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Repression of Autolysin Genes
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aDepartment of Molecular Genetics, University of Groningen, Groningen, the Netherlands
bInterfaculty Institute for Genetics and Functional Genomics, University Medicine Greifswald, Greifswald, Germany
cInstitute of Microbiology and Genetics, Georg-August University Göttingen, Göttingen, Germany

ABSTRACT Cell chaining in Bacillus subtilis is naturally observed in a subset of cells
during exponential growth and during biofilm formation. However, the recently con-
structed large-scale genome-minimized B. subtilis strain PG10 displays a severe and per-
manent defect in cell separation, as it exclusively grows in the form of long filaments of
nonseparated cells. In this study, we investigated the underlying mechanisms responsi-
ble for the incomplete cell division of PG10 by genomic and transcriptomic analyses.
Repression of the SigD regulon, including the major autolysin gene lytF, was identified
as the cause for the cell separation problem of PG10. It appeared that SigD-regulated
genes are downregulated in PG10 due to the absence of the flagellar export apparatus,
which normally is responsible for secretion of FlgM, the anti-sigma factor of SigD.
Although mild negative effects on growth and cell morphology were observed, deletion
of flgM could revert the aberrant cell-chaining phenotype and increased transformation
efficiency. Interestingly, our work also demonstrates the occurrence of increased anti-
sense transcription of slrR, a transcriptional repressor of autolysin genes, in PG10 and
provides further understanding for this observation. In addition to revealing the molecu-
lar basis of the cell separation defect in PG10, our work provides novel targets for sub-
sequent genome reduction efforts and future directions for further optimization of
miniBacillus PG10.

IMPORTANCE Reduction of the size of bacterial genomes is relevant for understanding
the minimal requirements for cellular life as well as from a biotechnological point of
view. Although the genome-minimized Bacillus subtilis strain PG10 displays several
beneficial traits as a microbial cell factory compared to its parental strain, a defect at
the final stage of cell division was introduced during the genome reduction process.
By genetic and transcriptomic analyses, we identified the underlying reasons for the
cell separation problem of PG10. In addition to enabling PG10 to grow in a way simi-
lar to that of B. subtilis wild-type strains, our work points toward subsequent targets
for fine-tuning and further reduction of the genome of PG10. Moreover, solving the
cell separation defect facilitates laboratory handling of PG10 by increasing the trans-
formation efficiency, among other means. Overall, our work contributes to under-
standing and improving biotechnologically attractive minimal bacterial cell factories.

KEYWORDS miniBacillus, genome minimization, daughter cell separation, autolysins,
sigma factor D, cell separation

Reconstruction and minimization of bacterial genomes contributes to understanding
the minimal requirements for cellular life. For the model organism Bacillus subtilis, a

milestone in genome reduction was achieved by the construction and characterization
of two independent miniBacillus strains with a reduction of ;36% in genome size com-
pared to the original parental strain, B. subtilis 168 (1). These strains, named PG10 and
PS38, resulted from the stepwise, markerless deletion of dispensable genomic regions
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starting from the previously constructed B. subtilis D6 strain, whose genome was already
reduced by 7.7% (2). In addition to defining a minimal set of genes necessary for cellular
life, these large-scale genome-minimized strains are attractive minimal cell factories for
biotechnological applications. Two different studies demonstrated several advantages of
miniBacillus PG10 for the heterologous production of peptides or proteins compared to
their production in B. subtilis 168 or the protease-deficient strain WB800 (3, 4). The suc-
cessful performance of PG10 as a heterologous production host was attributed to
reduced proteolytic activity, a cleaner metabolic background, and enhanced translational
activity.

Interest in miniBacillus PG10 and PS38 as attractive heterologous expression hosts
is also related to the fact that they are still easy to genetically engineer due to the con-
servation of the commonly used integration loci amyE and thrC as well as to their abil-
ity to become genetically competent (1). Moreover, the strains display robust growth
in complex medium (LB), with only a slight decrease in growth rate compared to the
D6 reference strain. However, one striking phenotypic abnormality is clearly visible for
PG10 and PS38: they grow in the form of long filaments of nonseparated cells (Fig. 1).
Therefore, the strains seem to display a defect in the final stage of cell division. Thus,
this presents a target for further optimization of the miniBacillus strains, which at least
might ease laboratory handling of the strains, as no firm cell pellets can be obtained af-
ter centrifugation (see Fig. 5C). Possibly, resolving the cell separation problem of the
miniBacillus strains might also impact their productivity as a minimal cell factory.

