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A B S T R A C T

As a traditional amino acid producing bacterium, Corynebacterium glutamicum is a platform strain for production of
various fine chemicals. Based on the CRISPR (Clustered regularly interspaced short palindromic repeats)-Cas9
system, gene editing tools that enable base conversion in the genome of C. glutamicum have been developed.
However, some problems such as genomic instability caused by DNA double-strand break (DSB) and off-target
effects need to be solved. In this study, a DSB-free single nucleotide genome editing system was developed by
construction of a bi-directional base conversion tool TadA-dCas9-AID. This system includes cytosine base editors
(CBEs): activation-induced cytidine deaminase (AID) and adenine deaminase (ABEs): tRNA adenosine deaminase
(TadA), which can specifically target the gene through a 20-nt single guide RNA (sgRNA) and achieve the base
conversion of C-T, C-G and A-G in the 28-bp editing window upstream of protospacer adjacent motif. Finally, as a
proof-of-concept demonstration, the system was used to construct a mutant library of zwf gene in C. glutamicum
S9114 genome to improve the production of a typical nutraceutical N-acetylglucosamine (GlcNAc). The GlcNAc
titer of the mutant strain K293R was increased by 31.9% to 9.1 g/L in shake flask. Here, the developed bases
conversion tool TadA-dCas9-AID does not need DNA double-strand break and homologous template, and is
effective for genome editing and metabolic engineering in C. glutamicum.
1. Introduction

CRISPR (Clustered regularly interspaced short palindromic repeats)/
Cas system is an acquired immune system that is widely used in bacteria
and archaea to protect against foreign DNA invasion (Makarova et al.,
2013; Sampson et al., 2013). With advantages of low cost, simple con-
struction, convenient operation and high efficiency in mediating gene
fixed-point knock-in, it has been widely used in various fields, including
animal model construction, gene therapy, drug research and develop-
ment, food technology and biological control, and has become the most
popular genome editing tool (Garneau et al., 2010; Makarova et al.,
2011; Wong et al., 2017; Yang et al., 2020). However, like ZFNs and
TALENs, CRISPR/Cas9 gene editing relies on the generation of DNA
double-strand break (DSB), which inevitably triggers non-homologous
end joining (NHEJ) repair, causes random insertion-deletion mutations,
and results in higher frequency unintended base changes or off-targets
cutting (LaFountaine et al., 2015; Renaud et al., 2016). Although accu-
rate repairs can be performed in homology directed repair (HDR) by
providing templates, HDR is accompanied by higher probability insertion
hydrate Chemistry and Biotechn
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or deletion mutations and off-target cuts. Therefore, CRISPR/Cas9 sys-
tem is more suitable for gene knockout, and how to perform base editing
without introducing double-strand breaks remains a challenge (Rose
et al., 2018; Salsman and Dellaire, 2017).

To overcome the above challenge, researchers have made many ex-
plorations, amongwhich the emergence of single base editing technology
brings hope for accurate and efficient base replacement. David Liu group
developed a single base editor (BE) by fusion of cytosine deaminase with
CRISPR/Cas9, where spCas9 was fused with cytosine deaminase to
achieve single base conversion from cytosine (C) to thymine (T) within a
certain mutation window (Komor et al., 2016). In addition, Keiji Nishida
et al. fused cytosine deaminase from lampreys with CRISPR/Cas9 and
UGI (uracil glycosylase inhibitor) to achieve 15–55% targeted mutation
in mammalian cells (Nishida et al., 2016). Chang et al. fused
human-derived cytosine deaminase to the C-terminus of dCas9 (dCa-
s9-AIDx) to generate local sequence diversity through mutagenesis (Ma
et al., 2016). Although the BE system can accurately convert C into T in
the mutation window, there is still a part of the task of how to mutate T to
C or A to G in turn. In response to this challenge, David Liu group
ology, Ministry of Education, Jiangnan University, Wuxi, 214122, China.
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established a new single-base editing system to achieve accurate con-
version of A-G (adenine base editor, ABE) (Gaudelli et al., 2017; Rees and
Liu, 2018). ABE tool can convert adenine at positions 12 to 17 upstream
of NGG into inosine through deamination. Inosine can be paired with
cytosine, and is regarded as guanine at DNA level for code reading and
replication, thus realizing mutation from A to G within the mutation
window. These two single-base editing systems greatly enrich the toolbox
for precise genetic modification.

Corynebacterium glutamicum is an important strain for industrial pro-
duction of amino acids and is widely used in medicine, food and feed
industries (Cho et al., 2017; Deng et al., 2019a; Mei et al., 2016; Zhang
et al., 2017). Compared with the model strains Escherichia coli and
Saccharomyces cerevisiae, the genetic modification technology of
C. glutamicum is relatively lagging (Liu et al., 2017). Though several
genome editing technologies based on CRISPR/Cas9 or Cpf1 in
Table 1
Primers used in this study.

Primer Sequence (5’→3’)

