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Paenibacillus polymyxa is a spore-forming
Gram-positive bacterial species. Both its sporulation
process and the spore properties are poorly under-
stood. Here, we investigated sporulation in P
polymyxa ATCC39564. When cultured at 37°C for
24 h in sporulation medium, more than 80% of the
total cells in the culture were spores. Time-lapse
imaging revealed that cellular morphological
changes during sporulation of P polymyxa were
highly similar to those of B. subtilis. We demon-
strated that genetic deletion of spo0A, sigE, sigF,
sig@, or sigK, which are highly conserved transcrip-
tional regulators in spore-forming bacteria, abol-
ished spore formation. In P. polymyxa, spo0A was
required for cell growth in sporulation medium, as
well as for the initiation of sporulation. The sigE
and sigFF mutants formed abnormal multiple asym-
metric septa during the early stage of sporulation.
The sigG and sigK mutants formed forespores in
the sporangium, but they did not become mature.
Moreover, fluorescence reporter analysis confirmed
compartment-specific gene expression of spolID and
spoVEA in the mother cell and spolIQ and sspF in
the forespore. Transmission electron microscopy
imaging revealed that P. polymyxa produces multi-
layered endospores but lacking a balloon-shaped
exosporium. Our results indicate that spore mor-
phogenesis is conserved between P. polymyxa and
B. subtilis. However, P. polymyxa genomes lack many

homologues encoding spore-coat proteins that are
found in B. subtills, suggesting that there are differ-
ences in the spore coat composition and surface
structure between P. polymyxa and B. subtilis.
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Introduction

Sporulation is an adaptation strategy in bacteria to sur-
vive harsh environmental conditions by transforming into
endospores, which are metabolically dormant and highly
resistant to various stresses (Beskrovnaya et al., 2021).
Bacterial sporulation has been intensely studied in Bacillus
subtilis, which has a simple process of cellular differenti-
ation (Errington, 2003; Higgins and Dworkin, 2012). Spor-
ulation is initiated with an asymmetric cell division when
the environment becomes adverse, such as when nutrients
are exhausted. Consequently, two types of cell compart-
ments that differ in size are generated; the smaller com-
partment is a forespore that develops into the endospore,
while the larger cell is called the mother cell and supports
spore development. After the formation of the asymmetric
septum, engulfment of the forespore into the mother cell
cytosol takes place, assisted by a peptidoglycan remodel-
ing enzyme complex, SpolIM-SpolID-SpolIP (Khanna et
al., 2019). Substrates necessary for the subsequent stage
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can be trafficked between the mother cell and the forespore
through a SpollIAH-SpollQ channel (Levdikov et al.,
2012; Meisner et al., 2012). During spore development,
dipicolinic acid (DPA) and small acid-soluble proteins
(SASPs) accumulate in the forespore and provide the spore
with resistance against heat and UV irradiation (Setlow
etal.,20006; Beskrovnaya et al., 2021). DPA is synthesized
by the SpoVFA-SpoVFB complex in the mother cell and
is then transported into the spore compartment through
DPA transporters, SpoVA (Tovar-Rojo ef al., 2002) and
SpoVV (Ramirez-Guadiana et al., 2017). DPA accumula-
tion leads to the dehydration of the inside of the spore,
providing heat resistance (Balassa et al., 1979). SASPs
are expressed from multiple ssp genes in the forespore,
which are DNA-binding proteins that protect spore DNA
from UV damage. In the mother cell compartment, pepti-
doglycan synthesis is activated to form the cortex layer,
and then a number of spore-coat proteins, more than 70 in
B. subtilis, are synthesized and attached to the spore sur-
face, forming multiple spore-coat layers (McKenney ef al.,
2013; Driks and Eichenberger, 2016). At the final stage,
the mother cell lyses to release the mature spore.