At the end of cell division, daughter cells are separated from each other by autoly-
sins that cleave the peptidoglycan across the long axis of the division septum (5).
Although the genome of B. subtilis encodes at least 35 different autolysins, LytF has
been identified as the primary autolysin responsible for daughter cell separation (6). In
B. subtilis, chaining of cells can be observed during biofilm formation as well as during
mid-exponential growth, where a mixed population of individual motile cells and
chains of sessile cells coexists (7, 8). Transcription of autolysin genes and motility genes
requires the alternative sigma factor D (SigD) to be bound to RNA polymerase (9–13).
In agreement with this, a sigD mutant strain forms long chains of cells, and daughter
cell separation can be restored by inducible expression of lytF (6). The activity of SigD
is controlled by its anti-sigma factor, FlgM, whose intracellular level in turn is regulated
by the assembly of the flagellar secretion apparatus (14). The majority of genes encod-
ing the flagellar secretion apparatus are located in the fla-che operon, which also enco-
des sigD (15, 16). In the initial stage of flagellar assembly, the activity of SigD is inhib-
ited by binding to its anti-sigma factor, FlgM (17–19). Upon completion of the flagellar
hook-basal body, FlgM is secreted into the extracellular space, thereby liberating SigD
and enabling transcription of the SigD regulon (14). Another level of regulation of
daughter cell separation is governed by the SlrR�SinR bistable switch (20). SinR and
SlrR form a double-negative feedback loop, which can exist in an SlrRHIGH or SlrRLOW

state. In an SlrRLOW state, matrix genes and slrR are repressed by SinR, enabling cells to

FIG 1 miniBacillus PG10 grows as long filaments of chained cells compared to its progenitor strains,
B. subtilis 168 and D6. Phase-contrast microscopy images of cells grown to mid-exponential phase.
Scale bar represents 5mm.
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grow as individual and motile cells. In contrast, cells that are in an SlrRHIGH state are
chaining and immobile because of SlrR-mediated repression of autolysin and motility
genes. Either due to deterministic induction (biofilm formation) or stochastic expres-
sion (exponential growth) of sinI, cells can switch from an SlrRLOW to an SlrRHIGH state
(7, 20, 21).

Although cell chaining occurs naturally under the conditions described above,
PG10 clearly has a severe and permanent defect in cell separation, which might limit
its full potential as a minimal cell factory. Therefore, the main goal of this study was to
investigate the underlying mechanism(s) responsible for the cell separation defect in
miniBacillus PG10. For that purpose, we analyzed the differences at the genomic and
transcriptomic levels between PG10 and its progenitor D6 strain, which does not dis-
play a severe cell chaining phenotype. Repression of the SigD regulon, which also con-
tains the major autolysin-encoding gene, lytF, was identified as the underlying reason
for the cell separation defect of PG10. The activity of SigD appeared to be inhibited by
intracellular accumulation of its anti-sigma factor FlgM due to the absence of the flag-
ellar export apparatus in PG10 (as a consequence of genome reduction). By resolving
the cell separation problem of PG10, the transformation efficiency increased by about
10-fold, and laboratory handling of this miniBacillus strain became more convenient. In
addition, novel directions for subsequent genome reduction steps could be identified.

RESULTS
Transcriptome analysis reveals downregulation of autolysin genes in PG10. To

investigate whether the large-scale genome reduction had caused deregulation of
genes involved in cell separation in PG10, a transcriptomic comparison between PG10
and its progenitor strain, D6, was performed. For this purpose, tiling array data derived
from the initial characterization of PG10 (1) was analyzed using the GEO2R software.

