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ABSTRACT

Protein evolution has significantly enhanced the de-
velopment of life science. However, it is difficult to
achieve in vitro evolution of some special proteins
because of difficulties with heterologous expression,
purification, and function detection. To achieve pro-
tein evolution via in situ mutation in vivo, we devel-
oped a base editor by fusing nCas with a cytidine
deaminase in Bacillus subtilis through genome in-
tegration. The base editor introduced a cytidine-to-
thymidine mutation of approximately 100% across a
5 nt editable window, which was much higher than
those of other base editors. The editable window
was expanded to 8 nt by extending the length of
sgRNA, and conversion efficiency could be regulated
by changing culture conditions, which was suitable
for constructing a mutant protein library efficiently in
vivo. As proof-of-concept, the Sec-translocase com-
plex and bacitracin-resistance-related protein BceB
were successfully evolved in vivo using the base
editor. A Sec mutant with 3.6-fold translocation effi-
ciency and the BceB mutants with different sensitiv-
ity to bacitracin were obtained. As the construction
of the base editor does not rely on any additional or
host-dependent factors, such base editors (BEs) may
be readily constructed and applicable to a wide range
of bacteria for protein evolution via in situ mutation.
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INTRODUCTION

Protein evolution is one of the most important research top-
ics in protein engineering, significantly enhancing the devel-
opment of life sciences. It usually requires multisite muta-
tions (1-3). For example, protein directed evolution requires
multiple mutants by error-prone PCR, or chemical or phys-
ical mutagenesis, to construct a mutant library. Then, the
desired mutants need to be screened and isolated from the
library. Though error-prone PCR can perform protein evo-
lution in vitro, this framework is difficult to use for some
special proteins, such as membrane, toxic, labile proteins,
and protein complex, because of the difficulty with their het-
erologous expression, purification and function detection.
Moreover, protein complexes exhibit functions in the en-
tirety of a system (4), with the function of each protein be-
ing undetectable in vitro. Therefore, a framework is required
for protein evolution through in situ mutation in vivo. The
rapid development of genome editors makes the framework
construction possible.

A genome editor based on CRISPR-Cas system has been
widely used to engineer gene sequences (5-9). Widely used
Cas proteins are Cas9 (10) and Casl2a (11). For these sys-
tems, the Cas proteins with specific gRNA are first guided
to a target loci by recognizing a protospacer adjacent mo-
tif (PAM), after which the genomic DNA is cut at the
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locus to produce a double-strand break (DSB) (12). The
cells repair the DSB through heterologous homology-
directed repair (HDR) or endogenous non-homologous end
joining (NHEJ) to survive (13-15). Based on the CRISPR-
Cas system, a new genome editor named base editor (BE)
was recently developed. The BE was designed by fusing
Cas9 variants with cytidine deaminase (CDA) or adenine
deaminase (ADA) to edit genes at the single nucleotide level
(16-18). Cas9 variants, which mainly include Cas9 nick-
ase (D10A, usually denoted nCas9) and catalytically in-
active Cas9 (D10A/H840A, usually denoted dCas9), fuse
with deaminases to induce C:G to T:A or A:T to G:C con-
version (19). Numerous tools derived from BEs have been
successfully applied in gene insertions, gene deletions, and
point mutations in various bacterial (20-24), mammalian
(25-27) and plant cells (28-30). Due to the diverse genome
environments in diverse cells and host-dependent factors of
some tools, one tool is usually applied for one kind of cell. In
addition, the tools also displayed significantly different con-
version efficiency even in one kind of cell because of the dif-
ferent expression version and construction strategy (31,32).
No matter how to use these tools, a BE with high stability
and high conversion efficiency is expected.

Here, we developed a highly efficient BE named
CRISPR-CDA-nCas9-UGI in Bacillus subtilis employing
nCas9 and a cytosine deaminase through genome integra-
tion. The BE induced a cytidine-to-thymidine mutation of
approximately 100% in an editable window, much higher
than that of other BEs. The editable window and conversion
efficiency could be easily adjusted, which was suitable for
constructing a mutant protein library efficiently. As proof-
of-concept, the Sec-translocase complex, a membrane pro-
tein complex involved in protein transportation in B. sub-
tilis, was successfully evolved in vivo. Based on the evolved
Sec-translocase complex, a host cell with a 3.6-fold translo-
cation efficiency was obtained. Additionally, a membrane
protein, bacitracin resistance related protein (BceB) in B.
subtilis was also successfully evolved in vivo, and two mu-
tants with high and low resistance capacity to bacitracin
were isolated, respectively. As the construction of the base
editor does not rely on any additional or host-dependent
factors, such BEs may be readily constructed and applica-
ble to a wide range of bacteria for protein evolution via in
situ mutation, especially applicable to membrane, toxic, la-
bile proteins, and protein complex.