DAF ACAATTTCACACAGGAAACAGA
DAR CCGCCAAAACAGCCAAGCTGTC
D10AF GGCCTGGCTATCGGCACCAATTC
D10AR GCCGATAGCCAGGCCAATGGAA
H840AF GTGGACGCCATCGTCCCTCAGTC
H840AR GACGATGGCGTCCACATCGTAA
VectorsgRNA.F CATTTCGAAGTGAGTTAGCGCGA
VectorsgRNA.R TTATTGGTGCCCTTCGAAGAAGC
FragmentsgRNA.F CGGTCATTTCGAAGTGAGTTAGC
FragmentsgRNA.R GGCAGTTATTGGTGCCCTTCGAA
sg1F CCGGAATTCGGATTCTCGTTGGT
sg2F CCGGAATTCGGAATTCCGTGAAA
sg3F CCGGAATTCGTTCCGCATCGACC
sg4F CCGGAATTCGCTGCAGGCAGAA
sgR TGCTCTAGAAAAAAAGCACCGA
zwfseq F CGGCGACATGAAATCGAATTAG
zwfseq R GGGTGGTGGTATCCGGAAG
cas9F TCCAGACAATTCCGACGTGGACA
cas9R GGTTGGTTTTAAACAGGAGGTCG
J23100F TTGACGGCTAGCTCAGTCCTAGG
J23102F TTGACAGCTAGCTCAGTCCTAGG
J23104F TTGACAGCTAGCTCAGTCCTAGG
J23105F TTTACGGCTAGCTCAGTCCTAGG
J23108F CTGACAGCTAGCTCAGTCCTAGG
J23111F TTGACGGCTAGCTCAGTCCTAGG
J23113F CTGATGGCTAGCTCAGTCCTAGG
J23118F TTGACGGCTAGCTCAGTCCTAGG
J23119F TTGACAGCTAGCTCAGTCCTAGG
JR ATAAAACGAAAGGCCCAGTCT
F23100F TGACAGCTTATCATTTGACGGCT
F23102F TTTGACAGCTTATCATTTGACAG
F23104F ACAGCTTATCATTTGACAGCTAG
F23105F GACAGCTTATCATTTTACGGCTA
F23108F ACAGCTTATCATCTGACAGCTAG
F23111F TTGACAGCTTATCATTTGACGGC
F23113F ACAGCTTATCATCTGATGGCTAG
F23118F ACAGCTTATCATTTGACGGCTAG
F23119F AGCTTATCATTTGACAGCTAGCT
F231R GAGCGTTCACCGACAAACAACA
V231F CCTTTCGTTTTATCTGTTGTTTG
V23100R GCTAGCCGTCAAATGATAAGCTG
V23102R AGCTAGCTGTCAAATGATAAGCT
V23104R CTAGCTGTCAAATGATAAGCTGT
V23105R GCTAGCCGTAAAATGATAAGCTG
V23108R AGCTAGCTGTCAGATGATAAGC
V23111R CTAGCCGTCAAATGATAAGCTGT
V23113R GCTAGCCATCAGATGATAAGCTG
V23118R GAGCTAGCCGTCAAATGATAAG
V23119R AGCTAGCTGTCAAATGATAAGCT
zwfsg4F AGTGCTGCAGGCAGAAAAGATC
zwfsg4R AACTGATCTTTTCTGCCTGCAGC
FtadaF TCCGGATTATGCAATGAAACGG
FtadaR ATACTTTTTATCCATTGACCCCC
VtadaF GGGCAGCAGCGGGGGGTCAATG
VtadaR GCTGTCCGTTTCATTGCATAATC

2

C. glutamicum have been developed, these technologies are difficult to
obtain mutant libraries of target genes (Cho et al., 2017; Jiang et al.,
2017; Liu et al., 2017). In recent years, researches have also developed
some base editing tools for C. glutamicum. Wang et al. fused
activation-induced cytidine deaminase (AID) with Cas9 variants to ach-
ieve efficient C-T conversion on the genome of C. glutamicumATCC13032
(Wang et al., 2018). Then they fused tRNA adenosine deaminase from
E. coli (TadA) with four Cas9 variants providing 3.9-fold more target loci
for gene inactivation in C. glutamicum ATCC13032 (Wang et al., 2019).
But there is no research report that combines the two editing tools.
Recently, we have used C. glutamicum S9114 to produce N-acetylglu-
cosamine (GlcNAc) (Deng et al., 2019b), which is an effective medicine
for the treatment of bone and joint diseases and can effectively alleviate
bone and joint inflammation (Chen et al., 2012a, 2012b; Liu et al., 2013).
However, the base editing technology of the strain C. glutamicum S9114
ATTAATTAAAAGGAGGACAACTAATGGATAAAAAGTATTCCA
ACAGGCCCAGGGTGCG

TAC

TCAGAG
ATTGATCTGGTTTG
CGCACGT
GCG
GAAGCC
AGGTTAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
ATGTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
ACTATTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
AAGATCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
CTCGGTGCCACTTTTTCAAG
TTC

AG
ACG
TACAGTGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TACTGTGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TATTGTGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TACTATGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TATAATGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TATAGTGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
GATTATGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TATTGTGCTAGCAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
TATAATACTAGTAGAAGAGCGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG

AGCTCAGTCC
CTAGCTCAGT
CTCAGTC
GCTCAGTC
CTCAGTCC
TAGCTCAGTC
CTCAGTCC
CTCAGTCC
CAGTC
GATAAAACGAAAGGC
TCGGTGAACGCTC
TCAAACCAGAT
GTCAAACCAGAT
CAAACCA
TCAAACCA

TGTCAAACCAG
CAAACC
TCAAACCA

CTGTCAA
GTCAAACCA
A

ACAGCCGACGGAAG
CGCTG
GATAAAAAGT
CGGAAC



Table 2
Strains and plasmids used in this study.

Name Description Source

Strains
C. glutamicum S9114
ΔnagA-ΔgamA-Δldh

C. glutamicum S9114 derivate: ΔnagA-
ΔgamA-Δldh

Laboratory
stock

E. coli JM109 Laboratory
stock

M1 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutant P286L

This work

M2 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutants P286L,
A287G

This work

M3 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutant P286S

This work

M4 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutant L290stop

This work

M5 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutants P286L,
K293E

This work

M6 C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh embedding zwf mutant K293R

This work

Plasmids
pJYW-4-ceN pJYW-4 derivate, Ptac-GNA1,Kanr Laboratory

stock
pXMJ19 Cloning vector, Cmr Laboratory

stock
pXMJ19-Cas9-AID
pXMJ19-dCas9-AID

pXMJ19 derivate with Cas9 and AID
cloned
pXMJ19-Cas9-AID with D10A and
H840A mutation sites

This work
This work

pFST-porb pFST with sgRNA expression framework
cloned

Laboratory
stock

pXMJ19-dCas9 1 pXMJ19-dCas9-AID with sgRNA
expression framework cloned

This work

pXMJ19-dCas9 1-zwf1 pXMJ19-dCas9 1 with PAM1 of gene zwf This work
pXMJ19-dCas9 1-zwf2 pXMJ19-dCas9 1 with PAM2 of gene zwf This work
pXMJ19-dCas9 1-zwf3 pXMJ19-dCas9 1 with PAM3 of gene zwf This work
pXMJ19-dCas9 1-zwf4 pXMJ19-dCas9 1 with PAM4 of gene zwf This work
pMD19-T Laboratory

stock
pMD19-T Vector23100 pMD19-T derivate with sgRNA

framework gene under the control of
Pj23100

This work

pMD19-T Vector23102 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23102

This work

pMD19-T Vector23104 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23104

This work

pMD19-T Vector23105 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23105

This work

pMD19-T Vector23108 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23108

This work

pMD19-T Vector23111 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23111

This work

pMD19-T Vector23113 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23113

This work

pMD19-T Vector23118 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23118

This work

pMD19-T Vector23119 pMD19-T derivate with sgRNA
framework gene under the control of
Pj23119