Expression of sporulation-related genes is governed by
sporulation-specific transcriptional regulators that are con-
served among spore-forming bacteria. In the transition
from vegetative to sporulating cells, SpoOA acts as the
master transcriptional factor for entry into sporulation.
When the environment becomes adverse, Spo0A is acti-
vated through phosphorylation. Phosphorylated Spo0A
upregulates early sporulation genes such as sigH, sigk,
and sigF. After the asymmetric cell division, gene expres-
sion is governed by four temporal sporulation- and com-
partment-specific sigma factors: SigE in the early phase
of the mother cell, SigK in the late phase of the mother
cell, SigF in the early phase of the forespore, and SigG in
the late phase of the forespore. The genetic program of
sporulation proceeds via communication between the fore-
spore and the mother cell (Losick and Stragier, 1992;
Rudner and Losick, 2001), in which the sigma factors are
activated in the order SigF, SigE, SigG, and SigK. This
cascade of sigma factors enables a successful progression
of the genetic program to generate an endospore, which is
highly conserved across the spore-forming Firmicutes
including Bacillus spp and Clostridium spp (Fimlaid and
Shen, 2015).

Paenibacillus polymyxa (formerly Bacillus polymyxa)
is a Gram-positive bacterial species (Ash et al., 1993)
known to colonize plant roots and promote the growth of
plants (Lal and Tabacchioni, 2009). P. polymyxa is often
isolated from raw milk and dairy foods and can cause food
spoilage and poisoning (Gopal et al., 2015). Contamination
with this bacterium is a significant issue in the food indus-
try. P. polymyxa cells can also form endospores that show
extremely high resistance to various stresses, and this
property allows them to survive disinfection in food pro-
cessing (Huo ef al., 2012). Therefore, a deeper understand-
ing of the sporulation of this bacterial species is essential
for their biocontrol. However, the fundamentals of spor-
ulation in P. polymyxa remain poorly understood. In this
study, we investigated the sporulation process of the
P. polymyxa strain ATCC39564, focusing on imaging of

the cell morphology and validation of the function of spor-
ulation regulators.

Materials and Methods

Bacterial strains and culture conditions. The bacterial
strains and plasmids used are listed in Table S1. The oli-
gonucleotides used in this study are shown in Table S2.
Details of P. polymyxa strain construction are provided in
the Supplementary Materials. P. polymyxa strains were
cultured at 37°C under routine shaking in Tryptone-Soy
Broth (TSB; Difco).

Sporulation. An aliquot of TSB-overnight subculture of
P. polymyxa (100 ul) was inoculated into fresh 4-ml Difco
sporulation medium (DSM; 8 g/I Difco nutrient broth, 0.49
mM MgCl,, 13.4 mM KCl, 1 mM Ca(NOs;),, 10 uM MnCl,,
and 1 uM FeSO,) and was then cultured at 37°C to induce
sporulation. Cell growth of both the wild-type (WT) and
mutants was measured using a multimode microplate
reader (Cytation 5, BioTek). The sporulation efficiency
was determined as described previously (Abe et al., 2013),
with the following modifications: heat treatment at 70°C
for 30 min and use of TSB-agar plates.

Time-lapse imaging. Overnight subcultures of P. polymyxa
strains were inoculated in 4 ml of liquid DSM and grown
at 37°C for 4 h. Subsequently, 1 ml of the culture was
centrifuged at 20,400 x g for 1 min. The culture superna-
tant was filtered through a 0.22-um PVDF membrane
(Millipore). The filtered supernatant (75 ul) was mixed
with 1 pl of 1 mg/ml FM1-43 (Thermo Fisher Scientific)
and 25 ul of melted 4% agarose solution (Agarose H,
Nippon Gene). After the agar pad solidified on a slide
glass, sporulating cells were mounted on the pad and
observed with a Zeiss LSM780 confocal laser microscope
equipped with an EC Plan-Neofluar 100x/1.3 Oil Ph3 M27
objective lens (Zeiss), a T-PMT detector for phase-contrast
images, a 488-nm laser generator, and an AiryScan detec-
tor (BP495-550 + LP570 emission filter) to obtain confo-
cal fluorescence images. The agar pad was incubated at
37°C during observation. Images were processed using
Zen Blue edition v. 2.3 (Zeiss) and Image J Fiji v. 1.53¢
(Schindelin et al., 2012).