MATERIALS AND METHODS
Bacterial strains, media and growth conditions

The strains used in this study are described in Supplemen-
tary Table S1. The Escherichia coli JM109 strains (Gen-
eral Biosystems, China) were used as the host for plas-
mid propagation. E. coli strains were grown aerobically at
37°Cin Luria—Bertani (LB) liquid medium (10 g/1 tryptone,
5 g/l yeast extract, 10 g/l NaCl, pH 7.0) or on LB-agar
plates supplemented with ampicillin (100 pg/ml) or specti-
nomycin (50 pwg/ml) when necessary. B. subtilis 168 strains
were cultivated in LB liquid medium or LB solid medium
supplemented with spectinomycin (50 wg/ml), chloram-
phenicol (5 pg/ml), kanamycin (50 wg/ml), and tetracy-
cline (15 pwg/ml). For antimicrobial assays, B. subtilis 168
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strain and mutants were cultivated in LB-agar plates sup-
plemented with 0.2 mg/ml or 2 mg/ml bacitracin.

DNA manipulation

The primers used for gene cloning are listed in Supplemen-
tary Table S2. The plasmids used in this study are listed in
Supplementary Table S3. PCR and DNA digestion were
performed according to the manufacturer’s instructions.
Two or more DNA fragments were ligated using the Seam-
less Cloning Kit (purchased from General Biosystems (An-
hui) Co., Ltd.). E. coli IM109 was transformed by standard
chemical transformation. B. subtilis was transformed by the
modified Spizizen’s transformation method (33). A marker-
free genome editing approach was used to perform gene
overexpression in B. subtilis as previously reported (34).

Design of sgRNAs

The general sgRNAs were designed based on a previous
study (35) via online software (http://chopchop.cbu.uib.no/)
(36). The 3'-terminal extended sgR NAs for the target region
(N20) were designed by gradually adding the corresponding
base. The artificial stem loop was designed via RNAfold
(37). The relevant sgRNA sequences are listed in Supple-
mentary Table S4.

Plasmids construction

The targeting plasmid pHY300PLK (kindly provided as a
gift from Prof. Guimin Zhang from Hubei University) was
used as the backbone to construct the sgRNA-expression
vectors (38). The plasmid pHY-ECBE harbouring sigFE-
targeting sgRNAs was constructed by reverse PCR (rPCR)
using prime pHY-ECBE-F/pHY-ECBE-R.

To integrate the dCas9 or nCas9 and cytosine deaminase
(CDA) fusion into the genome of B. subtilis, plasmids pAX-
nCas9 and pAX-dCas9 were constructed by the insertion of
nCas9 and dCas9 downstream of the xylose-inducible pro-
moter Py14 on the integration plasmid pAXO01, respectively.
Accordingly, pAX-nCas9, pAX-dCas9, and CDA (synthe-
sized by GENEWIZ, Inc. SuZhou, China) were amplified
using primers n-CDA-b-F/n-CDA-b-R (used by both frag-
ments) and n-CDA-F/n-CDA-R. The PCR product of the
CDA fragment was then assembled to each of the two
linearized plasmids using the Gibson assembly method,
yielding two plasmids, pAX-CDA-nCas9 and pAX-CDA-
dCas9, harbouring a CDA-dCas9 fusion with a 6aa protein
linker between them.

To improve the mutation rate, uracil DNA glycosylase
inhibitor (UGI) from bacteriophage PBS2 (39) was intro-
duced into pAX-CDA-nCas9, placed at the C-terminus of
the CDA-6aa-nCas9 fusion using Gibson assembly, yield-
ing pAX-CDA-nCas9-UGI.

The plasmid pADI123 was used as a template to con-
struct sgRNA targeting secY for single editing. Plasmids
targeting different positions of secY were constructed by
reverse PCR using the primers pHY-TI1-F/pHY-T1-R,
pHY-T2-F/pHY-T2-R and pHY-T3-F/pHY-T3-R, yield-
ing pAD-secYT1, pAD-secYT2 and pAD-secYT3, respec-
tively. Then, sgRNA targeting secY(T1), secY(T2), and
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secY(T3) were separately cloned into the integration vec-
tor pDGT-GFP (38) using primers pDG-T1-F/pDG-T1-R,
pDG-T2-F/pDG-T2-R and pDG-T3-F/pDG-T3-R, pro-
ducing pDG-T1, pDG-T2 and pDG-T3, respectively.

To construct a multiplex base editing system for the mod-
ification of the SecYEG complex, plasmid pADI123 (35)
was used as the donor vector for the expression of sgRNA
driven by a strong constitutive promoter P.s. Using the
pAD123, the plasmids pAD-TO0, pAD-T3, pAD-secE, and
pAD-secG that harboured sgRNAs targeting secY (TO),
secY (T3), secE (ET) and secG (GT), respectively, were gen-
erated by reverse PCR using primers secYTO-F/secYTO-R,
secYT3-F/secYT3-R, secEET-F/secEET-R and secGGT-
F/secGGT-R, respectively.

The pDGT-GFP was used as the backbone to construct
plasmids harbouring sgRNAs for multiplex base editing.
To generate dual-editing plasmids targeting secY and secE,
pDG-TOET harbouring sgRNAs targeting secY(T0) and
secE(ET) sites were constructed using primers secY-Go-
dual-F/secY-Go-dual-R, secE-Go-dual-F/secE-Go-dual-
R, and secYE-Go-b-F/secYE-Go-b-R. Similarly, pDG-
T3ET harbouring sgRNAs secY(T3) and secE(ET) were
constructed to target secY(T3) and secE(ET) sites using the
same primers as above.

