG1-aceAB
pCCG1-poxB
pCCG1-PtacM-gdhAT

F~, ©80d/lacZAM15, A (lacZYA-argPU169, deoR, recAl, endAT, hsdR17(r,m,*), phoA,

SUpE44,\~, thi-1, gyrA96, relA
Wild strain

Wild strain

Wild strain

A strain of C. glutamicum for L-isoleucine production
C. glutamicum ATCC 13032, Aldh

C. glutamicum ATCC 13032, AeutD

C. glutamicum ATCC 13032, AgabP

C. glutamicum ATCC 13032, AginAT

C. glutamicum ATCC 13032, AgInA2

C. glutamicum ATCC 13032, AalaT

C. glutamicum ATCC 13032, AargR

C. glutamicum ATCC 13032, AgabTD

C. glutamicum ATCC 13032, AaceAB

C. glutamicum ATCC 13032, ApoxB

C. glutamicum ATCC 13032, O(PtacM-gdhAT)
CGG1, AgabP:gadB

C. glutamicum ATCC 13032, AgabP-gadB
CGGO03, AeutD:gdhA

CGGO04, AgabTD

C. glutamicum ATCC 13032, AeutD::speC

C. glutamicum ATCC 14067, AgabP

C. glutamicum ssp. lactofermentum, AgabP

Temperature-sensitive plasmid in C. glutamicum, Cm'

A plasmid harboring codon-optimized cas9 gene, kan'

A plasmid containing PUC ori replicon, amp”

E. coli—C. glutamicum shuttle plasmid, kan"

A recombination plasmid harboring gdhA under promoter PtacM, kan'
A recombination plasmid harboring speC under promoter PtacM, kan'
A recombination plasmid harboring gadB under promoter PtacM, kan'
A recombination plasmid harboring gdhAT under promoter PtacM, kan"
E. coli—C. glutamicum shuttle plasmid, CRISPR/cas9 vector, pBUTS, kan"
A vector derive from pCCGT, pBUTS, kan"

pBluescript Il SK harboring sgRNA sequence

pCCG1 harboring Idh deletion elements, kan"

pCCG1 harboring eutD deletion elements, kan'

pCCG1 harboring gabP deletion elements, kan"

pCCG1 harboring glnA1 deletion elements, kan'

pCCG1 harboring ginA2 deletion elements, kan"

pCCG1 harboring alaT deletion elements, kan"

pCCG1 harboring argR deletion elements, kan'

pCCG1 harboring gabTD deletion elements, kan'

pCCG1 harboring aceAB deletion elements, kan"

pCCG1 harboring poxB deletion elements, kan"

The plasmid to replace gdhAT native promoter with PtacM and artificial RBS, kan"

TaKaRa

ND

ND

ND
Shietal. (2019)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Hu et al. (2013)
Peng et al. (2017)
Hu et al. (2013)
Huetal. (2014)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table 1 (continued)
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Strains/plasmids Characteristics

Source or reference

pCCG1-AalaT:gdhA
pCCG2-AalaT:gdhA
pCCGT1-AeutD:speC
pCCG1-AgabP:gadB
pCCG1-AgabP-gadB2-gadB1™
pCCG1-AeutD:gdhA

pCCG1-gabP (14067)

pCCG1-gabP (ssp. lactofermentum)

The plasmid to insert gdhA into alaT, kan'

The plasmid to insert gdhA into alaT, kan"

The plasmid to insert speC into eutD, kan'

The plasmid to insert gadB into gabP, kan"

The plasmid to insert cluster gadB2B1™ into gabP, kan'

The plasmid to insert gdhA into eutD, kan"

pCCG1 harboring gabP deletion elements in ATCC 14067, kan"

pCCG1 harboring gabP deletion elements in ssp. lactofermentum, kan'

This study
This study
This study
This study
This study
This study
This study
This study

ND: no data; C. glutamicum ATCC 13032, GeneBank Gl: 58036263; C. glutamicum ATCC 14067, GeneBank Gl: 1229082175; the genomic sequencing of C. glutamicum
ssp. lactofermentum was completed by our research group; Cm', chloramphenicol resistance gene; amp', ampicillin resistance gene; kan', kanamycin resistance gene;
pBL1™, temperature-sensitive replicon in C. glutamicum, derived from the plasmid pBL1 (GeneBank Gl: 164604819), the replicase is active when temperature between
25 and 28 °C. Targeted gene deletion elements including N20 sequence, sgRNA and homologous repair arms

P5/P6, fused three fragments above to single Fx1 frag-
ment with overlap PCR method, lacl%-cas9-T1T2 ter-
minator fragment (Fx2) was amplified from pFSC using
primers P7/P8, the fragment Fx2 contain three units:
DNA-binding transcriptional repressor (Lacl?), cas9 gene
(under inducible promoter Ptrc) and T1T2 terminator.
Ligate Notl-Apal-digested Fx1, Notl-Smal-digested Fx2
and artificial synthetic PtacM promoter (annealed prim-
ers P9/P10) with T4 ligase (Thermo, USA), the products
were transformed into E. coli DH5a to obtain plasmid
pCCG-zero. Extracted the plasmid pCCG-zero from E.
coli DH5a using TIANprep Mini Plasmid Kit (TIAN-
GEN, China), then inserted the synthetic multiple clon-
ing site (MCS, annealed primers P11/P12) between
BamHI-Smal-digested pCCG-zero, the new plasmid was
named as pCCG1l. Amplified fragment Fx3 from plas-
mid pCCG1 using primers P13/P14, amplified fragment
Fx4 from plasmid pEC-XK99E using primers P15/P16,
amplified Fx5 fragment from plasmid pDTW109 using
primers P17/18, ligate Notl-Xma]l-digested Fx3, Xbal-
Xhol-digested Fx4 and Xhol-NotI-digested Fx5 using T4
ligase, the products were transformed into E. coli DH5«
to construct a new plasmid pCCG2. Both plasmids
pCCG1 and pCCG2 can utilize to editing genome of C.
glutamicum.

