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integration in Bacillus subtilis tumble down:
development of a straightforward screening
method for the colorimetric detection

of one-step multiple gene insertion using
the CRISPR-Cas9 system
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Abstract

Background Despite recent advances in genetic engineering tools for effectively regulating and manipulating
genes, efficient simultaneous multigene insertion methods have not been established in Bacillus subtilis. To date,
multilocus integration systems in B. subtilis, which is one of the main industrial enzyme producers and a GRAS (gener-
ally regarded as safe) microbial host, rely on iterative rounds of plasmid construction for sequential insertions of genes
into the B. subtilis chromosome, which is tedious and time consuming.

Results In this study, we present development and proof-of-concept of a novel CRISPR-Cas9-based genome-editing
strategy for the colorimetric detection of one-step multiple gene insertion in B. subtilis. First, up to three copies of the
crtMN operon from Staphylococcus aureus, encoding a yellow pigment, were incorporated at three ectopic sites within
the B. subtilis chromosome, rendering engineered strains able to form yellow colonies. Second, a single CRISPR-Cas9-
based plasmid carrying a highly specific single guide RNA (sgRNA) targeting crtMN operon and a changeable editing
template was constructed to facilitate simultaneous insertion of multiple gene-copies through homology-directed
repair (HDR). Upon transformation of engineered strains with engineered plasmids, strains harboring up to three
gene copies integrated into the chromosome formed white colonies because of the removal of the crtMN operon,
clearly distinguishable from yellow colonies harboring undesired genetic modifications. As a result, construction of a
plasmid-less, marker-free, high-expression stable producer B. subtilis strain can be completed in only seven days, dem-
onstrating the potential that the implementation of this technology may bring for biotechnology purposes.

Conclusions The novel technology expands the genome-editing toolset for B. subtilis and means a substantial
improvement over current methodology, offering new application possibilities that we envision should significantly
boost the development of B. subtilis as a chassis in the field of synthetic biology.
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Background

Bacillus is a genus of gram-positive, rod-shaped bacteria,
which due to their wide distribution, safety in work, ease
of cultivation, and susceptibility to genetic transforma-
tion, have been widely used to produce heterologous pro-
teins [1, 2]. B. subtilis and related Bacillus strains are the
dominant enzyme-producing microorganisms in applied
and industrial microbiology owing to their ability to
secrete enzymes at very high levels [3-5], in addition to
their extensive use to produce drug precursors, platform
compounds, biofuels and biopolymers [6, 7]. To achieve
maximum expression of a particular gene in Bacillus,
it is highly desirable to amplify the copy number of the
gene of interest [8]. To this end, a traditional approach
involves the introduction of replicative plasmids, where
the level of gene expression is dictated by the copy num-
ber of the plasmid in the cells [9]. However, the use of
antibiotic resistance markers limits their use in industrial
applications due to both the genetic instability of many
recombinant plasmids in the absence of selection and
the restrictions and concerns derived from the massive
abuse of antibiotics, promoting the emergence of bacte-
rial resistance.

Protein expression attributed to a single copy of the
integrated gene usually results in lower yields of prod-
uct compared to the use of high copy-number vectors.
To circumvent this limitation, the use of a single-cross-
over integrative vector, which creates direct repeats of
the target fragment upon its insertion into the chromo-
some, offers the possibility of amplifying the integrated
plasmid by growing cultures in increasing concentra-
tions of the selective antibiotic and, therefore, ampli-
fying gene dosage in the chromosome [10]. However,
although some reports indicate that gene amplification
is stable under non-selective conditions [11, 12], other
authors show that integrated plasmid copies are gradu-
ally lost in the absence of selection [13—-15], resulting in
unstable strains not suitable for industrial applications.
On the other hand, gene-replacement strategies based
on double-crossover recombination integrative plas-
mids allow introduction of mutations that are stable
in the absence of ongoing selection. Nevertheless, this
approach has the disadvantage that resulting strains
have low gene dosage unless multiple rounds of gene
insertion are performed [16—18], until reaching expres-
sion levels comparable to that of cells carrying multi-
ple copies of a recombinant plasmid. Therefore, the
construction of environmentally friendly, marker-free
industrial strains of B. subtilis with multicopy genes is

limited by the availability of selection markers, involv-
ing labor-intensive methods of introducing recycling
markers. Such methods for optimal marker recycling in
B. subtilis have been developed based on: (i) counter-
selectable markers such as mazF, blal, ysbC and uppC
[19-23]; (ii) site-specific recombinase systems such
as Cre/LoxP and FLP/FRT [24, 25]; and (iii) the A-Red
phage mediated single-stranded DNA recombination
system [26], thus allowing the removal of the selecta-
ble marker once the desired chromosome modification
is performed in order to reuse it in further rounds of
modification. Nevertheless, these methods are still time
consuming, laborious, and quite inefficient.

CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeat-CRISPR associated protein) sys-
tems, especially with nuclease Cas9, were rapidly
adapted for genome editing in B. subtilis, thus facili-
tating the introduction of gene mutations, deletions,
and insertions [27-30]. Typically, a single plasmid con-
taining the Cas9 endonuclease is targeted to a specific
site by a 20-nucleotide sgRNA also present in the vec-
tor. By means of homologous recombination with a
plasmid-cloned editing template, this system enables
genome editing and cell survival. The introduction of
the CRISPR-Cas9 system simultaneously removed the
need for selection markers in genome editing and radi-
cally increased editing efficiencies, becoming one of the
most powerful tools for genome engineering in B. sub-
tilis [31-35]. However, to the best of our knowledge, no
editing efficiencies have been reported for simultane-
ous integration of multiple genes in B. subtilis, possibly
due to the low integration efficiencies achieved during
the process.

For the first time, the present study aimed to develop
both a CRISPR-Cas9-mediated genomic multigene
insertion method in B. subtilis and a colorimetric high-
throughput screening method for identification of mul-
ticopy clones. To this end, the crtMN operon encoding
yellow pigment from S. aureus was first integrated into
the B. subtilis chromosome at three ectopic sites, thus
obtaining a yellowish-pigmented strain. Using a single
CRISPR-Cas9-based plasmid harboring a unique high-
efficiency target site and changeable editing template,
we developed a white/yellow colorimetric screening
for white colonies because of the removal of the crtMN
operon, which if still present leads to the formation of
yellow colonies in B. subtilis. Thus, an easy, fast, and
suitable method to identify white clones for genomic
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double- (DGI) and triple-gene integration (TGI) in a
single step was established. By using this technology,
we were able to construct plasmid-less, marker-free sta-
ble producer strains harboring up to three copies of an
a-amylase gene inserted into the B. subtilis genome in
only one week. Additionally, we expanded this technol-
ogy for the fine-tuning of gene expression by switching
a constitutive promoter for a xylose-inducible pro-
moter based on the xylose-repressor system. This sys-
tem extends the repertoire of molecular toolboxes for
genetic manipulations and biotechnological endeavors
by enabling simultaneous integration of multiple gene
copies, which we anticipate will enhance the develop-
ment of B. subtilis as a platform to produce important
enzymes and other commodities.

Results

Genetic manipulation of colony color in B. subtilis

In S. aureus, the yellow C30 carotenoid 4,4’-diaponeu-
rosporene is synthesized by the 2385-bp crtMN operon
[36]. It has been reported that plasmid-mediated recom-
binant expression of this operon in B. subtilis results in
a colony color change from white to yellow [37]. In this
study, we wanted to ascertain whether a strain harboring
the crtMN operon inserted into its chromosome would
also produce yellow colonies, as a preliminary step to
implement our colorimetric screening method. For this
purpose, the pJOE8999 plasmid, which has been widely
used for CRISPR-Cas9-mediated engineering in B. subti-
lis [27], was used to exchange the spo VG gene of recipient
B. subtilis strain (BsMNO) with the crtMN operon, set-
ting the expression of the encoded yellow C30 carotenoid
under the control of the strong spoVG promoter (P, ),
and flanked by rho-independent transcriptional termi-
nator (T,, ) downstream of the same gene [38]. The
employed editing vector, denoted as pJOE891, contained
a sgRNA targeting the spoVG gene and a homology repair
expression cassette (MN_Ec) composed of the 530-bp
upstream flanking genomic region of spoVG followed
by the crtMN operon and the 535-bp downstream flank-
ing genomic region of spoVG (Fig. 1). Upon transforma-
tion of BsMNO with pJOE891, we obtained the BsMN1

(See figure on next page.)
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strain, which satisfactorily produced the yellow pigment,
thus turning the B. subtilis colonies from white to yellow
in color. Next, a set of 2 vectors was constructed, namely
pJOE892 and pJOES893. The first one was engineered
to replace the extracellular amylase gene of B. subtilis
(amyE) with MN_Ec, rendering the BsMN2 strain inac-
tive for amylase production. The latter was constructed
to facilitate the insertion of the MN_Ec into the already
inactivated extracellular protease aprE gene to obtain
BsMN3 strain. Noticeably, both constructs contained
the 530 bp upstream arm and the 535-bp downstream
arm flanking genomic region of spoVG. Next, iterative
genome editing was performed by a successive double-
and triple-MN_Ec integration to yield strains BsMN4
and BsMNG5, harboring two and three copies of MN_Ec
integrated at specific sites, respectively. A comprehen-
sive scheme for the construction of each yellow pigment-
producing strain is depicted in Fig. la. Using specific
primers, the identity of each recombinant strain was
demonstrated by PCR verification and Sanger sequenc-
ing, showing that MN_Ec was successfully inserted into
the B. subtilis chromosome (Fig. 1b). Irrespective of
the crtMN operon copy number, all engineered strains
formed yellow-pigmented colonies with a highly similar
appearance on LB-agar plates, corroborating the success-
ful expression of the yellow C30-carotenoid (Fig. 1c).