Five genes involved in cell separation showed a significant differential expression in
PG10 compared to D6 (Table 1). Interestingly, an ;5- to 7-fold downregulation of the
lytABC operon and the major autolysin gene lytF was observed in PG10. In addition,
the expression level of flgM, the anti-sigma factor of SigD, was ;2-fold increased.
Other effectors that are also involved in cell separation but remained unaffected in
PG10 included the alternative sigma factor SigD, the transcriptional regulators SlrR and
SinR, and the SinR antagonists SinI and SlrA. It is worth noting that although the aver-
age number of sense transcripts of slrR was comparable between PG10 and D6, anti-
sense transcription of slrR was nearly 8-fold increased in PG10 (see Table S1 in the sup-
plemental material). The above-described findings suggest that the aberrant chaining
phenotype of PG10 is caused by downregulation of autolysin genes. The SlrR�SinR
bistable switch does not seem to be responsible for the repression of autolysin genes,
since slrR rather seems to be silenced in PG10 due to the increased level of antisense
transcripts. In agreement with this, extensive cell chaining was still observed upon de-
letion of slrR in PG10 (Fig. S1). Therefore, it was concluded that compromised activity
of SigD, e.g., by upregulation of flgM, is responsible for the observed downregulation
of autolysin genes in PG10.

Inducible expression of the major autolysin gene lytF resolves cell chaining in
PG10. In B. subtilis, LytF has been identified as a major autolysin, since inducible
expression of lytF could revert cell chaining in a sigD mutant strain (6). To investigate
whether the observed downregulation of autolysin genes led to the cell separation

TABLE 1 Differential expression levels of genes associated with cell separation in miniBacillus PG10a

Locus Gene name Function Fold change P value
BSU35430 flgM Anti-sigma factor of SigD 2.1 7.65E203
BSU35640 lytA Secretion of LytC 25.4 5.85E206
BSU35630 lytB Modifier protein of LytC 25.2 5.04E206
BSU35620 lytC N-Acetylmuramoyl-L-alanine amidase, autolysin, required for flagellar function 24.8 5.45E206
BSU09370 lytF Gamma-D-glutamate-meso-diaminopimelate muropeptidase, major autolysin 26.7 1.19E205
aTiling microarray data (1) were compared between PG10 and the reference strain D6. Only genes with a fold change of.2 are shown.
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defect in PG10, an isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible copy of lytF
was introduced in the amyE locus of PG10. As visualized in Fig. 2, the cell chaining phe-
notype of PG10 could be resolved upon artificial expression of lytF. Notably, with
increasing concentrations of IPTG, extrusions at cell poles and aggregation of cells
could be observed. Nevertheless, these results provide a good indication that the
extensive cell chaining of PG10 cells is a consequence of downregulation of autolysin
genes.

Downregulation of the SigD regulon in PG10. As mentioned earlier, the alternative
sigma factor SigD is an important player in daughter cell separation in B. subtilis.
Importantly, sigD mutants display an extensive cell chaining phenotype like PG10 (7, 9),
and transcription of lytF is fully dependent on binding of SigD to RNA polymerase (22).
Although no differences were observed on the mRNA or protein level of sigD/SigD (Table 1
and reference 1), we hypothesized that altered SigD activity leads to the chaining pheno-
type of PG10. To substantiate this hypothesis, expression levels of genes that are exclu-
sively under the control of SigD as a sigma factor (and still present in PG10) were analyzed.
Interestingly, significantly affected SigD-regulated genes were all downregulated in PG10
compared to the D6 reference strain (Table 2). The four genes showing the most drastic
decrease in gene expression were the major autolysin gene lytF, the chemotaxis receptor
genes hemAT and yfmS, and yjcM, encoding a protein of unknown function. The finding
that other SigD-regulated genes, in addition to lytF, are downregulated in PG10 suggests
that compromised SigD activity is responsible for cell chaining in PG10.

Intracellular accumulation of FlgM, the anti-sigma factor of SigD, is responsible
for the permanent repression of autolysin genes in PG10. In B. subtilis, expression of
SigD-regulated genes is coupled to the assembly of the flagellar export apparatus. This
represents a kind of checkpoint that combines completion of the flagellar hook-basal

FIG 2 Inducible expression of lytF reverts extensive cell chaining in PG10. Phase-contrast microscopy was
performed of PG10 containing an IPTG-inducible copy of lytF (controlled by the hyperspank promoter; Pspank-hy).
Cultures were grown to mid-exponential phase in LB containing various concentrations of IPTG as indicated.
Scale bar represents 5mm.