Triple-editing plasmids pDG-TOETGT and pDG-
T3ETGT were constructed using pDGT-GFP-Ampy,
as the backbone. The backbone was first linearized
by PCR using primers secYE-Go-b-F/secYE-Go-b-R.
The three fragments of sgRNAs harbouring secY(TO0),
secE(ET), and secG(GT) were separately amplified using
primers secY-Go-dual-F/secY-Go-dual-R, secE-Go-dual-
F/secE-Go-tri-R, and secG-Go-tri-F/secE-Go-dual-R,
respectively. They were then ligated with the linearized
backbone by Golden Gate assembly, producing pDG-
TOETGT. Similarly, pDG-T3ETGT harbouring sgRNAs
secY(T3), secE(ET) and secG(GT) was constructed using
the same primers as above.

The construction of dual-editing plasmids (pDG-B3-
6, pDG-B4-5 and pDG-B1-8) and triple editing plasmids
(pDG-B3-6-9, pDG-B4-5-6 and pDG-B1-8-10) can refer to
the construction of pDG-TOET and pDG-TOETGT men-
tioned above.

Plasmid curing

Colonies confirmed by Sanger sequencing were inoculated
into LB media containing 0.005% sodium dodecyl sulfate
(SDS) without antibiotics, and incubated at 37°C, 200 rpm
for approximately 20 h for plasmid curing (40). Accordingly,
the culture was diluted and spread on LB plates without
antibiotics. Colonies were carefully picked up and dotted
at the same positions on two LB plates with and without
antibiotics. Antibiotic-sensitive colonies were picked and
propagated in 5 ml LB medium. Then, plasmid-free mutants
were further confirmed through sequencing.

Construction of a single-editing system

To construct a single-editing system, integration vector
pAX-CDA-nCas9-UGI (or pAX-CDA-nCas9) harbouring
fusion protein CDA-nCas9-UGI (or CDA-nCas9) trans-
formed into the genome of B. subtilis at the lacA site. For the

editing of sigFE, plasmid harbouring single sgRNA was in-
troduced into the CDA-nCas9-integrated host. For editing
secY, three sgRNAs randomly targeting different positions
on secY were designed. These sgRNAs harbored identical
crRNA scaffold (35) with 20-nt targeting sequence down-
stream. These sgRNAs were integrated into the amyFE site
of CDA-nCas9-UGI-integrated cells, respectively. After the
function of each mutant was determined, the same system
was reconstructed into a plasmid in order to eliminate the
system for construction of chassis cells. For bce B mutagen-
esis experiment, the same method was employed.

Construction of dual- and triple-editing systems

To construct dual-editing and triple-editing systems for the
Sec mutagenesis experiments, sgRNAs with 20 nt target-
ing secY (T3), secE (ET) and secG (GT) were differentially
combined, generating T3/ET, ET/GT and T3/ET/GT.
These different sgRNA combinations were integrated into
the amyE site of CDA-nCas9-UGI-integrated cells, respec-
tively. After the function of each mutant was determined,
specific sgRNA combinations were constructed into a plas-
mid (e.g. pHT-ETGT) in order to obtain powerful chassis
cells. The construction of multiplex gene editing system tar-
geting hce B was similar to Sec mutagenesis experiments.

DNA sequencing at the single-clone level and population level

Two methods of sequencing, single-clone and population-
level sequencing, were used to analyse the editing effi-
ciency of the BE. The colonies were randomly selected from
the LB-agar plates after induction by xylose regarding the
single-clone sequencing. Colony PCR was performed on the
selected colonies and the PCR products were sequenced to
verify the C-to-T conversion. The colonies were cultured for
approximately 10 h in a test tube containing 1% of xylose.
Then, the induced culture was used as templates to amplify
the position of the expected mutation by using customized
primer pairs. The PCR products were used for population
sequencing and the raw data were analysed by online soft-
ware (https://moriaritylab.shinyapps.io/editr_v10/) (41).

Detection of GFP by multi-functional microplate reader

To characterize the change of secretory performance, we
employed the medium and intracellular fluorescence inten-
sity (FI) ratio as the evaluation criteria to characterize the
change in secretory performance. B. subtilis with modified
and unmodified Sec pathways were transformed with pB-
Pyta-WapA-GFP harbouring a Sec-dependent signal pep-
tide WapA preceding the reporter gene GFP. The recom-
binant strains were cultured overnight and collected for
further analysis. Cells and media were separated via cen-
trifugation at 12,000 rpm for 10 min. The supernatant was
carefully absorbed and the cells were resuspended with the
corresponding volume of deionized water. The supernatant
and cell suspension (each 200 wl) were transferred into 96-
well black-walled plates and analysed using a PerkinElmer
EnSpire® 2300 Multimode Plate Reader (excitation at 495
nm and emission at 525 nm).
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Agar diffusion growth inhibition assay

The growth inhibition activity of bacitracin was determined
against mutant B. subtilis 168 (B9 and B10). Wild type B.
subtilis 168 strains were used as controls. Luria—Bertani
agar (add 0.75% agar and 1% Tween-20) was cooled to 42 °C
and seed with 1% overnight culture (approximately 103-10°
CFU ml ) of the indicator strains (wild type and mutant B.
subtilis 168). After agar solidification in a Petri dish, sam-
ples were applied to a small well created on the agar plates.
Assay samples were typically diluted to final concentrations
of 0.2 and 2 mg/ml. Plates were incubated at 4°C for 4 h for
pre-diffusion, then transfer the plates to 30°C for 14-16 h.
The resistance of different mutants to bacitracin was qual-
itatively determined by the size of a zone of growth inhibi-
tion.

