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Construction and application of an efficient dual-
base editing platform for Bacillus subtilis evolution
employing programmable base conversiony
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The functionally evolved bacterial chassis is of great importance to manufacture a group of assorted high
value-added chemicals, from small molecules to biologically active macromolecules. However, the current
evolution frameworks are less efficienct in generating in vivo genomic diversification because of insufficient
tunability, rendering limited evolution spacing for chassis. Here, an engineered genomic diversification
platform (CRISPR-ABE8e-CDA-nCas9) leveraging a programmable dual-deaminases base editor was
fabricated for rapidly evolving bacterial chassis. The dual-base editor was constructed by reprogramming
the CRISPR array, nCas9, and cytidine and adenosine deaminase, enabling single or multiple base
conversion at the genomic scale by simultaneous C-to-T and A-to-G conversion in vivo. Employing
titration of the Cas-deaminase fusion protein, the platform enabled editing any pre-defined genomic loci
with tunable conversion efficiency and editable window, generating a repertoire of mutants with highly
diversified genomic sequences. Leveraging the genomic diversification platform, we successfully evolved
the nisin-resistant capability of Bacillus subtilis through directed evolution of the subunit of lantibiotic
our

ATP-binding cassette. Therefore, work provides a portable and programmable genomic

diversification platform, which is promising to expedite the fabrication of high-performance and robust

rsc.li/chemical-science

Introduction

Construction of an evolved bacterial chassis is usually depen-
dent on the directed evolution of functional proteins." The
evolved proteins substitute the natural counterparts in the
hosts, resulting in an evolved bacterial chassis with specific
phenotypes,” such as the evolved RpsE in Escherichia coli and
PfDHFR in yeast, which endow spectinomycin resistance® and
pyrimethamine resistance,* respectively. However, the substi-
tution of an exogenous DNA would affect the safety of hosts,
which limits the host application in some fields, especially in
the food industry. Therefore, the evolved protein of the host
itself is expected. The technical framework for protein-directed
evolution has been developed from in vitro to in vivo.>” Typical
strategies used for directed evolution are random mutagenesis,
semi-rational design, and rational design. All of them rely
heavily on the process, including several iterative steps from
gene cloning, in vitro mutagenesis, heterologous or integrated
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bacterial chassis used in the development of biomanufacturing and biopharmaceuticals.

expression, and characterization.®> These steps are time-
consuming and labor-intensive, especially when iterative
cycles of mutagenesis and selection are needed. Moreover,
a large number of variants generated by in vitro mutagenesis are
mostly ineffective and the integration efficiency of target genes
is limited and are the main reasons for the time-consuming and
laborious process. Importantly, this process is difficult to be
used for the evolution of some special proteins, such as
membrane proteins, labile proteins, and multi-subunit protein
complexes, due to the difficulties of heterologous expression
and purification and functional determination.®

In recent years, several state-of-the-art techniques have been
developed to produce genetic diversification, which could be
used for protein evolution in vivo. As a powerful in vivo muta-
genesis platform, multiple automated genome editing (MAGE)
was created to diversify the genomic sequence across the whole
genome. However, iterative cycles of transformation with
oligonucleotide libraries followed by high-throughput screen-
ings are required.>'® The OrthoRep platform was established
using a highly error-prone orthogonal DNA polymerase and an
orthogonal plasmid to enable more specific and precise genome
editing;'* accordingly, the EvolvR system was designed
employing CRISPR-guided DNA polymerases, enabling multi-
plexed and continuous diversification of the coding sequence
within a tunable window length at user-defined loci.?
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Different from these editing tools that introduce mutations by
substituting native sequences or bases, base conversion plat-
forms, such as the base editors (BEs), that employ base deami-
nase to produce genetic diversification have also been
developed.***™** These tools allow the diversification of the target
gene based on combining deaminase with other guiding systems,
such as CRISPR-Cas systems and T7 transcription systems. One
type of base editor is the cytosine base editor (CBE), which is
composed of a catalytically inactive Cas9 (dCas9 or nCas9)
bearing the H840A and D10A or D10A mutation fused to

nCas9 (D10A)

View Article Online

Edge Article

a cytidine deaminase. Usually, the fusion is followed by an uracil
DNA glycosylase (UDG) inhibitor (UGI). CBE introduces C:G > T:A
base conversion directly into DNA sites targeted by single guide
RNA (sgRNA). The deaminase deaminates cytidines (Cs) to
uridines (Us) in the non-targeted strand, which is the single-
strand DNA (ssDNA) part of the R-loop generated by the dCas9
(D10A and H840A)/nCas9 (D10A)-sgRNA complex. Meanwhile,
the UGI prevents UDG from deaminating cytidines to apyr-
imidinic (AP) sites. When nCas9 (D10A) induces a nick on the
targeted strand, the DNA mismatch repair pathway (MR, or other
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Fig.1 Schematic diagram of the base editing strategy for the dual-base editor in B. subtilis. The target nucleotides within the editing window (As
and Cs) are framed in a red rectangle (with 1 being the most proximal base relative to the protospacer adjacent motif (PAM)). First, sgRNA (blue)
binds to D10A nCas9 (cyan), ending up with the nCas9 (D10A):sgRNA complex. Second, the nCas9 (D10A):sgRNA complex finds and binds its
target DNA, which mediates the separation of the double-stranded DNA to form the R-loop structure. Third, for A-to-G and C-to-T editing, two
tethered B. subtilis-optimized deaminases (orange: adenosine deaminase-ABE8e; pink: cytidine deaminase-CDA) convert the target As and Cs in
the nontargeted strand to Is and Us by adenosine deamination and cytidine deamination, respectively. For C-to-T editing, the cellular mismatch
repair (MMR) pathway preferentially repairs the mismatch in a nicked strand. Therefore, the Gs in the targeted strand, which are nicked by nCas9
(D10A), are going to be replaced by As, and in the next replication cycle, repaired to a T:A base pair. For A-to-G editing, as Is are read as Gs by DNA
polymerase, the resulting I: T heteroduplex is permanently converted to a G:C base pair during DNA replication.
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DNA repair pathways) is activated. It preferentially resolves the
U:G mismatch into the desired U:A and a T:A product following
DNA replication, thereby generating a C:G > T:A base conversion.
Another type of base editor is the adenine base editor (ABE),
which expands base editing to include A:T > G:C substitutions
using adenosine deaminase fused to nCas9 (D10A). Adenosine
deaminase deaminates adenosines (As) to inosines (Is), which are
recognized as guanosines (Gs) by DNA polymerase during DNA
repair and replication. In addition, all of these base editors
contain a suitable editable window, where the conversion effi-
ciency of C:G > T:A or A:T > G:C is different. The editing window
for target-AID was from approximately protospacer positions 1 to
5. In addition, the editing window for ABE7.10 was from
approximately protospacer positions 4 to 7, counting the PAM as
positions 21-23. Most of these platforms are commonly applied
in mammalian and plant cells,*"® and few are applied in
bacteria.">** Likewise, we developed a platform for protein
engineering in vivo by employing a cytosine deaminase/nCas9
fusion in Bacillus subtilis.®® Although these base editing plat-
forms are powerful for genetic diversification in vivo, they
primarily induce either C to T or A to G conversion. To further
increase genetic diversification, several base editors based on
dual deaminases were constructed in plant and mammalian
cells, which concurrently introduced A-to-G and C-to-T
substitutions.”?* Considering the generation of more base
conversions, the dual-base editor would be an efficient platform
for the manufacturing of evolved bacterial chassis through the
directed evolution of natural proteins in vivo.