Transmission electron microscopy. Sporulating cells and
purified spores were fixed with 2.5% glyceraldehyde
overnight at 4°C. Ethanol dehydration was performed by
increasing the ethanol concentration stepwise as follows:
50%, 70%, 90%, and 100%. Fixed and dehydrated samples
were embedded in epoxy resin using an Oken Epok 812
set (Oken). Ultra-thin sections were prepared using a Leica
EM UC7 microtome with an ultra 45° diamond knife
(DiATOME Ltd.). Ultra-thin sections were mounted onto
carbon-coated grids (Catalogue No. 649, Nisshin EM) and
were stained with EM stain (Nisshin EM) and
Reynolds’ stain (Reynolds, 1963). Imaging was performed
with the transmission electron microscope H7650 (Hitachi
High-Technologies Corporation).

Fluorescence microscopy. The construction of green flu-
orescence reporter plasmids is described in the Supple-
mentary Methods. Overnight subcultures of P. polymyxa
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Fig. 1. Morphological changes during sporulation in P. polymyxa ATCC39564.

The schematic shows typical morphological changes during sporulation in P. polymyxa. A sporulating
WT cell on a DSM-agar pad was observed with phase-contrast and confocal laser microscopy. Rep-
resentative images from two independent experiments are shown. Images were taken at the indicted
time points on the panel. The white arrowhead and black arrow indicate the asymmetric septum and
phase-dark forespore, respectively. PC, phase contrast; FM1-43 (emission/excitation wavelengths =

488/580 nm), membrane staining. Scale bar, 2 um.

strains carrying these plasmids were spotted onto DSM-
agar plates containing 1 pug/ml erythromycin and were then
cultured at 37°C for 16 h. Sporulating cells were scrapped
from the agar plates and resuspended with PBS containing
5 pug/ml FM4-64 (Thermo Fisher Scientific). The sporu-
lating cells were observed with phase-contrast microscopy
and fluorescence microscopy (Zeiss Axio observer
equipped with an EC Plan-Neofluar 100x/1.3 Oil Ph3 M27
objective lens (Zeiss) and dichroic filters for green
(excitation/ emission wavelengths, 450—490/500—550 nm)
and red (538-562/570—640 nm) fluorescent proteins).

Purification of spores. Overnight TSB-subculture of WT
P. polymyxa (200 ul) was spread on a DSM-agar plate and
was then incubated at 37°C for 5 d to allow sporulation
and lysis of non-sporulating cells. The spores were purified
as described previously (Abe ef al., 2014) with centrifu-
gation at 500 x g for 5 min as a modification. The purified
spores were suspended in DDW.

Results and Discussion

Sporulation of P. polymyxa

At the beginning of this study, we examined three media
for induction of a P. polymyxa strain, ATCC39564 (hereafter
referred to as the WT). The WT strain was cultured at 37°C
for 24 h under aerobic conditions in 4 ml of either DSM,
2xSG (Leighton and Doi, 1971), or TSB supplemented
with minerals [0.49 mM MgCl,, 13.4 mM KCI,1 mM
Ca(NOs;),, 10 uM MnCl,, and 1 uM FeSO,]. P. polymyxa

