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Many strains of the soil bacterium Bacillus subtilis are capable of producing and being resistant to the antibiotic
sublancin because they harbor the Spb prophage. This 135 kb viral genome is integrated into the circular DNA
chromosome of B. subtilis, and contains genes for the production of and resistance to sublancin. We investigated
the role of SigY in sublancin production and resistance, finding that it is important for efficient maintenance of
the Spb prophage. We were unable to detect the prophage in mutants lacking SigY. Additionally, these mutants
were no longer able to produce sublancin, were sensitive to killing by this factor, and displayed a delay in
sporulation. Wild-type cells with normal SigY activity were found to partially lose the Spb prophage during
growth and early sporulation, suggesting a mechanism for the bistable outcome of sibling cells capable of killing
and of being killed. The appropriate regulation of SigY appears to be essential for growth as evidenced by the
inability to disrupt the gene for its putative antisigma. Our results confirm a role for SigY in antibiotic pro-
duction and resistance, as has been found for other members of the extracytoplasmic function sigma factor
family in B. subtilis, and shows that this role is achieved by affecting maintenance of the Spb prophage.

Introduction

SigY is a member of a family of sigma factors, the ex-
tracytoplasmic function (ECF) sigmas (Lonetto et al.,

1994; Missiakas and Raina, 1998). Members of this family
are characterized by their ability to respond to environ-
mental stress, and to initiate transcription of genes neces-
sary to adapt to the stress. This includes the gene that
encodes for the ECF sigma itself (i.e., autotranscription)
(Helmann, 2002, 2006). In Bacillus subtilis the ECF sigmas
have been shown to respond to a number of stressors, and
to primarily regulate functions associated with antibiotic
production and resistance (Huang and Helmann, 1998;
Huang et al., 1999; Cao and Helmann, 2002, 2004; Cao et al.,
2002; Pietiainen et al., 2005). In its natural soil environment
the coexpression of killing factors and resistance proteins by
B. subtilis is thought to be an important survival strategy in
response to starvation. This response kills competing bac-
teria and creates additional nutritional resources, while
protecting the cells that produce the killing factors by the
concomitant synthesis of resistance proteins (Stein, 2005).
For example, proteins responsible for both killing and re-
sistance (i.e., ABC transporters) are responsible for proces-
sing the mature killing factor during export, and conferring
resistance to the mature antibiotic by keeping it out of the
cell (Havarstein et al., 1995; Higgins, 2001). However, sub-

populations of cells unable to produce these proteins will
die in the presence of cells capable of their production.

While antibiotic production and resistance in B. subtilis has
largely been described as a process that targets competing
bacteria, the bistable expression of these functions leads to
subpopulations of sibling cells capable of killing and of being
killed. For example, in response to starvation, two killing
factors (Skf and SdpC) are produced by a subpopulation of
cells that are also resistant to them, but are not produced by
another subpopulation that is sensitive to killing by these
factors (González-Pastor et al., 2003; Ellermeier et al., 2006;
González-Pastor, 2011). This bistable outcome is achieved
through differential phosphorylation of Spo0A, the master
regulator of sporulation (Grossman, 1995; Stragier and Lo-
sick, 1996; Perego and Hoch, 2002; Veening et al., 2005). In
sporulating cells Spo0A is active because adequate levels of
phosphorylated Spo0A have been attained, whereas in
nonsporulating cells Spo0A is inactive due to insufficient
amounts of phosphorylated Spo0A. Because both sporula-
tion and Skf production and resistance are coupled to the
activity of Spo0A, sporulating cells kill the nonsporulating
sibling cells. In this way the subpopulation of cells destined
to die, due to their inability to sporulate because of insuffi-
cient phosphorylated Spo0A, are a nutritional resource for
the remaining cells and delay sporulation (González-Pastor
et al., 2003; Ellermeier et al., 2006; González-Pastor, 2011).
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In addition to Spo0A, ECF sigmas play a role in antibiotic
production and resistance in B. subtilis (Helmann, 2002,
2006). In previous work we confirmed the biochemical ac-
tivity of SigY as a sigma factor, and found that it maintained
hallmark features characteristic of the ECF sigma family.
Like other ECF sigmas, the activity of SigY is upregulated by
stress (i.e., low nutrients), and it is responsible for tran-
scribing its own operon (Cao et al., 2003). In addition to sigY,
the gene that encodes for SigY, this operon contains five
genes of unknown function, yxlC, yxlD, yxlE, yxlF, and yxlG.
A sixth gene immediately downstream of the sigY operon,
yxlH, appears to be subject to antisense regulation by the
transcript produced from the sigY operon (Tojo et al., 2003).
The last two genes in the sigY operon, yxlF and yxlG, are
predicted to encode components of an ABC transporter, and
the predicted protein product of yxlH is a multidrug efflux
transporter. The functions predicted for these SigY-regulated
gene products suggest a role for SigY in antibiotic production
and resistance consistent with studies that demonstrate a
broad role for the ECF sigmas of B. subtilis in these activities
(Helmann, 2002, 2006). In this study we find that SigY is
required for maintenance of the Spb prophage that contains
genes necessary to produce and resist killing by the antibiotic
sublancin.