Genome of Bacillus subtilis
lacA locus

Combinatorial fusions
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Here, we report an efficient chassis cell evolution platform
for B. subtilis based on the dual-deaminases base editor. The
platform was constructed by a CRISPR-Cas system with fusion
of the mutant TadA from E. coli (ABE8e) and CDA from Petro-
myzon marinus (PmCDA) in the N-terminal of nCas. The plat-
form enabled both C:G > T:A and A:T > G:C substitutions in the
same target sequence with a single sgRNA (Fig. 1). Guiding by
an sgRNA array, the platform allowed editing of the defined
genomic loci with a tunable conversion efficiency and editable
window. The conversion efficiency could be tuned by regulating
the inducer concentration and induction time, resulting in
a mutant library containing large amounts of mutants. The
evolved proteins and the evolved bacterial chassis could be
isolated through character screening from the library. As proof-
of-concept, we successfully enhanced the resistance against
a lantipeptide nisin by evolving PsdB in vivo using the platform.
As the construction of the platform does not rely on any host-
dependent factors, such a platform can be quickly created and
is applicable to a wide range of aspects of microbial cell
evolution.

Results
Design and construction of the dual-base editor in B. subtilis

To construct a dual-base editor in a microbial cell, an nCas9-
fused dual deaminase module and an sgRNA targeting
module were designed in B. subtilis (Fig. 1). Five dual-base
editors were designed to isolate a dual-base editor with high
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Fig. 2 Construction and characterization of the dual-base editor in B. subtilis. (@) Architectures of five dual-deaminase base editors and
schematic model for the dual-base editor. Five dual-base editor constructs were separately integrated into the lacA locus of B. subtilis,
generating BS1, BS2, BS3, BS4, and BS5. (b) The conversion efficiencies of A-to-G and C-to-T of five dual-deaminase base editors targeting sigE.
The protospacer sequence for sigE editing is shown. Bars represent the average conversion efficiency, and error bars represent the S.D. of three
independent biological replicates. The asterisks indicate significant editing based on a comparison between the experimental groups (**, p <

0.01, Student's t-test).
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conversion efficiency. As shown in Fig. 2a, two of them were
fusions of CDA from Petromyzon marinus (PmCDA)* and
evolved ADA from E. coli (ABE7.10)* in the N-terminus of nCas9
in different orders. One of them was the two deaminases fused
in either hand of nCas9. Another two were similar to those of
the first two dual-base editors, except that ABE7.10 was
substituted by ABESe (a mutant ecTadA exhibited higher
activity).”* The five different combinations were integrated into
the lacA locus of the B. subtilis genome, yielding strains BS1,
BS2, BS3, BS4, and BS5. One of the sigma factors, sigk in B.
subtilis, was selected as the target protein for editing (the pro-
tospacer sequence for sigE editing was shown in Fig. 2b). The
plasmid (pHY-ECBE) used for sgRNA expression targeting sigk
was constructed using a strong promoter, P43, of B. subtilis. The
conversion efficiency of the five dual-base editors was tested
after incubation. As shown in Fig. 2b, the five dual-base editors
displayed varied ranges of editable windows and distinct edit-
ing efficiencies. Among them, the dual-base editor harboring
the ABE8e-CDA-nCas9 fusion exhibited the highest conversion
efficiency (most of them were higher than 83%) and the widest
editable window (~9 nt). Therefore, the dual-base editor
harboring the ABE8e-CDA-nCas9 fusion was chosen for the
following study.

The dual-base editing platform is robust in genomic editing

To identify the editing robustness (excluding the influence of
the genetic context on editing performance) mediated by the
dual-base editor, another protein, BceB, in B. subtilis was
chosen to evaluate the conversion efficiency and editing
window. Seven sgRNAs (termed B1-B7, the protospacer
sequences are shown in Fig. Slat) targeting different sites in
bceB were designed and constructed into expression plasmids,
yielding the corresponding recombinant strain after trans-
formation into BS4 (Tables S3 and S41). The editing perfor-
mance was determined by population sequencing after
induction by 1% xylose. As shown in Fig. S1bf and 3a, the dual-
base editor exhibited high editing efficiency at different edited
positions and the editing window of approximately 8 nt in
length. Within the editing window, most of the site showed an
editing efficiency of more than 60% (Fig. S1bt). To further
clarify the frontiers of the editing window of the platform, we
have selected another large gene cluster in B. subtilis, pks operon
(pksABCDEFGHIJLMNRS) to determine the editing window in
diverse genetic loci with different genetic context. Ten genomic
loci were then selected from 7 genes (pksABCDEFG) within the
gene cluster (Fig. Sict and 3b). Ten sgRNAs (the protospacer
sequences were shown in Fig. Sict and 3b) were designed and
constructed into expression plasmids to target the predesigned
genomic loci in pks operon. These plasmids were then trans-
formed into BS4, yielding the corresponding recombinant
strains. The evaluation of the editing performance of the pks
operon was performed similarly to that of bceB. The population
sequencing showed that the dual-base editor exhibited high
efficiency for different editable positions in most genes
(Fig. S1df). Moreover, we noted that the editing of the pks
operon generated a ~11 nt editing window (Fig. 3b). These
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results demonstrate that the dual-base editor is robust to edit
different sites in a single gene (bceB) or multiple genes (pks
operon) at the genomic scale. In addition, combining the edit-
ing results of the bceB gene and pks operon, we can roughly
determine that the editing window of the dual-base editor is 8-
11 nt in length (Fig. 3a and b).