Next-generation sequencing and off-target analysis

The culture of the base-edited cells was prepared. Approxi-
mately, 10° cells were used for extraction of genomic DNAs.
NEBNext Ultra DNA Library Prep Kit was used to con-
vert the amplicon into indexed libraries for Next-generation
sequencing (NGS) on the Illumina platform. Library con-
struction and sequencing were performed by GENEWIZ
(Suzhou, China). Approximately 20 000 000-30 000 000
reads per sample were analyzed. Base-substitution frequen-
cies were calculated by dividing base-substitution reads by
total reads. For NGS off-target analysis, off-target sites of
selected target loci were analyzed by Cas-OFFinder (42).
All similar sequences of selected target loci were chosen as
predicted off-target sites (Supplementary Table S6).

Statistical analysis

Statistical significance between two editing system was
assessed by comparing the mean values (+S.D.) using
Student’s ¢ test. P < 0.01 was considered significant
(**P < 0.01).

RESULTS
Construction of BEs via CRISPR-Cas9

To obtain a genome editor suitable for multisite mu-
tations with a high conversion efficiency, two versions
of a BE based on the CRISPR-Cas9 system were con-
structed in B. subtilis 168 (Figure 1A). The CDA from
Petromyzon marinus was fused at the N-terminal of dCas9
and nCas9 (CRISPR-CDA-dCas9 and CRISPR-CDA-
nCas9). The fused CRISPR-CDA-dCas9 and CRISPR-
CDA-nCas9 genes were specifically integrated into the lacA
locus of the B. subtilis 168 genome through the integration
vector pAX01. One of the sigma factors, sigE in B. sub-
tilis, was selected as the target protein for editing, and the
plasmid (pHY-ECBE) used for sgRNA expression target-
ing sigE was constructed using a strong promoter, P43 of
B. subtilis (Figure 1A). The pHY-ECBE was transformed
into B. subtilis 168 harbouring CRISPR-CDA-dCas9 and
CRISPR-CDA-nCas9 genes, yielding BS1-sigE and BS2-
sigE, respectively.
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Characterization of the BEs

The conversion efficiency of the two systems was tested af-
ter incubation and induction (Figure 1B). For BS1-sigE,
the culture was absorbed to perform PCR using customized
primer pairs and sequenced to detect the mutation efficiency
at the target loci. However, no base conversion was ob-
served in an editable window (Figure 1C). Conversely, high
conversion efficiency with a wide editing window was de-
tected in BS2-sigE (Figure 1C). The population sequenc-
ing results showed that base conversion occurred at four
sites; the conversion efficiency in C15, C16, C18, and C19
was 79%, 100%, 100% and 100%, respectively (Figure 1C).
These results demonstrated that the BE of CRISPR-CDA-
nCas9 has the potential for base editing in B. subtilis.

To certify the reliability of the CRISPR-CDA-nCas9 on
base editing, the conversion efficiency was verified at the
single-clone level. Theoretically, the custom sgRNA carries
the CDA-nCas9 fusion to the specific location, where deam-
ination occurs in an editable window. The culture of BS2-
sigE was diluted and spread onto a plate after incubation
and induction; 30 colonies were randomly selected and se-
quenced at the target loci (Figure 1B). As shown in Figure
1D, the four cytosine bases of C15, C16, C18 and C19 were
successfully converted to T with conversion efficiencies of
21/30, 29/30, 29/30 and 29/30, respectively. These results
demonstrated that CRISPR-CDA-nCas9 exhibited a higher
conversion efficiency with an editable window of 5 nt.

Effect of inducer concentration on conversion efficiency

Protein expression level may affect the conversion efficiency
of CRISPR-CDA-nCas9. Therefore, the relationship be-
tween the concentration of inducer and conversion effi-
ciency was tested. Four sgRNAs targeting different loci of
sigE were designed (Figure 2A), and plasmids containing
the four sgRNAs were transformed into B. subtilis harbour-
ing the CRISPR-CDA-nCas9 system, yielding BS3-sigE,
BS4-sigE, BSS5-sigE and BS6-sigE. These transformants
were induced by xylose with final concentrations of 0.1%,
0.2%, 0.5%, 1% and 2%. Population sequencing showed that
several sites with high conversion efficiency were not af-
fected by the high concentration of xylose. The conversion
efficiency in other sites increased as the xylose concentra-
tion increased, and usually, 1% of xylose was enough for
a high conversion efficiency (Figure 2B). Additionally, the
conversion efficiency of C15 in BS3-sigE and C20 in BS6-
sigE reached 90% and 80%, respectively (Figure 2B), indi-
cating that the BE had an editable window of at least a 6
nt. Moreover, the middle sites of the editable window exhib-
ited higher conversion efficiency, whereas the conversion ef-
ficiency of the sites in the two flanks of the editable window
was lower (Figure 2B). These variations might be attributed
to the genetic environment of the genome (43).