In this research, tracrRNA and crRNA was fused to a
single synthetic guide RNA (sgRNA), which is 82-bp frag-
ment. In order to facilitate the editing procedure, another
plasmid pBS-sgRNA was constructed, the procession
was as followings: linearized plasmid pBluescript II SK
by PCR with primers P19/20, purified the products with
SanPrep Column DNA Gel Extraction Kit (Sangon Bio-
tech, China) and digested with Xbal-Ncol, then ligated
it with Nhel-Ncol-digested sgRNA (artificial synthesis)
using T4 ligase, the products were transformed into E.
coli DH5a to construct plasmid pBS-sgRNA, which was
used as vector for cloning sgRNA fragment.

Genomic editing procedure

The genomic editing relies on two processes: Cas9 nucle-
ase activity and homologous recombination repair activ-
ity. For construction of recombinant plasmid to targeted
gene, three elements need to be amplified: sgRNA, up
and down homologous sequence flanking the deletion
target sequence. In this study, several genes were used
as candidates to test this method (Table 3). Take poxB
deletion as an example, use primers poxBsg-F/sgRNA-R
to amplify sgRNA fragment (pBS-sgRNA as template),
use primers poxB-U-F/poxB-U-R and poxB-D-F/poxB-
D-R to amplify up and down homologous repair arms
(C. glutamicum genome as template), fuse sgRNA, up
and down homologous repair arms to one strand using
primers poxB-F/poxB-D-R. N20 sequence was added
at the 5-end of primer poxBsg-F and vector’s homolo-
gous sequence at the 5’-end of primer poxB-F, ligate the
fused fragment to the BamHI-Aflll-digested pCCG1
by the ClonExpress® II One Step Cloning Kit (Vazyme,
China), then use chemical transformation to construct
the recombinant plasmid pCCG1-poxB in E. coli DH5a.
The sgRNA-homologous arm fragment also can be
ligated to pCCG1/pCCG2 with restriction enzyme diges-
tion-T4 ligase method. The design of 20-bp region (N20)
with protospacer-adjacent motif (PAM, NGG sequence)
matching the targeted gene was programmed artificially
or CHOPCHOP/CRISPy-web on net (Blin et al. 2016).
In this research, fifteen candidate genes were used to
test this strategy, gene knockout: ldh, eutD, gabP, ginAl,
ginA2, alaT, argR, gabTD, aceAB, poxB; substitution of
gene native promoter: gdhA1; gene insertion at targeted
loci of genome: eutD:: speC, gabP:: gadB, eutD:: gdhA,
alaT:: gdhA. When insert gene speC, gadB and gdhA into
eutD, gabP and eutD, cloning the gene (including pro-
moter PtacM) using primers speC-F/speC-R, gadB-F/
gadB-R, gdhA-F/gdhA-R and plasmids pJYW-5-speC,
pIYW-5-gadB, p]YW-5-gdhA as template respectively,
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Table 2 The main primers used in this study
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Primers Sequence

P1 CATGCGGCCGCTTAGCTTGCAGTGGGCTTACATGG

P2 CGGTCCGGAAACCCCAGAGTCCCGCTCAG

P3 CGGTCCGGAGCAGTCATGTCGTGCTAATGTGTAAAAC

P4 CCGCTCGAGCATTGTCAACAACAAGACCCATCAT

P5 CCGCTCGAGGGGATAACGCAGGAAAGAACATG

P6 GCGGGCCCCCTTAACGTGAGTTTTCGTTCCACT

P7 CATGCGGCCGCCCAGCTCATAGACCGTATCCAAAG

P8 TCCCCCGGGTTTCCTGCGTTATCCCCTGATT

P9 CTTGAGCTGTTGACAATTAATCATCGTGTGGTACCATACTAGTGGATCCTTCCTACCC
P10 GGGTAGGAAGGATCCACTAGTATGGTACCACACGATGATTAATTGTCAACAGCTCAAGGGCC
P11 GATCCTTCCTAGCTAGCTTGGTTGGCGCGCCAATACTTAAGCCC

P12 GGGCTTAAGTATTGGCGCGCCAACCAAGCTAGCTAGGAAG

P13 CATGCGGCCGCCAGTGGAACGAAAACTCACGTTAAG

P14 GCTCCTAGGAGCTCATAGACCGTATCCAAAGCAT

P15 GCTCTAGATAGCTTGCAGTGGGCTTACATGG

P16 ATTCTCGAGTCACGTAGCGATAGCGGAGTGT

P17 ATTCTCGAGCTGGCACGCATAGCCAAGCTAG

P18 CATGCGGCCGCCATTGTCAACAACAAGACCCATCAT

P19 GCTCTAGAGCCTGGGGTGCCTAATGAGT

P20 CATGCCATGGTACAACGTCGTGACTGGGAAAAC

ldhsg-F GTGGATCCCAGCATGTAGCGGAATCGAGGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
|dh-U-F CCGCTCGAGTGCTTCCAGACGGTTTCATC

