
Author's personal copy

Characterization of sporulation histidine kinases of Paenibacillus polymyxa
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Abstract

Sporulation histidine kinases, which sense sporulation-specific signals and initiate phosphorelay reactions, are poorly conserved among
Bacillus species. We found several putative genes for sporulation histidine kinases in the genome sequence of Paenibacillus polymyxa E681 and
assayed the genes for complementation of sporulation mutants of Bacillus subtilis. One of these genes, Kin1377, significantly restored the
sporulation deficiency of kinA kinB double mutant of B. subtilis, but not of B. subtilis spo0B mutant. These results indicated that Kin1377
requires B. subtilis Spo0B and possibly Spo0F to transfer phosphate to B. subtilis Spo0A. Another putative kinase, Kin1038, slightly restored the
sporulation deficiencies of both kinA kinB double mutant and spo0B mutant of B. subtilis. However the sporulation deficiency of the B. subtilis
spo0B mutant was significantly restored in the presence of both Kin1038 and P. polymyxa Spo0A. These results indicate that the overexpressed
Kin1038 is able to interact directly with and activate P. polymyxa Spo0A, and that Spo0A can support spore formation in B. subtilis.
� 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The initiation of sporulation in Bacillus species is regulated
by the phosphorelay signal transduction pathway. Phosphor-
elay is initiated by autophosphorylation of multiple sensor
histidine kinases in response to sporulation-specific signals.
The kinase phosphoryl group is subsequently transferred to
Spo0F, then to Spo0B, and finally to Spo0A (Burbulys et al.,
1991). Phosphorylated Spo0A can regulate transcriptional
activation or repression of genes related to cell development
(Fawcett et al., 2000; Molle et al., 2003). The phosphorelay
components Spo0A and Spo0F are highly conserved, while
Spo0B is less well conserved and histidine kinases are poorly
conserved among Bacillus species (Stephenson and Hoch,
2002). This poor conservation of histidine kinases among
species complicates ortholog identification.

Paenibacillus polymyxa, which is the type species of the
genus Paenibacillus, is a spore-forming Gram-positive bacte-
rium that is well known to produce polymyxin antibiotics
active against gram-negative bacteria (Choi et al., 2009; Kim
et al., 2010). The clinical value of polymyxin is currently
being reconsidered, even though it carries serious side effects
such as nephrotoxicity and neurotoxicity, because it is some-
times the only active antibiotic available to treat multidrug-
resistant gram-negative bacteria such as Pseudomonas aeru-
ginosa, Acinetobacter baumannii and Klebsiella pneumonia
(Landman et al., 2008; Li et al., 2006). Moreover, P. polymyxa
has been shown to be a promising biocontrol agent for the
suppression of plant pathogens through the production of
antimicrobial substances such as polymyxin and fusaricidin
(Choi et al., 2008, 2009). In addition, this organism has plant
growth-promotion activity related to its ability to produce
plant growth-enhancing substances such as auxin (Phi et al.,
2008) and cytokinin (Timmuska et al., 1999). However, to
date, the various characteristics of this versatile microor-
ganism have been poorly understood, especially the mecha-
nism of sporulation initiation. In the present study, we
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identified genes responsible for initiation of sporulation in the
P. polymyxa genome and characterized the function of spor-
ulation histidine kinases by heterologous expression in
Bacillus subtilis. The results showed that two P. polymyxa
histidine kinases complemented the histidine kinase mutant of
B. subtilis.

2. Materials and methods

2.1. Bacterial strains and culture condition

The B. subtilis strains used in this study are listed in Table
1. Escherichia coli DH5a was used for construction of
recombinant plasmids. The spo0B mutant was selected from
colonies grown on spizizen minimal salts medium (SMM)
agar plates supplemented with tryptophan (50 mg/ml) and
without phenylalanine (Harwood and Cutting, 1990).
Schaeffer’s sporulation medium (DSM) was used for the
sporulation assay (Harwood and Cutting, 1990). Trans-
formations of E. coli DH5a and B. subtilis were conducted as
described by Inoue et al. (Inoue et al., 1990) and using
a previously reported method (Harwood and Cutting, 1990),
respectively. When required, medium was supplemented with
chloramphenicol (5 mg/ml), erythromycin (1 mg/ml), specti-
nomycin (100 mg/ml), neomycin (8 mg/ml) or ampicillin
(100 mg/ml).