This work

pXMJ19-dCas9 2-
23100

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23100

This work

pXMJ19-dCas9 2-
23102

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23102

This work

pXMJ19-dCas9 2-
23104

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23104

This work

(continued on next page)
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has not been reported yet. In this work, we constructed a base conversion
tool that can simultaneously achieve A-G and C-T/G in C. glutamicum
S9114 strain. This new method can diversify specific DNA sequences in
the cell and realize multiple mutations of single nucleotides in the
genome. This method is also simple to operate and can introduce a va-
riety of single base transformations into the gene sequence. Moreover, a
method for rapidly ligating single guide RNA (sgRNA) targeting 20 nt
protospacer (20N) on the expression vectors was also developed, and this
greatly improves the efficiency of linking various sgRNA target sequences
to vectors. Finally, by single-base editing of zwf gene in C. glutamicum
S9114 genome, mutant strains capable of producing higher GlcNAc titer
were obtained. Overall, we provide a good base conversion tool for
genome editing of C. glutamicum, and this will be useful for the metabolic
engineering of C. glutamicum for production of various fine chemicals and
nutraceuticals.

2. Materials and methods

2.1. Bacterial strains, plasmids, and materials

The primers used in this study are listed in Table 1. All strains and
plasmids used in this study are listed in Table 2. E. coli JM109was used as
the host for plasmid construction and was cultured on LB medium (10 g/
L tryptone, 5 g/L yeast extract, and 10 g/L NaCl). PrimeSTAR HS DNA
polymerase, restriction endonucleases, PCR reagents, Genomic Extrac-
tion Kit, and DNA purification kit were purchased from Takara (Dalian,
China). T4 DNA Ligase Kit was purchased from Thermo Fisher Scientific
(Shanghai, China). Restriction Enzymes were purchased from New En-
gland Biolabs (Beijing, China). ClonExpress II, One Step Cloning Kit was
purchased from Vazyme (Nanjing, China). Annealing Buffer for DNA
Oligos (5X) was purchased from Beyotime Biotechnology (Shanghai,
China).

2.2. Plasmid construction

The pXMJ19 plasmid was used as a skeleton structure for the plasmid
construction in the single base editing system. Codon optimization and
gene synthesis were carried out using the Streptococcus pyogenes Cas9
gene provided on NCBI as a template. At the same time, Hind III re-
striction site and SD sequence: GCTAGAAAGAAGGAGGACCCGAC
(derived from pJYW-4-ceN plasmid (Deng et al., 2019a) were added at
the 50 end of the Cas9 gene. At the same time, a linker composed of SGGS,
Homo sapiens activation-induced cytidine deaminase gene and restriction
site EcoR I were added at 30 end of the Cas9 gene. The whole genetic
framework Cas9-linker-AID was synthesized by GENEWIZ biotechnology
co., ltd (Suzhou, China), and the synthetic gene was PCR-amplified with
primer DAF/DAR to obtain a Cas9-AID fusion expression cassette with a
double restriction site Hind III/EcoR I.

The plasmid pXMJ19 was subjected to the same double digestion
treatment, and the restriction enzyme digestion system contained 16 μl of
fragment DNA, 1 μl ofHind III, 1 μl of EcoR I, and 2 μl of 10�Hbuffer, and
doubledistilledwaterwas added to a total volumeof 20μl. The1%agarose
gel electrophoresis was carried out to recover the digested product. The
pXMJ19-Cas9-AID recombinant plasmid was confirmed by DNA
sequencing. Theobtained recombinant vector pXMJ19-cas9-AIDwasused
as a template, and two pairs of primers (D10AF/D10AR and H840AF/
H840AR) were designed. PCR conditions were: pre-denaturation at 98 �C
for 3 min; denaturation at 98 �C for 30 s; annealing at 55 �C for 30 s;
extension at 72 �C for 5min. The reactionwas carried out for 30 cycles and
the final extension was 72 �C for 10 min. The PCR product was recovered
using a DNA purification kit, and the Cas9 gene was mutated to dCas9
which would lose cleavage activity but still retain DNA binding ability by
site-directed mutagenesis, and the recombinant vector pXMJ19-dcas9-
AID was confirmed by DNA sequencing.

Construction of sgRNA expression framework: the extracted plasmid
pXMJ19-dcas9 was used as template, and primers VectorsgRNA.F/
3
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Name Description Source

pXMJ19-dCas9 2-
23105

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23105

This work

pXMJ19-dCas9 2-
23108

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23108

This work

pXMJ19-dCas9 2-
23111

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23111

This work

pXMJ19-dCas9 2-
23113

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23113

This work

pXMJ19-dCas9 2-
23118

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23118

This work

pXMJ19-dCas9 2-
23119

pXMJ19-dCas9 1 derivate with sgRNA
framework gene under the control of
Pj23119

This work

pXMJ19-dCas9 2-
23100-P

pXMJ19-dCas9 2-23100 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23100-P

pXMJ19-dCas9 2-23100 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23102-P

pXMJ19-dCas9 2-23102 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23104-P

pXMJ19-dCas9 2-23104 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23105-P

pXMJ19-dCas9 2-23105 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23108-P

pXMJ19-dCas9 2-23108 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23111-P

pXMJ19-dCas9 2-23111 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23113-P

pXMJ19-dCas9 2-23113 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23118-P

pXMJ19-dCas9 2-23118 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 2-
23119-P

pXMJ19-dCas9 2-23119 derivate with
20N sequence and PAM site AGG

This work

pXMJ19-dCas9 3 pXMJ19-dCas9 2-23119-P derivate with
TadA-TadA mutant cloned

This work

pTYW-4-ceN-C.glglmS pJYW-4-ceN derivate with C.glglmS
cloned, Kanr

Laboratory
stock

Cmr, chloramphenicol resistance; Kanr, kanamycin resistance.
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VectorsgRNA.R were used to linearize plasmid pXMJ19-dcas9. PCR
conditions were: denaturation at 98 �C for 30s, annealing at 55 �C for 30s,
extension at 72 �C for 5min, reaction for 30 cycles, extension for 10 min
at 72 �C and reaction for 30 cycles, and finally, extension for 10 min at 72
�C. PCR products were recovered by DNA purification kit to obtain the
linearized pXMJ19-dcas9-AID plasmid. Using the primer Fragmentsgr-
na.F/Fragmentsgrna.R and plasmid pFST-porb as template, PCR was
carried out according to the following conditions: denaturation at 98 �C
for 30s; Annealing at 55 �C for 30s; Extension at 72 �C for 1min, reaction
for 30 cycles; Extension at 72 �C for 10min. The PCR product was
recovered by DNA purification kit and the entire sgRNA expression
framework gene was amplified from plasmid pFST-porb.