TABLE 2 Differential expression levels of SigD-dependent genesa

Locus Gene name Function Fold change P value
BSU03440 tlpC Chemotaxis receptor 22.4 6.35E203
BSU07360 yfmS Chemotaxis receptor 29.1 2.85E206
BSU09370 lytF Major autolysin 26.7 1.19E205
BSU10380 hemAT Chemotaxis receptor 214.6 2.19E206
BSU11910 yjcM Unknown 26.2 1.06E204
BSU13420 dgcW Synthesis of c-di-GMP 25.1 2.40E204
BSU15960 ylqB Control of entry into sporulation 21.6 4.45E202
BSU21940 degR Control of DegU activity 21.7 2.32E202
BSU28890 yscB Unknown 22.1 3.53E202
BSU33690 yvaQ Chemotaxis receptor 22.0 2.47E203
BSU33870 yvbI Unknown 22.3 1.46E203
BSU36390 flhP Flagellar hook-basal-body rod protein 21.8 1.31E202
BSU36400 flhO Flagellar basal-body rod protein 21.8 1.38E202
aTiling microarray data (1) were compared between PG10 and the reference strain D6. Only genes that are
exclusively dependent on SigD for their transcription and with an adjusted P value of#0.05 are shown.

van Tilburg et al. Applied and Environmental Microbiology

September 2021 Volume 87 Issue 18 e01123-21 aem.asm.org 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
27

 O
ct

ob
er

 2
02

1 
by

 1
29

.1
25

.1
48

.9
8.

https://aem.asm.org


body assembly with SigD activity control by secretion of FlgM, the anti-sigma factor of
SigD (14). The fla-che operon (Fig. 3) contains most of the genes encoding the individ-
ual proteins of the flagellar export apparatus (15, 16). However, in miniBacillus PG10,
the majority of genes of the fla-che operon are absent (from fliE until and including
cheD) as a consequence of the deletion of genomic regions unnecessary for survival
(1). In contrast, flgM was preserved during the genome reduction process. Thus, in
addition to the 2-fold upregulation of flgM, secretion of FlgM is likely abolished in
PG10, resulting in permanent accumulation of FlgM and repression of SigD-regulated
genes. To test this hypothesis, flgM was deleted in PG10. Microscopic analysis revealed
that the flgM deletion strain mainly grew in the form of separate cells (Fig. 4). This indi-
cates that cell separation autolysin genes cannot be transcribed in PG10 due to the
permanent inhibition of SigD activity by intracellularly accumulated FlgM.

Consequences of unchaining PG10 by deletion of flgM. Similar to PG10 cells in
which lytF expression was induced, cellular aggregates and polar extrusions could be
observed for the flgM deletion strain to a limited extent (Fig. 4). Moreover, unchaining
PG10, either via deletion of flgM or by induction of lytF, impaired cell growth (Fig. 5A
and Table S2). This was clearly visible later in the growth phase, resulting in a
decreased final optical density for the PG10 mutant strains (maximum optical density
at 600 nm [OD600] of 1.8 compared to a final OD600 of 3.0 for the PG10 wild type).
Statistical analysis indicated that deletion of flgM or induction of lytF significantly
affected the growth of PG10 after at least 4 h of growth. However, positive consequen-
ces of resolving the cell chaining problem of PG10 also were noted. Upon deletion of
flgM, the transformation efficiency significantly increased by almost 1 order of magni-
tude compared to the PG10 wild type (Fig. 5B). In addition, flgM deletion strains
formed more firm cell pellets (Fig. 5C), thereby making the handling of unchained
PG10 cells easier and less time-consuming.

DISCUSSION

As a starting point for the successive genome reduction of B. subtilis, a minimal set
of genes was defined based on certain criteria (23). This selection process was facili-
tated by the vast amount of information available regarding genome annotation,
essential genes, and cellular processes in B. subtilis. One of these criteria was that the
growth and physiology of the genome-minimized strains in complex medium should

FIG 3 Schematic representation of the fla-che operon in B. subtilis. Genes visualized in green encode
flagellar structural components, and genes visualized in yellow encode proteins of the type II export
apparatus. sigD is colored in orange. Note that the majority of genes of the fla-che operon have been
deleted in PG10.