2.2. Bioinformatics

A basic survey of the genome structure was conducted
using the Artemis program (Rutherford et al., 2000) and
a functional domain and homology search was conducted
using the blast program available at the NCBI web site (http://
www.ncbi.nlm.nih.gov). ClustalW was used for sequence
alignment. Prediction of the transmembrane segment (TMS)
was conducted using web tools, WHAT 2.0 and HMMTOP in
TCDB (http://www.tcdb.org) (Saier et al., 2009; Tusnady and

Simon, 2001; Zhai and Saier, 2001), and the TMHMM
program provided by CBS Prediction Severs (http://www.cbs.
dtu.dk) (Krogh et al., 2001). The 0A box sequence was
searched by DBTBS tool (http://dbtbs.hgc.jp). The domain
structures of histidine kinases were predicted using Pfam
(Bateman et al., 2000) (http://pfam.sanger.ac.uk/).

2.3. Heterologous expression of P. polymyxa histidine
kinases in B. subtilis

The PCR primers used in this study are listed in Table 2.
The putative P. polymyxa histidine kinase genes kin99, kin689,
kin1038, kin1377 and kin3851 were amplified by PCR from
the chromosome of P. polymyxa E681 with the primer pairs
ppkin99F/ppkin99R, ppkin689F/ppkin689R, ppkin1038F/
ppkin1038R, ppkin1377F/ppkin1377R and ppkin3851F/
ppkin3851R, respectively. The PCR products were then
digested with BamHI and SmaI, after which they were cloned
into the corresponding sites of plasmid pHCMC05 (Nguyen
et al., 2005) obtained from the Bacillus Genetic Stock
Center (BGSC), Ohio. The resulting plasmids were introduced
into a kinA kinB double mutant of B. subtilis. The expression
of the kinases was induced by the addition of IPTG at 1 mM.
The spo0A gene of P. polymyxa was amplified from E681
DNA using the primers PP0AF and PP0AR, by PCR. The
amplified fragments were digested with HindIII/BamHI and
cloned into the same site of an integration vector pDG1731
(Guerout-Fleury et al., 1996) to construct plasmid pDG-PPOA.
The resulting plasmid was introduced into the B. subtilis
spo0B mutant (JHOB), or spo0A mutant (JHPP0A) for single-
copy integration of the P. polymyxa spo0A into the thrC locus.

2.4. Spore assays

Overnight cultures grown in DSM were diluted 100 fold
into fresh DSM and grown at 37 �C with shaking at 200 rpm.
1 mM IPTG was added in culture 1 h before the onset of the

Table 1

B. subtilis strains used in this study.

Strain Relevant genotype Sourcea and reference

JH642 trpC2 phe-1 Laboratory stock

AG676 spo0B::pheA (Weir et al., 1991)

AG522 kinA::Tn917 erm (Rudner et al., 1991)

NY120 kinB kapB::spc (LeDeaux et al., 1995)

MO699 spo0A::erm (Shin et al., 1999)

JH0B spo0B::pheA AG676 tf JH642

JH0A spo0A::erm MO699 tf JH642

JHPP0A spo0A::erm, thr::spo0APP pDG-PP0A tf JH0A

JHKA kinA::Tn917 erm AG522 tf JH642

JHKAB kinA::Tn917 erm, kinB kapB::spc NY120 tf JHKA

JH811 spo0B::pheA, thr::spo0APP pDG-PP0A tf JH0B

JH-IIAgus trpC2 phe-1, amyE::PspoIIA-gusA-neo pMLK-IIA tf JH641

JHKAB-IIAgus kinA::Tn917 erm, kinB kapB::spc, amyE::PspoIIA-gusA-neo pMLK-IIA tf JHKAB

JH0B-IIAgus spo0B::pheA, amyE::PspoIIA-gusA-neo pMLK-IIA tf JH0B

JH811-IIAgus spo0B::pheA, thr::spo0APP , amyE::PspoIIA-gusA-neo pMLK-IIA tf JH811

a tf, the indicated chromosomal DNA or plasmid was used to transform the indicated recipient strain.
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stationary phase. After culturing for 36 h, serially diluted
cultures were plated on LB agar plates with or without heat
treatment (80 �C, 15 min) and cultured overnight, after which
the sporulation efficiency was determined as the ratio of heat-
resistant spores per milliliter to viable cells per milliliter.