Ligation was carried out using the ClonExpress II One Step Cloning
Kit, and the linearized vector obtained by PCR and the target gene
fragment with the vector homologous end were recovered and mixed in a
molar ratio of 3:1.5 x CE II Buffer 4 μl, Exnase II 2 μl, and ddH2O was
added to make the total volume of the ligation system to 20 μl. The re-
action was carried out at 37 �C for 30 min and lowered to 4 �C for in-
cubation. Then, 10 μl of the ligation system was transformed to E. coli
JM109 competent cells (The preparation method of competent cells is
described in the instructions of the Takara E. coli competent kit). The
correct transformants of the colony PCR were selected for sequencing
verification, and the recombinant expression vector pXMJ19-dcas9-AID-
sgRNA (pXMJ19-dCas9 1) was obtained, and a single-base editing
plasmid of all-in-one was constructed.
4

2.3. sgRNA design

For dCas9 system, it is necessary to design a RNA oligonucleotide
containing 20 base pairs, which can target any genome site and is an
important part of CRISPR Cas9 system. Many factors need to be consid-
ered when designing gRNA sequences. In order to find a suitable gRNA
sequence, the online gRNA design tool (https://chopchop.cbu.uib.no/)
was used to design the gRNA of the target gene zwf. The NGG sequence in
which the first bit of protospacer adjacent motif (PAM) in gRNA library is
A, T, C, and G was selected as PAM sequence. Using plasmid pFST-porb as
template and primers sg1F/sgR, sg2F/sgR, sg3F/sgR, sg4F/sgR, PCR
amplification was carried out to obtain four sgRNA containing 20N
sequence. PCR products were recovered by 2% agarose gel, and the same
volume of isopropanol was added to mix in the sample. The recovered
product and plasmid pXMJ19-dCas9 1 were digested with EcoR I and
XbaI for 2h, respectively, and then agarose gel was recovered. The T4
DNA Ligase was used to mix the fragments with the vector in proportion
and incubate at 22 �C for 10 min, and 10 μl of the ligation products were
transformed to E. coli JM109.

2.4. Single base editing in C. glutamicum S9114

The recombinant plasmids pXMJ19-dCas9 1-zwf1, pXMJ19-dCas9 1-
zwf2, pXMJ19-dCas9 1-zwf3, pXMJ19-dCas9 1-zwf4 with four 20-nt
sgRNA of the target gene zwf, which have been correctly sequenced,
are separately transformed into the C. glutamicum S9114 ΔnagA-ΔgamA-
Δldh competence constructed in the previous study (Deng et al., 2019b),
and then transferred to the LBB (Luria–Bertani broth with 18.5 g/L brain
heart infusion) plate with 10 μg/μl chloramphenicol and 0.02 mM iso-
propyl-β-D-thiogalactoside (IPTG). After a large number of colonies were
grown for 48 h, some colonies were selected, and primers zwfseqF/R
were designed to carry out high-throughput sequencing of gene se-
quences near genome mutation sites to verify mutation effect.

Elimination of pXMJ19-dCas9 1-zwf plasmid: the strain containing
pXMJ19-dCas9 1-zwf was cultured in 5 ml LBB medium at 30 �C until
OD562 ¼ 1, and 0.01 mM IPTG was added for 10 h. The bacterial liquid
was streaked onto a plate without antibiotic and IPTG for overnight
culture. Primer cas9F/cas9R was used to verify whether the plasmid
remained in the single colony. At the same time, they were transferred to
antibiotic-free plate and chloramphenicol (10 μg/ml) resistant plate
respectively to verify the plasmid elimination effect. The strain that
cannot grow on chloramphenicol resistant plates but can grow on
antibiotic-free plates is the mutant strain that eliminates pXMJ19-dCas9
1-zwf plasmid.

2.5. Promoter optimization of sgRNA

Using recombinant plasmids pXMJ19-dCas9 1-zwf4 as templates,
primers J23100F/JR, J23102F/JR, J23104F/JR, J23105F/JR, J23108F/
JR, J23111F/JR, j23111 F/JR, J23118F/JR, and J23119F/JR were used
to amplify sgRNA fragments with pJ231 series plasmids, and the frag-
ments were ligated to pMD19-T vector after recovery and purification. T
vector ligation method was as follows: pMD19-T Vector 1 μl, target
fragment 2 μl, ddH2O 2 μl, then 5 μl of Solution I, reacted at 16 �C for 30
min, and then transformed into E. coli JM109. The correct recombinant
plasmids were named pMD19-T Vector23100, pMD19-T Vector23102,
pMD19-T Vector23104, pMD19-T Vector23105, pMD19-T Vector23108,
pMD19-T Vector23111, pMD19-T Vector23113, pMD19-T Vector23118,
and pMD19-T Vector23119. Using pMD19-T Vector23100, pMD19-T
Vector23102, pMD19-T Vector23104, pMD19-T Vector23105, pMD19-
T Vector23108, pMD19-T Vector23111, pMD19-T Vector23113,
pMD19-T Vector23118, pMD19-T Vector23119 as templates, primers
F23100F/F231R, F23102F/F231R, F23104F/F231R, F23105F/F231R,
F23108F/F231R, F23111F/F231R, F23113F/F231R, F23118F/F231R,
F23119F/F231R were used for introducing a series of different promoter
sequences upstream sgRNA fragment via PCR reaction.

https://chopchop.cbu.uib.no/
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Then ClonExpress II One Step Cloning Kit was adopted to respectively
connect the fragments with corresponding expression vectors pXMJ19-
dcas9-sgRNA to obtain a series of plasmids reconstructed with various
sgRNA promoters: pXMJ19-dCas9 2-23100, pXMJ19-dCas9 2-23100,
pXMJ19-dCas9 2-23102, pXMJ19-dCas9 2-23104, pXMJ19-dCas9 2-
23105, pXMJ19-dCas9 2-23108, pXMJ19-dCas9 2-23111, pXMJ19-
dCas9 2-23113, pXMJ19-dCas9 2-23118, pXMJ19-dCas9 2-23119.