A key property of a targeted mutagenesis system is the
specificity towards the on-target sequence, keeping off-target
mutagenesis as low as possible.”” To further investigate the
off-target effect of the platform, we separately transformed
plasmids pHY-B1, pHY-B2, pHY-B3, pHY-B5, and pHY-B7 into
the sBS4 strain. In addition, the BS4 strain was used as the
control. The strains BS4, BS4-pHY-B1, BS4-pHY-B2, BS4-pHY-
B3, BS4-pHY-B5, and BS4-pHY-B7 on the corresponding plates
were randomly selected for incubation and induction. The
genome of the induced culture was extracted for whole genome
sequencing. Compared with the reference genome of BS4, we
observed no mutations at other sites having a prevalence of
=20% within the population (Fig. S21 only shows the on-target
efficiencies of targeted sites). The raw data of the whole genome
sequencing can be accessed under BioProject ID PRJNA808834
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA808834).

The performance of the base editing platform in multiplex
editing differs from single editing

Multiplex genome editing is very important for producing
diverse mutant libraries. To characterize the editing perfor-
mance of the multiplex genome editing, an sgRNA array was
created by assembly of the seven sgRNAs (B1-B7) used for bceB
and integrated into the amyE locus in the genome of BS4,
yielding recombinant strain BS6 (Fig. 3c). Population
sequencing was performed after induction by 1% xylose for 10
hours. As shown in Fig. 3d, the editing window and the editing
efficiency were quite similar to those of single editing. The
conversion efficiency was relatively high for most positions at
each site, while there were some prominent differences between
the two editing systems. The editable A16 position at the B1-
targeting site was converted by multiplex editing with 17%
efficiency, but not by the single editing (Fig. 3d and S1b¥). In
contrast, A18 at the B4-targeting site was converted by single
editing, but not by multiplex editing (Fig. 3d and Sibf).
Compared to adenosine deaminase, cytidine deaminase was
able to maintain the stable edited features in the fusion, even
when editing several consecutive cytidines (Fig. 3d and S1bt).
These results demonstrate that the dual-base editor exhibited
a multiplex genome editing function and that CDA exhibited
a more stable edited feature than ADA.

The genomic diversity generated by the platform was fine-
tuned by titrating the fusion protein and editing time

Although the dual-base editor converted the base (A or C) at
each editable position in the window, it is unknown whether the
system could be tuned. The property is of great importance to
mutagenetic diversity, which determines the capacity of the
mutant library. To test the conversion efficiency tunability of the
dual-base editor mediated by the level of the ABE8e-CDA-nCas9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evaluation of the editing performance for single editing and multiplex editing. (a) Evaluation of the editing window for the dual-base editor
with the corresponding single sgRNAs (B1-B7) targeting bceB. (b) The evaluation of the editing window for the dual-base editor with the
corresponding single sgRNAs targeting pksABCDEFG. (c) Multiplex editing of the dual-base editor with an sgRNA array created by assembly of the
seven sgRNAs. A schematic illustration was applied. (d) Base conversion efficiencies of the dual-base editor with an sgRNA array (B1-B7) targeting
bceB. Bars represent the average conversion efficiency, and error bars represent the S.D. of three independent biological replicates.

fusion, BS6 was incubated with different concentrations of
inducer (xylose in 0%, 0.01%, 0.02%, 0.04%, 0.08%, 0.2%, and
0.5%). Population sequencing was carried out to determine the
conversion efficiency after induction for 10 h. For the negative

© 2022 The Author(s). Published by the Royal Society of Chemistry

control (0% of xylose), no significant editing was detected in five
of the seven sites (B1, B2, B4, B5, and B7, Fig. S37). Only two
sites (B3 and B6) showed observed editing with relatively low
efficiency (Fig. S31), indicating the stringency of the xylose-

Chem. Sci., 2022, 13, 14395-14409 | 14399


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05824c

Open Access Article. Published on 01 December 2022. Downloaded on 11/27/2025 1:11:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a b
100 ;

g 5 ? [ g g g

7 " m 7 5 B

£ 80 2 = H

5 . 5 5 5
] 2 Q5 Q3 Qe
£5 40 : i £%5 2% £%
Zs . | ig <z <=
53 £ 59 59 59
8§ 204 ‘ : e c8 2
82 L L+ 8z sz - o
o8 ¥ 38 38 sg¥ E-

%1 20
001 002 004 008 02 05 1 2 3 4 5
xylose concentrations (%) Time post-induction () Time postinduction (h)
—— A bhceB-B4 100 =% bceB-B5 10 bceB-B6

g £ g 2

3 ol Z 80 z

g g g g

] 3 70 i B
[oRs] [OR=] (o5 [CR:]
25 £%5 60 25 60 4%
ts £8 & %5 <5
59 59 58 58
Ll ke K¢ 40 g
gz gz 40 g gz
58 38 4 38 38

2
20 0

Time post-induction (h)

Time post-induction (h)

1 2 3 4 5 6
Time post-induction {h}

Time post-induction {h}

Fig. 4 Fine-tuned conversion efficiency of the dual-base editor for multiplex editing. (a) Effects of the inducer concentration on the conversion
efficiency. Box and dot plots indicating the aggregate distribution of the editing efficiency of all sites grouped by the xylose concentration. In the
box plots, the box spans the interquartile range (IQR) (first to third quartiles), the horizontal line shows the median (second quartile) and the
whiskers extend to £(1.5 x IQR). The single dots represent the editing efficiency of all sites under the same inducer concentration. (b) Effects of
induction time on conversion efficiency. All sampling times are calculated after induction. Values and error bars reflect the means and S.D. of

three independent experiments.

induced genomic editing. Afterwards, different concentrations
of xylose (0.01%, 0.02%, 0.04%, 0.08%, 0.2%, and 0.5%) were
employed to induce the platform, by which the editing spectra
were profiled. We found that the editing efficiency for each
position within most of the targeted loci was increased along
with the elevated xylose concentration, especially over the low
concentration range (0.01-0.2%) (Fig. S4,7 the red asterisks).
Only a few sites showed editing efficiencies that were less
dependent on the dose of xylose, both at low and high levels
(Fig. S4,1 the black asterisks). In particular, there were also
some positions that were able to reach the highest level at a very
low xylose concentration (0.01% xylose concentration), and
then kept a constant editing efficiency even though the xylose
concentration increased (Fig. S4,} the green asterisks). Thus, to
evaluate the dependence of the editing efficiency on the inducer
concentration, the editing efficiency grouped by xylose
concentration was averaged and compared. The results showed
that the conversion efficiency of the dual-base editor increased
with the increase of xylose concentration (Fig. 4a).
Subsequently, the effect of the induction time on the
conversion efficiency was also determined. Firstly, the bacterial
cells harboring the editing systems were pre-cultured for 4 h
without xylose induction. Then, 0.5% xylose was added to each
culture to trigger the editing. The culture was then sampled at
different times (1 h, 2 h, 3 h, 4 h, and 6 h post-induction), and
detected by population sequencing. All of the editable positions
displayed increased conversion efficiency along with the
induction time until the achievement of maximum (Fig. 4b).
Taken together, these data indicated that the conversion effi-
ciency of the dual-base editor could be fine-tuned by regulating
the inducer concentration and induction time, which was
beneficial to the construction of a mutant library and kept the
diversity of the mutants in the library as high as possible.