cells formed mature spores only in DSM under our con-
ditions (Fig. S1). Therefore, we used DSM in this study,
although the cell growth of P. polymyxa in this medium
was much poorer than that of B. subtilis. To visualize the
morphological changes that occurred during sporulation,
we performed time-lapse imaging of WT P. polymyxa.
Figure 1 shows the morphological change of a typical cell
in the population. An asymmetric septum appeared 30 min
after the start of observation. Engulfment of the forespore
into the mother cell completed within the next 90 min
(30—120 min). As the spherical forespore shaped into an
ellipse, it was detectable as a phase-dark forespore by
phase-contrast microscopy (at 360 min). Subsequently, the
forespore became phase bright and moved toward the cen-
ter of the mother cell (by 480 min). There were no appar-
ent morphological changes from this state until the release
of the mature spore. Finally, the mother cell lysed to release
the mature spore (880—920 min). As we demonstrated, the
spore formation of P. polymyxa progressed in a similar
manner to that of B. subtilis (Errington, 1993). However,
unlike B. subtilis, we observed that the sporulating cell
enlarged, forming the spindle-shaped sporangium. Typi-
cally, the region of the mother cell near the forespore
expands after engulfment has completed, as shown in Fig-
ure 1. However, in some populations, this enlargement
occurred at the initiation of sporulation or in the center of
the mother cell (data not shown). Additionally, P. polymyxa
showed heterogeneity in the length of the sporangia (Fig.
S2), ranging from approximately 3.5 to 7.5 um (typically,
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Fig. 2. Sporulation deficiencies in the Aspo0A4, AsigE, AsigF, AsigG, and AsigK mutants.

A. Cell growth. P. polymyxa WT (filled circle), Aspo0A (open diamond), Aspo0A4 complemented with pAMYE-

spo0A (spo0A

compl®

filled diamond), AsigE (filled square), AsigF (filled triangle), AsigG (open triangle), and

AsigK (open square) strains were cultured at 37°C in 100 ul DSM in a 96-well plate with shaking. The OD,
value was monitored hourly using a multimode plate reader. Means were plotted with standard deviations (n
=6). B. Colony formation units (CFUs). The P. polymyxa strains were cultured at 37°C for 24 h in 4 ml DSM.
Numbers of total cells (T; grey bar) and heat-resistant spores (S; white bar) in the cultures were determined
by counting the colonies on TSB-agar plates. Means of the CFUs were plotted with standard deviations, based

on three independent experiments. ND, not detected.

4.5-5.0 um, n = 78), although the underlying cause of
these morphological differences remains to be determined.
Additionally, it is unknown whether these morphological
differences between sporangia exert an influence on the
properties of the spore.

Impact of knockout of spo0A, sigE, sigF, sigG, and sigK
on sporulation

In B. subtilis, the initiation and progression of sporula-
tion are controlled by Spo0OA and four sporulation-specific
sigma factors (Errington, 2003; Higgins and Dworkin,
2012). These key sporulation regulators are also conserved
in P. polymyxa. P. polymyxa ATCC39564 Spo0OA, SigE,
SigF, SigG, and SigK have 68.8%, 77.6%, 73.4%, 79.5%,
and 71.2% identity to those from B. subtilis, respectively.
Unlike B. subtilis 168 and Clostridioides difficile 630, P.
polymyxa sigK has no gene-intervening element (called
skin), which is excluded from the mother cell genome
during sporulation (Stragier et al., 1989; Sato et al., 1990;
Serrano et al., 2016). We constructed deletion mutants of
each of these regulator genes to validate their roles in spor-
ulation. When cultured in DSM, the cell growth of WT
peaked at 10 h after the inoculation and gradually decreased
at later time points (Fig. 2A). None of the deletion mutants,
except for the deletion mutant of spo0A4 (Aspo0A), caused
severe defects in cell proliferation. To confirm the unex-
pected growth-deficient phenotype of Aspo0A, we con-
structed a spo0A-complemented strain, in which spo04
and kanamycin resistance genes were inserted into the
amyE locus through a double crossing over event (as
described in Supplementary Methods). The growth defects
in Aspo0A was recovered by the genetic complementation
of spo04 (Fig. 2A, spo0A4,,,,,), indicating that Spo0A is
necessary for the cell growth in DSM. In P. polymyxa
ATCC39564, Spo0OA regulatory network may therefore
involve genes for cell proliferation as well as sporula-