|dh-U-R CACCTTGCGATCATCGACATAAGGGCTCCACTTCCTACGG

|dh-D-F CCGTAGGAAGTGGAGCCCTTATGTCGATGATCGCAAGGTG

|dh-D-R TTCCTAGCTAGCATCGGCCAAGGTCAAAGTG

eutDsg-F CGGGATCCGTCGCCGTTGTGGACCATCAGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
eutD-U-F CCGCTCGAGACAAATTCATGGGAGGTGCC

eutD-U-R AAGCAAGGCAAGCACGTTGGCGCAAGAAGATGCCAGACT

eutD-D-F AGTCTGGCATCTTCTTGCGCCAACGTGCTTGCCTTGCTT

eutD-D-R GCTCTAGAGCGTAGATTCCTGCTGGACC

gabPsg-F GTGGATCCGTGGAGGCATTGATCACCACGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
sgRNA-R CACGACAGGTTTCCCGACTG

gabP-F GTGGTACCATACTAGTGGATCCGTGGAGGCATTGATC

gabP-U-F CAGTCGGGAAACCTGTCGTGTGCCACTTTCACCGACTTGG

gabP-U-R CACAAACGCCAGGGAGTACAGCAGGGATACTTCGGCGATG

gabP-D-F CATCGCCGAAGTATCCCTGCTGTACTCCCTGGCGTTTIGTG

gabP-D-R GCCAACCAAGCTAGCTAGGAACCGTGATGCTGCCTCTTCTAG

glnA1sg-F CGTGGATCCCGTGGAGCATGGTGTTGAAGGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
glnA1-U-F ATTCTCGAGACAATAGCAATAACCCAGGAAACAC

glnA1-U-R AGGAGTTCAGGGTTGCGTTGCGAGGTCTGGCAGGAGATTC

glnA1-D-F GAATCTCCTGCCAGACCTCGCAACGCAACCCTGAACTCCT

glnA1-D-R TGCTCTAGACATCTGAACTGATCGGCATCTAG

glnA2sg-F CGTGGATCCGAAATATCCGCCGTTGTCAGGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
glnA2sg-R GGATTTGTTGTGGGGCTTGTCACGACAGGTTTCCCGACTG

glnA2-F CGTGGATCCGAAATATCCGCCGTTGTCAG

glnA2-U-F CAGTCGGGAAACCTGTCGTGACAAGCCCCACAACAAATCC

glnA2-U-R CCAGATCCATCGACATTCCATTCGTGTTCCTACCTACCGTTTG

glnA2-D-F CAAACGGTAGGTAGGAACACGAATGGAATGTCGATGGATCTGG

glnA2-D-R

TTCCTAGCTAGCCTCATCGGAGCAGGAGTAAGC
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Table 2 (continued)

Primers Sequence

gdhA1sg-F CGTGGATCCGCAAACGCCTAGGATGTACAGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
gdhA1-F GTGGTACCATACTAGTGGATCCGCAAACGCCTAGGATG

gdhA1-U-F CAGTCGGGAAACCTGTCGTGTGATGCGGTAGCGGTTCCTTTG

gdhA1-U-R GTTCACATCAACCGGCTTGTCATAC

gdhA1-D-F GTATGACAAGCCGGTTGATGTGAACGGGGAAGAATTAGGCAGGCATC

gdhA1-D-R AAGCTAGACCCGGGCTTAAGCTCACGAAGTAAACGCAGCCGTAG

alaTsg-F CGTGGATCCGGTTGCCAGGCTGATGTGCTGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
alaTsg-R ATTCTCGAGCACGACAGGTTTCCCGACTG

alaT-U-F ATTCTCGAGCGGGGTAATGCCATAACGAG

alaT-U-R GAATAGCGTGCTGAGCTGGGCGGAATAATGCCTTTGGAGGT

alaT-D-F ACCTCCAAAGGCATTATTCCGCCCAGCTCAGCACGCTATTC

alaT-D-R TTCCTAGCTAGCGACGCAGCAAGACCTGACATAC

argRsg-F CGTGGATCCTCGCGGGCGATGCTATCTACGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
argRsg-R CAAAGCCAATCATGTAGGAGTTGCACGACAGGTTTCCCGACTG

argR-F TGGTACCATACTAGTGGATCCTCGCGGGCGATGCTATCTAC

argR-U-F CAGTCGGGAAACCTGTCGTGCAACTCCTACATGATTGGCTTTG

argR-U-R CGAGAACGAAAACGGTGTCATAGTTGTACCTGGCTGGTGACTT

argR-D-F AAGTCACCAGCCAGGTACAACTATGACACCGTTTTCGTTCTCG

argR-D-R TGGCGCGCCAACCAAGCTAGCAACCTGGTCGTTGCCCTTAC

gabsg-F CGGGATCCCCAGTAATCAACCCCAGCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
gab-U-F CCGCTCGAGACGAGTTCGCTGATTTGGATG

gab-U-R CAAGTCGGTGAAAGTGGCAACATGGTGAGGTTGGTCCGTC

gab-D-F GACGGACCAACCTCACCATGTTGCCACTTTCACCGACTTG

gab-D-R GCTCTAGAGGTGCCTAAAACAAAGAATCCAAG

aceABsg-F CGTGGATCCGGAAATCCTCGTACGCCTCTGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
aceABsg-R GCCTCATCGGTGTCGTTGTAACACGACAGGTTTCCCGACTG