14400 | Chem. Sci, 2022, 13, 14395-14409

Genomic diversification by multiplex editing generates
differentially diversified mutants

To identify the diversity in the mutagenesis library resulting
from multiplex editing and the effect of different concentra-
tions of inducers on the diversity of mutagenesis library, the
diversity of the mutagenesis library was verified at the single-
clone level. The strains BS6 harboring the multiplex editing
system targeting the 7 loci of bceB (Fig. 5a) were induced by
different concentrations of xylose (0.01%, 0.02%, 0.05%, and
0.5%). From each plate, 20 colonies were randomly chosen for
sequencing. To clearly demonstrate the editing diversity, we
adopted a classification method by calculating the combination
of editable sgRNAs (Fig. 5b and c). From the analysis of muta-
genesis diversity mediated by the combinatorial sgRNA, we
observed that induction by different concentrations of xylose
(0.01%, 0.02%, 0.05%, and 0.5%) yielded numbers of diverse
mutations. Noticeably, the numbers of different mutations were
increased along with the increasing concentration of xylose,
such that there were 15 and 17 distinct mutants induced by
0.01% and 0.02% xylose, respectively. Surprisingly, two sets of
19 distinct mutants were obtained either by 0.05% or by 0.5%
xylose induction (Fig. 5b, ¢ and S5at), even including mutations
occurring simultaneously at all seven sgRNAs-targeted sites.
These results indicate that a high level of xylose was prone to
generating more multiple mutations occurring simultaneously
at more than 3 sites than a low level of xylose.

In addition, the amino acid conversion associated with the
editing of bceB induced by the dual-base editor is shown in the
form of a heatmap, including missense mutations, silent
mutations, and unsubstituted (Fig. 5d). In practical application,
different (combinatorial) mutations could be induced by
a single sgRNA or multiple sgRNAs through flexible adjustment

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Identification of genetic diversification resulting from a dual-base editor at the single-clone level. (a) The protospacer sequence of the 7
sgRNAs. PAM motifs are indicated in pink. Adenines (As) and cytosines (Cs) in the editable window are shown in blue and orange, respectively. (b)
The diversity of sgRNA combinatorial mutations for the multiplex editing of bceB at 0.01% and 0.02% xylose concentrations. (c) The diversity of
sgRNA combinatorial mutations for the multiplex editing of bceB at 0.05% and 0.5% xylose concentrations. The Arabic numerals in the box
represent the number of mutants. (d) The heatmap showing the amino acid conversion associated with the editing of bceB induced by the dual-
base editor. Missense and silent mutations were all counted.
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by xylose concentration. These results suggest that the dual-
base editor exhibited the capability to efficiently produce large
amounts of mutants.

Genomic diversity generated by multiplex editing is higher
than multiple rounds of sequential single editing

According to the differential editing efficiency at different tar-
geting sites, genetic diversity caused by multiplex editing
should be higher than that by multiple rounds of single editing.
To identify the difference in the genetic diversity caused by
multiplex editing and multiple rounds of single editing, 3
sgRNAs targeting bceB (B2, B3, and B4) were selected to perform
multiplex and single editing. For multiplex editing, the 3
sgRNAs were created into an array and integrated into the amyE
locus in the BS4 genome, and then single-clone sequencing was
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performed after incubation and induction (Fig. 6a). For the
multiple rounds of single editing, 3 temperature-sensitive
plasmids harboring sgRNAs B2, B3, and B4 were constructed.
The three plasmids were transformed into BS4 successively for
base editing under the same incubation conditions as the
multiplex editing, during which a plasmid cure process was
performed before the later plasmid transformation (Fig. 6a, see
the detailed protocol in the Experimental section). The proto-
spacer sequences of B2, B3, and B4 are shown in Fig. 6b. Thirty
colonies in each system were randomly selected to perform
single colony sequencing. As shown in Fig. 6¢c and S6a,t
multiplex editing produced a total of 16 distinct mutants among
the 30 colonies, and the mutant sites were observed in single,
double, or triple sgRNA targeted positions. In contrast,
sequential editing yielded a total of 9 distinct mutants, most of
which contained two identical mutants (Fig. 6¢c and Séat).

a
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Fig. 6 Comparison of the genetic diversification by the corresponding single sgRNAs and an sgRNA array. (a) The rationale and workflow of
simultaneous multiplex editing and multiple rounds of single editing. (b) The protospacer sequence of the 3 sgRNAs (B2, B3, and B4). (c) and (d)
Comparison of genetic diversification between multiplex editing and multiple rounds of single editing at the single-clone level. (c) Comparison of
genetic diversification of 30 colonies from multiplex editing system and multiple rounds of single editing system. (d) The comparison of genetic
diversification of 50 colonies from multiplex editing system and multiple rounds of single editing system.
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To further demonstrate which system was prone to generate
higher mutagenetic diversity, another fifty colonies formed by
these two systems were randomly selected to perform single
colony sequencing. The sequencing results showed that 18
distinct mutants out of the 50 colonies were obtained by
multiplex editing, while there were 10 distinct mutants out of
the 50 colonies that were obtained by sequential editing
(Fig. 6d). In addition, we observed that 13 new mutants (purple
rectangle) among the 50 colonies were different from the
previous 16 mutants among the 30 colonies for multiplex edit-
ing (Fig. S6bt). However, we only observed that 4 new mutants
(purple rectangle) among the 50 colonies were different from
the previous 9 mutants among the 30 colonies for sequential
editing (Fig. S6bf). Many more mutants should be further
observed from many more colonies, and from the more diverse
sgRNA combination. These results clarify that multiplex editing
produces higher genomic diversity than that of multiple rounds
of sequential single editing.

Altering the cellular resistance to lanthipeptide nisin via
evolving ATP-binding cassette transporter PsdB in B. subtilis
by the dual-base editing platform

The dual-base editor exhibited the capability to efficiently produce
large amounts of mutants, which is beneficial for achieving
protein-directed evolution in vivo, and for obtaining evolved
bacterial chassis resulting from the evolved proteins. To confirm
the performance of the dual-base editor in functional protein-
directed evolution, a lantibiotic ABC transporter permease PsdB
was selected as the target to construct a mutagenesis library. PsdB
is a membrane protein that is involved in nisin uptake and efflux
processes in B. subtilis.>’*° An evolved bacterial chassis based on
evolved PsdB would enhance the resistance to nisin, which is
helpful for the overproduction of nisin.