2.5. Enzyme assays

For the b-glucuronidase (Gus) assay, spoIIA promoter was
amplified by PCR from the chromosome of B. subtilis JH642
using the BSIIAF and BSIIAR primers (Table 2). The PCR
product was digested with HindIII and BamHI, after which it
was inserted into the corresponding site of plasmid pMLK83
(Karow and Piggot, 1995). The resulting plasmid, pMLK-IIA
was introduced into several B. subtilis mutant strains. The B.
subtilis cells were cultured in DSM medium and collected at
hourly intervals for determination of the optical density at
600 nm. A Gus assay was conducted using a method that has
been described elsewhere (Karow and Piggot, 1995).

2.6. Nucleotide sequence accession number

P. polymyxa spo0A, spo0F, spo0B and the five putative
histidine kinases were assigned the following GenBank
accession numbers: HM191685, HM191688, HM191687,
HM191689 (kin99), HM191690 (kin689), HM191691
(kin1038), HM191692 (kin1377) and HM191686 (kin3851),
respectively.

3. Results and discussion

3.1. P. polymyxa Spo0A, Spo0B and Spo0F

Signal transduction for sporulation is mediated by the
phosphorelay system, which is highly conserved in spore-
forming Bacillus species (Stephenson and Hoch, 2002). In
the system, histidine kinase phosphorylates Spo0F, and the
phosphate group from the Spo0F is transferred to Spo0A by
Spo0B. Spo0F and Spo0A are very highly conserved in the
amino acid sequence, while Spo0B is less well conserved and
histidine kinases are poorly conserved among Bacillus species.
The amino acid sequences of P. polymyxa Spo0A (Spo0APP)
and Spo0F (Spo0FPP) were found to share 68 and 73%
homology with those of B. subtilis, respectively, while the P.
polymyxa Spo0B (Spo0BPP) shared only 14% identity with
that of B. subtilis (Fig. 1B). Due to the highly conserved amino
acid sequence of Spo0BPP around the phosphorylatable histi-
dine residue (HXRHDWXN, amino acids 74-81) and the
downstream location of the obg gene in the operon structure,
which are conserved in the Spo0B family, it was annotated
spo0B. Interestingly, Spo0BPP has extended N-terminal
sequences (49 amino acids) when compared to that of B.
subtilis, and the extended region has two transmembrane (TM)
domains (Fig. 1D). Similarly, the putative Spo0Bs of Paeni-
bacillus sp. JDR-2 (accession number YP_003013117),
Paenibacillus sp. Oral taxon 786 str. D14 (ZP_04853041),
P. larvae subsp. larvae B-3650 (ZP_08056471), P.

Table 2

Plasmids and primers used in this study.

Short descriptiona Source

Plasmid

pHCMC05 IPTG inducible expression vector (Nguyen et al., 2005)

pDG1731 Integrative plasmid into amyE locus (Guerout-Fleury et al., 1996)

pDG-PP0A pDG1731-spo0App This study

pMC99 pHCMC05-kin99 This study

pMC689 pHCMC05-kin689 This study

pMC1038 pHCMC05-kin1038 This study

pMC1377 pHCMC05-kin1377 This study

pMC3851 pHCMC05-kin3851 This study

pMLK83 Gus reporter, amyE integrative plasmid (Karow and Piggot, 1995)