2.6. Development of efficient mutation method for targeting sequence 20N

Plasmids pXMJ19-dCas9 2-23100, pXMJ19-dCas9 2-23100, pXMJ19-
dCas9 2-23102, pXMJ19-dCas9 2-23104, pXMJ19-dCas9 2-23105,
pXMJ19-dCas9 2-23108, pXMJ19-dCas9 2-23111, pXMJ19-dCas9 2-
23113, pXMJ19-dCas9 2-23118 and pXMJ19-dCas9 2-23119 were
respectively digested with SapI restriction enzymes. The synthetic reac-
tion system of DNA double-stranded complex with cohesive terminus
contained: Annealing Buffer for DNA Oligos (5X) 10 μl, 20 μl primer
zwfsg4F, and 20 μl primer zwfsg4R. The reaction conditions were as
follows: keep 98 �C for 2 min, and then the temperature was reduced to 4
�C at a speed of 0.1 �C/s, and finally, the temperature was kept at 4 �C for
2 min. PCR instrument can be used for the reaction in this process. The
double-stranded DNA fragments with cohesive terminus and linearized
plasmids digested by SapI restriction enzyme were ligated.

The ligation method was as follows: 1 μl of T4 ligase, 2 μl of T4 buffer,
linearized plasmid pXMJ19-dCas9 2-23119 100 ng, diluted 10 times of
DNA double-stranded fragment 1 μl, and ddH2O was added to a total
volume of 20 μl. The mixed system was then incubated for 10 min at 22
�C. Then 10 μl of the ligation system was transferred to E. coli JM109. A
series of recombinant plasmids with 20N sequence and PAM site AGG
were obtained: pXMJ19-dCas9 2-23100-P, pXMJ19-dCas9 2-23100-P,
pXMJ19-dCas9 2-23100-P, pXMJ19-dCas9 2-23100-P, pXMJ19 -dCas9
2-23100-P, pXMJ19-dCas9 2-23100-P, pXMJ19-dCas9 2-23100-P,
pXMJ19-dCas9 2-23100-P, pXMJ19-dCas9 2-23119-P.

2.7. Construction of multidirectional base editing plasmid containing both
TadA and AID

The fusion framework TadA-TadA mutant-3xGGS-XTEN-3xGGS
composed by TadA and the TadAmutant and its intermediate linker were
synthesized according to the full DNA sequence of the plasmid NG-
ABEmax provided at http://www.addgene.org/124163/. The homolo-
gous arms sequences of the vector pXMJ19-dCas9 2-23119-P were added
to both ends of the synthesized gene TadA-TadA mutant-3xGGS-XTEN-
3xGGS using the primer FtadaF/FtadaR. The primers VtadaF/VtadaR
were used to linearize the pXMJ19-dCas9 2-23119-P plasmid. The line-
arized plasmid and the TadA-TadA mutant-3xGGS-XTEN-3xGGS fusion
gene frame carrying the vector homology arms were ligated with T4
ligase to construct the recombinant vector pXMJ19-dCas9 3, which
contained both TadA and AID. Similarly, plasmid pXMJ19-dCas9 3 was
transformed into C. glutamicum S9114 for base editing experiments, and
different transformants were selected for high throughput sequencing to
verify base editing effects.

2.8. Application of base editing tool for improving GlcNAc production

After high-throughput sequencing, six strains producing missense
mutations and nonsense mutations, M1, M2, M3, M4, M5, M6, were
selected from the mutant library obtained by base editing of zwf gene in
C. glutamicum strain S9114. They were prepared as C. glutamicum
competent cells, and the recombinant expression vector pTYW-4-ceN-
C.glglmS constructed in the previous work was transformed into these
competent cells (Deng et al., 2019b).

The seed culture solution stored in the glycerol tube was inoculated
into LBBbroth. The seedmediumcontained the following components (g/
L): glucose, 25.0; corn syrup, 20.0; KH2PO4, 1.0; (NH4)2SO4, 0.5; andurea,
1.25. The fermentation medium contained the following components (g/
5

L): glucose, 100.0; corn syrup, 10.0; KH2PO4, 1.0; (NH4) 2SO4, 20.0;
MgSO4, 0.5; CaCO3, 20.0; and FeSO4, 0.18. The final pH of the seed and
fermentation medium was adjusted to 7.0. A total of 25 mg/L kanamycin
was added to all media for detection of transformants or for recombinant
culture. A single colony grown on the LBB plate was inoculated into the
seed culture medium. After 16–18 h of culture, the bacterial culture me-
dium of the seed culture was inoculated into the fermentation medium at
an initialOD562 of 1.6 andgrown for72h.After centrifugation at 10000�g
for 10min, the supernatant was used to determine GlcNAc titer.

2.9. Quantification of cell density and GlcNAc

The OD562 of the fermentation broth was determined by UV–visible
spectrophotometer (UVmini-1240, Shimadzu Corporation, Japan), and
the calculation formula based on cell OD562 and dry cell weight (DCW)
was: DCW ¼ 0.6495 � OD562–2.7925 (Yin et al., 2013). The concentra-
tions of GlcNAc in the fermentation broth were measured with
high-performance liquid chromatography (HPLC) equipped with an
HPX-87H column (Bio-Rad) and a refractive index detector. HPLC was
carried out with 5 mM H2SO4 as the mobile phase with a flow rate of 0.6
ml/min at 35 �C (Gu et al., 2017).

2.10. Statistical analysis

All data were expressed as mean � SD. Differences were determined
by 2-tailed Student’s t-test between two groups, or one-way ANOVA
followed by post-hoc Tukey’s test for multiple groups. Statistical signif-
icance is indicated as * for p < 0.05 and ** for p < 0.01.

3. Results

3.1. Construction of cytosine deaminase base editing tool in C. glutamicum

In this study, pXMJ19 plasmid was used as the framework structure,
and ptac-dCas9-AID expression cassette and Ptrc-sgRNA expression
cassette were inserted into the pXMJ19 plasmid to express dCas9-AID
fusion protein and sgRNA (Fig. 1A), respectively.