Five critical regions (20 aa-41 aa, 53 aa-76 aa, 112 aa-135 aa,
155 aa-177 a, and 229 aa-252 aa) that potentially affect the
topology of PsdB according to UniProt annotation were selected
as mutagenesis candidates (Fig. 7a). Five corresponding sgRNAs
(P1-P5) were designed for these candidates in an array, and
then integrated into the amyE locus of BS4, yielding BSS8
(Fig. 7b). After induction by 0.2% xylose for 10 h, BS8 was spread
onto the plate, and then 6 colonies were randomly selected to
quantitatively measure the antimicrobial rate against nisin by
the Alamar blue method. This method measured the increased
nisin-resistance through the ratio of fluorescence intensity (FI,
this reflects the biomass of cell) between wild-type strain and
the mutants. Moreover, we have set the wild-type strain as the
control group. If the FI of the experimental group is greater than
that of the control group, then the final value is less than 0. This
indicates that the mutant has increased activity to nisin.
Conversely, nisin activity did not increase if the final value was
greater than 0. Among these colonies, 5 exhibited increased
resistance to nisin, and one colony (M1) exhibited decreased
resistance to nisin (Fig. 7c). The sequences of the 6 PsdB
mutants were compared. All of the colonies had corresponding
base conversions, resulting in amino acid substitutions (Fig. S7
and Table S57). Notably, M1, which was the only one exhibiting

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

psdB locus

P1 P2 P3 P4 P5
1101351 7 -

Sequences investigation

ABE8e-CDA-nCas9
(lacA locus)

CARETY

/" amyE locus \ sgRNAs locus

P»u’ e

Inhibition rate (%)

M3 M4 M5 M6 M7 M8

M1 M2

Variants

Fig. 7 Evolution of nisin resistance mutations based on the dual-base
editor. (a) Five sgRNAs (P1-P5) designed for psdB editing. The topo-
logical regions targeted by sgRNAs are displayed in different colors. (b)
Construction of the strain harboring the dual-base editor and an
sgRNA array (P1-P5). The five sgRNAs were sequentially ligated by
Golden Gate assembly and integrated into the amyE locus of BS4. (c)
The inhibition rate (%) of nisin in the PsdB mutants. The inhibition rate
(%) was quantitatively calculated by the ratio of the fluorescence
intensity (Fl) of the control group to the fluorescence intensity (Fl) of
the experimental group in the fifth hour by the Alamar blue method.
Values and error bars reflect the means and S.D. of three independent
experiments. The locations where mutations occurred (including base
conversion and amino acid replacement) are shown in Fig. S3 and
Table S5.1 The asterisks indicate significant nisin-resistant capability
based on a comparison between the experimental groups (**, p < 0.01,
Student's t-test).

increased sensitivity to nisin, contained a different mutation of
V26T from the others (V26A). Additionally, M3 exhibited the
most resistance to nisin, containing a special mutation of
L2358S. These results indicated that the two sites in PsdB might
be related to nisin resistance. Subsequently, mutants PsdB-
V26A (M7) and PsdB-V26A-L235S (M8) were constructed and
characterized, and M8 exhibited the highest nisin resistance
compared with the other mutants (Fig. 7c).

Discussion

Protein evolution is critical to the rapid development of
synthetic biology.” In the past decades, a handful of platforms
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have been developed to site-directed mutagenesis or random
mutagenesis in vitro.>* In vitro mutagenesis techniques, such
as epPCR,* site saturation mutagenesis,*>® and DNA shuf-
fling,*”® are able to quickly produce large number of variants of
the target gene. However, their selection requires multiple steps
in most cases, including cloning and transformation into a host
cell or integrating the target gene into the genome of host cell
for expression, which are time-consuming and labor-intensive,
especially when they require iterative cycles of mutagenesis
and selection. Moreover, in these in vitro mutagenesis systems,
huge numbers of mutants are usually lost in the transformation
process because of the different transformation efficiencies in
diverse bacterial chassis. Moreover, these systems are limited to
the direct application to some proteins, but difficult to utilize in
an array of other proteins, such as membrane-integral proteins
and diverse multi-subunit protein complexes because of the
challenging soluble expression and inconvenient in vitro char-
acterization of function. In contrast, in vivo mutagenesis plat-
forms mediated by base editors are preferred because the
generation of variants, their expression, and selection can be
done in a continuous process, which accelerates directed
evolution. Due to the specificity of the base editor, it can
consciously mutate specific hotspots according to the semi-
rational design to form a limited but specific library. The base
editor is also suitable for the directed evolution of special
proteins because it avoids the heterologous overexpression of
these proteins. We recently developed an in vivo mutagenesis
system named CRISPR-CDA-nCas9-UGI for the directed evolu-
tion of these special proteins.* However, it only achieves C to T
conversion in a 6 bp editable window, which severely limits the
genetic diversity in the library.

In this work, to further diversify the edited genomic
sequences, an in vivo mutagenesis platform, ABE8e-CDA-nCas9,
for genomic diversification in bacterial cells was constructed
and applied (Fig. 1). ABE8e-CDA-nCas9 exhibited high editing
efficiency for C-to-T or A-to-G that was comparable to that of the
reported single-deaminase base editors such as dCas-CDA-UL,*®
CRISPR-BEST,* and ABE8e.”” Additionally, it exhibited a more
expanded editable window (~8-11 nt, Fig. 2b; 3a and b). Unlike
the dual base editor A&C-BEmax that had highly differential
conversion efficiency at diverse alleles in human cells,** the
simultaneous A/C conversion efficiency within the editable
window was relatively consistent across different edited sites by
both single editing system and multiplex editing system
(Fig. S1bt and 3d). Furthermore, even a continuum of several Cs
was edited at high efficiency (Fig. S1bt and 3d). Similar to most
novel editing systems, ABE8e-CDA-nCas9 edited defined
genomic targets in high-fidelity without off-targeting editing
(Fig. S21).

The effects of the fusion position of two deaminases (cyto-
sine deaminase and adenosine deaminase) and nCas9 (D10A)
on the editing performance of the dual-base editors have been
reported.>»*® Unlike the fusion pattern of Cas protein and
deaminase in SPACE,* Target-ACEmax,* and A&C-BEmax,* we
reprogramed the fusion order of nCas9 (D10A), cytosine
deaminase (CDA),”® and the evolved TadA (ABESe)** in
a different N-to-C terminal order, ABE8e-CDA-nCas9. Upon the
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newly constructed system, the editing efficiencies of A-to-G and
C-to-T ranged from 6% to 92% and 7% to 100%, respectively
(Fig. S1b and d;f 3a and b), which is significantly higher than
that of the reported dual-base editors.?****** We considered
that two reasons might explain the better performance of
ABE8e-CDA-nCas9. First, different from the systems of Target-
ACEmax* and SPACE,* in which CDA is fused to the C-terminal
of nCas9,'®'%** the fusion of CDA into the N-terminal of nCas9
could efficiently introduce C-to-T substitutions, which is similar
to the CRISPR-CDA-nCas9-UGI reported previously.” Second,
the activity and the adaption of ABES8e in the system are higher
than that of ABE7.10 used in other editors.??