Establishment of a white/yellow colorimetric screening
method

The basis of the CRISPR-Cas9-mediated white/yellow
colorimetric screening method proposed in this work
is the generation of double-strand breaks (DSBs) at
crtMN operon target sites in yellow-pigmented strains
and their repair through HDR, thus enabling selection
for white colonies because of the removal of the crtMN
operon, which if still present will lead to the formation
of yellow colonies. However, it is crucial that DSBs gen-
erated by this system are exclusively repaired through
HDR because the NHE] (non-homologous end join-
ing) system may lead to unintended rearrangements at
the target region [39], which may consequently inter-
fere with the screening system. Thus, to explore the

Fig. 1 Schematic representation of BsSMN1-BsMNS5 strains construction system. a Integration of MN_Ec at spoV/G locus using plasmid pJOE891,
yielding BsMN1. MN_Ec integration at amyk locus using plasmid pJOE892, to yield BsSMN2. MN_Ec integration at aprE locus using plasmid pJOE893,
yielding BsMN3. BsMN4 strain contains two MN_Ec copies integrated at spoVG and amyE locus sites, whereas BsMN5 contains three MN_Ec copies
integrated at spoV/G, amyE and aprE locus sites. DSB: double-strand breaks. b Confirmation of the spoV/G, amyE and aprE genes replacement for the
MN_Ec in BsMNS5 strain. Lanes 1, 3 and 5 corresponds to amplification bands of 4134-bp, 4883-bp and 5124-bp using primers P17F/P17R, P18F/P18R
and P19F/P19R to verify MN_Ec integrations at spoV/G, amyE and aprE locus sites with gDNA from BsMNS5 as template, respectively. Lanes 2,4 and 6
corresponds to amplifications bands of 2043-bp, 3413-bp and 1830-bp using the same primers with gDNA from BsMNO as control. M corresponds
to the molecular marker weight. ¢ LB-agar plates showing white/yellow colonies of strains BsMNO-BsMN5



Ferrando et al. Microbial Cell Factories (2023) 22:21

g— e
d ; -
pUCori cas9
anR
pJOE891
PE194ts sgRNA yabJ Py Topore
crtMN
N 1 Vi gCaD
N 1 1 7 ‘
o1 Cas9+sgRNA <
| RO | 4
s e
LONPSB LT
B. subtilis spoVG locus Idﬁblﬁ!*]
purR ya sp gcaD
P17F
> P, spoVG v HDR Tspol’G
BsMN1 emmm crtmn T —
purR — yabJ gcaD
MN_Ec P17R
BsMN4 ,
pUCori cas9
kanR pJOE892
pE194ts SgRNA ycgB  yab] P,y Toove  Idh
- crtMN u
5108 gea) .
S ! Cas9 + sgRNA e
~ \, » -
I~ ; 1 R 7
! SN0 yosB 2
B. subtilis amyE locus | — L] —
ycgB $108 amyE Idh
Plﬂs
yab] Py ¥ HOR Tpove
BSMN2 | crtMN u ——
ycgB $108 gcaD  |dh
MN_Ec <
P18R
pUCori cas9
kanR pJOE893
PE194ts sgRNA YhfN  yab] P,y Toorc VRO
- crtMN |
~ \ gcaD 5363
Se Cas9 + sgRNA . -
A N LT
DS DSB __-? -
=7 .7
‘SN Vs3e3
B. subtilis aprE locus | — /?“’ e
P19F YhfN aprE  yhfo
yab] Pyos PR Tpore S363
P
BSMIN3 | crtMN -
YhfN gcaD tho
MN_Ec P19R
—

MN_Ec integration

spoVG locus site amyE locussite  aprE locus site

4134-bp 5124-bp

4883-bp
3413-bp

' 2043-bpu u

1830-bp|

by
-

Fig. 1 (Seelegend on previous page.)

g BsMN5

Page 4 of 15



Ferrando et al. Microbial Cell Factories (2023) 22:21

ability of the unwanted NHE] system to repair DSBs
produced at the c¢rtMN operon site, a high-scoring
sgRNA sequence targeting the crtMN operon (5'-ACC
AGAAGATCAAAGAAAAGCGG-3') was identified
using the online sgRNA Designer tool provided by the
Broad Institute [40]. This target site was determined
to be unique following BLASTN analysis against the B.
subtilis chromosome, and the closest homolog had 5
mismatches, which thereby prevents off-target effects.
Plasmid pJOE8999 was engineered to contain this tar-
get sequence yielding pJOE894, which was used to
transform BsMN1-BsMN3 strains. The lack of colonies
obtained upon transformation (Table 1) demonstrated
that the introduction of a DSB at the crZMN operon is
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lethal for the cells unless we provide an editing tem-
plate, ensuring that NHE] system will not disturb the
colorimetric screening method.

Development, evaluation, and validation of novel
CRISPR-Cas9 system for simultaneous insertion of multiple
gene-copies

To demonstrate the functionality of the CRSIPR-
Cas9-based white/yellow screening method, we first
constructed plasmid pJOE895. This plasmid was engi-
neered to contain a homology repair expression cas-
sette (Q_Ec) composed of the 530-bp homologous
region upstream of spoVG, followed by a synthetic
1829-bp DNA fragment coding for amylase gene

Table 1 Summary of efficiency results and CFU for SGI, DGI and TGl using plasmids pJOE894, pJOE895 and pJOE896. Experiments
were carried out in triplicates and data are presented as mean values & standard deviation