FIG 4 Deletion of flgM enables PG10 to grow as separate cells. Phase-contrast microscopy pictures
were taken in the exponential growth phase of PG10 wild type and PG10 DflgM mutant. Arrows
indicate examples of cellular extrusions/abnormalities of which zoomed images (white boxes) are
shown on the right. Scale bars represent 5mm.
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be similar to those of B. subtilis wild-type cells (1). The well-considered design of the
blueprint of a miniBacillus cell and extensive laboratory efforts finally led to the con-
struction of the miniBacillus PG10 strain in which 2,700 out of 4,253 genes had been
retained (1). Remarkably, despite the immense genome reduction of ;36%, the
growth rate of PG10 was only slightly reduced compared to that of its reference strain.
Although PG10 cells maintained a rod-shaped morphology, a defect in separation of
daughter cells was noted, as cells were observed to form long filaments of unseparated
cells. Since this extreme phenotype of PG10 suggests that some level of deregulation
in cell division/separation was introduced during the genome reduction process, we
sought to investigate the underlying cause(s). We reasoned that identification and
elimination of the causes of the cell separation defect of PG10 might lead to an
improved miniBacillus strain that is more similar to its parental strain, D6. In addition,
this might reveal novel targets for subsequent genome minimization steps in this bio-
technologically interesting strain.

In this work, genetic and transcriptomic analyses indicated downregulation of auto-
lysins, particularly the major autolysin LytF, to be responsible for the cell separation
defect in PG10. This finding agrees with the prominent role of autolysins in the cleav-
age of peptidoglycan following cell division (5, 6). Inhibition of the SigD regulon, con-
taining lytABC and lytF, was identified as an underlying factor for the cell separation
defect in PG10 (Fig. 6). The activity of SigD was found to be permanently inhibited by
intracellular accumulation of its anti-sigma factor, FlgM, due to the absence of the flag-
ellar export apparatus required for secretion of FlgM. The latter appeared to be a

FIG 5 Consequences of unchaining PG10 on its growth and laboratory use. (A) Effect of deletion of
flgM or IPTG-inducible lytF expression on the growth of PG10. Average OD600 values and standard
deviations were determined from triplicate OD600 measurements. lytF-NC and lytF-induced correspond
to PG10 lytF grown without induction and with induction (0.03mM IPTG) of lytF, respectively. Growth
curves of the progenitor strains of PG10, B. subtilis 168 and B. subtilis D6, are also shown. P values of
pairwise comparison between PG10 wild-type and mutant strains at each time point can be found in
Table S2. (B) Transformation efficiency of PG10 wild-type and PG10 DflgM strains. The number of
transformants per microgram of DNA was calculated from three biological replicates (P , 0.01, two-
tailed paired t test). (C) Cell pellets of the PG10 wild type and flgM deletion strain.
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consequence of deletion of the majority of genes of the fla-che operon encoding the
components of the flagellar export apparatus. The choice to delete these genes was a
logical decision, since motility and chemotaxis are not required for growth in complex
medium. However, the absence of the flagellar export apparatus indirectly introduced
deregulation of the SigD regulon in the resulting minimal cell, with incomplete cell di-
vision as a major visible consequence. Out of the 123 genes of the SigD regulon in B.
subtilis (24), 52 genes are still present in PG10, 23 genes of which are exclusively de-
pendent on SigD for their transcription. Although several genes of the remaining SigD
regulon in PG10 are uncharacterized, most genes play a role in motility or chemotaxis,
functions of which the majority of genes have been deleted during genome minimiza-
tion. Therefore, no additional negative effects other than the cell separation defect are
expected to have derived from repression of the SigD regulon in PG10. The remaining
SigD-regulated genes might be targets for further streamlining of the miniBacillus
genome.