The base editing system based on single deaminase exhibi-
ted a tunable conversion efficiency by titrating the expression of
the editing components.” In the novel platform, we validated
that fine-tuning the expression level of ABE8e-CDA-nCas9
enabled the generation of differential editing spectra, result-
ing in highly diversified mutants (Fig. 4a, S4, 5, and S5%).
Moreover, the simultaneous editing of multiple targets gener-
ated more mutagenesis diversity than multiple rounds of
sequential single editing, although they were mediated by the
same number of sgRNAs (Fig. 6¢ and S6at). Thus, both the
tunable conversion efficiency and the expanded editable
window contribute to the high diversity of genomic mutagen-
esis, which are beneficial toward evolving the cognate proteins
and eventually rendering the evolution of bacterial chassis.

Similar to the most recent state-of-the-art mutagenesis
systems that engineer proteins by screening and selection,***>
we successfully isolated an evolved B. subtilis with enhanced
resistance against nisin by evolving PsdB in vivo using the
platform (Fig. 7c and S77). An evolved B. subtilis cell without any
factor of the ABE8e-CDA-nCas9 would be easily obtained by
substitution of the two amino acids based on the information
from the platform. It is notable that the gene of PsdB is the
endogenous gene of the B. subtilis, but not the inserted exoge-
nous genes. The safety of the evolved B. subtilis would not be
affected theoretically, which is important for the hosts being
applied in biotechnology industry. In addition, the mutant sites
were ensured to be in the appointed positions by the designed
sgRNAs for targeting genes. This enabled the avoiding of
mutations occurring on other genes in the genome, which are
often found in mutants caused by chemical and physical
mutagenesis strategies. Therefore, this is a semi-rational
strategy for protein and cell evolution, which could signifi-
cantly increase the evolutionary efficiency.

Compared with the single-deaminase base editor, the dual-
base editor can efficiently produce a mutant library with
much more diversity in vivo,** which is promising to protein and
cell evolution. In addition, the dual-base editor can balance the
content of base types by concurrently introducing C-to-T and A-
to-G mutations, which is beneficial to the growth of cells. The
construction of ABE8e-CDA-nCas9 does not rely on any addi-
tional or host-dependent factors, indicating that such BEs may
be readily constructed and applicable to a wide range of
bacteria. The protein evolution information resulting from such
platform would provide guidelines for powerful host cells and
chassis cells obtained through protein engineering. Together
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with the rapid growth characteristics of microbial cells and the
simple operation feature of the dual-base editor construction,
this study would give an effective strategy for the construction of
evolved bacterial chassis.

Conclusions

We designed a novel dual-base editor in microbial cells by
reprogramming the CRISPR-Cas9, cytidine and adenosine
deaminase, enabling the performance of simultaneous C-to-T
and A-to-G conversion in vivo. The dual-base editor can
generate a large number of mutations in the defined editing
window by adjusting the editing spectrum. This feature is useful
for the construction of protein libraries in vivo. In addition, the
simultaneous editing of multiple targets generated more
mutant diversity than sequential editing, although they were
mediated by the same number of sgRNAs. Using the in vivo gene
diversity platform, we evolved PsdB and obtained a series of
evolved bacterial chassis resistant to nisin. Overall, this study
provided a programmable in vivo genomic diversification plat-
form with tunable editing properties, which is promising to
expedite the fabrication of high-performance and robust
bacterial chassis used in the field of biomanufacturing and
biopharmaceuticals.

Experimental section

Bacterial strains, plasmids, primers and targeting sgRNA
design

The strains used in this study are described in Table S1.7 The E.
coli JM109 strains (General Biosystems, China) were used as the
host for plasmid propagation. E. coli strains were grown aero-
bically at 37 °C in Luria-Bertani (LB) liquid medium (10 g per L
tryptone, 5 g L™ " yeast extract, 10 g per L NaCl, pH 7.0), or on LB-
agar plates supplemented with ampicillin (100 pg mL™") or
spectinomycin (50 ug mL™') when necessary. B. subtilis 168
strains were cultivated in LB liquid medium or LB solid medium
supplemented with spectinomycin (50 pg mL™ "), chloram-
phenicol (5 ug mL %), kanamycin (50 pg mL ") or tetracycline
(15 ug mL ™). The primers and plasmids used in this study are
listed in Tables S2 and S3,f respectively. The sgRNAs were
designed based on a previous study via online software (https://
chopchop.cbu.uib.no/).*> The relevant protospacer sequences
are listed in Table S4.t

Plasmids construction

The targeting plasmid pHYT-P43-G10* (kindly provided as
a gift from Prof. Guimin Zhang from Hubei University) was used
as the backbone to construct the sgRNA-expression vectors. The
plasmid pHY-ECBE harboring sigE-targeting sgRNA was used,
which was reported in our previous study.”® The plasmid pHY-
B1 harboring bceB-targeting sgRNA was constructed by
reverse PCR (rPCR) using the primer pHY-B1-F/pHY-B1-R.
Similarly, the construction method of the pHY-B2-7 plasmids
and pHY-pksA-G plasmids was the same as that of pHY-B1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To construct dual base editors based on ABE8e, ABE7.10, and
CDA, we fused two kinds of deaminases into nCas9 in different
order. Here, we selected the plasmid pAX-CDA-nCas9, which
was constructed in our previous research, as the template for
constructing these different fusions. Specifically, pAX-CDA-
nCas9 and ABE7.10 were amplified using the primers TadA-
CDA-nCas9-b-F/TadA-CDA-nCas9-b-R (used by both fragments)
and TadA1-F/TadA1-R, respectively. The PCR product of the
ABE7.10 fragment was then assembled into a linearized
plasmid using the Gibson assembly method, yielding plasmid
PAX-ABE7.10-CDA-nCas9. Similarly, pAX-CDA-nCas9 and ABE8e
were amplified using the primers ABE8e-CDA-nCas9-b-F/ABES8e-
CDA-nCas9-b-R and ABE8el-F/ABE8el-R, respectively. The
resulting PCR products were ligated by Gibson assembly,
generating the pAX-ABE8e-CDA-nCas9 plasmid. The ABE8e and
ABE7.10 genes were synthesized by GENEWIZ (Inc. SuZhou,
China). For the construction of plasmid pAX-CDA- ABE7.10-
nCas9, pAX-CDA-nCas9 and ABE7.10 were amplified using
primers CDA-TadA-nCas9-b-F/CDA-TadA-nCas9-b-R and TadA2-
F/TadA2-R, respectively. The PCR product of the ABE7.10 frag-
ment was then assembled into a linearized plasmid using the
Gibson assembly method, yielding plasmid pAX-CDA-TadA-
nCas9. Similarly, for the construction of plasmid pAX-CDA-
ABE8e-nCas9, pAX-CDA-nCas9 and ABE8e were amplified
using primers CDA-ABE8e-nCas9-b-F/CDA-ABE8e-nCas9-b-R
and ABES8e2-F/ABE8e2-R. The resulting PCR products were
ligated by Gibson assembly, generating the pAX-CDA-ABE8e-
nCas9 plasmid. For the construction of plasmid pAX-ABE7.10-
nCas9-CDA, pAX-nCas9-CDA and ABE7.10 were amplified
using primers TadA-nCas9-CDA-b-F/TadA-nCas9-CDA-b-R and
TadA3-F/TadA3-R, respectively. The PCR product of the ABE7.10
fragment was then assembled into a linearized plasmid using
the Gibson assembly method, yielding plasmid pAX-ABE7.10-
nCas9-CDA.