Gene integration Plasmid CFU/ug plasmid® No. of Kan" white % Kan® white clones  Efficiency for Purpose
number clones (% white (total no. of colonies  Kan® white clones
clones) tested)® (%)©
SGl pJOEY4Y 0 0 0 0 NHEJ functionality in 8.
(spoVG locus) subtilis
pJOE8Y5® 150421 147+18(982+£14) 95 (40) 100 (8/8) AcrtMN (Q_Ec) knock-in
at spoVaG site
pJOESYE’ 5347 494+5(927+27) 90 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at spoV/G site
SGI pJOE894 0O 0 0 0 NHEJ functionality in 8.
(amyE locus) subtilis
pJOE8YS  147+32 1434+30(97.5+£06) 925 (40) 100 (8/8) AcrtMN (Q_Ec) knock-in
atamyE site
pJOEB96 42+4 384+2(90+3.8) 87.5 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at amyE site
SGI pJOEB94 0O 0 0 0 NHEJ functionality in B.
(aprE locus) subtilis
pJOE895 139434 137+£33(9864+04) 97.5(40) 100 (8/8) AcrtMN (Q_Ec) knock-in
at aprk site
pJOE896 6111 55+£8(90.6+5.9) 95 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at aprE site
DGl pJOE89S  138+22 95415 (68.8+2.8) 92.5 (40) 100 (18/18) AcrtMN (Q_Ec) double
(spoVG+amyE) knock-in at spoVG and
amyE locus site
pJOE896 38+9 44+3(10+8238) 100(12) 100 (12/12) AcrtMN (Qxyl_Ec) triple
knock-in at spoVG and
amyk locus site
TGl pJOE8YS 120419 6+2(49+12) 944 (18) 100 (17/17) AcrtMN (Q_Ec) triple
(spoVG+amyE+ aprE) knock-in at spoVG, amyE
and aprE locus site
pJOE896 3546 0 0 0 AcrtMN (Qxyl_Ec) triple

knock-in at spoVG, amyE
and aprE locus site

2 Total number of transformants

b Clones were tested after three passages at 50 °C

¢ Clones that showed PCR products out of total number of clones analyzed by colony PCR is depicted in parenthesis

d pJOEB94 contains no repair template
€ pJOE895 contains Q_Ec (2894-bp) as a repair template
f pJOE896 contains Qxyl_Ec (4476-bp) as a repair template
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amyQ from Bacillus amyloliquefaciens and the 535-bp
homologous region downstream of spoVG. We used
an a-amylase as a secreted reporter system due to easy
quantification of its extracellular production in pro-
duction media. The rationale behind our procedure
is that transformation of yellow-pigmented strains
(BsMN1-BsMN5) with pJOE895 will allow the selective
cleavage of the chromosome at specific sites with an
integrated crtMN operon. After chromosome cleavage,
homologous recombination with editing template will
restore chromosome integrity and replace the crtMN
operon with Q_Ec, thus leading to the formation of
white colonies in successful edits (BsQ1-BsQ5). Con-
versely, unsuccessful genome edits will keep the crtMN
operon intact, and the bacterial colonies will thus
remain yellow. A scheme of the molecular mechanism
proposed for the colorimetric detection of multiple
crtMN operon replacement for amyQ gene is depicted
in Fig. 2.

Here, as a proof of principle, we tested the possibility
of one-, two- and three-copy amyQ gene integration into
the B. subtilis chromosome in a single step. For this appli-
cation, BsMN1-BsMNG5 strains were transformed with
pJOE895 and resulting transformants were selected on
LB plates supplemented with kanamycin (to select for the
plasmid) at 37 °C for 24 h. After incubation, the resultant
colonies showed a filamentous aspect with irregular bor-
ders and without significant differences in their colony
color (Fig. 3a—e). These filamentous colonies were imme-
diately streaked on new LB plates with kanamycin and
mannose and incubated at 37 °C for an additional 24 h.
The following day, we could readily distinguish between
yellow and white bacterial clones in resulting strains
(BsQ1-BsQ5) (Fig. 3f—j). Noticeably, some filamentous
colonies derived from double- (DGI) and triple-amyQ
gene integration (TGI) were unable to grow in the new
plate. We then patched randomly selected white clones
derived from each single amyQ-gene integration (SGI),
DGI and TGI onto LB plates without antibiotics at 50 °C
to facilitate plasmid curing, which was achieved for most
of the white clones tested after three passages at 50 °C
(Table 1). The plasmid-cured cells were checked by col-
ony-PCR using the outer primers from the specific inser-
tion sites to confirm the successful integrations. All white
clones tested contained the desired replacements, as con-
firmed by checking the size of PCR fragments spanning
the desired integration and by DNA sequencing (Fig. 3k).
Opverall, this meant it took around one week to construct
a high-copy B. subtilis strain harboring three amyQ gene
copies ready for characterization or another round of
genetic manipulation (see Fig. 4). These results validate
our procedure to discern between unedited yellow colo-
nies from edited white colonies. Furthermore, the power
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and convenience of the high-throughput colorimetric
screening method was duly proved, demonstrated by its
ability for the rapid in vitro screening of large number of
transformants and a dramatic decrease in the rate of false
positives, allowing the identification of multigene inser-
tion B. subtilis strains with 100% positivity among all
clones tested (Table 1).