Avoiding the off-target effect of Cas9 is a critical step in the design of
sgRNA. In this study, online gRNA design tool (https://chopchop.cbu.uib
.no/) was used to design the target sequence. The selected target gene
was zwf, which controls the major competition reactions of GlcNAc
synthesis (pentose phosphate pathway) (Gu et al., 2019). Four PAM se-
quences with the highest efficiency and the first bases A, T, C and G were
screened out as binding sequences. The results show that only when PAM
sequence was AGG, the mutation efficiency was 4% at C6 position, while
if PAM sequence was the other sequence, the mutation efficiency was
almost zero (Fig. 1B).

To further optimize the single-base editing tool in C. glutamicum, we
analyzed the DNA sequence of plasmid pXMJ19-dCas9 1 and found that a
46 bp redundant sequence existed in the downstream of the Ptrc pro-
moter transcription start site. This partial sequence will transcribe before
the sgRNA and affect the secondary structure of sgRNA (Fig. 1A). To
investigate the effect of the extra 46 bp on the secondary structure of
sgRNA, we used the online tool Mfold to predict the secondary structure
of sgRNA (http://unafold.rna.albany.edu/?q¼mfold) (Wiese and Hen-
driks, 2006).

The RNA structure prediction shows that the RNA transcribed from
the 46 bp sequence of this segment was likely to be complementary to the
mRNA formed from the 20N sequence to form double-stranded RNA,
which made the 20N sequence unable to combine with the genome
because it is hidden, resulting in lower mutation efficiency (Fig. 1D).
Only when the 20N sequence was taken as the transcription initiation
sequence, the probability of being hidden will be reduced (Fig. 1E).
Therefore, we used Pj231 series promoters, which have been proved to
be suitable for sRNA synthesis in C. glutamicum, to avoid the formation of
the redundant sequence (Liu et al., 2017; Noh et al., 2019).

http://www.addgene.org/124163/
https://chopchop.cbu.uib.no/
https://chopchop.cbu.uib.no/
http://unafold.rna.albany.edu/?q=mfold
http://unafold.rna.albany.edu/?q=mfold


Fig. 1. The base editing effect using
pXMJ19-dCas9 1 plasmid in C. glutamicum.
(A) Structure and schematic diagram of
plasmid pXMJ19-dCas9 1 used for single
base editing. (B) Single base editing effi-
ciency of different 20 PAMS. (C) Structure
and sequence of the Ptrc-sgRNA expression
cassette. (D) Secondary structure of the
gRNA formed by the excess sequence down-
stream of the Ptrc promoter with 20N and
the sgRNA scaffold. The base of the 20 nt
target sequence is highlighted by a blue
sphere. (E) 20 nt target sequence and the
secondary structure of the gRNA formed by
the downstream sgRNA scaffold. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)
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3.2. Promoter optimization of sgRNA in cytosine single base editing tool
and development of high efficiency 20N target linking strategy

To remove the effect of redundant sequences on sgRNA, we selected a
series of constitutive promoters including Pj23100, Pj23102, Pj23104,
Pj23105, Pj23108, Pj23111, Pj23113, Pj23118, and Pj23119 to replace
the original Ptrc promoter, yielding a series of recombinant single base
editing vectors: pXMJ19-dCas9 2-23100, pXMJ19-dCas9 2-23102,
pXMJ19-dCas9 2-23104, pXMJ19-dCas9 2-23105, pXMJ19-dCas9 2-
23108, pXMJ19-dCas9 2- 23111, pXMJ19-dCas9 2-23113, pXMJ19-
dCas9 2-23118, and pXMJ19-dCas9 2-23119, respectively. The relative
strengths of Pj23100, Pj23102, Pj23104, Pj23105, Pj23108, Pj23111,
Pj23113, Pj23118, and Pj23119 were 1, 0.86, 0.72, 0.24, 0.51, 0.58,
0.01, 0.56 and 1, respectively (http://parts.igem.org/Promoters/Catalog
/Anderson).

In addition, long primers needed to be synthesized when the target
gene specific binding sequence 20N was linked to the vector in the
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previous studies (Doench et al., 2014). Moreover, difficulties in gel
extraction of short DNA sequence, low recovery rate and long manip-
ulation time of using restriction endonuclease constrained the efficiency
in the whole process. Therefore, we designed a method for rapid liga-
tion of the vector with the specific sequence 20N in C. glutamicum. We
added Type IIS Restriction Enzymes site-SpaI, which recognize asym-
metric DNA sequences and cleave outside their recognition sequences,
upstream and downstream of the 20N sequence that needs to be
inserted into the vector (Arakawa, 2016; Khan et al., 2017; Pan et al.,
2014). In addition, the corresponding double-stranded fragment was
obtained by fusing a reverse complementary primer with the 20N
sequence (Fig. 2). A linearized vector containing two cohesive ends was
obtained by digesting the vector with SapI. The linearized vector with
cohesive terminus and DNA double-stranded complex obtained by PCR
reaction were ligated with T4 ligase, and after 10 min, it was trans-
formed into E. coli JM109 to obtain 20N replaced recombinant plasmid
(Fig. 2).

http://parts.igem.org/Promoters/Catalog/Anderson
http://parts.igem.org/Promoters/Catalog/Anderson


Fig. 2. Type IIS Restriction Enzymes SapI-mediated efficient replacement strategy for 20 nt target sequence. The red dotted line portion is the SapI restriction site. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Different promoters for controlling expression of sgRNA led to
different base mutation effects

The 20N target sequence high-efficiency ligation method was used to
connect the PAM site AGG with the highest mutation efficiency together
with the upstream 20N sequence to vectors pXMJ19-dCas9 2-23100,
pXMJ19-dCas9 2-23102, pXMJ19-dCas9 2-23104, pXMJ19-dCas9 2-
23105, pXMJ19-dCas9 2-23108, pXMJ19-dCas9 2-23111, pXMJ19-
dCas9 2-23113, pXMJ19-dCas9 2-23118, and pXMJ19-dCas9 2-23119,
which contained different promoters for driving sgRNA expression.
These vectors were transformed into C. glutamicum S91114 for single
base editing. The results of high-throughput sequences show that the
modified series of tools resulted in three types of mutations in the
genome: C-G, C-T and base deletion. The mutation range can be detected
as far as 28bp upstream of PAM site. The overall mutation effect medi-
ated by pXMJ19-dCas9 2-23119-P was the best, with a maximum mu-
tation efficiency of 30% at C6 position (Fig. 3A–J), and the second was
PXMJ 19-DCAS92-23100-P. However, no mutation was detected in
pXMJ19-dCas9 2-23113-P strain. Therefore, pXMJ19-dCas9 2-23119-P
plasmid was subsequently selected for further modification.
3.4. Addition of adenosine deaminase TadA enables base conversion of A-
T