tion-related genes. The WT showed a higher OD value at
24 h than the mutants due to the presence of spores after
the mother cell lysed. The WT 24-h culture exhibited 1.1
x 10® CFU/ml of heat resistance spores, which was 84.3%
of the total viable cells (Fig. 2B). In contrast to the WT,
the mutants showed much lower total CFUs (2.3 x 103—4.5
x 10°/ml) and produced no heat-resistant spores under our
culture conditions. These results indicate that SigE, SigF,
SigG, and SigK are essential for sporulation in P. polymyxa.
As shown in Figure 2B, the spo04,,,,, cells sporulated
(0.61 x 10° CFU/ml of heat resistance spores), while the
Aspo0A cells did not, suggesting that Spo0OA is required
for the initiation of sporulation. However, we could not
rule out the possibility that the Aspo0A4 cells could not
enter sporulation because nutrient exhaustion did not occur
since there was a low cell density. Recently, Hou ef al.
reported that an amino acid mutation at arginine residue
211 of P. polymyxa SpoOA led to defects in the transcrip-
tion of sporulation-related genes and in spore formation
without severe growth defects (Hou et al., 2016). This
supports the notion that P. polymyxa Spo0OA regulates spor-
ulation.

Cell morphology of sporulation-deficient mutants during
sporulation

We performed time-lapse imaging of sporulation-defi-
cient mutants to examine which sporulation processes were
blocked in each mutant. First, the spo04 mutant did not
enter the sporulation process or proliferate (Fig. 3). Pro-
gression of sporulation in the AsigE and AsigF’ mutants
was arrested at the early stage of sporulation. These
mutants retained the ability to form the asymmetric septum.
However, the septum was formed at both cell poles (Fig.
3) and, subsequently, the cells lysed. Engulfment took
place in the AsigG and AsigK mutants (Fig. 3, 120 min),
but their forespores were undetectable or phase-dark under
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Fig. 3. Time-lapse imaging of sporulation-deficient mutants.

The Aspo0A, AsigE, AsigF, AsigG, and AsigK mutant cells on DSM-agar
pads were observed with phase contrast and confocal laser microscopy.
Pictures were taken at the indicted time points on the panel. Represen-
tative images from two independent experiments are shown. Arrow heads
point to the septa. Upper panels, phase-contrast images; bottom panels,
FM1-43, fluorescence images (emission/excitation wavelengths =
488/580 nm). Scale bar, 2 um.
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phase-contrast microscopy (480 min). The mutant sporan-
gia eventually lysed without producing mature spores.
Transmission electron microscopy (TEM) imaging of
ultra-thin sections of the sporulating cells clarified the
morphological differences between the WT and mutants
in more detail. The upper panels of Figure 4 show a WT
cell at the early stage that completed the asymmetric sep-
tum formation and the AsigE and AsigF mutants, which
generated the septum at both cell poles. Multiple abnormal
septa were formed at a single cell pole in the AsigF and
AsigF mutants (Fig. S3). The Aspo0A mutant did not form
an asymmetric septum (Fig. S4). At the middle stage of
sporulation, the WT sporangium created a forespore that
formed the spore core, cortex, and spore-coat layers (Fig.
4). Both the AsigG and AsigK mutant sporangia formed a
forespore without the cortex or spore-coat layers. Mean-
while, the forespore produced in the AsigK sporangium
was more electron-dense than that of the sigG mutant,
probably due to the expression of SigG-controlled genes
in the AsigK forespore. Taken together, these results
evidence that SigE and SigF govern the progression of

sporulation at the early stage while SigG and SigK govern
sporulation at the later stages.