This procedure was also employed to monitor inte-
gration efficiency by simply counting colony color upon
transformation. Therefore, integration efficiencies were
systematically calculated as the ratio of the number of
white colonies (correctly edited transformants) to the
total number of transformants (white colonies plus yel-
low colonies). The simultaneous integration efficiency
achieved for TGI was very low (4.9% = 0.8%), significantly
lower than efficiency achieved for DGI (68.8 £2.8%). In
contrast, very high efficiencies that ranged from 97.5
to 98.6% for single amyQ gene integration (SGI) were
achieved (Table 1). Moreover, CFUs were counted to ana-
lyze cell growth with no significant differences observed
in the total number of transformants obtained from SGI,
DGI, and TGI (Table 1). Gratifyingly, not only was the
goal of inserting two- and three-gene copies into the B.
subtilis chromosome in a single step accomplished for
the first time by this novel methodology, but also the sim-
ple and fast identification of positive clones with desired
genetic modifications.

Expanding the genetic toolbox for promoter switching

A key aspect of the novel editing strategy presented here
is that a unique sgRNA along with changeable editing
template would be sufficient for simultaneous targeting
and insertion of multiple gene copies in B. subtilis. Hence,
the flexibility of editing template construction opens the
possibility of using this system to insert any gene under
the control of desired promoters, which are indispensa-
ble control elements to accurately regulate expression of
target proteins [41]. To begin exploring this application,
we aimed to switch the P, controlling amyQ gene
expression for the xylose-inducible promoter xylose-
repressor system (P, ). For this purpose, an engineered
editing template (Qxyl_Ec) composed of 536-bp homol-
ogous upstream arm, followed by the 3405-bp amyQxy!
gene (amyQ gene under the control of P, ) and 535-bp
homologous downstream arm, was constructed and
inserted into the plasmid pJOE894 to yield pJOE896. We
placed a stop codon at position+ 6 (relative to crtM gene
start codon) in the homologous upstream arm to prevent
expression from the spoVG promoter. Upon transforma-
tion of yellow-pigmented strains with pJOE896, we were
again able to recover white colonies from SGI and DGI
integration experiments (Fig. 5a, b), although with very
low efficiency for the double integrations (10% = 8.8%;
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Fig. 2 Outline of the proposed molecular mechanism of crtMN operon replacement for amyQ gene. a First step is to transform
yellowish-pigmented BsMN5 strain with pJOE895 editing plasmid. Insets show MN_Ec integrated at spoVG, amyE, and aprE locus sites. b Upon
transformation, the expression of Cas9 is guided by a specific sgRNA targeting multiple crtMN operon, thus generating DSBs at spoVG, amyE and
aprE locus sites within BSMN5 chromosome. Insets depict homologous recombination with editing template provided by the plasmid, resulting
in the replacement of three crtMN operon with three amyQ gene-copies, in a single step. Successful edited colonies (BsQ5) will appear as white
clones, in contrast to unedited colonies that will remain yellow. ¢ The final step is to verify the loss of the plasmid and the identity of the genome

modification

Table 1). In contrast, no white colonies for TGI were
observed in three independent experiments (Fig. 5c,
Table 1). After curing of the plasmid, all recovered white
clones tested contained the desired Qxyl Ec insertion,

as verified by PCR amplification and Sanger sequenc-
ing (Fig. 5d), thus confirming the successful insertion
of two Qxyl_Ec copies into the B. subtilis chromosome.
Finally, we observed a marked decrease in the number of
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visualization of correctly sized PCR products using P17F/P17R primers (spoV/G site), P18F/P18R (amyE site) and P19F/P19R (aprE site), corresponding
to lanes 2 to 8, which showed a reduction in size relative to control product with same primers (lane 1) at different locus sites. M corresponds to the

molecular weight marker

CFUs (35 to 61 CFU/ug DNA) in comparison to previous
experiments with pJOE895 (120 to 150 CFU/ug DNA,
Table 1).

Monitoring amylase AmyQ secretion on liquid cultures

The effect of multiple Q_Ec and Qxyl_Ec copies
inserted into the B. subtilis chromosome in the release
of extracellular amylases was investigated by culturing
recombinant strains in amylase production media and
measuring the values of a-amylase activity secreted to
the media. Strain BsQ2, which had a truncated copy of
the amyE gene in the chromosome, rendering the strain
inactive for amylase production, was used to evalu-
ate the effect of one Q_Ec insertion and compared to

BsQ4 and BsQ5 with two and three copies, respectively.
Enzymatic assays showed that the higher the copy
number of Q_Ec, the greater the values of a-amylase
activity secreted to the media, achieving a value of
21.9+2.1 U/ml in BsQ2, which was doubled in BsQ4%
(40.2+5.9 U/ml) and almost tripled in BsQ5 (53 +2.7
U/ml) (Fig. 6a). Although BsQxyl2 and BsQxyl4 showed
low levels of a-amylase activity in production media
(4.9+£0.9 U/ml and 7.0+ 1.3 U/ml, respectively), seem-
ingly resulting from basal promoter activity, a-amylase
activity was highly induced with xylose: 24.7 2.2 U/
ml and 42.5+4.8 U/ml, respectively (Fig. 6a), demon-
strating the tight regulation of amyQ gene expression
achieved through this system. Overall, these results
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restreaked on LB-agar plates and incubated at 50 °C. Day 4-5: White clones were cured from the plasmid after three passages at 50 °C. Day 6:
Colonies were replicated on LB plates with and without kanamycin. Day 7: Antibiotic sensitive colonies were then subjected to PCR verification and