In the above studies, we have realized some mutations such as C-T, C-
G and base deletion in the genome of C. glutamicum S9114. To widen the
range of mutations in base editing, adenosine deaminase from E. coli that
can deaminate adenine and mutate to guanine was introduced into the
base mutation tool. We used the DNA sequence of TadA-TadA mutant
fusion adenosine deaminase on the NG-ABE max plasmid (Huang et al.,
2019) used in the ABE system to fuse the adenine deaminase fusion
sequence upstream of the dCas9 gene to construct Ptac-TadA-dCas9-AID
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expression cassette, thereby obtaining the recombinant vector
pXMJ19-dCas9 3 (Fig. 4A). Similarly, after transformation into
C. glutamicum S9114 for single-base editing experiments, the sequencing
results show that the adenine of A3-A9 sites produced an A-T conversion
in the mutation window, which produced a maximum mutation effi-
ciency of 16% at A8 site (Fig. 4B), indicating that TadA-TadA mutant can
also exert a deamination effect in the C. glutamicum S9114 strain and
realize the conversion A-G on the genome.
3.5. Application of single base editor for improved GlcNAc production by
C. glutamicum S9114

Due to the existence of common precursors glucose-6-P and fructose-
6-P, pentose phosphate pathway is an important competitive pathway in
the synthesis of GlcNAc. Therefore, regulating the expression of gene zwf
encoding glucose 6-phosphate dehydrogenase is beneficial to the pro-
duction of GlcNAc. Since pentose phosphate pathway is necessary for cell
growth, zwf gene cannot be knocked out. Therefore, the zwf gene which
controls the primary rate-limiting step in pentose phosphate pathway
was selected as the editing target (Fig. 5A) to obtain the mutant S9114
strain with improved GlcNAc titer.

The zwfmutant library obtainedby the single base editing tool pXMJ19-
dCas9 3 was analyzed and screened, and 6 mutant strains which produced
missense mutations and nonsense mutations in base editing window were
selected:M1 (P286L)M2 (P286L,A287G),M3 (P286S),M4 (L290stop),M5
(P286L, K293E), and M6 (K293R) (Fig. 5B). They were prepared into
competent cells, and then were transformed with the expression vector
pJYW-4-ceN-Cglglms, to produce GlcNAc in C. glutamicum S9114. The final
GlcNAc titer ofmutant strainM6was increased to9.1g/L,whichwas31.9%
higher than that of the control strain (Fig. 5C). However, theGlcNAc titer of
the doublemutant strainM2 and the strainM4 insertedwith the stop codon
TAG decreased significantly.



Fig. 3. Base editing efficiency with different
gRNA promoters. (A) Single base editing ef-
ficiency using the Ptrc-sgRNA expression
cassette. (B) Single base editing efficiency
using the Pj23100-sgRNA expression
cassette. (C) Single base editing efficiency
using the Pj23102-sgRNA expression
cassette. (D) Single base editing efficiency
using the Pj23104-sgRNA expression
cassette. (E) Single base editing efficiency
using the Pj23105-sgRNA expression
cassette. (F) Single base editing efficiency
using the Pj23106-sgRNA expression
cassette. (G) Single base editing efficiency
using the Pj23111-sgRNA expression
cassette. (H) Single base editing efficiency
using the Pj23113-sgRNA expression
cassette. (I) Single base editing efficiency
using the Pj23118-sgRNA expression
cassette. (J) Single base editing efficiency
using the Pj23119-sgRNA expression
cassette. Different base conversion effi-
ciencies are represented by histograms of
different colors. (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 4. Double deaminase single base editing strategy. (A) The N of dCas9 in this system is ligated with tRNA adenosine deaminase (TadA) and Evolved tRNA
adenosine deaminase, and the C-terminus is linked to activation-induced cytidine deaminase (AID) and is commonly initiated by the promoter Ptrc. (B) Single base
editing efficiency after addition of TadA. The purple histogram shows the A-G base conversion efficiency. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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In order to realize the application of base editing tools in metabolic
engineering, we tried to construct a mutant library on the genome of zwf
and screen positive mutant strains with higher GlcNAc titer from the
mutant library. In addition, we also found that single base substitution
cannot only change the genetic code (missense mutation) in the open
reading frame, but also produce the stop codon in advance. If the stop
codon (TAA, TGA and TAG) appears in advance, gene knockout can be
realized (Billon et al., 2017; Kuscu et al., 2017).

4. Discussion

This work aims to construct a single base editing system that can be
used for genome editing of C. glutamicum. Activation-induced cytosine
deaminase, specifically expressed by central B cells, is the molecular basis
for high frequency mutations in somatic cells (Banno et al., 2018; Wang
et al., 2018). AID deamination of cytosine to uracil results in U-G base
mismatch. U-G base mismatch has two repair paths: first, if mismatch is
not repaired in time, mutation of C-T and G-A will occur during DNA
replication; Second, U-G mismatch was excised by uracil-N-glycosylase
(UNG) to produce pyrimidine-free sites, and template-independent
mononucleotide mutations were introduced by base excision repair
(Assefa et al., 2012; Shen et al., 2018).

Based on this, Chang et al. fused human cytosine deaminase to the C-
terminus of dCas9 (dCas9-AIDx) to form TAM (Targeted Aid-Mediated
Mutagenesis), which can produce local sequence diversity through
mutagenesis (Ma et al., 2016). By the fusion of dCas9 protein and AID,
dCas9 can recruit AID into the targeting sequence under the targeting
effect of sgRNA, and can effectively improve and expand the scope of AID
by increasing the local concentration of AID. High frequency mutation is
realized for specific genes in non-B cells to generate genetic diversity. In
order to realize base editing in glutamic acid-producing strain
C. glutamicum S9114, we first fused dCas9 with AID, then further opti-
mized PAM targets, and studied the effect of sgRNA secondary structure
on gene editing efficiency of C. glutamicum S9114. The experimental
results show that when the PAM is AGG, a base editing tool has highest
editing efficiency, which may be due to the CRISPR-Cas9-based tools in
C. glutamicum have PAM codon preference (Peng et al., 2017), and PAM
preference is different in different strains. At the same time, the sec-
ondary structure of sgRNA also has a great influence on the efficiency of
base editing. Optimizing the secondary structure of sgRNA can improve
the efficiency of base editing.