Compartment-specific gene expression during sporula-
tion

An important feature in the bacterial sporulation process
is compartment-specific gene expression. To examine this,
we constructed reporter plasmids in which a green fluo-
rescent protein gene ZsGreen is under the control of spor-
ulation-gene-specific promoters: the spollD promoter
(Pyponp) for SigE, P, o for SigF, P, . for SigG, and
P oyrq for SigK. The predicted promoter sequences are
shown in Table S3. The reporter plasmids were introduced
into WT P. polymyxa cells. Since the plasmid-carrying
cells did not sporulate in liquid DSM containing erythro-
mycin for unknown reasons, they were cultured on DSM-
agar plates containing antibiotics. We observed that the
spollID and spoVFA promoters were activated in the mother
cell compartment, while the spollQ and sspF promoters
were activated in the forespore compartment (Fig. 5). This
data suggests that SigE and SigK exert gene regulatory
functions in the mother cell compartment, while SigF and
SigG act in the forespore. The dependence of the promot-
ers on sporulation-specific sigma factors was confirmed
using the mutants carrying these plasmids (Fig. S5). Taken
together with our results from the morphological analysis,
we conclude that P. polymyxa sporulation-specific sigma
factors are structurally and functionally homologous to
those of Bacillus (e.g. B. subtilis, B. anthracis, and
B. cereus) and Clostridium and the closely-related species
(e.g. C. acetobutylicum, C. botulinum, and C. difficile)
(Fimlaid and Shen, 2015), although the details of the mech-
anisms of sigma factor activation and their regulons remain
to be elucidated.

Spore morphology

To directly observe P. polymyxa mature spores, we per-
formed TEM imaging on ultra-thin sections of the spores.
The TEM images revealed that P. polymyxa WT spores
have a multilayered structure consisting of the spore core
(CO), cortex (CR), lamella-like inner spore-coat (IC), and
outer spore-coat (OC) layers (Fig. 6). Like B. subtilis
spores, P. polymyxa spores have no appendage such as Ena
that is found in B. cereus sensu lato (Pradhan et al., 2021)
and no exosporium separated from the spore coats by an
interspace which is a balloon-like structure observed in
some Bacillus species including B. anthracis and B. cereus
(Stewart, 2015). Thus, the P. polymyxa spores resemble
those from B. subtilis (McKenney et al., 2013; Driks and
Eichenberger, 2016). Despite this structural similarity,
many of the spore-coat proteins in B. subtilis are not shared
with P. polymyxa, while the spore morphogenic proteins,
SpolVA, SpoVM, SpoVID, SafA, and CotE, are highly
conserved. Out of 84 B. subtilis spore proteins analyzed
here, only 32—36 were conserved in three P. polymyxa
strains (Table S4). Given that the spore-coat proteins play
the important roles in spore protection and germination,
the P. polymyxa spores could have different characteristics
from B. subtilis spores.

As shown in Figure 6, the P. polymyxa outer spore-coat
layer could be further subdivided into two: an inside layer
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Fig. 4. Morphological observation of P. polymyxa spores by TEM.

P. polymyxa WT, AsigE, AsigF, AsigG, and AsigK were cultured at 37°C for 7.5 h (early stage) and 14 h (middle stage) in DSM,
and then they were fixed and embedded in epoxy resin. Ultra-thin sections of the sporulating cells were observed with TEM. Arrow
heads (early phase) and arrows (middle stage) indicate the asymmetric septa and forespores, respectively. Scale bar, 500 nm.
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Fig. 5. Compartment-specific gene expression during sporulation.

WT (pZs-spoVFA)

Green fluorescence reporter plasmids carrying ZsGreen under promoters controlled by SigE (pZs-spolID, SigF (pZs-spollQ), SigG
(pZs-sspF), and SigK (pZs-spoVFA) were introduced into P. polymyxa WT. The P. polymyxa cells harboring these plasmids were
cultured at 37°C for 16 h on DSM-agar plates. The cells were stained with FM4-64 and subjected to observation with phase-contrast
and fluorescence microscopy. PC, phase contrast; ZsGreen, green fluorescent reporter protein (emission/excitation wavelengths =
493/505 nm); FM4-64, membrane staining (emission/excitation wavelengths = 515/640 nm); Merged, merged images of ZsGreen
and FM4-64. Scale bar, 2 um.
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Fig. 6. Spore morphology.