aceAB-F TGGTACCATACTAGTGGATCCGGAAATCCTCGTACG

aceAB-U-F CAGTCGGGAAACCTGTCGTGTTACAACGACACCGATGAGGC

aceAB-U-R GTATCCGAGGATGGACTGGCAGGAACTCGGCGCAATGGGCT

aceAB-D-F GGAACTCGGCGCAATGGGCT

aceAB-D-R TGGCGCGCCAACCAAGCTAGCCCAGGGTTCGCTACGGAATC

poxBsg-F GTGGATCCGGTCACCGGATACTTCACCGGTTTTAGAGCTAGAAATAGCAAGTTAAAAT
poxB-F GTGGTACCATACTAGTGGATCCGGTCACCGGATACTTC

poxB-U-F CAGTCGGGAAACCTGTCGTGGTTGCACTGCATGATCGGTT

poxB-U-R CGCTGAAGGCTGTGGTGTTT

poxB-D-F AAACACCACAGCCTTCAGCGTCGCAGTAACCAGAGCATTCC

poxB-D-R AAGCTAGACCCGGGCTTAAGGTTTTCGAGGCGACCAGACAG

speC-F ATTCTCGAGTCACATGTTCTTTCCTGCGTTATC

speC-R AAGCAAGGCAAGCACGTTGTTACTTCAACACATAACCGTACAACCG

gdhA-F AGTCTGGCATCTTCTTGCGCGACGTTTGAGCTGTTGACAATTAATC

gdhA-R GAGCTCGAATTCTTAAATCACACC

gadB-F CATCGCCGAAGTATCCCTGCATTTTGGGGAAGAATTAGGCAG

gadB-R CGCCAGGGAGTACATCAGGTATGTTTAAAGCTGTTCTGTT

Italics is the site of restriction endonuclease or homologous sequence of vector pCCG1/pCCG2 for recombinant plasmid construction using one-step cloning ligation

then ligate the gene between homologous arms to con- The recombinant plasmid was purified from E. coli
struct the plasmids pCCGl-AeutD:speC, pCCGl- DH5a and electroporated into C. glutamicum. The
AgabP::gadB, pCCG1-AeutD::gdhA, pCCG1l-AalaT::gdhA  electrocompetent of C. glutamicum was prepared as
and pCCG2-AalaT::.gdhA in E. coli DH5a. reported (Jiang et al. 2017) with modification: inoculate
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Table 3 Gene editing in this study

Strains and Genes Locus Plasmids N20 and PAM sites LA (bp)?
Gene deletion

C. glutamicum ATCC 13032

Idh NCgl2810 PCCG1-Idh CAGCATGTAGCGGAATCGAGCGG 916/989
eutD NCgl2657 pCCG1-eutD GTCGCCGTTGTGGACCATCATGG 800/839
gabP NCglo464 pCCG1-gabP GTGGAGGCATTGATCACCACIGG 553/580
glnAT NCgl2133 pCCG1-glnAT CGTGGAGCATGGTGTTGAAGCGG 700/643
glnA2 NCgl2148 pCCG1-ginA2 GAAATATCCGCCGTTGTCAGIGG 609/630
alar NCgl2747 pCCG1-alaT GGTTGCCAGGCTGATGTGCTCGG 739/765
argR NCgl1345 pCCGT-argR TCGCGGGCGATGCTATCTACIGG 564/625
gabTD NCgl0462, NCgl0463 pCCG1-gabTD CCAGTAATCAACCCCAGCGAIGG 754/754
aceAB NCgl2248, NCgl2247 pCCG1-aceAB GGAAATCCTCGTACGCCTCTIGG 810/829
poxB NCgl2521 pCCG1-poxB GGTCACCGGATACTTCACCGIGG 644/654
C. glutamicum ATCC 14067

gabP CEY17_02745 pCCG1-gabP-2 GTGGAGGCATTGATCACCACIGG 553/580
C. glutamicum ssp. lactofermentum

gabP NDP pCCG1-gabP-3 GTGGAGGCATTGATCACCACTIGG 553/580
Gene insertion

®(PtacM-gdhA 1) NCgl1999 pCCG1-PtacM-gdhAT GCAAACGCCTAGGATGTACATIGG 721/662
eutD:speC NCgl2657 pCCG1-AeutD:speC GTCGCCGTTGTGGACCATCATGG 800/839
gabP:gadB NCglo464 pCCG1-AgabP:gadB GTGGAGGCATTGATCACCACTIGG 553/580
gabP:gadB2B1™ NCgl0464 pCCG1-AgabP:gadB2-gadB1™ GTGGAGGCATTGATCACCACIGG 553/580
eutD:gdhA NCgl2657 pCCG1-AeutD:gdhA GTCGCCGTTGTGGACCATCATGG 800/849
alaT:gdhA NCgl2747 pCCG1-AalaT:gdhA GGTTGCCAGGCTGATGTGCTCGG 739/765
alaT:gdhA NCgl2747 pCCG2-AalaT:gdhA GGTTGCCAGGCTGATGTGCTCGG 739/765

a, LA: the length of homologous arms (bp), which is the up and down homologous sequence flanking the deletion target sequence; b, ND: no data; ¢, Using the strong

promoter PtacM and artificial RBS (GAAAGGACTTGAACG) sequence to replace the native promoter of gene gdhAT in genome

the candidate strain into 4 mL liquid LBHIS media
and cultured at 30 °C, 200 rpm for 12—16 h to get pre-
culture, 0.5-1 mL of the culture was inoculated into
50 mL media (LBHIS supplemented with Tween-80 1
g/L, L-glycine 25 g/L, L-glycine separately sterilized)
and shaking at 30 °C, 200 rpm for 4-5 h until ODx,, .,
reached 0.9-1.0, bath the cells in ice for 15-20 min,
centrifugate it at 4000 rpm (~ 3040 g) for 5-10 min to
harvest the cells. Wash the cell twice with pre-cooling
10% (vol. / vol.) glycerol, resuspend it in 1 mL 10% glyc-
erol, split to 80 pL per tube, and store at =70 °C.