In order to connect multiple groups of targeted gene binding se-
quences to the tool plasmid at the same time, we designed an efficient
seamless connection method of 20N sequence. Compared with the
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previous DNA ligation method, the method is more time-saving and ac-
curate, and the SpaI site was excised by enzyme digestion and does not
appear on the recombinant vector. This method can be applied to any
case where a shorter sequence is replaced on multiple parallel plasmids.
New England Biolabs (UK) Ltd. currently offers more than 45 Type IIS
restriction enzymes, which can be selected according to specific condi-
tions (https://international.neb.com/tools-and-resources/selection-ch
arts/type-iis- restriction-enzymes).

Furthermore, by modifying the sgRNA promoter, the mutation effi-
ciency by the base editing tool was significantly improved, indicating
that the redundant sequence downstream of the promoter had a great
influence on its transcribed gRNA. The combination of the AID gene and
dCas9 was chosen because the new AID-mediated mutagenesis technol-
ogy has unique features compared to the other cytosine deaminase: (1)
cytosine can be randomly transformed to the other three bases in the
absence of UGI; (2) The activity of dCas9-AID fusion protein only de-
pends on sgRNA and is independent of the primary sequence recognized
by AID; (3) dCas9-AID can induce mutation of multiple cytosines at the
same time (Yoshikawa, 2002). In addition, this method does not rely on
DNA cutting and repair, which can greatly improve the efficiency of
precise editing of single base and avoid double strand breaks of DNA. If
the base editing is expected to result in a single C-T base conversion,
adding UGI can be considered. As a phage protein, UGI protects its
genome from the repair of host UNG when it invades E. coli. Therefore,
UGI is an inhibitor of UNG, which prevents UNG from resecting the U
produced by AID and cannot complete downstream repair (Jin et al.,
2019; Mol et al., 1995). After the addition of UGI, the mutation direction
is more singular, leaving only C-T and G-A mutations. In summary, the
UGI protein can be selectively inserted according to different needs.

Although cytosine deaminase can accurately convert C in the muta-
tion window to T, it cannot reversely mutate T to C or A to G. Recently,
David Liu group reported a new single-base editing system ABE which
can convert A to G by adenosine deaminase and CRIPSR/Cas9 (Hu et al.,
2018; Ryu et al., 2017). After 7 rounds of evolution and transformation,
they successfully obtained a TadA mutant capable of efficiently deami-
nating DNA adenine directly, and constructed an ABE system capable of
efficiently inducing A > G mutation by fusion with nCas9 (D10A). There
are many factors affecting the editing efficiency of TadA, such as the
composition of PAM site and 20N sequence, the length of linker between
TadA and TadA mutant, etc (Koblan et al., 2018). In order to obtain a
more accurate single base editing tool, cytosine deaminase and adenosine
deaminase edited by single base can be mutated and optimized in the
future, thus obtaining a high-precision single base editing tool which can
completely eliminate RNA off-target and maintain DNA editing activity.

https://international.neb.com/tools-and-resources/selection-charts/
https://international.neb.com/tools-and-resources/selection-charts/


Fig. 5. The zwf gene in the C. glutamicum S9114 strain was modified using base editing strategy. (A) Synthetic pathway of GlcNAc in C. glutamicum. The zwf gene is
highlighted in red, and the pentose phosphate pathway linked by the gene is highlighted by blue square. (B) 6 mutant strains generated by single-base editing of zwf
using the Ptac-TadA-dCas9-AID expression cassette. The mutated bases are highlighted by red letters, and the PAM sequences are highlighted by blue squares. Among
them, the M4 strain produced a premature stop codon in zwf. (C) GlcNAc titer in 6 single-mutant strains. All data were the average of three independent studies with
standard deviations. All data were expressed as mean � SD. Differences were determined by 2-tailed Student’s t-test between two groups, or one-way. ANOVA
followed by post-hoc Tukey’s test for multiple groups. Statistical significance is indicated as * for p < 0.05 and ** for p < 0.01 relative to control strain S9114 ΔnagA-
ΔgamA-Δldh, respectively. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

C. Deng et al. Metabolic Engineering Communications 11 (2020) e00135
In this study, we combined pyrimidine base conversion tool and purine
base conversion tool to introduce a variety of base mutations into the
genome of C. glutamicum S9114, thus greatly improving the efficiency of
single base mutation on the genome of C. glutamicum.

Changes in one or several bases (substitutions or deletions) lead to
changes in the coding frame, resulting in changes in the structure of the
translated protein, which is conducive to the construction of mutant li-
braries in C. glutamicum, while it is difficult to construct mutant libraries
in C. glutamicum genome in other studies in the past. In terms of func-
tional screening, the single-base edited dCas9-AID system can convert C-
T or C-G, and greatly enhances the genetic diversity of target sequences.
Here the TadA-dCas9-AID system overcomes the limitation that the
previous dCas9-AID system cannot realize A-G conversion, and can
generate more new amino acid mutations in the target gene during the
screening process. The combination of two mutation tools produces a
wider mutation library from which a gain-of-function mutant can be
10
obtained. However, wild-type Cas9 system can only realize enhanced
mutation through HDR, and it is almost impossible to realize large-scale
functional screening in C. glutamicum. The base editing tool developed in
this study can led to point mutations/premature termination, so it can
greatly improve the efficiency of base substitution in C. glutamicum and
can be used for the metabolic engineering of C. glutamicum.

In summary, the single base editing tool obtained in this study greatly
increased the editable site on the genome of C. glutamicum and improved
the gene editing efficiency of C. glutamicum. The development of a single
base editor provides an idea for site-directed editing and modification of
key nucleotide variants in the C. glutamicum genome. In the future, we
will further optimize the base editor by optimizing sgRNA design and
using a more rigorous CRISPR/Cas system or by protein engineering to
improve base editing efficiency and expand mutation types, and try to
further narrow the mutation window and even change only a single base
without affecting the surrounding sequence.
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