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Abstract

Corynebacterium glutamicum, an important industrial producer, is a model microorganism. However, the limited gene
editing methods and their defects limit the efficient genome editing of C. glutamicum. To improve the screening efficiency
of second-cross-over strains of traditional SacB editing system, a universal pCS plasmid which harbors CRISPR-Cpf1
system targeting kan gene of SacB system was designed and established to kill the false positive single-cross-over strains
remained abundantly after the second-cross-over events. The lethality of pCS plasmid to C. glutamicum carrying kan gene
on its genome was as high as 98.6%. In the example of P, ,::P;,zvc replacement, pCS plasmid improved the screening
efficiency of second-cross-over bacteria from 5% to over 95%. Then this pCS-assisted gene editing system was applied
to improve the supply of precursors and reduce the generation of by-products in the production of 4-hydroxyisoleucine
(4-HIL). The 4-HIL titer of one edited strain SCO1-1psI™ reached 137.0+33.9 mM, while the weakening of IysE by
promoter engineering reduced Lys content by 19.0-47.7% and 4-HIL titer by 16.4-64.5%. These editing demonstrates
again the efficiency of this novel CRISPR-Cpfl-assisted gene editing tool, suggesting it as a useful tool for improving the
genome editing and metabolic engineering in C. glutamicum.
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Introduction based on the homologous recombination system mediated

by non-self-replicating suicide plasmid such as pK18mob-

Corynebacterium glutamicum, a Gram-positive soil bacte-
rium, has been widely used in industrial biotechnology to
produce various organic acids and amino acids (Becker et al.
2018). With the development of molecular biology technol-
ogy, the research on genetic engineering of C. glutamicum
has been gradually deepened. Today, the most commonly
used gene editing technology in C. glutamicum is still
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sacB (Schéfer et al. 1994). In this system, gene editing is
completed by two rounds of homologous recombination.
First, the single-cross-over strain integrated with the whole
plasmid is screened by antibiotic marker (usually kanamy-
cin), and then the second-cross-over strain with the plasmid
skeleton removed by growing in sucrose is screened by the
conditionally lethal levansucrase (encoded by sacB) marker
carried on the suicide plasmid. However, the high probabil-
ity of false-positive clones with sacB-remaining and low
probability of double-cross-over events limit the efficiency
of editing (Kirchner and Tauch 2003; Ne§vera and Patek
2011). In order to improve the screening efficiency of the
second-cross-ovet, rpsL,,,, (encoding small ribosomal pro-
tein S12P, resistance to streptomycin after mutations) and
upp (encoding uracil phosphoribosyl transferase, which is
lethal in the presence of 5-fluorouracil) have been devel-
oped as new screening markers instead of sacB (Ma et al.
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2015; Wang et al. 2019), but the screening efficiency is still
not up to the ideal state.

Recently, clustered regularly interspaced short palin-
dromic repeats (CRISPR) technologies have been used for
genome editing of C. glutamicum (Cho et al. 2017; Jiang
et al. 2017; Liu et al. 2017; Peng et al. 2017). Under the
guidance of the single guide RNA (sgRNA), CRISPR-asso-
ciated proteins (Cas/Cpfl) precisely cleave complementary
sequences and form double-strand breaks (DSB). Because
there is no nonhomologous end-joining (NHEJ) mechanism
in C. glutamicum (Resende et al. 2011), the DSB can only
be repaired by homologue-directed DNA repair. Although
CRISPR technology has been successfully applied for gene
editing of C. glutamicum, it is still subject to many limi-
tations in practice. First, the toxicity of high-level expres-
sion of Cas9/Cpfl to C. glutamicum makes it difficult to
generate transformants (Cho et al. 2017; Jiang et al. 2017;
Liu et al. 2017; Peng et al. 2017). Second, the protospacer-
adjacent motif (PAM) sequence limits the application of
CRISPR system in small fragment editing such as promoter
engineering and ribosomal binding site (RBS) engineering.
Third, the editing efficiency is affected by the size of the
knockout fragment, the total length of homologous arm, the
relative length of homologous arm and inserted gene, and
the design of sgRNA (Becker et al. 2018). Therefore, when
editing with CRISPR system, it often takes a lot of unex-
pected time to do repetitive work.