pMLK-IIA pMLK83-PspoIIA-gusA This study

Primer

pp0AF 50-AAGCTTGCGAGTGAAGTAAAAGAAGGAC-30

pp0AR 50-GGATCCGGATAAAATCTACGGGTTAGCAG-30

ppkin99F 50-GGATCCTGCCAGTAATCGCCAGCATAC-30

ppkin99R 50-CCCGGGACCTGTGTACCCTCCATTTC-30

ppkin689F 50-GGATCCACTAACGGCGTCAAGGAAAG-30

ppkin689R 50-CCCGGGGCCGTAGTAAAGGCATGGAC-30

ppkin1038F 50-GGATCCCGTATACAAACTTGTAAATC-30

ppkin1038R 50-CCCGGGCGCTGCATCCCAGAAACCTC-30

ppkin1377F 50-GGATCCTACGCGTCCGAAACGGCCAG-30

ppkin1377R 50-CCCGGGAACATAAAAGAAATAGTATG-30

ppkin3851F 50-GGATCCTACGTAGTCATTATCACTTG-30

ppkin3851R 50-CCCGGGCTCTTGTGAATCACACTTCG-30

BSIIAF 50-GCCAAGCTTCAGTAGCAAAAGTAAAGGTC-30

BSIIAR 50-GCCGGATCCATATGATCGGATAATGAGTG-30

a The underlined sequences indicate the synthetic restriction sites.
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curdlanolyticus YK9 (ZP_07389175) and P. polymyxa SC2
(YP_003948327) have extended N-terminal sequences with
the TM domains. Most Bacillus Spo0Bs do not contain an
extended N-terminal sequence and are not membrane-bound
forms. Therefore, it seems that the extended N-terminal
sequence of the Spo0B may be a distinctive feature of Pae-
nibacillus species.

To examine whether the Spo0APP can function in B. sub-
tilis, the spo0APP gene was introduced in B. subtilis spo0A
mutant (JH0A) to construct JHPP0A strain. Spore assay
showed that the Spo0APP partially recovered the sporulation

defect of the B. subtilis spo0A mutant (Table 4). Alignment of
amino acid sequences of Spo0ABS and Spo0APP revealed that
C-terminal DNA binding domains were highly conserved
while N-terminal response regulator domains were relatively
less conserved (Fig. 1A). As mentioned above, Spo0Bs of two
species were poorly conserved (Fig. 1B). Many studies have
reported that Spo0A-P can regulate target gene expression by
binding to specific DNA sequences, called 0A boxes
(TGTCGAA) in B. subtilis (Liu et al., 2003). The 0A box
sequences were successfully detected in promoter regions of
spo0APP and abrBPP by DBTBS search tool (Fig. 2). The

Fig. 1. Amino acid sequence alignment of Spo0A (A), Spo0B (B) and Spo0F (C)_from Bacillus subtilis and Paenibacillus polymyxa E681. (D) Analysis of

Spo0BPP by What 2.0 program. Blue and red lines denote hydropathy and amphipathicity, respectively. Orange bars mark transmembrane segments as predicted by

HMMTOP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Alignment of histidine sensor kinase (HisKA) domains between B. subtilis and P. polymyxa.
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result suggests that DNA binding mode of Spo0APP may be
similar to the case of Spo0ABS. Thus, the partial comple-
mentation of the B. subtilis spo0A mutant with Spo0APP might
be due to poor transferring phosphate from Spo0BBS to
Spo0APP.

3.2. Identification of putative sporulation histidine
kinases in the P. polymyxa E681 genome

Bacteria contain many histidine kinases. For example, E.
coli and B. subtilis contain 28 and 36 histidine kinases,
respectively (Fabret et al., 1999; Kanehisa et al., 2006). Most
of these kinases are a component of the two-component signal
transduction system. The kinases sense environmental signals
and autophosphorylate, after which they transfer the phosphate
to the cognate response regulators. The genes encoding histi-
dine kinase and its cognate response regulator are usually
located within the same operon, enabling their coordinated
expression. However, sporulation kinase genes are usually
present on the chromosome without linked response regulator
genes. In this study, we screened the orphan kinases of the P.
polymyxa E681 genome by BLAST analysis using the histi-
dine kinase A phospho-acceptor (HisKA) domains of KinA