For electroporation, ~1 pg plasmid was mixed with
80 pL electrocompetent, adding the mixture into pre-
cooling 1 mm Gene Pulser cuvette, bath it in ice for
10 min and electroporation at 1.8 kV for twice, the
cells were immediately recovered in 0.9 mL pre-cool-
ing liquid LBHIS media for 1-1.5 h in shaker at 30 °C,
150 rpm, then spread the cell on LBHIS agar (supple-
mented with kanamycin 20 mg/L, isopropyl B-b-1-
thiogalactopyranoside, IPTG, 0.01 mM) and culture for
2-3 days at 28 °C until obtain proper size colonies. The
colonies were examined by colony PCR method.

Plasmid curing

Plasmid pCCG1/pCCG2 harbor temperature-sensitive
replicon in C. glutamicum on account of replicase muta-
tion pBL1%¥’5, when the cultivation temperature higher
than 34 °C, the replicase turns to inactivated. For curing
the plasmid in positive editing cells, inoculate the cells
into 4 mL liquid LBHIS media, shake at 37 °C, 200 rpm
for 16 h to obtain proper cell density, plate streaking and
cultured at 30 °C for 30—36 h to obtain single colony. Col-
ony PCR or/and kanamycin-resistance LBHIS plates were
used to verify plasmid curing, universal primers cas9Test-
F (5'-GAAAACCCAATCAACGCATCT-3')/cas9Test-R
(5'-GCTTAGGCAGCACTTTCTCGT-3') was designed
in cas9 region, which are suitable for all plasmids curing
examination, the product is 940-bp-sized fragment if the
plasmid existed in cells and nothing for correct curing.

Gene gdhA1, ginA1 and gInA2 mutations and L-Glu
fermentation

Corynebacterium glutamicum is an important indus-
trial strain for L-glutamic acid and L-Glutamine produc-
tion. Glutamate dehydrogenase (gdhAI) and glutamine
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synthase (glnAI and ginA2) were key genes related to
both amino acids’ biosynthesis in C. glutamicum ATCC
13032 (Fig. 2a). In this research, the strong constitutive
promoter PtacM and artificial RBS was used to substi-
tute gdhAl native promoter in C. glutamicum ATCC
13032 chromosome. Amplified targeted sgRNA using
primers gdhAlsg-F/sgRNA-R, amplified upstream using
primers gdhA1-U-F/gdhA1-U-R, amplified PtacM and
downstream using primers gdhA1l-D-F/gdhA1-D-R (the
plasmid pJYW-5-gdhA1l as template), fused three frag-
ment by overlap PCR, and ligated the fragment with
BamHI-Aflll-digested pCCG1 by one-step homologous
recombinant cloning kit, transformed the ligated prod-
uct into E. coli DH5a to construct plasmid pCCG1-
PtacM-gdhA1l, and electroporated the purified plasmid
into C. glutamicum ATCC 13032. The new strain called
CGGO01. The next, the plasmids pCCGl-glnAl and
pCCG1-glnA2 was constructed using similar method
to delete gene glnA1l and glnA2, the new strains named
as CGN004 and CGNOO5 respectively. To examine the
effect, the strains ATCC 13032, CGG001, CGNO004 and
CGNO005 was cultured in the seed media at 30 °C, 200
rpm for 8-10 h until the ODg,,, ., reached 40+ 3, inocu-
late 10% culture in L-glutamic acid fermentation media
and fermentation at 30 °C, 200 rpm for 72 h. Supplement
urea 4 g/L at 0 h and supplement 2.4 g/L at 10 h, 12 h, 14
h, 17 h and 20 h respectively, the overall additive amount
of urea was 16 g/L. The strain CGN004 turns to L-glu-
tamine auxotroph after glnAl been deleted, so, proper
L-glutamine must be supplemented in media to make the
cells survive, 100 mg/L L-glutamine was added in seed
media, fermentation broths add 100 mg/L L-glutamine
twice at 0 h and 24 h. HPLC (Shi et al. 2013) was used
to assay the concentration of L-glutamic acid and L-Glu-
tamine in fermentation broths.

Results

Construction of CRISPR/Cas9-assisted system for one-step
genomic editing in C. glutamicum

The E. coli—C. glutamicum shuttle plasmid of CRISPR/
Cas9 vector were constructed and named as pCCG1/
pCCG2. The overview diagram of its construction was
showed in Fig. 1a. The vector pCCG1 (10077 bp) was
first constructed, and then another vector pCCG2 (10147
bp) was following been constructed, both plasmids are
functional in genomic editing of C. glutamicum. cas9
expression was designed under the control of inducible
promoter Ptrc. sgRNA was under constitutive promoter
PtacM to insure its expression level. The construction
of recombinant plasmid for targeted gene could utilize
the method of restriction enzymes digestion-T4 ligase
or homologous recombinant cloning kit. The fragment
sgRNA, upstream and downstream homologous repair
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arms could be fused to single strand with overlap PCR
technology to promote the construction efficiency of
recombinant plasmids in E. coli. The sequence of artifi-
cial multiple cloning sites (MCS) (Fig. 1b) under PtacM
promoter was optimized to ensure every restriction site
could be efficiently cut by relevant restriction enzymes.
Small sgRNA gene fragment was synthesized and ligated
with plasmid pBluescript II SK (the new plasmid named
as plasmid pBS-sgRNA, Fig. 1a) to facilitate its conserva-
tion and cloning. The full sequence of sgRNA (without
N20) in pBS-sgRNA was showed in Fig. 1c.