4-Hydroxyisoleucine (4-HIL), an amino acid deriva-
tive, has the potential to treat type II diabetes because of
its biological activities that promoting insulin secretion and
reducing insulin resistance (Sauvaire et al. 1998; Yang et
al. 2021). In our previous study, L-isoleucine dioxygenase
(IDO) from Bacillus thuringiensis YBT-1520 was expressed
in an L-isoleucine (Ile) producing strain C. glutamicum ssp.
lactofermentum SNO1 to achieve the de novo synthesis of
4-HIL (Shi et al. 2015). IDO can catalyze the oxidation of
Ile and a-ketoglutarate (0-KG) to form 4-HIL and succinate,
respectively by consuming O,. The titer of 4-HIL reached
139.82 4+ 1.56 mM by knockout or overexpression of related
genes to increase the supply of 0-KG and oxygen (Shi et
al. 2019, 2020). After that, the dynamic adjustment tools
Lrp-P;,,,zzN biosensor and P zyc attenuator were used to
coordinate the supply of substrates, and L-lysine (Lys)-
responsive riboswitch was used to regulate Lys synthesis.
Finally, the titer of 4-HIL was increased to 177.3 + 8.9 mM,
and the content of by-product Lys was reduced to 6.1 +0.6
mM (Lai et al. 2022; Tan et al. 2020). Through the combi-
nation of static regulation and dynamic regulation to regu-
late the substrate supply in C. glutamicum Y1, the 4-HIL of
34.2 g/L was obtained in 5 L bioreactor (Zhang et al. 2018).
In addition, the synthetic pathway of Lys competes with that
of Ile, so Lys has always been the main by-product in the
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production of 4-HIL. However, the deletion of the specific
Lys exporter encoding gene /ysE reduced the titers of both
Lys and 4-HIL, while the deletion of ddh gene related to
Lys synthesis failed to decrease the titer of Lys (Chen et
al. 2022). In a research on Ile production, the introduction
of point mutation at the promoter of dapA, a key gene for
Lys synthesis, reduced its expression intensity, resulting
in an increase in Ile titer and a decrease in Lys titer to 5.1
mM (Vogt et al. 2015). Therefore, slightly regulating the
expression intensity of related genes by point mutation or
promoter engineering may be more effective than directly
deleting them.

In this study, in order to improve the screening efficiency
of SacB editing system, CRISPR-Cpf1 system was designed
and introduced to kill the false positive single-cross-over
strains remained abundantly after the second-cross-over
events. Based on this novel optimized editing system, the
promoter of odhA was replaced by P, gy to increase the
supply of a-KG. And ido was integrated into /dhA-pyk2
locus to reduce the content of pyruvate-derived L-alanine
(Ala). In addition, the expression intensity of /ysE was fine-
tuned with P, ,_y of different intensity to reduce the con-
tent of by-product Lys. The main purpose of this study is
to provide an efficient CRISPR-Cpfl-assisted gene editing
tool and to apply this tool to obtain a strain overproducing
4-HIL and decreasing by-product Lys.

Materials and methods
Strains and growth conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. Escherichia coli JM109 and DH5a were
used for constructing and propagating plasmids, while C.
glutamicum ssp. lactofermentum SNO1 was used as the ini-
tial strain for producing 4-HIL. SNO1 was deposited in the
China Center for Type Culture Collection (CCTCC) with
accession number CCTCC M 2,014,410. E. coli strains
were grown at 37 °C and 200 rpm in LB medium. C. glu-
tamicum strains were cultivated at 30 °C and 200 rpm in
LBB medium (5 g/L tryptone, 2.5 g/L yeast extract, 5 g/L
NaCl, and 18.5 g/L brain heart infusion powder). If required,
30 mg/L kanamycin or 10 mg/L chloramphenicol was added
to the media for selection.

Plasmid construction

The construction of pK18mobsacB editing plasmid was car-
ried out in E. coli JM109. Supplementary Table 1 shows
the primers used in this study. In order to construct a
pK18mobsacB-P,,gy—~0dhA plasmid for replacing odhA
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Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids Characteristics Source
Strains
IM109 E. coli gene-cloning strain Novagen
DH5a E. coli gene-cloning strain Novagen
SNO1 Ile-producing strain of C. glutamicum ssp. CCTCC
lactofermentum
SI SNO1 harboring pJY W-4-ido” Lai et al.
2022
SC-p M SNO1 harboring pIL-pI™ This work
SC00 P4 Was replaced by P, gy in SNO1 This work
SCO1 P, 4 Was replaced by Py, pvc and ldhA-pyk2 was replaced by P, -zD5-ido™ in This work
SNO1
SC02 P, s Was replaced by P, v and ldhA-pyk2 was replaced by dc-ido™ with 5° 63 bp  This work
of IdhA remaining in SNO1
SC03 P, 4 Was replaced by Py, zvc and pyk2 was replaced by RBS-ido™ in SNO1 This work
SC04 P, .4 Was replaced by Py, gy and ldhA-pyk2 was replaced by ido™ in SNO1 This work
SC05 Pyp was replaced by P,,4_p,7in SCO1 This work
SC06 Py, 5 was replaced by P, in SCO1 This work
SC07 Py, g was replaced by P,,4_cy3 in SCO1 This work
SC08 Py,g was replaced by P,,,_cs in SCO1 This work
SCO0-1ps™ SC00 harboring pIL-7ps™ This work
SCO1-ppsI™ SCO1 harboring pIL-pps™ This work
SCO5-1ps™ SC05 harboring pIL-pps™ This work
SCO6-1ps™ SCO06 harboring pIL-yps™ This work
SCO7-1ps™ SCO07 harboring pIL-yps™ This work
SCO8-1ps™ SC08 harboring pIL-7ps™ This work
Plasmids
pK18mobsacB Cloning vector of E. coli, Km® Lab stock
pJYS3 Gene editing plasmid of CRISPR-Cpf1, Km® Jiang et
al. 2017
pCS(N) SacB gene editing auxiliary plasmid harboring cpf! and sgRNA (kan), Cm® This work
pJYW-4 constitutive expression vector of C. glutamicum, KmR Lab stock
pIL-\IY Derivative of pJYW-4 in which P,,,, is replaced by 7p and P, zzN-controlled ido" Lai et al.
2022
pIL-p ™ Derivative of pIL-\IV in which lrp-P,,,zzN-idoV is replaced by P,,, zzN-ido™ This work
pK18mobsacB-P,, gy c-0dhA Derivative of pK18mobsacB, P, 4::P;;, pnc replacing plasmid This work
pK18mobsacB-AldhA-pyk2::P,,, zzD5-ido™  Derivative of pK18mobsacB, AldhA-pyk2::P,,, rxD5-ido™ replacing plasmid This work
pK18mobsacB-AldhA-pyk2::dc-ido™ Derivative of pK18mobsacB, AldhA-pyk2::dc-ido™ replacing plasmid which This work
remains 5° 63 bp of IdhA
pK18mobsacB-Apyk2::RBS-ido™ Derivative of pK 18mobsacB, Apyk2::RBS-ido™ replacing plasmid This work
pK18mobsacB-AldhA-pyk2::ido™ Derivative of pK18mobsacB, AldhA-pyk2::ido™ replacing plasmid This work
pK18mobsacB-P,,,_y-lysE Derivative of pK18mobsacB, PP yy,4-527 OF Puypa—ps OF Pugpa—ciz OF Pagpa_cs This work