As mentioned previously, the cell separation defect of PG10 was not caused by SlrR,
which, at high expression levels, forms a complex with SinR and thereby represses autoly-
sin genes (20). Although sense transcription of slrR was unaffected in PG10, the number of
antisense transcripts was about 8-fold increased. The latter is a consequence of the fact
that slrR initially was deleted during the genome reduction process but later on was rein-
troduced in the bslA locus. Along with bslA, the terminator of gbsR upstream of bslA was
removed. Since slrR was inserted in the inverse orientation in the bslA locus, the absence
of the gbsR terminator caused readthrough from the gbsR promoter, thereby producing
slrR antisense transcripts. Since antisense transcription generally interferes with the expres-
sion of the respective gene (25), slrR likely became silenced in PG10. In accordance with
this, an slrR mutant strain displayed the same extensive cell chaining phenotype as the
PG10 wild type. This finding also suggests that slrR can be permanently deleted from the

FIG 6 Schematic illustration of underlying causes for the defect in cell separation in PG10. Due to
deletion of the majority of genes of the fla-che operon (*, flgB, flgC, sigD, and swrB are still present),
PG10 does not have a flagellar secretion apparatus anymore. This leads to the intracellular
accumulation of FlgM, the anti-sigma factor of SigD, causing permanent repression of lytF and lytABC,
resulting in incomplete cell division. For comparison, the normal situation in B. subtilis 168 or D6 is
shown in which FlgM is secreted after formation of the flagellar secretion apparatus and
subsequently degraded by extracellular proteases.
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genome of PG10 if no adverse effects are observed. Future genome engineering efforts
should clarify this.

In addition to understanding the cell separation defect of PG10 as well as identify-
ing new genome reduction targets, we showed that the flgM deletion strain displays
an increased transformation efficiency of almost 1 order of magnitude. In PG10,
genetic competence is artificially initiated by inducing the expression of the master
transcriptional regulator of competence, ComK (26). This system was introduced in one
of the progenitor strains of PG10, since a gradual decrease in transformability was
encountered during the genome reduction process (1). Due to the artificial induction
of the competence machinery in PG10, it seems unlikely that an upregulated (unchar-
acterized) gene of the SigD regulon in the flgM deletion strain affected the expression
of competence genes and thereby impacted the transformation efficiency. In B. subtilis,
proteins involved in DNA binding and DNA uptake proteins preferentially localize at
the cell poles (27). Therefore, the increased transformation efficiency of the flgM dele-
tion strain rather seems to be a consequence of reduced cell chaining. By promoting
growth of PG10 as separate cells, cell poles likely become more accessible for compe-
tence proteins, thereby facilitating DNA internalization and increasing transformability
of PG10. Thus, unchaining PG10 leads to an interesting side effect that facilitates ge-
nome engineering in PG10. Preservation of genetic competence is crucial to enable
subsequent genome minimization steps.

Although we identified the underlying reasons for the cell separation defect in
PG10 and found several beneficial consequences of unchaining PG10, further efforts
will be necessary to solve this problem without compromising the fitness of PG10. As
indicated previously, deletion of flgM could unchain PG10, but aberrant extrusions at
the cell poles, a decrease in growth rate, and clumping of cells was observed. An alter-
native approach for unchaining PG10 might involve reintroduction of the fla-che genes
necessary for secretion of FlgM. However, this would require a minimum of nine genes
of the flagellar export apparatus (14), thereby increasing the genome size of PG10. In
addition, it will be unclear whether the extracellular presence of FlgM will have any
side effects, since PG10 lacks the extracellular proteases (Epr and WprA) that normally
degrade FlgM after its secretion (14). Another possibility would be to knock down flgM
and analyze whether fine-tuning its expression level prevents the negative consequen-
ces that were observed in the case of full deletion of flgM. Critically, a proper balance
has to be found between the accumulation of FlgM inside the cells and processes con-
tributing to a decrease in its intracellular level (protein instability and dilution of FlgM
molecules during cell division). Low constitutive expression of lytF also might be a suit-
able alternative for unchaining PG10, by which adverse effects could be limited.

In conclusion, our work identified the underlying reasons responsible for the cell
separation defect in miniBacillus PG10 and provides valuable clues for further optimiza-
tion of PG10 as a minimal production host.

MATERIALS ANDMETHODS
Strains and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 3.