Improving the conversion efficiency and expanding the ed-
itable window of CRISPR-CDA-nCas9

It has been reported that extending the sgRNA targeting
region enables the expansion of the editing window (21,31).
To further expand the editable window of CRISPR-CDA-
nCas9, sgRNAs consisting of a 21, 22, 23, 24, 25 and 26 nt
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Figure 1. Construction and characterization of CRISPR-CDA-Cas9-mediated base editor system in B. subtilis. (A) Design and construction of CRISPR-
CDA-Cas9 mediating base editors. The fusion protein comprising nCas9/dCas9 and CDA under the control of xylose promoter Py 14 was integrated into
the lacA locus in B. subtilis. The repressor gene xy/R was constitutively expressed in the expression cassette. A strong constitutive promoter P43 controlled
the designed sgRNA. (B) Workflow for gene editing identification and verification at the single-clone level and population level in B. subtilis. (C) The editing
efficiency of CRISPR-CDA-dCas9 and CRISPR-CDA-nCas9 at sigF site. (D) Base conversion targeting sigFE at the single-clone level. Thirty colonies were
selected and subjected to gene sequencing and the conversion efficiency was calculated. The PAM sequence is blue, whereas the modified bases are red.

targeting sigFE were designed (Figure 3A). Compared with
a conventional 20 nt sgRNA, the conversion efficiency in-
creased on prolonging sgRNAs, with the highest conver-
sion efficiency occurring when the 21 and 22 nt sgRNAs
were used (Figure 3B). In addition, the C-to-T conversions
at C21 and C22 were not observed using 21- and 22-nt
sgRNA. Interestingly, sgRNAs in the length of 23 nt, 24
nt, 25 nt, and 26 nt expanded the editable window to 8
nt (Figure 3B). Especially, extending sgRNA from 23 nt
to 24 nt, 25 nt and 26 nt significantly increased the con-
version efficiency at C21 position (**P < 0.01, Student’s
t-test). These results suggest that extending the length of
sgRNA of the CRISPR-CDA-nCas9 presents a trend for
expanding the editable window and improves conversion
efficiency.

Moreover, a previous report has shown that an artificial
stem loop fused with the 3’ terminal of sgRNA could re-

cruit CDA-fused protein for base editing (44). According
to this result, an artificial stem loop was fused to the 3’ ter-
minal of a 20-nt sgRNA (Figure 3C). Sequencing results
showed that the conversion efficiency of C15, C16, C18 and
C19 was 87%, 100%, 100% and 100%, respectively (Figure
3D). Compared with a 20-nt sgRNA without an artificial
stem loop (70%, 100%, 100% and 100%, respectively), these
results indicate that the modification of sgRNA at the 3’
terminus improved the conversion efficiency of CRISPR-
CDA-nCas9.

UGTI can inhibit the reverse mutation of T to C (31).
To avoid the reverse mutation from reducing the conver-
sion efficiency of CRISPR-CDA-nCas9, UGI was fused
with the C-terminus of CDA-nCas9, resulting in CRISPR-
CDA-nCas9-UGI (Figure 3E). The conversion efficiency
of CRISPR-CDA-nCas9-UGI was detected. As shown in
Figure 3F, the conversion efficiency of C15, C16, C18, and
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C19 reached 97%, 100%, 100% and 100%, respectively, indi-
cating that upgrading the editor to CRISPR-CDA-nCas9-
UGTI enhanced the conversion efficiency.

Conversion efficiency for multi-genes of CRISPR-CDA-
nCas9-UGI

The CRISPR-CDA-nCas9-UGI achieved multisite muta-
tions in one gene. To test whether it could achieve base edit-
ing for multi-genes, the Sec-translocase complex from B.
subtilis was chosen as target proteins. These were SecY, SecE
and SecG on the outer-membrane (45). A series sgRNA tar-
geting double genes of secY and secE and a series sgRNA
targeting triple genes of secY, secE and secG were designed
(Supplementary Figure S1). To maintain the stable expres-
sion of sgRNAs, the two sgRNAs were integrated on the
amyE locus of the B. subtilis genome, harbouring CRISPR-
CDA-nCas9-UGI. After incubation and induction by 1%
xylose, PCR was performed using the mixed culture as a
template. The sequencing results for the double gene edit-
ing showed that the conversion efficiencies of C15 and C16
towards secY and that of C18 towards secE were 8%, 1%,

and 96%, respectively (Supplementary Figure S2). For the
triple gene editing, no C-to-T conversions occurred at either
C15 and C16 towards sec Y, and the conversion efficiency of
C18 for secE and C20, C17 and C16 for secG was 100%,
62%, 96% and 97%, respectively (Supplementary Figure
S2). Although the conversion efficiency was lowered by a
certain extent, these results suggest that CRISPR-CDA-
nCas9-UGI could be applied for base editing of multi-genes
at different sites.