replacing plasmid

promoter with P, s, the upstream and downstream homol-
ogous arms of odhA gene (odhA-U and odhA-D) and P, pyc
were amplified from C. glutamicum SNO1 genomic DNA
by primer pairs odhA-U-F/odhA-U-R, odhA-D-F/odhA-
U-F and P, znc-F/P;,5nC-R, respectively. The upstream
homologous arm, P;;, s, and downstream homologous arm
were connected by overlap-extension PCR. The pK18mob-
sacB was linearized by digestion at Sall site. ClonEx-
press MultiS One Step Cloning Kit (Vazyme, C113-01)
was used to connect overlapping fragments and linearized
pK18mobsacB to generate pKl18mobsacB-P;,gnc--0dhA

plasmid. The other two groups of pK18mobsacB edit-
ing plasmids, four pK18mobsacB-AldhA-pyk2::X-ido and
four pK18mobsacB-P,,,_\-lysE, were constructed in a
similar way. For constructing the four pKl18mobsacB-
AldhA-pyk2::X-ido plasmids to integrate the ido gene or its
expressing cassette at /dhA-pyk2 locus, the codon-optimized
and Thr176Cys-mutated ido expression plasmids pIL-p\I™
were constructed at first. The P,,, zzN-ido™Up and ido™Dn
fragments were amplified from pIL-\IV (Lai et al. 2022) by
primer pairs P, -F/ido"-cys-R and ido"-cys-F/ido"-R,
respectively, then overlapped, digested with Kpnl and
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BamHI, and ligated into Kpnl- and BamHI-digested
pIL-\IY, generating pIL-;\I™. Next, one of the pIL-p\IM
plasmids, i.e. pIL-rpsI™ was used as template to amplify
the P, zD5-ido™, dc-ido™, RBS-ido™, and ido™ fragments
by primer pairs IDO1-F/IDO-R, IDO2-F/IDO-R, IDO3-
F/IDO-R, and IDO4-F/IDO-R, respectively. These frag-
ments were then separately overlapped with upstream and
downstream homologous arms to construct the four edit-
ing plasmids pK18mobsacB-AldhA-pyk2::P,, .-D5-ido™,
pK18mobsacB-AldhA-pyk2::dc-ido™,
pK18mobsacB-Apyk2::RBS-ido™, and
pK18mobsacB-AldhA-pyk2::ido™.

The construction of pCS plasmid was carried out in E.
coli DH5a. Fragment 1 (containing Cpfl expression cas-
sette and terminator part of sgRNA expression cassette) and
fragment 2 (including sgRNA expression cassette, E. coli
replicon pSC101, and C. glutamicum temperature sensitive
replicon pBL1%) were amplified from plasmid pJYS3 (Jiang
et al. 2017) with primer pairs Cpf1-F/sgRNA-R(N) and ori-
F(N)/ori-R, respectively. A special sgRNA sequence target-
ing kan gene was introduced into primers gRNA-R(N) and
ori-F(N). Fragment 3 [including chloramphenicol resistance
gene (cat) expression cassette] was amplified by CmR-F/
CmR-R using plasmid pDTW109 (Hu et al. 2013) as tem-
plate. Fragment 2 and fragment 3 were linked together by
overlap-extension PCR to get fragment 4. Fragment 1 and
fragment 4 were linked by One Step Cloning Kit to generate
a complete pCS(N) plasmid.

Gene editing process

Firstly, C. glutamicum was prepared into competent cells,
and pKl18mobsacB editing plasmid was transferred into
competent cells by electroporation at 1.8 kV. Cells were
incubated at 30 °C for about 2 h, then plated on LBB agar
containing 30 mg/L kanamycin (LBBK) and incubated at
30 °C for about 36 h. Single-cross-over strains were con-
firmed by PCR amplification. Secondly, the single-cross-
over strains were cultured in LBB liquid medium containing
10% sucrose (LBBS) for about 24 h, then prepared into
competent cells, and transformed with pCS plasmid. The
cells were incubated at 30 °C for about 1.5 h, plated on LBB
agar containing 10 mg/L chloramphenicol (LBBC), and
then incubated at 28 °C for about 36 h. The correct second-
cross-over strains were verified by PCR. Finally, in order
to cure the pCS plasmid in second-cross-over strain so as
to conduct next round of genome editing, the strain was
inoculated into LBB liquid medium and incubated at 37 °C
for about 20 h. Cells were streaked onto LBB plates and
cultured at 30 °C overnight. By scribing them both on LBB
plates with or without chloramphenicol, the colonies whose
pCS plasmids have been removed were confirmed and the

@ Springer

edited strains were obtained. Finally, plasmid pIL-ppsI™
was transformed into some edited strains to generate 4-HIL
high-producing strains. Meanwhile, plasmids pIL-pI™
were also transformed into initial strain SNO1 as controls.