Sanger sequencing to verify their identities

confirm the dependence of extracellular amylase activ-
ity on amyQ gene copy-number and promoter type,
thus highlighting the importance of multicopy strains
for maximizing gene expression. Noticeably, we dem-
onstrated that engineering the editing template could
allow gene of interest expression with high precision.
The stability of strains BsQ5 and BsQxyl4 in the pro-
duction of amylase AmyQ without antibiotic selection
was tested. Overnight cultures of both strains in LB
were diluted 1:1000 in the same medium. The cells were
grown in shaking flasks at 37 °C to stationary phase and

diluted again 1000-fold. This was repeated five times
and in the last transfer, when the stationary phase was
reached, strains were cultured in production media and
a-amylase activity was determined. Figure 6b shows that
both strains produced similar levels of a-amylase activ-
ity for at least 100 generations (every round of growth to
stationary phase corresponds to about ten generations
without antibiotic supplementation), demonstrating that
this technology is a valuable tool for constructing stable
producer B. subtilis strains.
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Discussion

Various high efficiency, simultaneous multilocus integra-
tion methods based on two-plasmid CRISPR-Cas9 sys-
tems have been implemented in E. coli [42, 43], yeasts
[44, 45], and fungi [46, 47], making them suitable host
cells to be used as a chassis in the field of synthetic biol-
ogy. However, although the emergence of the CRISPR/
Cas9 system has led to numerous new applications and
developments in B. subtilis [29, 30, 48-51], efficient
methods for simultaneous gene insertion in B. subtilis
have not yet been reported. The increase of gene copy
number and its integration into multiple neutral sites is
the most promising way to achieve high yield and stable
productivity, as a preliminary step for industrial strain
development [16-18, 52, 53]. However, although this
strategy is a valuable approach for the construction of
multicopy B. subtilis strains, it relies on iterative rounds
of plasmid construction for sequential insertions of gene
copies into the B. subtilis chromosome, which is tedious
and time consuming. This prompted us to investigate
new methods to facilitate multigene insertions in a single
step, therefore bypassing the big efforts needed for multi-
step construction of plasmids and time-consuming cur-
ing of the plasmids in iterative genome editing.

The single-plasmid-based CRISPR-Cas9 system estab-
lished in this study is preferred over genome engineering
methods based on two-plasmid systems because of both
the higher plasmid transformation efficiencies achieved
and a marked decrease in the burden of the host strain
[54]. This technology boasts two unique features that
facilitate the simultaneous insertion of multiple gene
copies into the B. subtilis chromosome. First, an invari-
able sgRNA was selected to reduce the off-target effects
of endonuclease Cas9 and to ensure high specificity for
the crtMN operon. Second, a changeable editing template
containing the gene of interest flanked with homologous
arms was demonstrated to be sufficient to replace the
crtMN operon with the desired gene and allow white/yel-
low screening for successful insertions.

Although HDR efficiency using a single-plasmid system
is greatly dependent on the length of the homologous
repair template [51], our results corroborated that 530-
bp homology arms were enough to allow multicopy inte-
gration with high efficiency. Additionally, we observed
that the natural NHE] system present in B. subtilis is too
weak to repair DSBs in B. subtilis, which is in accordance
with previous reports [51, 55]. Hence, as a proof of prin-
ciple, the novel genome-editing method has been proven
to be efficient for the simultaneous insertion of three
2894-bp, and two 4476-bp fragments containing Q_Ec
and Qxyl_Ec, respectively, with Qxyl_Ec being the larg-
est fragment reported to be integrated into the B. subtilis
genome using the CRISPR-Cas9 system, so far.
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The simultaneous insertion of three Qxyl _Ec copies
into the B. subtilis genome was unsuccessful. We pro-
pose that the reason for failure might be associated with
the size of the editing template. Qxyl_Ec is 4476-bp,
which may be too large to efficiently initiate the double
exchange, thus significantly lowering the probability for
the insertion of more than one gene at a time. Therefore,
for further practical application using this system, the
size of the editing template should be carefully consid-
ered for expression cassettes longer than 3-kb.

Despite the very low efficiencies achieved for DGI
and TGI, the colorimetric screening method adopted in
this work represents a good solution to tackle the issue
of low editing efficiencies achieved in multiplex genome
editing, allowing the straightforward identification of
positive clones with the desired genetic changes. Remark-
ably, this procedure resulted in saving time and cost and
allowed the rapid and convenient construction of high-
level expression of multicopy genes encoding secreted
a-amylase in B. subtilis in only seven days.

Multilocus integration experiments resulted in the
isolation of recombinant colonies showing a filamen-
tous aspect, forming colonies with irregular borders and
different sizes. The presence of this colony type may be
related to the SOS response in B. subtilis. We suspect
that the bacteria were edited during growth, thus caus-
ing some damage to the B. subtilis DNA which, as pre-
viously reported, triggers a physiological response called
the SOS response [56], thus inhibiting cell division and
causing bacteria to appear filamentous [33, 57-59].
Although most of the colonies grew normally after being
subcultured on mannose plates, the growth of a few colo-
nies was impaired, which irremediably led to cell death.
We suspect that this phenomenon might be due to their
inability to repair damaged DNA, which is supported by
a similar observation recently reported by the group of
Guo [33].