and KinB in B. subtilis, and five putative sporulation histidine
kinases were selected. These were denoted as PPE00099,
PPE00689, PPE01038, PPE01377 and PPE03851 (hereafter
referred to as Kin99, Kin689, Kin1038, Kin1377 and Kin3851,
respectively) (Table 3). Among these kinases, only Kin1377
does not contain a transmembrane segment in its N-terminal
(Fig. 3). Similarly, the sporulation histidine kinase KinA,
a major histidine kinase involved in sporulation of B. subtilis,
is found in the cytoplasm of the cell (Stephens, 1998).

3.3. Characterization of P. polymyxa sporulation
histidine kinases by complementation of sporulation in
B. subtilis

To analyze the function of the putative histidine kinases in
P. polymyxa, we tried to construct knockout mutants of the
kinase genes, but we failed to obtain any mutant strains. The
failure might be due to poor transformation efficiency of P.
polymyxa E681. Thus, the functional analysis of the kinases
was conducted by complementation of sporulation in B. sub-
tilis. The putative P. polymyxa sporulation histidine kinase
genes were cloned into the plasmid pHCMC05 under the
control of IPTG-inducible promoter, after which the resulting
plasmids were introduced into kinA kinB double mutant strains
of B. subtilis JH642. The spore assay results are shown in
Table 4. Kin99, Kin689 and Kin3851 showed no change in
sporulation efficiency, and Kin1038 had slightly recovered
spore formation. However, Kin1377 could efficiently restore
the sporulation defect of the kinA kinB double mutant, sug-
gesting that the Kin1377 is able to interact and transfer
phosphate to B. subtilis Spo0F (Spo0FBS).

3.4. Complementation of sporulation in B. subtilis
spo0B mutant by Kin1038

It has been reported that B. subtilis KinC likely phosphor-
ylates Spo0A directly in vivo, and both KinC and KinD were
weakly active on Spo0A in vitro even though they are more
active when Spo0F is used as a substrate (Jiang et al., 2000).
To determine whether P. polymyxa histidine kinases can acti-
vate Spo0A directly, plasmids pMC1038 and pMC1377 con-
taining kinase genes kin1038 and kin1377, respectively, were

Table 4

Complementation of sporulation in B. subtilis histidine kinase mutant by P.

polymyxa histidine kinases.

Strain Relevant genotype Sporulationa (%)

JH642 Wild type 61.00 (�1.62)

JHPP0A spo0A::erm, thr::spo0App 0.78 (�0.13)

JHKAB (pHCMC05) kinA kinB pHCMC05 0

JHKAB (pMC99) kinA kinB pMC99 0

JHKAB (pMC689) kinA kinB pMC689 0

JHKAB (pMC1038) kinA kinB pMC1038 1.27 (�0.23)

JHKAB (pMC1377) kinA kinB pMC1377 39.05 (�5.03)

JHKAB (pMC3851) kinA kinB pMC3851 0

a Spore assays were conducted in triplicate and the results were averaged.

Standard deviations are presented in parenthesis. A value of 0% indicates that

the efficiency was less than 1 � 10�7.

tggccgtggccttaagatttttttgtcgaaaagcaggggaataactcataattgcaagataaataattaattataatagaaa
ctctaaaaaaaataaataaaaataattttcgacagaaggaattcataattcgatgtcgaaatcatatactccgacaagaaat
atttatatactgtaaacagatatcacaatggaatatcactcaatgaggaggaagtacattg

abrB

gatatcagctcctttaatattcggaataatggattaaaatacaataaaatcctaaatgatttccctcattcgacattctttgtcg
taatatgtcgaattatagtttttcgacatttccaaatcgacaaactgaataaatcgtcaatatgataaggcaatacacatgag
taaagctctctaatctaaatacttttgcataatcagactgttactacatttttaaggttgactgttttgggaatcgttggtatagt
aaatatcagaaaagagaaaattttgtcgaatcatgacacttatattattttaaacggcgagaggagcctgatttattatg

spo0A

A

B

Fig. 2. Prediction of putative 0A boxes by DBTBS search tool from promoter

regions of Paenibacillus polymyxa spo0A (A) and abrB (B). The underlines

and filled diamond symbols indicate putative 0A boxes. Translational start

codons are in bold.