Fatality rate determination

The kanamycin resistant marker was integrated into the
aceA locus of C. glutamicum SNO1 by homologous recom-
bination to obtain Aaced::kan. The pCS(N) plasmid about
200 ng was transferred into SNO1, diluted and plated on
both LBB solid medium and LBBC solid medium. After
about 36 h, the colonies on the solid medium were counted,
and the transformation rate of pCS(N) was calculated by the
ratio of colony number. Meanwhile, the pCS(N) plasmid
about 200 ng was also transferred into AaceA::kan, diluted
and plated on both LBB solid medium and LBBC solid
medium. After about 36 h, the colonies on the solid medium
were counted, and the lethality of pCS(N) to C. glutamicum
containing kan gene in the chromosome could be calculated
by the following formula.

cfu(AaceA :: kan/pCS (N)); ppe

Fu (Aaced - G (N Fu(SNOL/pCS(N) s
cfu(AaceA :: kan/pCS (N)) pp * ’[,/”“ (SA\'uer(‘S(A\'))’LZ:;

Fatalityrate =1 —

4-HIL fermentation

4-HIL producing strains were preconditioned in a 500-mL
shake flask with 40 mL seed medium (25 g/L C4H,04-H,O,
0.5 g/L (NH,),S0O,, 40 g/L corn steep liquor, 1 g/L KH,PO,,
0.5 g/L MgSO,, and 1.25 g/L urea) at 30 °C and 200 rpm for
16 h. For fermentation, strains were cultured in a 500-mL
flask with 30 mL optimized fermentation medium (140 g/L
C¢H,,04H,0, 30 g/L (NH,),SO,, 10 g/L corn steep liquor,
1 g/L KH,PO,, 0.75 g/L MgSO,, 1.5 g/L FeSO,-7H,0, and
20 g/L CaCO;) at 30 °C and 200 rpm for 144 h. Every 24 h,
1 mL fermentation broth was taken to measure the cell den-
sity, pH, residual glucose, and amino acid concentration by
the methods described previously (Shi et al. 2019).

Results
SacB editing system assisted by CRISPR-Cpf1

The workflow of CRISPR-Cpf1 assisted SacB editing sys-
tem designed here was shown in Fig. 1A. The process of
traditional SacB-mediated gene editing system applied in
C. glutamicum is to integrate the whole plasmid into the
genome through single-cross-over, and then to screen the
second-cross-over strains through counter selection by sacB,
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Fig. 1 Schematic overview of A
SacB editing system assisted

by CRISPR-Cpfl. A Process of
CRISPR-Cpfl-assisted editing
system and traditional SacB
editing system. B Lethality of
pCS(N) plasmids against strain
with kan gene on chromosome. C
Screening efficiency of tradi-
tional SacB editing system and
CRISPR-Cpfl assisted editing
system for second-cross-over
strain. pCS(N): temperature-sen-
sitive plasmid carrying CRISPR-
Cpfl system targeting kan gene,
SUC: only sucrose was used for
screening in traditional system;
SUC + CPL: after enrichment
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which is the lethal gene in the presence of sucrose. How-
ever, the high spontaneous inactivation rate of sacB gene as
a counter selection marker leads to a high false positive rate
of gene editing results (Tan et al. 2012). Because there is no
NHEJ in C. glutamicum (Resende et al. 2011), DSB formed
by CRISPR system targeting genome sequence is fatal to C.
glutamicum. Therefore, the screening efficiency of positive
bacteria can be improved by introducing CRISPR system to
kill the single-cross-over strains remained abundantly after
the second-cross-over events and sucrose-resistant screen-
ing. Compared with Cas protein, Cpfl protein has attracted
much attention because of its low toxicity and low miss tar-
get rate (Jiang et al. 2017; Zhang et al. 2019). Therefore,

CRISPR-Cpfl was selected as the screening tool in this
study. pJYS3 is the all-in-one CRISPR-Cpfl plasmid for
large gene deletions and insertions (Jiang et al. 2017). Here,
the chloramphenicol resistant marker was used to replace
the original kanamycin resistant marker of pJYS3 to avoid
conflict with the resistant marker (kanamycin) in pK18mob-
sacB. In addition, we constructed three pCS series plasmids
with Cpfl expression box and sgRNA targeting the front,
middle, and back parts of kan gene of the pK18mobsacB
plasmid skeleton.