Application of the system for genomic editing in C.
glutamicum

In order to test our CRISPR/cas9 system, gene [dh, eutD,
gabP, ginAl, ginA2, alaT, argR, gabTD, aceAB, poxB were
deleted in C. glutamicum ATCC 13032 genome, the
results were listed in Table 4. The deletion efficiency of
genes was mainly between 26%-90% in C. glutamicum
ATCC 13032. gabP was also deleted in C. glutamicum
ATCC 14067 and C. glutamicum ssp. lactofermentum
genome, the efficiency was 38.4% and 25.0% respectively,
lower than 82.6% in C. glutamicum ATCC 13032. Para-
doxically, the gene deletion efficiency was great related to
gene itself, for example, the deletion efficiency of argR in
ATCC 13032 was 60.0% using TCGCGGGCGATGCTA
TCTAC sequence, nevertheless, the gene cluster argFR
deletion efficiency was 0% when with the same N20
sequence.

In this research, four genes were inserted into targeted
genes in C. glutamicum ATCC 13032 genome: eutD::
speC, gabP:: gadB, eutD:: gdhA and alaT:: gdhA, Based
on the experimental results, the efficiency of gene inser-
tion was lower than deletion in most cases, meanwhile,
the different gene insertion at same locus might show dif-
ferent efficiency even if using the same N20 and homolo-
gous repaired arms. In this research, derived from E. coli
W3110 gene speC (2261 bp, including promoter) and
gdhA (1459 bp, including promoter) were inserted into
eutD with same N20 and homologous arms, the effi-
ciency were 34.8% and 69.6% respectively, the editing
efficiency was contrary to the size of inserted gene, and
lower than eutD deletion (86.4%), the efficiency of gabP::
gadB (30.4%) also lower than gabP deletion (82.6%).

The vector pCCG1 and pCCG2 were both used to
insert gdhA into alaT. Gene gdhA was cloned from E. coli
W3110 genome and ligated it between alaT up and down
homologous arms. The efficiency was 26.1% and 21.7%
for pCCG1 and pCCG2 respectively.

Editing of genes gdhA1, ginA1 and glnA2 in C. glutamicum
In this research, the plasmid pCCG1-PtacM-gdhAl was
designed to replace the gdhAl native promoter using
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sgRNA fragment:

Forward primer

CEY

Xhol

GGATCCTTCCTAGCTAGCTTGGTTGGCGCGCCAATACTTAAGCCCGGG

Afill Smal

(N20)GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACC

TCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTG
Reverse primer

recognition site (82 bp)

GAGTCGGTGCTTTTTTGCTAGAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGC

Fig. 1 Construction of CRISPR/Cas9-assisted system. a The overview diagram of vectors pCCG1, pCCG2 and pBS-sgRNA construction, E. coli—C.
glutamicum shuttle expression vector pCCG1T and pCCG2 is kanamycin resistance, Cas9 nuclease gene is under the control of the inducible
promoter Ptrc, pBL1™ is temperature-sensitive replicon in C. glutamicum, constitutive promoter PtacM and multiple cloning site (MCS) were
artificial synthesis, sgRNA were expressed by promoter PtacM. Small sgRNA sequence was ligated with plasmid pBluescript Il SK. sgRNA fragment
were amplified from the plasmid pBS-sgRNA when needed. b The sequence of multiple cloning sites, including BamHl, Nhel, Asc |, Aflll and Smal
(Xmal) restriction enzyme sites. ¢ The full nucleotide sequence of sgRNA fragment (171 bp) in plasmid pBS-sgRNA, the red part is Cas9 nuclease

the strong promoter PtacM and artificial RBS, the plas-
mid profile and agarose gel eletrophoresis was showed in
Fig. 2b, pCCG1-glnAl and pCCG1-glnA2 were used to
delete ginA1I and glnA2 from chromosome. The efficiency
was 95.7%, 56.5% and 69.6% respectively.

In this research, the plasmid pCCG1-PtacM-gdhAl
was used to study the stability of recombinant plasmid
pCCG1/pCCQ2 in C. glutamicum. Some cells which har-
boring plasmid pCCG1-PtacM-gdhAl was cultured at
different temperature, the statistical result was showed
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Table 4 The results of gene editing

Strains and genes Mutation Results (C/I/T)P Efficiency (%)
length (bp)?
Gene deletion
C. glutamicum ATCC 13032
Idh 568 15/5/20 75.0
eutD 877 19/3/22 864
gabP 930 19/4/23 826
glnAl 730 13/10/23 56.5
glnA2 728 16/7/23 69.6
alar 614 17/6/23 739
argR 317 6/4/10 60.0
gabTD 1949 6/17/23 26.1
aceAB 3450 10/13/23 435
poxB 980 15/8/23 65.2
C. glutamicum ATCC 14067
gabP 930 8/15/23 348
C. glutamicum ssp. lactofermentum
gabP 930 2/6/8 250
Gene insertion (deletion/insertion)
O(PtacM-gdhAT) 166/150 22/1/23 95.7
eutD:speC 877/2261 8/15/23 34.8
gabP:gadB 930/1557 7/16/23 304
gabP-gadB2B1™ 930/3167 5/18/23 21.7
eutD:gdhA 877/1459 16/7/23 69.6
alaT:gdhA (pCCG1)  614/1459 6/17/23 26.1
alaT:gdhA (pCCG2)  614/1459 5/18/23 217