Ultra-thin sections of the purified P. polymyxa WT spores were observed
with TEM. Cutting lines in the schematic indicate the direction of the
section. The arrow indicates the spore surface materials. CO, spore core;
CR, cortex; IC, inner spore-coat layer; OC, outer spore-coat layer. Scale
bars are indicated on each panel.

attached on the inner spore coat and a spore-surface wavy
layer. Zhang and colleagues, who have reported the ultra-
structure of P. polymyxa ShX301 sporangia, have referred
to these layers as the middle and outer spore coats, respec-
tively (Zhang et al., 2018). In B. subtilis, the spore outer
coat layer is surrounded by the spore crust, which is the
outermost proteinous layer attached with polysaccharides
(McKenney et al., 2010; Abe et al., 2014; Shuster ef al.,
2019a; Shuster et al., 2019b). Since P. polymyxa has no
homologues to the crust layer proteins CotX, CotY, and
CotZ, it is unclear whether the spore surface layer of
P. polymyxa corresponds to the B. subtilis crust. Notably,
the P. polymyxa spore surface layer is covered with unchar-
acterized components (Fig. 6, arrow on right panel). In
B. anthracis, the surface of the exosporium is covered with
glycosylated BclA protein, which is a collagen-like protein
containing many G-X-X (mainly G-P-T) amino acid res-
idue repeats (Stewart, 2015). We found that P. polymyxa
(strains ATCC39564 and M 1) also possesses a gene encod-
ing a collagen-like protein (PclA, P. polymyxa collagen-like
protein A) containing G-X-Q (GPQ, GAQ, GVQ, or GDQ)
repeats (Fig. S6A), although PclA showed no significant
homology with BclA. Because a putative SigK-controlled
promoter was found upstream of the pcl4-coding region
(Fig. S6B), there could be the possibility that PclA is a
spore-coat protein. To address the possibility, we con-
structed a P. polymyxa strain expressing a PclA-mScarlet-1
fusion protein under the putative SigK-controlled pro-
moter, in which the N-terminal region of PclA (positions
1-121) was fused with mScarlet-1, since we could not clone
the entire pclA gene probably due to the 3’ repeated
sequences (encoding G-X-P repeats). When this strain was
induced to sporulate on a DSM-agar plate, red fluorescence
was detected around the spores (Fig. S6C). This result
suggests that PclA is a novel spore-coat protein of
P. polymyxa ATCC39564, which does not exist in B. subtilis
168. However, it remains unclear whether PclA is localized
on the spore surface. Further investigation of the
P. polymyxa spore surface will be required.

Conclusions
In this study, we characterized sporulation of P. polymyxa
ATCC39564 and demonstrated the morphological changes

during sporulation. Our findings are as follows: 1)
P. polymyxa exhibited the poor growth in DSM. 2)
P polymyxa SpoOA is necessary for cell growth, as well
as for sporulation in DSM. 3) the cascade of four sporu-
lation-specific sigma factors is conserved in P. polymyxa.
4) the spore structure resembles to those of B. subtilis in
terms of the multilayered spore coats and the absence of
balloon-shaped exosporium and spore appendages. 5) many
of B. subtilis spore-coat proteins are missing in P. polymyxa.
6) PclA was identified as a novel spore coat protein in
P polymyxa ATCC39564.

The poor growth in DSM and the Spo0A requirement
for proliferation may represent the unique nutritional uti-
lization of P. polymyxa. A knowledge of the optimal and
adverse growth conditions for P. polymyxa will be valuable
for biocontrol of their propagation. Our genomic analysis
implies that the spore coat of the P. polymyxa spore is
largely composed of uncharacterized proteins, including
PclA. Those unknown spore-coat components probably
characterize spore properties such as resistance and inter-
action with the environments. Investigation of the spore-
coat proteins and their roles in spore protection is essential
to develop effective disinfection methods for Paenibacillus
species. Further structural and functional analyses on
P. polymyxa spore proteins will be needed for a better
understanding of the ecology of P. polymyxa and for bio-
control against this bacterial species in the food industry.
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