B. subtilis strains were cultured at 37°C with aeration (220 rpm) in LB-Lennox medium (Formedium).
Escherichia coli (Top10) was used as a cloning host and was grown in LB at 37°C, 220 rpm. For solid me-
dium, growth medium was supplemented with agar (1.5%). When required, LB agar plates for growth of
miniBacillus PG10 strains were supplemented with antibiotics at 100mg/ml spectinomycin or 7mg/ml
kanamycin, whereas half those concentrations were used in liquid cultures. For E. coli, 100mg/ml ampicillin
or 30mg/ml kanamycin was used.

Construction of plasmids and strains. Oligonucleotides used for cloning of plasmids can be found
in Table 4 and were synthesized by Biolegio (Nijmegen, the Netherlands). Phusion-HF DNA polymerase,
Fast Digest restriction enzymes, and T4 DNA ligase were purchased from Thermo Fisher Scientific. PfuX7
DNA polymerase (purified in our laboratory) was used for colony PCR. Plasmids were constructed by
using standard restriction-ligation procedures. All constructs were verified by sequencing. To induce
genetic competence in miniBacillus PG10, 0.5% (wt/vol) mannitol was added to the growth medium dur-
ing exponential phase (26).

pDR-lytF was constructed by prolonged overlap extension (POE) PCR for direct transformation of B.
subtilis as described previously (28). By regular PCR, lytF was amplified with primer pair lytF-fw 1 lytF-rv
from the genomic DNA of PG10, whereas the pDR111 vector was linearized by using primer pair
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pDR111-fw1 pDR111-rv. In both PCR products, 59 and 39 overlapping termini of about 25 bp were intro-
duced. Next, POE-PCR was performed as described previously (29), and resulting multimers were used
for direct transformation of PG10.

For the markerless deletion of slrR or flgM in PG10, two pJOE8999 vectors were constructed. A spe-
cific single guide RNA (sgRNA)-encoding sequence was designed using the CRISPR Guide Design
Software of Benchling (slrR, ATGATGTATGAAAAAATCAG; flgM, AAAAAATTATGATAAGCAAG) and cloned
into pJOE8999 via Eco31I digestion. To enable homologous recombination, up- and downstream flank-
ing regions to construct pJOE_DslrR and pJOE_DflgM were obtained from the genomic DNA of B. subtilis
168. For pJOE_ DslrR, primer pairs slrR-up-fw 1 slrR-up-rv (up) and slrR-down-fw 1 slrR-down-rv (down)
were used. To obtain the final pJOE_ DslrR vector, flanking regions were digested with SfiI followed by li-
gation into similarly digested pJOE vector with the sgRNA-encoding sequence. For flanking regions of
flgM, primer pairs flgM-up-fw 1 flgM-up-rv (up) and flgM-down-fw 1 flgM-down-rv (down) were used.
pJOE8999 containing the flgM guide was linearized by PCR using primer pair pJOE-fw 1 pJOE-rv. Eco31I
digestion of flgM flanking regions and pJOE backbone followed by T4-ligation yielded pJOE_DflgM.

Microscopy. For microscopic analysis, 1ml of culture was pipetted on a thin layer of 1.5% (wt/vol)
agarose on a microscope slide and air dried. Phase-contrast images were taken on a DeltaVision Elite
inverted microscope (Applied Precision, GE Healthcare) equipped with an sCMOS camera, using a 100�
oil, 1.4-numeric-aperture objective. Digital images were acquired with SoftWorX 3.6.0 software (Applied
Precision) and analyzed using ImageJ Fiji.