The versatility and wide range of applicability of
the novel technology is considerable and was demon-
strated in this study by engineering editing template to
allow the replacement of constitutive P, for xylose-
inducible P, ;. As one of the main difficulties in genetic
engineering and synthetic biology is how to control
the expression of a certain protein at a given level, our
system provides an efficient, and facile approach for
achieving desired production goals by selecting a suita-
ble promoter element to accurately regulate expression
of target proteins. For each application, the only requi-
site is to engineer the editing template to contain the
desired cargo (gene of interest with or without modi-
fications) flanked by 530-bp homologous arms to ena-
ble its multiple insertion under the control of desired
promoter. In the case that higher levels of protein
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production are required, the use of dual and multiple
tandem promoters has been shown to enhance produc-
tivity in B. subtilis [60—62], which can be also achieved
by rational design of the editing template to contain the
synthetic promoter. Conversely, if temporal control of
gene expression is needed, the use of inducible promot-
ers is of great interest, especially for the fine induction
of difficult to express or toxic proteins [63]. Conclu-
sively, editing template engineering strategies will allow
fine-tuning of multicopy gene expression, which was
successfully evaluated by means of a model protein,
amylase AmyQ from B. amyloliquefaciens in this study.
While the strategy presented here has been adopted
for B. subtilis, we hope that this methodology will be
applicable not only to other Bacillus species but to
other relevant bacterial strains used in industrial appli-
cations, such as Pseudomonas putida and Corynebac-
terium glutamicum, among others [64]. Strains and
plasmids developed in this work will be publicly avail-
able to the scientific community through the Bacillus
Genetic Stock Center (https://bgsc.org/).

Conclusions

Efficient multigene integration methods have not been
developed in the model gram-positive B. subtilis, which
is considered one of the dominant bacterial work-
horses in microbial fermentation. For the first time, a
simple, rapid, and convenient approach to facilitate the
simultaneous insertion of up to three gene copies in B.
subtilis was established through the development of a

Table 2 Strains used in this study
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high-throughput colorimetric screening method com-
bined with the use of a single CRISPR-Cas9-based plas-
mid carrying a unique high-efficiency target site and a
changeable editing template with 530-bp homologous
arms. Additionally, we demonstrated that the system
could be adapted to modulate the promoter controlling
the expression of the gene of interest by rational design
of the editing template. This novel technology can be
potentially used as a routine method for the construc-
tion of marker-free, plasmid-less, high-expression sta-
ble producer strains in a timely fashion, which provides
promising prognoses for future developments of B. sub-
tilis as a microbial cell factory in industrial settings.

Methods

Strains, media and growth conditions

Escherichia coli strain DH5a was used as the host strain
for routine molecular cloning and plasmid construc-
tion operations. For transformation of B. subtilis, plas-
mid DNA was isolated from the rec™ strain E. coli Turbo
(New England Biolabs). B. subtilis strain BsMNO, an
asporogenous strain with seven protease genes inacti-
vated, was purchased from the Bacillus Genetic Stock
Center (BGSC, Ohio) and served as the recipient strain
for the genome editing experiments. Chemically com-
petent E. coli cells and transformation protocol were
performed as described previously [65]. B. subtilis
strains were transformed according to the method pre-
viously described [66]. The strains involved in this study
are listed in Table 2. Strains were propagated in Lysog-
eny Broth (LB) medium (10 g/L tryptone, 5 g/L yeast

Strain Genotype or description Source/Reference
E. coli DH5a fhuA2 lac(del)U169 phoA ginV44 80" lacZ(del)M15 gyrA96 recAl relA1 endAl thi-1 hsdR17 Laboratory stock
E. coli NEB® turbo F’'proA+ B+ laclg NlacZM15 / fhuA2 Alac-proAB) gInV galK16 galE15 R(zgb-210:Tn10)TetS endAl thi-1  Laboratory stock
ANhsdS-mcrB)5
B. subtilis strains
BsMNO AnprE AaprE Aepr Ampr AnprB Avpr Abpr AsigF Laboratory stock
BsMN1 BsMNO with AspoV/G (MN_Ec) knock-in mutant This study
BsSMN2 BsMNO with AamyE (MN_Ec) knock-in mutant This study
BsMN3 BsMNO with AaprE (MN_Ec) knock-in mutant This study
BsMN4 BsMNO with AspoV/G AamyE (MN_Ec) double knock-in mutant This study
BsMN5 BsMNO with AspoVG AamyE AaprE (MN_EC) triple knock-in mutant This study
BsQ1 BsSMNT with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ2 BsMN2 with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ3 BsMN3 with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ4 BsMN4 with AMN_Ec (Q_Ec) double knock-in mutant This study
BsQ5 BsMNS5 with AMN_Ec (Q_Ec) triple knock-in mutant This study
BsQxyl2 BsMN2 with AMN_Ec (Qxyl_Ec) knock-in mutant This study
BsQxyl4 BsMN4 with AMN_Ec (Qxyl_Ec) double knock-in mutant This study
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extract, and 10 g/L NaCl) and on LB agar (15 g/L agar)
plates at 37 °C. The plasmid used for the expression of the
CRISPR-Cas9 constructs is based on vector pJOE8999
[27]. Kanamycin was used for screening in E. coli and B.
subtilis at final concentrations of 30 ug/mL and 6 pg/mL,
respectively. To induce the CRISPR-Cas9 system in B.
subtilis cells, 0.5% D-mannose was added.