a, the mutation length is the length of deleted or/and inserted fragments. 166-
bp region has been deleted from genome and 150-bp fragment was inserted
when replace native gdhA1 promoter in C. glutamicum ATCC 13032; 877-bp
region has been deleted from genome and 1459-bp fragment was inserted
when insert gdhA into eutD; 877-bp region has been deleted from genome and
2261-bp fragment was inserted when insert speC into eutD; 930-bp region has
been deleted from genome and 1557-bp fragment was inserted when insert
gadB into gabP; 930-bp region has been deleted from genome and 3167-bp
fragment was inserted when insert gene cluster gadB2B1™ into gabP; 614-bp
region has been deleted from genome and 1459-bp fragment was inserted
when insert gdhA into alaT. The gene speC, gdhA and gadB are all under the
control of PtacM promoter; b, T: the total number of colonies for PCR verification,
C: the number of correct colonies, I: the number of incorrect colonies. The
efficiency was calculated by (C/T) * 100%

in Fig. 2c. The cells showed maximum stability when cul-
tured at 28 °C, while the plasmid will start to loss when
the temperature higher than 30 °C, the plasmid curing
reached nearly 90% at 37 °C, the stability at 25 °C was
similar to 28 °C while the cell growth rate will decrease
and editing cycle increase at least one day, so the 28 °C
is optimal culture temperature when the cells harboring
recombinant plasmid pCCG1/pCCG2.

Comparison of L.-Glu and L-GIn production in the mutant
strains

The new strains CGG001, CGN004, CGN005 and ATCC
13032 (as control) were cultured in L-Glutamic acid
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fermentation media, the results were depicted in the
Fig. 3. The concentration of the L-Glutamic acid reached
maximum at 60 h, the strains CGN004 (22.03 g/L) and
CGNO005 (20.64 g/L) decreased 20.1% and 25.1% com-
pared to ATCC 13032 (27.57 g/L). The L-glutamine
concentration in CGGO001 (2.06 g/L) and CGNO005 (4.73
g/L) broths increased 30.4% and 199.4% compared to
ATCC 13032 (1.58 g/L), there is no L-glutamine could
be detected in CGNO004 broths. The cell density of ATCC
13032, CGGO001 and CGNO0O05 reached maximum at 36
h while CGN004 was increasing in 72 h and 1.21-fold
than ATCC 13032. The average glucose consumption rate
decreased 42.9% in CGN004 compared to ATCC 13032
in 24 h.

Discussion

In this research, an improved method of CRISPR/Cas9-
assisted system for C. glutamicum was established, all
elements for the gene editing were designed in one vec-
tor pCCG1/pCCG2. Gene editing could be done by
electrotrasformation at one time. the recombinant plas-
mid for targeted gene could be one-step constructed in
E. coli DH5q, the overall procedure of genomic editing
was showed in Fig. 4, this method demonstrates simplest
operation and time-saving compared to the reported, 8—9
days can complete the whole work of genomic editing
and 5 days for continuous editing (the next plasmid was
prepared before electrotransformation), so this method is
highly efficient and suitable for abundant gene mutation
in C. glutamicum.

Corynebacterium glutamicum is an important indus-
trial microorganism, the studies of metabolic engineering
were due to rationally design and optimize the metabolic
pathway, these strategies’ implementation often based
on high efficient genomic editing tools. The reported
genomic editing methods were mainly multiple-plasmid
system (Peng et al. 2017; Zhao et al. 2020), or integrated
cas9/recET into chromosome before editing targeted
gene with traditional method (Cho et al. 2017), the pro-
cesses of plasmid construction, introduced one by one,
and plasmid curing were complex. Wang et al. (Wang
et al. 2018) introduced cas9 and recET into chromosome
using plasmids pIN-cas9 and pIN-recET in advance, the
plasmids were SacB-based method and need two rounds
of homologous recombination, so these methods are
labor-intensive and gene cas9/recET remain on chromo-
some after editing, sometimes, the exogenous cas9/recET
in chromosome might disturbed certain metabolism of
C. glutamicum and not suitable to the studies of meta-
bolic engineering. Our method designed cas9 in plasmid
and don’t need introduce any genes or plasmid into chro-
mosome before genomic editing, meanwhile, there was
no residual sequence in chromosome after editing, this is
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Fig. 2 1-Glu and L-GIn biosynthetic pathway and the results of gene editing. a .-Glu and L-GIn biosynthetic pathway. Pyr: pyruvate; Ac-CoA:
acetyl-CoA,; Cit: Citrate; Aco: cis-aconitate; Icit: isocitate; a-KG: alpha-ketoglutaramate; Suc-CoA: succinyl-CoA; Suc: succinate; Fum: fumarate; Mal:
malate; OAA: oxaloacetate. b The first lane is DNA marker and the second lane is the control before editing, the upstream primer of gdhAT was
designed in promoter PtacM, there is no PCR product in negative cells. ¢ The plasmid stability at different temperature. The cells harboring plasmid
were cultured at 25 °C, 28 °C, 30 °C and 37 °C respectively, the total number of colonies were counted by cfu per plate
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another advantage for metabolic engineering research in
C. glutamicum. Peng (Peng et al. 2018) constructed two-
plasmid system and improved it all-in-one CRISPR/Cas9
system, the chloramphenicol resistant pFSTC is 11.2-kb-
sized vector, larger than pCCG1/pCCG2 (10 kb), so
pCCG1/pCCG2 have larger loading capacity than pFSTC
theoretically. Furthermore, C. glutamicum had higher
resistance to kanamycin than chloramphenicol, the incu-
bation time of C. glutamicum harboring pCCG1/pCCG2
on LBHIS plate will decrease 2-3 days than pFSTC,
pCCG1/pCCQG2 indicated shorter editing cycle and more
efficient.