Iteration was conducted to improve the conversion effi-
ciency of multiplex editing. The sequencing results showed
that the conversion efficiency of the second passage was sig-
nificantly higher than that of the first passage (Figure 4A),
especially for the low editing sites, C15and C16 (**P < 0.01,
Student’s #-test), indicating that iteration was a promising
way to enhance conversion efficiency for multiplex base
editing. Therefore, multiple iterations (up to eight passages)
were performed to further increase the conversion efficiency
at each editable site of secY, secE and secG. As shown in
Figure 4B and Supplementary Figure S3, the conversion ef-
ficiency of both double and triple gene editing significantly
increased.
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Sec-translocase evolution of B. subtilis by CRISPR-CDA-
nCas9-UGI

To test whether the CRISPR-CDA-nCas9-UGI was suit-
able for protein evolution by in situ mutation in vivo,
the Sec-translocase complex in B. subtilis was selected
as the target protein. As SecY serves as the export tun-
nel among the translocase complex, which directly influ-
ences the transporting function (46), three sgRNAs (T1,
T2 and T3) targeting secY were randomly designed (Fig-
ure SA). Furthermore, a series sgRNA (T3/ET) target-
ing double genes, secY and secE, and a series sgRNA
(T3/ET/GT) targeting triple genes, secY, secE and secG,
were designed for double and triple gene editing (Figure
5A). The designed sgRNAs were integrated on the amyE
locus of the B. subtilis genome harbouring CRISPR-CDA-
nCas9-UGI and yielded SecY(T1), SecY(T2), SecY(T3),
SecY/SecE(T3/ET) and SecY/SecE/SecG(T3/ET/GT),
respectively.

The five strains were incubated under different concen-
trations of xylose (0.1-1%) to obtain as many mutants as
possible for constructing a mutant library. Each strain was
randomly isolated under the induction of different concen-
trations of xylose from the mutant library and sequenced
(Supplementary Figure S4 and Supplementary Table S5).
GFP was used to test the performance of protein trans-
portation. Plasmid pB-Pga-WapA-GFP harbouring a Sec-
dependent signal peptide WapA preceding the reporter gene
GFP was transformed into each mutant. The supernatant
and cells were separately collected and the fluorescence ratio
of the supernatant to whole cell (FI**? /FI¢*!") was calculated
after incubation. Compared with the wild type, although
the transportation abilities of four mutants decreased,
one of the mutants, SecY /SecE/SecG(T3/ET/GT), exhib-
ited a 1.8-fold increase in transportation ability (Figure

5C). These results showed that the evolution of the Sec-
translocase complex in B. subtilis achieved in vivo mutants
by the BE of CRISPR-CDA-nCas9-UGI.

The mutant of SecY /SecE/SecG(T3/ET/GT) which in-
cluded two mutant sites in SecY(L55F/156F), one mu-
tant site in SecE (V36I), and two mutant sites in SecG
(A62T/V63I) (Table S5), exhibited a 1.8-fold increase in
transportation ability, while the mutant of SecY(T3) con-
taining the two same mutant sites in SecY(L55F/156F)
showed sharp reduce in transportation ability. These re-
sults indicated that transportation ability may be increased
by back mutation of LS5SS5F/IS6F in SecY. Therefore, a
BE constructed in a plasmid containing CDA-nCas9-UGI
genes and a series sgRNA (ET/GT) targeting genes of
secE and secG (Figure 5B), were used for mutant man-
ufacture of SecE(V36l)/SecG(A62T/V63I). After confir-
mation by sequencing, the plasmid used for base editing
was dispelled and the transportation ability of the mu-
tant was detected. As shown in Figure 5C, the mutant
of SecE(V361)/SecG(A62T/V631) exhibited a 3.6-fold in-
crease in transportation ability, which was significantly
higher than that of the wild-type (**P < 0.01, Student’s ¢-
test). These results demonstrated that the protein evolution
information caused by CRISPR-CDA-nCas9-UGI could
provide guidelines for powerful host cell obtaining through
protein engineering.

Evolution of Bacitracin-resistant protein (BceB) in B. subtilis
by CRISPR-CDA-nCas9-UGI

To further demonstrate the significant advantages of the
CRISPR-CDA-nCas9-UGI, a membrane protein, BceB
(coding by bceB), was selected as the target protein to
evolve. It is a primary bacitracin resistance determinant
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and also plays an important role in protecting cell wall
biosynthetic targets from inhibition by antimicrobial pep-
tides (47,48). A sgRNA library comprising of 10 sgRNAs
(B1-B10) was randomly designed and constructed to target
the different loci of bce B (Figure 6A). Each strain harbour-
ing a specific sgRNA was incubated under several condi-
tions to obtain as many mutants as possible for construct-
ing a mutant library. One clone of each strain was randomly
isolated from the mutant library, and bacitracin-resistance
analysis was carried out (Figure 6B). Compared with the
wild-type B. subtilis 168, mutant B9 exhibited higher resis-
tance to bacitracin, while mutant B10 exhibited higher sen-
sitivity to bacitracin (Figure 6B). These results show that the
mutants with different sensitivity to bacitracin were success-
fully obtained via in situ mutation. Sequence analysis of the
mutants B9 and B10 indicated that the bacitracin-resistance
sensitivity of bceB was related with amino acid residues of
G552, T624, A625 and L626 (Supplementary Table S95).
The successfully evolution of Sec-translocase complex in
B. subtilis demonstrated that CRISPR-CDA-nCas9-UGI
could be used for multi-genes editing simultaneously, to de-