Plasmid construction

The plasmids and primers used in this study are listed in
Additional file 2: Tables S1 and S2, respectively. All plas-
mids construction were performed using the pJOE8999
plasmid as the parental plasmid and required two con-
secutive steps: (i) cloning specific sgRNA; and (ii) cloning
specific editing template.

Cloning of sgRNA

For sgRNA construction targeting each specific gene, two
complementary oligonucleotides were ordered (Mac-
rogen, Korea) with the respective overhangs, annealed
and cloned into the vector pJOE8999. In brief, both
complementary oligonucleotides were mixed at a final
concentration of 10 pM in annealing buffer (10 x stock
contained 100 mM Tris-HCl pH 7.5, 1 M NaCl and 1 mM
Ethylenediaminetetraacetic acid (EDTA) (pH 8), kept
at 98 °C for 5 min and slowly cooled to room tempera-
ture. Then, the annealed oligonucleotides were treated
with polynucleotide kinase to phosphorylate the 5" ends,
according to manufacturer’s instructions (Invitrogen),
and ligated to Bsal cleaved and dephosphorylated plas-
mid pJOE8999 to incorporate specific target sequences to
the vector.

Cloning of editing template

In a second step, to construct editing templates, two
homologous arms of similar length and the desired cargo
to be inserted were separately amplified and were then
fused together by splicing with overlap extension PCR
(SOEing-PCR, Additional file 2: Table S3). Regarding the
desired cargo, the amyQ gene was synthesized by Nzy-
tech (Portugal) with codon optimization for B. subtilis
(Additional file 1: Fig. S1), and cloned into pBS2EXxyl-
RPxylA vector by using restriction sites Xbal and Pstl,
resulting in the plasmid pBS2EXxylRPxylA_Q. This plas-
mid was used as a template for amyQ and amyQuxyl gene
amplifications, whereas pHY_crtMN vector provided
by the Maeda’s group [37], was used as a template for
crtMN operon amplification. SOEing-PCR products of
the expected size along with pJOE8999 plasmids harbor-
ing specific target sequence were digested with Sfil and
ligated with T4 DNA-ligase (Nzytech) to incorporate the
desired cargo to the corresponding editing plasmid. All
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plasmids were verified by Sanger sequencing. A more
detailed explanation for the construction of each editing
plasmid is given in the supplementary material (Addi-
tional file 1: Fig. $2-S6).

Construction of multicopy strains and plasmid curing
After transformation of B. subtilis strains with editing
plasmids, resulting colonies obtained on LB agar plates
with kanamycin were streaked into LB agar plates sup-
plemented with kanamycin and 0.5% of D-mannose
and incubated at 37 °C for 24 h. After incubation, white
colonies were selected among yellow colonies and pas-
saged three times on LB agar plates (without any anti-
biotics) at 50 °C for 24 h to cure the plasmid. Plasmid
curing achieved best results when cells are streaked for
single colonies at each passage. The colonies cured of
editing plasmid were confirmed by streaking them onto
LB agar plates containing kanamycin or no antibiot-
ics; colonies cured of plasmid fail to grow at 37 °C. The
presence of multiple gene copies was verified by colony
PCR using relevant primers and Sanger sequencing
(Additional file 2: Table S3).

Quantification of a-amylase activity in liquid cultures
Overnight cultures of recombinant B. subtilis strains
in production medium (12 g/L sucrose, 18 g/L pep-
tone, 2 g/L (NH,),SO,, 18.3 g/L K,HPO,-3H,0, 6 g/L
KH,PO,, 1 g/L Na' citrate, 0.2 g/L. MgSO,-7H,0,
0.12 g/L FeSO,-7H,0, 30 mg/L MnSO,-H,0, 12 mg/L
CuSO,-H,O and 12 mg/L ZnCl,) were diluted to 0.1
ODy in 25 mL of production media and were grown
at 37 °C and 220 rpm for 2 days. In the case of xylose-
inducing experiments, 1% xylose was added at ODg,
between 0.6 and 0.8 and strains were then cultured
for additional 48 h at same conditions. After 48 h, the
culture supernatants were obtained by centrifugation
at 8000 g for 20 min at 4 °C and were used as crude
a-amylase samples. The standard assay mixture con-
tained 1.5% soluble starch in a final volume of 0.25 ml
of 50 mM Tris—HCI buffer at pH 6.5. The mixture was
assayed with 2 pl of the a-amylase solution and incu-
bated at 80 °C for 2 min. Next, the reaction was stopped
by the addition of 0.75 mL of 3,5- dinitrosalicylic acid
(DNS) reagent then heated for 5 min in boiling water
bath and cooled on ice. The absorbance was read at
540 nm and compared to a standard calibration curve
for maltose (Additional file 1: Fig. S7). One unit of
amylase activity was defined as the amount of enzyme
which liberated 1 pmol of maltose from soluble starch
per minute under the assay conditions [67].
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