Transcriptome analysis.Whole-genome tiling array data derived from the initial characterization of
PG10 (1) was retrieved from the Gene Expression Omnibus (GEO) database under accession number

TABLE 3 List of plasmids and bacterial strains used in this study

Plasmid or strain Relevant characteristic(s) Reference or source
Plasmid
pJOE8999 Vector for markerless genetic engineering of B. subtilis by

employing CRISPR-Cas9; Kmr

30

pJOE_DflgM pJOE8999 derivative for deletion of flgM in PG10 This study
pJOE_DslrR pJOE8999 derivative for deletion of slrR in PG10 This study
pDR111 Integration vector for genomic integration in the amyE

locus; carrying an IPTG-inducible promoter (Pspank-hy) and
lacI; Spcr

Laboratory stock

pDR-lytF pDR111 derivative for the IPTG-inducible expression of the
major autolysin lytF; pDR-Pspank-hy-lytF

This study

Strain
B. subtilis
168 trpmutant Laboratory collection
D6 Intermediate genome-minimized strain derived from B.

subtilis 168 (8% genome reduction)
2

PG10 Large-scale genome-minimized strain derived from B.
subtilis 168 (36% genome reduction)

1

PG10 lytF PG10 derivative; amyE::Pspank-hy-lytF This study
PG10 DflgM PG10 derivative; DflgM This study
PG10 DslrR PG10 derivative; DslrR This study

E. coli Top10 F– mcrA D(mrr-hsdRMS-mcrBC) U80lacZDM15 DlacX74 recA1
araD139 D(ara leu)7697 galU galK rpsL (strR) endA1 nupG

Laboratory collection

TABLE 4 List of oligonucleotides used in this study

Primer Nucleotide sequence (59–39)
lytF-fw CGGTGCAAAACGATATTTCTAAAAACCATTAGCATCACCTTGCTC
lytF-rv CCTGCTGCTAATTTCTTTTTCATATTGGTCACCTCCTTTC
pDR111-fw GCTTATTGAAAGGAGGTGACCAATATGAAAAAGAAATTAGCAGCAGG
pDR111-rv GAGCAAGGTGATGCTAATGGTTTTTAGAAATATCGTTTTGCACCG
flgM-up-fw TCGAGGTCTCAAAGACACTAGAAATTGACACAGGC
flgM-up-rv TCGAGGTCTCAATCCCTTTTATCGACTGCGTTTTC
flgM-down-fw TCGAGGTCTCAGGATAAGGAGAAAGCCCATGTCAG
flgM-down-rv TCGAGGTCTCACAGCCGGCAGCTCAGCTTTAATTG
slrR-up-fw CGTAGGCCAACGCGGCCGGATGAATAATGCGGTCAGC
slrR-up-rv CGTAGGCCGAACTGGCCGTCGTTATTTCGTTCATTATAAG
slrR-down-fw GCTAGGCCAGTTCGGCCCTGTCCATGAAGTCAAATCC
slrR-down-rv CGTAGGCCGTATTGGCCTTGATAATACTGCGGATCTG
pJOE-fw TCGAGGTCTCATCTTTGGCCGTCGACCCTATAGTG
pJOE-rv TCGAGGTCTCAGCTGGGCCTTTCTAGATTAAGAAATA
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GSE82249. Differentially expressed genes were determined using the GEO2R web tool (adjusted P value
of#0.05). The average of the sense/antisense reads of slrR was determined by calculating the average of
the fragments overlapping with the gene from all four replicates of PG10 and D6 (1).

Growth measurements. To generate growth curves of the different PG10 strains, B. subtilis D6 and
B. subtilis 168, three biological replicates of each strain were cultured in 10ml of LB starting at an OD600

of 0.05. During growth at 37°C and 220 rpm, the OD600 was measured every hour after thoroughly pipet-
ting the cell suspension to dissolve cellular aggregates. Average values and standard deviations were
calculated from the triplicate measurements. A two-tailed paired t test was used to statistically compare
the growth between PG10 wild-type and PG10 mutant strains (P, 0.05).

Determination of transformation efficiency. To determine the transformation efficiency of PG10
strains, three biological replicates were used. Competence was induced by addition of 0.5% (wt/vol)
mannitol to the growth medium at an OD600 of 0.2. After ;1.5 h, growth cultures of different strains
were diluted to the same OD600 (0.4), and 100 ng of plasmid DNA was added to 1ml of cell suspension.
After 1 h of incubation at 37°C and 220 rpm, the cell suspension was plated in serial dilutions and
incubated at 37°C. The next day, the number of colonies was counted and corrected per microgram of
DNA. Average values and standard deviations were calculated. Statistical analysis was performed using a
two-tailed paired t test (P, 0.01).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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