tect whether multi-sites mutation on one gene could oc-
cur using the BE, a series sgRNA (three double sgRNAs
and three triple sgRNAs) targeting bceB gene were de-
signed, and integrated on the amyE locus of the B. sub-
tilis genome, harbouring CRISPR-CDA-nCas9-UGI. The
sequencing results showed that almost of the conversion ef-
ficiency of each strain was more than 80%, most of them
approached 100%, no matter double sgRNAs and triple
sgRNAs were used (Figure 6C-E). These results demon-
strate that CRISPR-CDA-nCas9-UGI could also edit mul-
tiple sites on one gene simultaneously.

Detection of off-target editing activity of CRISPR-CDA-
nCas9-UGI system

Off-target editing activity is one of the key factors for
gene editing (49). To characterize whether CRISPR-CDA-
nCas9-UGI system has potential off-target editing activity,
five sgRNAs were randomly selected for off-target editing
activity detection using Sec-translocase complex and BceB
as target proteins. The sgRNAs of B3, B4 and B10 were
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Figure 5. Evolution of the Sec-translocase in B. subtilis by CRISPR-
CDA-nCas9-UGI. (A) Selection of sgRNA targeting specific sites in secY,
secE and secG. Three sgRNAs (T1, T2 and T3) targeting SecY, a series
sgRNA (T3/ET) targeting double genes of secY and secE, and a series
sgRNA (T3/ET/GT) targeting triple genes of secY, secE and secG were
designed. (B) The BE constructed in a plasmid used for manufacture of
the mutant SecE(V361)/SecG(A62T/V631). (C) Comparison of the trans-
portation ability among the wild type Sec translocase and its mutants. Bars
represent the average transportation efficiency and error bars represent the
S.D. of three independent biological replicates. The asterisks indicate sig-
nificant editing based on a comparison between the experimental group
and control group (**P < 0.01, Student’s 7-test).

used for bceB gene editing, while ET, and GT were used
for Sec-translocase complex genes editing (Supplementary
Figure S5). Each selected sgRNA has some potential off-
target sites, which were predicted by Cas-OFFinder (Sup-
plementary Table S6 and Supplementary Figure S5). The
genome of base-edited cell was extracted and sequenced
by NGS after incubation. The NGS sequencing showed
that each sgRNA had high on-target efficiency, but no
editing activity was detected at the predicted off-target
sites (Supplementary Figure S5). These results certificated
that CRISPR-CDA-nCas9-UGI system has almost unde-
tectable off-target editing activity and high on-target editing
activity.

DISCUSSION

Here, we developed a BE CRISPR-CDA-nCas9-UGI ex-
hibiting a high conversion efficiency with an expandable
editing window. Compared with other reported BEs, such as
CRISPR /Cas9-AID in Corynebacterium glutamicum (50),
CRISPR-dCas9-AID in B. subtilis (32), and dCas-CDA-
UL in E. coli (31), CRISPR-CDA-nCas9-UGI exhibited
high conversion efficiency with a wide editable window. For
example, the conversion efficiency of C16 and C19 of the
CRISPR /dCas9-AID, another BE in B. subtilis, was only
2% and 13%, respectively, and C15 could not be edited at
all (32). However, the conversion efficiency of C15, C16,
C18 and C19 for the CRISPR-CDA-nCas9-UGI reached
97%, 100%, 100% and 100%, respectively (Figure 3F).

Three reasons may explain the differences in editing ef-
ficiency and editable window size among these BEs. First,
compared to the dCas9 with no nuclease activity, nCas9
introduced a nick into the unedited single DNA strand,
the nicked DNA motivated the DNA repair systems, and
DNA tends to use the edited single DNA strand as the tem-
plate for repair, which facilitates the editing efficiency at the
target sites (16-18). Additionally, previous reports showed
that the conversion efficiency was sharply reduced when
CDA was fused at the C-terminus of nCas9 (17,19), indi-
cating that the position of CDA at the fusion protein in-
fluences the editing efficiency. Third, the CDA-nCas9-UGI
genes were integrated into the genome of B. subtilis, not
in a plasmid as done for other BEs, which might maintain
the CDA-nCas9-UGI gene expression, increasing the edit-
ing functions. Compared with the conversion efficiency of
BS1-sigE (harbouring CDA-dCas9 in the genome), the con-
version efficiency of a BE using a plasmid harbouring CDA-
dCas9 was much lower (data not shown). Additionally, the
intergration of the CDA-nCas9-UGI and sgRNA into the
genome makes it possible that the base editor may be readily
applicable to a wide range of bacteria.