In order to detect the screening efficiency of pCS, the
kanamycin resistant marker was integrated into the aceA
site of C. glutamicum SNOI. Different pCS(N) plasmids
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were transferred into SNO1AaceA::kan to determine their
lethality. Test results showed that the lethal rate of pCS(N)
to bacteria carrying kan cassette was above 94.2%, with
pCS(1) up to 98.6% (Fig. 1B), suggesting the feasibility
of pCS for screening. To test the efficacy of the pCS(N)
plasmid for screening out second-cross-over strains and to
increase the supply of 0-KG in 4-HIL production (Fig. 2),
the pK18mobsacB-P;,zyc-0dhA plasmid was constructed
for replacing the promoter of odhA with Ile attenuator
P.eve- Next, pK18mobsacB-P;;,pyc~0dhA was transferred
into SNOI to obtain single-cross-over strains. The verified
single-cross-over strains were incubated in LBBS liquid
medium for about 24 h, then the second-cross-over strains
were screened by two protocols. One is the traditional pro-
tocol that screened the second-cross-over strains directly on
LBBS agar medium. The other is newly developed protocol
that transformed with pCS(N) and then screened the sec-
ond-cross-over strains on LBBC medium. Finally, the SC00
strain with the odhA promoter replaced by the P, zyvc Was
obtained through PCR verification. The results showed that
for editing P, ,::P;ane in SNO1, when traditional proto-
col was used for screening, the probability of the second-
cross-over strains in all the verified colonies was only 5%
(1/20), while when the pCS(1), pCS(2), and pCS(3)-assisted
novel method was applied for screening, the probability of

Fig. 2 The de novo biosynthetic glucose
pathway and metabolic engi- !
neering strategies of 4-HIL in I
recombinant C. glutamicum ssp. v
lactofermentum SNO1. Black
crosses indicate gene deletion,
green fonts indicate gene down-
regulation, and red font indicates
gene up-regulation
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the second-cross-over strains in all the verified colonies was
100% (20/20), 95% (19/20), and 95% (19/20), respectively
(Fig. 1C). This indicated that pCS plasmid could greatly
improve the screening efficiency of the second-cross-over
events. In addition, when the single-cross-over strains were
cultured in LBB liquid medium without sucrose instead of
in LBBS medium, then pCS(N) plasmid was transferred
into this culture for assisting the screening of the naturally
generated second-cross-over strains, the number of colonies
on LBBC agar medium was less than 5, greatly lower than
that cultured in LBBS medium (about 40 colonies). This
indicated that preculturing the single-cross-over strains in
medium containing sucrose could enrich the second-cross-
over strains.

Integration of ido™ at IdhA - pyk2 locus

Lactate dehydrogenase (encoded by /dhA) and pyruvate
kinase 2 (encoded by pyk2) are involved in the metabolism of
pyruvate (Fig. 2). The deletion of /dhA and pyk2 can reduce
the formation of pyruvate-derived by-products and increase
the carbon flow of 4-HIL synthesis (Shi et al. 2020; Zhang
et al. 2018). The Thr176Cys mutation which introduces a
disulfide bond in IDO can improve the thermal stability and
enzyme activity of IDO (Qiao et al. 2019). In addition, in
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order to verify the production of 4-HIL with chromosomal
integrated ido, this mutant ido (ido™) was integrated into the
ldhA-pyk2 locus of SCO0 in four different expression pat-
terns (Fig. 3A). In the first pattern, the Ile-induced promoter
P,,.7eD5 was used to dynamically regulate the expression
of ido™ and the open reading frame (ORF) of IdhA-pyk2 was
replaced by P,,, zD5-ido™ expression cassette, resulting in
SCO1 strain. In the other three patterns, the endogenous pro-
moter P, , was used to control the expression of ido™. First,
to form a bicistronic structure (Sun et al. 2020), the first
63 bp of IdhA gene was retained and linked with RBS-ido™
(recorded as dc-ido™), resulting in SC02 strain. Second,
the entire ORF of /dhA was retained and connected with
RBS-ido™ by a linker, resulting in SC03 strain. At last, P, ,
was directly connected with ido™, resulting in SC04 strain.
Before comparing these four strains, SC-pIM carrying the
P,,,eN-ido™ expression plasmid pIL-pI™ was tested for
identify the best P, -zN-ido™ expression cassette. Plasmids
pIL- M were constructed by inserting the Py, zzN-ido™
expression cassette into pJY W-4, an expression vector of C.
glutamicum. The Ile-inducible promoters P,,,zzN include
natural P, -0 and modified Py, zz1, Pp..r55, PpmreDS5,
Pynrels Pomee9, and Py, o213 with varied strength (Lai et
al. 2022; Tan et al. 2020).

Among 7 SC-p ™ strains, SC-ppsI™ carrying the
P, zeD5-controlled ido™ exhibited the highest 4-HIL
titer of 140.9+ 11.5 mM (Fig. 3B), thereby P, -zD5-ido™