To construct a multiplex base editing system for the editing
of beeB, plasmid pAD123 was used as the donor vector for the
expression of sgRNA driven by the strong constitutive promoter
Pveg. Using pAD123, the plasmids pAD-B1, pAD-B2, pAD-B3,
pAD-B4, pAD-B5, pAD-B6, and pAD-B7, which harbored
sgRNAs targeting bceB (B1), bceB (B2), bceB (B3), bceB (B4),
bceeB (B5), beeB (B6), and beeB (B7), respectively, were generated
by reverse PCR using primers bceB-B1-F/bceB-B1-R, bceB-B2-F/
bceB-B2-R, bceB-B3-F/bceB-B3-R, bceB-B4-F/bceB-B4-R, bceB-
B5-F/bceB-B5-R, bceB-B6-F/bceB-B6-R, and bceB-B7-F/bceB-B7-
R, respectively. Similarly, the method of the construction of
plasmids targeting psdB for multiplex base editing was the
same as that described above. The plasmids pAD-P1, pAD-P2,
PAD-P3, pAD-P4, and pAD-P5 that harbored sgRNAs targeting
psdB (P1), psdB (P2), psdB (P3), psdB (P4), and psdB (P5),
respectively, were generated by reverse PCR using primers psdB-
P1-F/psdB-P1-R, psdB-P2-F/psdB-P2-R, psdB-P3-F/psdB-P3-R,
psdB-P4-F/psdB-P4-R, and psdB-P5-F/psdB-P5-R, respectively.

pDGT-GFP-Ampm? was used as the backbone to construct
plasmids harboring sgRNAs for multiplex base editing. To
generate a multi-editing plasmid targeting bceB, pDGT-B1-7
harboring sgRNAs targeting the bceB (B1), bceB (B2), bceB
(B3), bceB (B4), bceB (B5), bceB (B6), and beeB (B7) loci was
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constructed using primers B1-Go-F/B1-Go-R, B2-Go-F/B2-Go-R,
B3-Go-F/B3-Go-R, B4-Go-F/B4-Go-R, B5-Go-F/B5-Go-R, B6-Go-F/
B6-Go-R, B7-Go-F/B7-Go-R, and bceB-Go-b-F/R, respectively.
Similarly, the plasmid pDGT-P1-5 harboring sgRNAs targeting
psdB (P1), psdB (P2), psdB (P3), psdB (P4), and psdB (P5) loci
was constructed using primers P1-Go-F/P1-Go-R, P2-Go-F/P2-
Go-R, P3-Go-F/P3-Go-R, P4-Go-F/P4-Go-R, P5-Go-F/P5-Go-R,
and psdB-Go-b-F/R, respectively. The plasmid pDGT-P1-P5
harboring sgRNAs targeting psdB (P1) and psdB (P5) loci was
constructed using primers P1-Go-F/P1-Go-R, P2-Go-F/P5-Go-R,
and psdB-Go-b-F/R. To construct the pJOE series plasmids for
sequential editing, the pJOE8999 plasmid** and pAD-B2-4
plasmids were used as templates to amplify the pJOE skeleton
and expression cassette of sgRNA targeting bceB (B2, B3, and
B4) using primers pJOE-b-F/R and pJOE-F/R, respectively. The
PCR products were ligated using the Gibson assembly, yielding
plasmid pAX-TadA-nCas9-CDA. The generated sgRNAs targeting
bceB (B2, B3, and B4) were connected with the pJOE receptor
vector using the Gibson assembly, yielding plasmids pJOE-B2,
pJOE-B3, and pJOE-B4, respectively.

Methods for the transformation and genome modification of
B. subtilis

For the protocol of B. subtilis transformation, a modified
method of Anagnostopoulos and Spizizen was used in this
study.

Protocol: (a) A volume of 2 ml SPI culture was inoculated
overnight from a fresh colony at 37 °C in a 14 mL disposable
tube, with 200 rpm shaking. (b) The following morning, 40 pL of
the culture was diluted with 2 mL fresh SPI and continued
incubation at 37 °C with 200 rpm shaking for 4-5 h. (c) A volume
of 200 pL of the culture was mixed with 2 mL fresh SPII with
continued incubation at 37 °C for an additional 1.5-2 h. (d) A
volume of 20 pL EGTA (10 mM) was added to the culture, and
the competent cells was obtained after an additional 10 min
shake cultivation. (e) A volume of 500 pL of the competent cells
was divided into 1.5 mL sterile tubes, and then incubated at 37 ©
C for 1.5-2 h after adding 0.5-2 pg DNA into every tube. (f) After
centrifugation (4500 g) for 2 min, the cell pellet was gently
resuspended in 150-200 pL of the saved supernatant, and then
plated onto LB agar plates with selective antibiotic(s). For the
preparation of the relevant medias, see the ESI Method.