Genome editors are widely applied in genetic engineer-
ing, including gene insertions, gene deletions, and point mu-
tations. However, the reported genome editors could not
achieve simultaneous multisite mutations with a high effi-
ciency in a wide editable window. CRISPR-CDA-nCas9-
UGI, which exhibited a high conversion efficiency with
an expanding editable window, could achieve simultane-
ous multisite mutations with a high efficiency in a wide ed-
itable window, which is highly suitable for application in
protein evolution. The mutant sites were ensured to be in
appointed positions by the designed sgRNAs for targeting
genes, avoiding mutants occurring in other genome genes,
which are often found in mutants caused by chemical and
physical mutagenesis strategies. Therefore, this is a semi-
rational strategy for protein evolution, which could signifi-
cantly increase the evolutionary efficiency. Additionally, the
mutants caused by CRISPR-CDA-nCas9-UGI were based
on in situ mutations in vivo, and the state of the environ-
ment of the mutants was suitable for function detection,
especially for protein complexes, because the function of
each protein in the protein complex could not be detected
alone without the functional system. Finally, the features
exhibited by CRISPR-CDA-nCas9-UGI were suitable for
the construction of a mutant library with efficient diversity
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in vivo. The high conversion efficiency enabled high muta-
tional efficiency of the amino acids in target positions; the
expanded editable window (8 nt, Figure 3A and B) allowed
simultaneous mutations occurring at several sites (the possi-
ble four amino acids). Furthermore, the regulatory conver-
sion efficiency by iteration and inducer concentration (Fig-
ures 2 and 4), and the different conversion efficiency in the
middle and two flanks of the editable window (Figure 2),
enabled the construction of a diverse mutant library. These
features kept the diversity of the mutants in the mutant li-
brary as high as possible, which is beneficial for obtaining
target mutants.

The BE of CRISPR-CDA-nCas9-UGI achieved Sec-
translocase evolution of B. subtilis. This is a successful proof
for protein evolution using BE. The Sec translocase is a

protein complex composed of SecY, SecE and SecG het-
erotrimers on the outer membrane. It is difficult to use
directed evolution of Sec translocase through error-prone
PCR in vitro because of the hard expression (large size)
and purification (membrane proteins). Additionally, SecY,
SecE and SecG in the Sec-translocase complex express their
functions in a functional system, which requires the com-
bined actions of each of these and other proteins outside
the complex. Even if the mutagenesis in vitro is success-
ful, gene substitution in vivo has to be conducted subse-
quently, during which the efficiency of the large-sized gene
crossover is low. A lot of protein complex exist in living
cell, such as ATP synthase complex, succinate dehydroge-
nase complex, pyruvate dehydrogenase complex, etc., all
of them are important for cellular metabolism. Evolution
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of the protein complex would helpful for powerful chassis
cells construction, however, their evolutions hardly achieve
in vitro. The BE described here makes it possible to achieve
evolutions for these complexes via in situ mutation in vivo.
In addition, a bacitracin-resistance related membrane pro-
tein, BeeB, was also evolved via in situ mutation in vivo us-
ing BE of CRISPR-CDA-nCas9-UGI. The protein of BceB
is a primary bacitracin resistance determinant and plays
an important role in protecting cell wall biosynthetic tar-
gets from inhibition by antimicrobial peptides (47,48), the
bacitracin-resistant mutant is very helpful for constructing
a bacitracin-producing cell factory.

It has been reported that a base editing system, CRISPR-
X, was developed for gene diversification in mammalian
cells (51). The CRISPR-X, it is a very powerful tool for gene
diversification as it can tile the entire gene via a sgRNA
pool. However, sgRNA pool is hardly introduced in bac-
terial cells due to the low transformation efficiency and
genome repair system in bacterial cells. In fact, diverse com-
binatorial sgRNAs are more suitable for diversity of the
mutants in mutant library, which would be useful for pro-
tein evolution, such as the evolutions of the Sec translo-
case and BceB described in this study. Recently, a tool
called TRIDENT has been developed for gene diversifica-
tion through the fusion of deaminase and T7 RNA poly-
merase (T7 RNAP) (52). As this tool relies on T7 RNAP-
deaminase fusion and the corresponding T7 promoter, a T7
promoter needs to be designed and inserted into the up-
stream of the target gene, which limits the convenient ap-
plication for gene editing in the genome. On the contrary,
the BE of CRISPR-CDA-nCas9-UGI constructed in this
study could edit any genes in the genome with guide of
the corresponding sgRNAs. Another base editing system,
EvolvR, has been reported to be able to generate muta-
tions using mutated E. coli DNA polymerase I (53), how-
ever, it is unclear whether this enzyme would have per-
formance in diverse bacteria, especially in Gram-positive
strains.

This BE, capable of constructing a protein mutant library
efficiently through in situ mutation in vivo, will contribute
to protein evolution, especially the evolution of membrane,
toxic and labile proteins, and protein complexes. Addition-
ally, the construction of BE is depended on genome inte-
gration, does not rely on any additional or host-dependent
factors, indicating that such BEs may be readily constructed
and applicable to a wide range of bacteria. The protein evo-
lution information resulted from such BEs would provide
guidelines for powerful host cells and chassis cells obtaining
through protein engineering. Moreover, as alanine scanning
used for functional site detection, the features of targeted
and efficient mutation exhibited by CRISPR-CDA-nCas9-
UGTI could be applied to scan functional genes and func-
tional positions in a functional gene of a genome in vivo.
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