expression cassette was selected to replace the ldhA-pyk2
ORFs of SCO0 in the first integration pattern. The 4-HIL
fermentation of the idoM-integrated four strains in shake
flask showed that after replacing the promoter of odhAwith
P.znc and integrating ido at IdhA-pyk2 locus, the final OD
of these strains was slightly lower than that of SC-ypsI™, but
their glucose consumption was basically the same (Fig. 3C).
Unfortunately, the single copy integration of ido™ did not
completely convert Ile into 4-HIL, in which the highest titer
found in SCO1 was only 14.8 + 1.1 mM, which was 10.5% of
that of the control strain SC-1psI™, and 170.1 +40.6 mM of
Ile was remained (Fig. 3D). While the 4-HIL titer of SC02—
SC04 with ido™ controlled by P, , was only about 2.0 mM,
and 143.2-158.0 mM Ile was remained. Compared with
SC-1psI™, the Ala accumulation of SC01-SC04 decreased,
with that of SC02 decreased by 27.7%. Fortunately, the total
titer of L-aspartate (Asp)-family amino acids [L-threonine
(Thr), Ile, Lys, and 4-HIL] increased by 37.7%, 18.4%,
15.3%, and 11.9% in SCO1, SC02, SC03, and SC04, respec-
tively, indicating that the deletion of /dhA4 did increase the
carbon flux of Asp-family amino acids synthesis. At the
same time, the accumulation of Lys (34.8+10.9 mM) in
SCO1 also increased by 9.0%, which is not conducive to
the production of 4-HIL. Therefore, as Lys synthesis is a
competitive pathway of 4-HIL synthesis, the weakening of
genes related to Lys synthesis should be beneficial to the
synthesis of 4-HIL.

Fig. 3 Integration of ido™ at A B
ldhA-pyk2 locus. A Different pat- s
terns of ido™ integration at IdhA- JdhA-L Py ecD5-RBS-idotrmBTer pyk2-R 1907 - EZAsCr
pyk2 locus. B 4-HIL and Tle titer scot  #— HE--— ] 1 ot
. & B2 SCrl
of SC- ™. C Cell growth (solid 120 NV 0
. . —~ | % 5
lines) and glucose consumption IdhA-L  RBS-idoV-rmBTer pyk2-R % = N . B sc-,
(dotted lines) of SCO1-SC04. D sco2 /i LR " =100 N % :ISC-rgIMM
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scos —Ill —! HE.— L
7 Y
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Subtle regulation of lysE expression

The coding product of IysE is the exporter of Lys. Our recent
research on 4-HIL synthesis showed that the deletion of lysE
successfully reduced the accumulation of Lys by 66.7%,
but it also reduced 4-HIL titer by 14% (Chen et al. 2022).
Therefore, selecting a promoter with appropriate intensity to
weaken lysE expression may be suitable for simultaneously
reducing the accumulation of Lys and increasing the titer of
4-HIL (Fig. 2). P,,,, exhibits different intensity after point
mutation (Vasicova et al. 1999), and the application of these
mutant P, ,_, promoters have been proved in a variety
of gene regulation examples (Xu et al. 2019). So here, the
promoter of /ysE on chromosome was replaced by several
Piapa—n promoters, i.e. Py,s g2z Pugpspe Pagpa—ciz» and
P upa—cs using CRISPR-Cpfl-assisted gene editing system
to obtain strains SC05-SCOS.

SC05-SCO08 were fermented in shake flask. SC06 grew
at a lower rate than SCO1, while SC05 grew at a rate com-
parable to SCO1, and SC07 and SCOS8 grew at a higher rate
than SCO1 (Fig. 4A). The glucose consumption rate of SC05
and SC06 were slightly slower than SCO1 and other strains
(Fig. 4A). Meanwhile, compared with SCO1, the Lys accu-
mulation of SC05-SC08 (13.1+1.3 mM, 12.7+0.6 mM,
23.1+0.8 mM, and 28.7+ 1.0 mM) decreased by 62.4%,

@ Springer
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63.4%, 33.2%, and 17.4%, respectively (Fig. 4B), which
indicated that the weakening of lysE expression was ben-
eficial to reduce the accumulation of Lys. In addition, the
4-HIL titer of SC05 and SC06 (12.4+ 1.0 mM and 7.9+0.3
mM) decreased by 16.2% and 46.6%, while the 4-HIL titer
of SC07 and SCO08 (15.9+0.9 mM and 15.2+0.4 mM)
increased slightly by 7.4% and 2.7%, respectively (Fig. 4B).
Unfortunately, although both SC07 and SC08 have achieved
the expectation of reducing Lys accumulation and increas-
ing 4-HIL titer, a large amount of Ile (152.3 +3.4 mM and
169.7 £ 6.2 mM) was still remained in SC07 and SC08 and
was not converted into 4-HIL. Therefore, plasmid pIL-ypsI™
overexpressing P, -zD5-controlled ido™ was transformed
into SC00, SCO1, and SC05-SCO08, generating the strains
SC00-1ps™, SCO1-1psI™ and SCOS5-1psI™ —SCO8-1psT™.
SC00-1ps™, SCO1-1psI™, and SCOS5-1psM-SCO8-1psI™
were fermented in shake flask. The growth rate of these
strains was similar to that of SC-ypsI™ (Fig. 5A). Except
for SCO5-1psI™, which still did not consume glucose com-
pletely at the end of fermentation, other strains consumed
all glucose at 96 h (Fig. 5A). After transformed with the
expression plasmid carrying P,,, -zD5-ido™, the remaining
Ile in SC00, SCO1, and SC05-SCO8 was completely con-
verted to 4-HIL (Fig. 5B). Unfortunately, compared with
SC-1psI™, the 4-HIL production of these genome-edited
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strains carrying pIL-rpsI™ was decreased to different
extents, with that of SC00-psI™ (114.5+12.2 mM) and
SCO1-ps™ (137.0+33.9 mM) decreased by 18.7% and
2.8%, respectively, while the 4-HIL titer of lysE-weak-
ening strains decreased more significantly, with that of
SC06-1ps™ (67.2+21.8 mM) decreased by 47.7% and
that of SCO8-;psI™ (114.1+£29.9 mM) decreased by 19.0%
(Fig. 5B). Meanwhile, the Lys accumulation of SC00-sI™
(35.4 +4.4 mM) and SCO1-1psI™ (39.3 +4.5 mM) increased
by 11.1% and 23.4% respectively compared with SC-1psI™,
while that of /ysE-weakening strains decreased by 16.4—
64.5% compared with SCO1-rpsI™. Among these strains,
SCO5-1psI™ accumulated the least Lys, which was only
14.0+1.1 mM (Fig. 5B).