Fig. 3. Domain organization of Paenibacillus polymyxa histidine sensor

kinases (HisKA). Transmembrane segments of sensor kinases (white boxes)

were predicted by HMMTOP. The domain organization and the presence of

putative PAS, HAMP, HisKA and HATPase domains were predicted using

Pfam.

276 S.-Y. Park et al. / Research in Microbiology 163 (2012) 272e278



Author's personal copy

introduced into B. subtilis spo0B (spo0BBS) mutant. The
sporulation assay results showed that Kin1377 could not
restore the sporulation defect of the spo0BBS mutant, indi-
cating that the phosphorelay from Kin1377 to Spo0ABS

requires Spo0BBS and possibly Spo0FBS (Table 5). In Bacillus
species, Spo0F accepts a phosphoryl group from histidine
kinase and transfers it to Spo0B, and finally to Spo0A.
Therefore, Kin1377 may also transfer the phosphate to
Spo0APP in a Spo0BPP- and possibly Spo0FPP-dependent
manner in P. polymyxa. The Kin1377 did not restore sporu-
lation of the spo0BBS mutant in the presence of the Spo0APP,
indicating that Kin1377 is not able to directly phosphorylate
Spo0APP (Table 5).

The Kin1038 partially recovered sporulation of the B.
subtilis spo0B mutant, suggesting that Kin1038 might activate
Spo0ABS directly (Table 5). We predicted that Kin1038 would
interact more efficiently with its own partner, Spo0APP, than
with Spo0ABS. To test this prediction, the spo0APP with its
own promoter was integrated into the thrC locus on the
chromosome of the B. subtilis spo0B mutant. Sporulation
assay showed that Kin1038 highly restored sporulation of the
mutant containing Spo0APP (Table 5). In addition, the
expression of B. subtilis spoIIA, which is controlled by
phosphorylated Spo0ABS, in spo0B mutant was highly upre-
gulated in the presence of both Kin1038 and Spo0APP (Fig. 4).
The results suggested that Kin1038 can interact with and
directly phosphorylate Spo0APP, and the phosphorylated
Spo0APP can regulate Spo0ABS regulon genes to support spore
formation in B. subtilis. To support the direct interaction
between Kin1038 and Spo0APP by in vitro biochemical
experiment, we tried to purify the Kin1038 and Spo0APP in E.
coli. However, we failed to obtain a Kin1038-overexpressing
E. coli clone.

B. subtilis KinC and KinD may be able to interact directly
with wild-type Spo0A and produce sufficient levels of phos-
phorylated Spo0A (Jiang et al., 2000). However, direct phos-
phorylation of Spo0A by KinC or KinD may not be sufficient
to initiate sporulation because sporulation efficiency decreased
to almost zero in spo0F or spo0B mutants, even though KinC
was highly expressed by IPTG-inducible spac promoter
(LeDeaux and Grossman, 1995; Quisel et al., 2001). These

findings indicate that the alternative phosphate-transferring
system for sporulation to bypass Spo0F and Spo0B does not
work in B. subtilis. The phosphorelay system of the genus
Clostridium was somewhat different from that of Bacillus
group. There were no Spo0F and Spo0B homologues in the
genome of Clostridium species. The phosphorelay system of
Clostridium is dependent on two-component system which
involves direct transferring phosphate from several histidine
kinases to Spo0A (Worner et al., 2006). Here we demonstrated
that introduction of P. polymyxa Kin1038 and Spo0APP into B.
subtilis could bypass the requirement for Spo0B. The results
indicated that Kin1038 can directly interact and activate
Spo0APP in B. subtilis. However, it remains to be elucidated
whether multiple phosphorelay systems such as Kin-Spo0F-
Spo0B-Spo0A and Kin-Spo0A pathways, exist or not for
sporulation in P. polymyxa.
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