A genome engineering method based on a homologous
recombination system and PCR was used for overexpression of
the target gene in B. subtilis. In brief, the gene (such as ABES8e-
CDA-nCas9) to be integrated needs to be cloned into an inte-
gration plasmid with a pair of specific homologous arms (such
as lacA homologous arms on the pAX01 plasmid). The expres-
sion of the ABE8e-CDA-nCas9 fusion gene is regulated by xylose
on this plasmid (pAX-ABE8e-CDA-nCas9). Then, a pair of
specific primers were used to amplify the upstream and down-
stream homologous arms (the gene to be expressed and the
resistance marker were in the middle of the homologous arms)
to prepare the fragments to be transformed. Transformation of
the prepared fragment (0.5-2 pg) into competent cells was
achieved according to the above transformation method. The
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target gene can be integrated into a specific locus (such as lacA
locus) through its own recombinase system and dual-crossing
of homologous arms. The important genetic parts of the
related integrated plasmids (pAX and pDGT plasmids) have
been shown in the ESI Sequence.t

Protocol for the multiple rounds of sequential single editing

For the first editing generation, pJOE-B2 was transformed into
BS4, yielding BS4-pJOE-B2. After induction in the LB liquid
medium by xylose, the BS4-pJOE-B2 culture was diluted to the
appropriate density and spread onto a LB plate to cure pJOE-B2
at 45-50 °C for overnight. For the second editing generation, the
cured-pJOE-B2 strains on the LB plate were completely washed
with sterile water. The following culture was then inoculated
into the transformation solution and made into competent
cells. The pJOE-B3 was transformed into the above competent
cells and cultured overnight on the plate. The resulting BS4-
pJOE-B3 strains on the plate were completely washed with
sterile water, and then the following culture was inoculated into
fresh LB liquid medium for induction. The induced BS4-pJOE-
B3 was diluted to an appropriate density and spread onto
a LB plate to cure pJOE-B3 at 45-50 °C for overnight. For the
third editing generation, the cured-pJOE-B3 strains on the LB
plate were completely washed with sterile water, and then the
following culture was inoculated into the transformation solu-
tion and made into competent cells. The pJOE-B4 was trans-
formed into the above competent cells and cultured overnight
on the plate. The resulting BS4-pJOE-B4 strains on the plate
were completely washed with sterile water, and then the
following culture was inoculated into fresh LB liquid medium
for induction. The induced BS4-pJOE-B4 was diluted to the
appropriate density and spread onto a LB plate to cure pJOE-B4
at 45-50 °C for overnight. The following colonies can be selected
for the identification of genetic diversity by sequencing.

Plasmid curing

Here, the pJOE8999 plasmid** was selected for multiple rounds
of editing of B. subtilis to accumulate more mutations. The
vector pJOE8999 contained the minimal pUC origin for repli-
cation in E. coli and the temperature-sensitive replicon repEts
for replication in B. subtilis. Three plasmids derived from the
PJOE8999 plasmid were generated (pJOE-B2, pJOE-B3, and
PJOE-B4), which contained sgRNA targeting different loci of
bceB. When B. subtilis containing pJOE series plasmids propa-
gates, it needs to be cultured at 30 °C. The pJOE series plasmids
(pJOE-B2, pJOE-B3, and pJOE-B4) were cured when the mutant
strains were cultured at 45-50 °C for 12 h.

Construction of a single editing and multiplex editing system

To construct a single editing system, the integration vector pAX-
ABE8e-CDA-nCas9 harboring the fusion protein ABE8e-CDA-
nCas9 was transformed into the genome of B. subtilis at the
lacA site. For the editing of sigE, a plasmid harboring a single
sgRNA was introduced into the ABE8e-CDA-nCas9-integrated
host (BS4). To edit bceB, seven sgRNAs targeting different
positions on bceB were designed. These sgRNAs were
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overexpressed through the P43 promoter on the pHYT-P43-G10
vector. The editing of the pks operon is the same as that of bceB.
To construct a multiplex editing system for the BceB muta-
genesis experiments, sgRNAs with 20 nt targeting bceB (B1),
bceB (B2), beeB (B3), beeB (B4), beeB (B5), beeB (B6), and beeB
(B7) were combined and integrated into the amyE site of BS4.
The construction of a multiplex editing system targeting PsdB
was similar to the BceB mutagenesis experiments. A marker-free
genome editing approach was used to perform gene over-
expression in B. subtilis as previously reported.*

DNA sequencing at the single-clone level and population level

Two methods of sequencing, single-clone sequencing and
population-level sequencing, were used to analyze the editing
efficiency of the dual-base editor. The colonies were randomly
selected from the LB agar plates after induction by xylose for
single-clone sequencing. Colony PCR was performed on the
selected colonies, and the PCR products were sequenced to
verify C-to-T and A-to-G conversions. The colonies were cultured
for approximately 10 h in a test tube containing different
concentrations of xylose. Then, the induced culture was used as
a template to amplify the position of the expected mutation by
using customized primer pairs. The PCR products were used for
population sequencing, and the data was analyzed quantita-
tively by online software.*®

Alamar blue method

The growth inhibition activity of nisin was determined against
mutant B. subtilis 168 (M1-M8) by Alamar blue. Wild-type B.
subtilis 168 strains were used as controls. The inhibition rate of
mutants was performed by culturing 100 pL diluted overnight
cells (ODgoo = 1.7) into LB medium supplemented with 10%
Alamar blue (v/v) and 5% (v/v) 0.1 mg per mL nisin, and incu-
bating at 37 °C for 5 h (the total volume was 2 mL). Two hundred
microliters of the culture was used for fluorescence detection
(the excitation wavelength and emission wavelength were
570 nm and 590 nm, respectively). The inhibition rate was
measured by the above culture fluorescence intensities, and the
inhibition rate was calculated using the following equation:

FI test group
FI test control group

Inhibition rate(%) = (1 - ) x 100%

When the value is less than 0, it indicates that the tolerance
of the mutants is increased compared with the wild type. When
the value is greater than 0, it indicates that the mutants have
higher sensitivity to nisin.

Genome-wide off-target identification of a dual-base editor in
B. subtilis

INlumina sequencing libraries were constructed from each
strain using the VAHTS® Universal Pro DNA Library Prep Kit
from Vazyme (China) according to the manufacturer’s protocol.
Input DNA from each strain was adjusted to 1 ng pL ™", and 11
PCR cycles were run with multiplex indexing primers. VAHTS®
DNA Clean Beads (Vazyme, China) were used to size select
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approximately 200 nt fragments prior to PCR amplification.
Libraries were quantified with a Fragment Analyser™ (Agilent
Technologies, USA) and Qubit (Thermo Fisher Scientific, USA).
A single Illumina MiSeq 2 x 150 nt run yielded between 14 418
952 and 18735478 reads per sample, and the corresponding
coverage was 99.98%. Raw sequencing reads were adapter and
quality trimmed using AdapterRemoval with the switches-
trimns-trimqualities. Breseq (v0.33.2)” was used for SNP
calling with the parameters -p and -polymorphism-frequency-
cut-off 0.2 to allow for variants existing in 20% to 100% of the
reads. All raw data and the sequenced genome sequence of B.
subtilis have been deposited at NCBI under BioProject accession
PRJNA808834.

Statistical analysis

The statistical significance of editing efficiency was assessed by
comparing the mean values (£S.D.) using Student's t-test. p <
0.01 was considered significant (**, p < 0.01).

Data availability

Deep-sequencing data are available under BioProject ID
PRJNA808834 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA808834).
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