Compared to SC-ppsI™, SCOI-1psI™ showed a 2.7%
increase in total Asp-family amino acids titer, a 2.8%
decrease in 4-HIL titer, and a 23.4% increase in Lys accu-
mulation. Lys is synthesized in C. glutamicum via a split
pathway, whereas the succinylase branch works as the main
pathway (Sonntag et al. 1993; Zhang et al. 2020), and the
synthesis of Lys from Asp through this branch requires nine
steps. Therefore, the increase of Lys titer in SCO1-psI™
would consume a large amount of carbon flux, thus reduc-
ing the carbon flux toward the 4-HIL synthesis. When the
expression of lysE was weakened by promoter replace-
ment, although the accumulation of Lys did decrease, the
titer of 4-HIL did not increase, but instead, the accumula-
tion of other by-products increased. The accumulation of
L-glutamic acid increased from 1.7+1.6 mM to 3.2-57.2
mM, the accumulation of Ala increased by 33.9-142.4%,
and finally the total amount of Asp-family amino acids
decreased by 17.0-54.1% (Fig. 5B).

Discussion

For the suicide plasmid mediated traditional genome edit-
ing methods used in C. glutamicum, the frequent occur-
rence of false positive colonies and the low probability of
second-cross-over events limit their editing efficiency (Tan
et al. 2012). CRISPR system is a new type of gene editing
system, in which Cas9 or Cpfl protein binds to the target
sequence under the guidance of sgRNA to form DSB, and
does not break the repaired sequence generated through
homologous recombination, thereby achieving gene editing
in C. glutamicum. The CRISPR-based system looks attrac-
tive because it ensures efficient, fast, and multiple genome
editing, and theoretically produces only positive transfor-
mants. However, high expression of Cas9 may lead to the
lack of transformants due to its lethality, and low expression
of Cas9 may lead to the survival of false positive bacteria
(Peng et al. 2017). In addition, the expression of Cas9 may

cause a high mutation rate during replication, resulting in
the nonsense mutation, insertion, knockout, and even com-
plete deletion of cas9 genes from the plasmid, thereby make
the editing failure. Furthermore, the gene editing plasmids
with different sgRNA and homologous repair templates
must be reconstructed for editing at different sites or with
different purpose, and sometimes no suitable PAM sequence
can be selected for editing small fragments. In order to
avoid tedious reconstruction of different CRISPR editing
plasmids and to obtain an efficient and universal editing
system, we combined the traditional SacB-based genome
editing system with CRISPR-Cpfl counter selection system
to establish a CRISPR-Cpfl-assisted SacB gene editing sys-
tem. The new universal pCS plasmid expresses relatively
low toxic cpfl (Jiang et al. 2017) and targets kan gene of
SacB system, thus can be used directly and repetitively for
each editing event. Most importantly, the application of pCS
greatly improved the screening efficiency of second-cross-
over strains in SacB system (Fig. 1C, > 95% vs. 5%), which
was of great significance to improve the efficiency of gene
editing in C. glutamicum.

In the process of using this CRISPR-Cpfl-assisted gene
editing system, both SacB and CRISPR-Cpfl function as
counter selection markers for making only the second-
cross-over strains survive, so the second-cross-over strains
can also be selected by using pCS directly in theory. How-
ever, when only pCS plasmid was used for counter selection
and cells were cultured in LBB but not LBBS medium, only
5 colonies were obtained on LBBC plate, much less than
that obtained from selection via both pCS and SacB (about
40 colonies), so SacB also played a role in enriching sec-
ond-cross-over bacteria in our new editing system. Selec-
tion via both CRISPR-Cpf1 and SacB ensures the survival
of only second-cross-over strains. In addition, our CRISPR-
Cpfl-assisted gene editing system has certain advantages
compared with CRISPR-Cpfl system. As pCS plasmid is
a universal screening tool, so there is no need to design dif-
ferent sgRNA for different editing requirement and pCS can
be used directly for each editing. The disadvantage of our
CRISPR-Cpfl-assisted gene editing system is that the edit-
ing is based on two rounds of homologous recombination
via pK18mobsacB plasmid and an extra counter selection
via pCS(N) plasmid, so it will take more steps to edit, but
the greatly increased screening efficiency of true-positive
second-cross-over strains may instead save time on repeti-
tive verification. Compared to this tool with high screening
efficiency, tools with high overall editing efficiency would
be more preferable for genome editing in C. glutamicum. To
further improve the efficiency of recombination, recT gene
can be introduced into our editing system in future.