The genomic editing of C. glutamicum was time-con-
suming and low efficiency, the efficiency of Cas9/Cpfl-
based editing were often between 20-90%, The plasmid
pCCG1/pCCG2 also have some deficiencies as well, it’s
hard to reach 100% might because the lack of typical
CRISPR RNA sequence in C. glutamicum (Jiang et al.
2017) or Off-Target effect of Cas9 nuclease (Fu et al

2013; Shen et al. 2014, 2019). In this research, take poxB
deletion in ATCC 13032 as example, N20 sequence of
AATCAGCAGATCCGCCTCAT cannot target Cas9 to
cut off the genome but GGTCACCGGATACTTCACCG
sequence did. Large fragments or genes (>3 kb) insertion
were not suggested due to the size of plasmids, the vector
pCCG1/pCCG2 were about 10 kb, the editing efficiency
will dramatically decline when the recombinant plasmid
larger than 14 kb, 1.6-kb and 3.2-kb fragment integration
into gabP, the efficiency was 30.4% and 21.7% respec-
tively (Table 4). So large gene (>3.5 kb) integration in
chromosome was suggested to break the gene into some
fragments and insert it one by one. Both of pCCG1 and
pCCQG2 were effective in C. glutamicum while there were
some differences, pCCG1 might have higher efficiency
while pCCG2 have higher concentration extract from E.
coli DH5a, pCCG1 was mainly used in this research. To
compare the pCCG1 and pCCG2, gdhA was inserted into
alaT by pCCG1 and pCCG2 with same N20 and repair
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arms, the efficiency is 26.1% and 21.7% respectively
(Table 4), we lack enough data to compare the efficiency
of pCCG1 and pCCG2, but both of them were effective in
C. glutamicum.

This method was ideal in C. glutamicum ATCC 13032
and ATCC 14067, other strains of C. glutamicum might
show lower effective (Table 4), perhaps the replicon
pBL1TS was not suitable for these strains. Some recombi-
nant plasmids might impact the growth of E. coli DH5q,
the cells’ growth rate and density might lower than regu-
lar E. coli DH5a harboring empty vector pCCG1/pCCG2.
To solve this problem, E. coli DH5a could be cultured for
longer time (16-20 h) or use not less than 5 mL culture
to extract recombinant plasmids.

Cas9 nuclease is toxic for C. glutamicum. In this
strategy, cas9 were expressed under inducible pro-
moter Ptrc, low concentration IPTG were supple-
mented in media to limit cas9 expression, 0.01-0.05
mM IPTG was proper concentration and can make the

cell survived (0.01 mM was suggested). Cas9 limited-
expression can be achieved with two methods: first,
supplement 0.01-0.02 mM IPTG in LBHIS agar plates,
this method can make cas9 little continuous expres-
sion; second, supplement 0.1 mM IPTG in liquid recov-
ery LBHIS media after electroporation and short-time
induce cas9 expression for 1-1.5 h, then centrifugate
the culture to collect the cell, discard the supernatant
to remove IPTG, resuspend the cells in 0.1 mL LBHIS
and plate streaking, the first method maybe more con-
venient. sgRNA fragment was amplified from plasmid
pBS-sgRNA, because sgRNA is 82-bp-sized small frag-
ment, we amplified downwards the sequence to obtain
about 200-bp-size production (Fig. 1c) to facilitate
the later experiment (sgRNA-R was used as univer-
sal primer). This CRISPR/Cas9-assisted method needs
homology-directed system to repair double-strand
breaks (DSBs) (Malyarchuk et al. 2007; Wilson et al.
2003), the proper length of homologous repaired arms
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electroporate the plasmid into the electrocompetent cell of C. glutamicum and cultured for 2-3 days at 28 °C, examine the colonies using colony
PCR method. N20 sequence at 5’-end of sgRNA was complementary to the targeted gene X, which guide Cas9 to break genome at PAM (NGG)
site, the upstream and downstream homologous sequence in plasmid was used to repair the DSBs. Day 7-9, cure the plasmids in positive cells. If
continuous editing was needed, make electrocompetent cells of the positive cells, electroporate another plasmid into it for the next editing cycle

were suggested between 500—1000 bp. pCCG1/pCCG2
is temperature-sensitive plasmid in C. glutamicum due
to the replicon pBL1"#’ mutation, plasmid pCCG1-
PtacM-gdhAl was used to test its stability in C. glu-
tamicum ATCC 13032 (Fig. 2c), the colonies in plates
were counted at 25 °C, 28 °C, 30 °C and 37 °C. It’s stable
at 25-28 °C and will lost when the temperature > 30 °C.
The plasmid curing efficiency will up to 90% at 37 °C. It
showed the maximum number of colonies at 28 °C, so
28 °C was utilized to culture the cells harboring recom-
binant plasmid pCCG1/pCCG2 considering with Cas9
nuclease activity, homologous repaired activity and cell
growth velocity. Meanwhile, the incubation time could
be decreased one day at 28 °C compared to 25 °C on
the LBHIS plates, and revealed higher efficiency for
large gene editing (>2 kb). The cells harboring recom-
binant plasmid pCCG1/pCCG2 sometimes appeared
some extremely big colonies on LBHIS plates after

electrotansformation, these colonies were fast-growing
(might appeared in one day on plate) compared to reg-
ular one on LBHIS plates, it is not correct mutant and
not necessary to examine it with colony PCR method,
the reasons of this phenomenon are unknown, perhaps
related to the replicon itself.
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