When integrating ido™ at IdhA-pyk2 locus, P, was
used to control the expression of ido™. The fermentation
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results showed that the 4-HIL titer of SC02-SC04 with
ido™ under P, was much lower than that of SCO1 with
ido™ under P,,, D5 (Fig. 3D). The ido™ transcription lev-
els of SCO1-SC04 at 16 and 60 h were analyzed (Fig. 6A).
The results showed that at 16 h, only the ido™ transcription
level of SC03 was higher than that of SC01, while the ido™
transcription level of SC02 and SC04 were lower than that
of SCO1. The difference between SC03 and SC02 or SC04
was that the IdhA was retained in SCO03, so lactic acid could
be still synthesized in SCO03. It has been reported that lactic
acid can activate P, (Toyoda and Inui 2021). However,
at 60 h, the ido™ transcription level of SC02-SC04 was
significantly lower than that of SCO1. The great decrease
of ido™ transcription level in SC03 may be due to the con-
sumption of lactic acid at stationary phase (Shi et al. 2020)
and the resulting decrease of P, intensity. To sum up, in
the presence of lactic acid, Py, did have a high strength,
even higher than P, -zD5, but along with the consumption
of lactic acid, the strength of P,;;, , decreased greatly, thereby
P4 Was not suitable for expressing ido™.

By transferring the expression plasmid carrying
P,,,zD5-ido™ into the genome edited strains, the excess Ile
was converted to 4-HIL completely (Fig. 5B). This indicates
that expression of exogenous genes by plasmids is indeed
more effective than expression in chromosome, but expres-
sion on plasmids is unstable and existence of plasmids must
be ensured by antibiotics. However, the use of related anti-
biotics increases production costs and product purification
costs. The stable expression of exogenous genes on chro-
mosomes is the inevitable trend of commercial production,
but the single-copy integration of ido™ can not completely
convert lle into 4-HIL (Figs. 3D and 4B), so homologous
integration of ido™ at multi-copy locus of C. glutamicum or
multi-copy integration strategy using transposases (Li et al.
2021) shall be explored in the future.

The promoter replacement of lysE failed to achieve
simultaneous decrease in Lys accumulation and increase in
4-HIL titer (Figs. 4B and 5B). The reason for this may be
as follows. Although many P, ,_ promoters with different
strengths have been explored, the modified weak promoters

Fig. 6 Transcriptional changes of A
related genes after editing. A Rel-

w
o

are all relatively too weak (Vasicova et al. 1999), and the
lysE transcription levels of SC05-SCO08 at 16 h were all
less than 10% of that of SCO1 (Fig. 6B), so the substitution
of Py, with these weak P, ,_y promoters resembles the
effect of lysE knockout (Chen et al. 2022). Therefore, other
weak promoters such as series of synthetic promoters (Ryt-
ter et al. 2014; Shen et al. 2017; Yim et al. 2013) or regula-
tion of other genes related to the Lys synthetic pathway can
also be considered. Recently, Lys content was decreased by
about 70% via negative regulation of dapA by a Lys-OFF
riboswitch (Lai et al. 2022), suggesting that dynamic down-
regulation of Lys synthesis may be a more effective strategy
for reducing Lys content. The difficulty for statically attenu-
ating Lys synthesis is probably because that D,L.-diaminopi-
melic acid, an intermediate metabolite of Lys biosynthetic
pathway, is important for cell growth and peptidoglycan
synthesis (Hochheim et al. 2017; Hutton et al. 2007; Weh-
rmann et al. 1998). In addition to dynamic regulation of
dapA expression and Lys synthesis by Lys-OFF riboswitch,
synergistically dynamic regulation of Ile synthesis by con-
trolling ilv4 with P,y and conversion of Ile to 4-HIL by
controlling idoV with various Lrp-P,,, N prevented Ile (as
the substrate and inhibitor of IDO) from excessively accu-
mulating and coordinated the 4-HIL synthetic pathway,
thereby successfullly increased the 4-HIL titer of one of 6
strains to more than 170 mM (Lai et al. 2022). This sug-
gests that dynamic regulation of precursor supply, product
conversion, and by-product generation by multi-biosensors
may be beneficial to improve strain performance for 4-HIL
production. However, dynamic regulation by most biosen-
sors was performed in plasmid (Lai et al. 2022), only the
regulation of P,,,, by Lys-OFF riboswitch was edited in
chromosome. In particular, it took us half a year for editing
P yupa::P gapa~Lys-OFF riboswitch by traditional SacB editing
system. The novel CRISPR-Cpfl-assisted gene editing tool
explored here may help us improve the editing efficiency in
C. glutamicum.
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Conclusion

In this study, we designed a pCS plasmid harboring
CRISPR-Cpfl and targeting kan gene. It greatly improved
the screening efficiency of the second-cross-over strains in
SacB system from 5% to over 95%. Then we applied this
novel editing system to integrate ido™ at IdhA-pyk2 locus
in 4 manners, and obtained SCO1 strain with 4-HIL titer of
14.8+ 1.1 mM. We further applied this system to replace
Py with 4 weak P, promoters of different intensities
and reduced the accumulation of Lys to different degrees.
Thereby, this system is a useful tool for efficient gene edit-
ing in C. glutamicum.
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