Materials and Methods

Bacterial strains and media

All B. subtilis strains used in this study are listed in Table 1.
Bacterial strains were streaked out on Luria-Bertani (LB) plates
and incubated at 37�C the night before the experiment. Bac-
terial cultures were grown in LB media or 2 · Schaefer Growth
(SG)-rich medium at 37�C with vigorous shaking. The LB

medium contained 25 g of Difco LB per liter and the 2 · SG
medium was first prepared as a base containing 16 g of Difco
nutrient broth, 2 g of KCl, and 0.5 g of MgSO4.7H2O per liter
that was stored in the dark and used within 2 weeks. The
following supplements were added to the 2 · SG base medium
on the day of experiment to make it complete: 1 mM
Ca(NO3)2, 0.1 mM MnSO4, 1mM FeSO4, 0.1% glucose, 100 mg
of tryptophan, 100 mg of phenylalanine, and antibiotics when
appropriate. The antibiotics used in both liquid and solid
media were the following: chloramphenicol (7mg/mL) and
erythromycin (1mg/mL). Bacterial growth was measured us-
ing a spectrophotometer at 600 nm (optical density [OD]600).

DNA extractions and transformation

Chromosomal DNA was extracted from donor strains and
used to transform wild-type and mutant B. subtilis cells ac-
cording to standard procedures (Cutting, 1990). These pro-
cedures were modified appropriately for transformation of B.
subtilis strains with plasmid DNA that was extracted from
Escherichia coli cells by alkaline lysis (Sambrook, 1996). When
constructing the strains included in Table 1, appropriate in-
tegration in the selected transformants was verified using
single-colony polymerase chain reaction (PCR) (Estacio et al.,
1998).

To determine whether disruption of yxlC is essential in the
wild type, but not the sigY mutant, these strains were
transformed with a disruptional plasmid for yxlC (pCLP03).
This plasmid contains an yxlC::cat disruptional cassette for
the gene that encodes the putative antisigma factor for SigY.
Ten micrograms of pCLP03 was used in each transformation,
and the results were recorded as number of chloramphenicol
resistant transformants normalized to total number of viable
cells. In control reactions the ability of the wild-type and sigY

Table 1. Strains, Plasmids, and Primers Used

Strain or plasmid Genotype or description Derivation (source and/or reference)a

Bacillus subtilis
CU1065 Spb - trpC2 (D. Zeigler) (Zahler et. al., 1977)
CU1065 sigY Spb - trpC2 sigY::mls Transform [CU1065:LMB276, MLSr]a (This study)
LMB7 trpC2 pheA1 JH642b ( J. Hoch)
LMB10 trpC2 pheA1 sigD::pLM5 CB100b (M. Chamberlin) (Marquez et al., 1990)
LMB276 Spb - trpC2 pheA1 sigY::mls Transform [LMB7:HB0009 ( J. Helmann), MLSr]a (Perez, 2006)
LMB276Sc Spb+ trpC2 pheA1 sigY::mls Transform [LMB7:LMB276, MLSr]a (This study)
LMB307 trpC2 pheA1 skfABCDEF::tet Transform [LMB7:EG168 (J.E. González-Pastor]a (This study)
LMB309 trpC2 pheA1 spo0A::cat Transform [LMB7:AG475 (A. Grossman)]a (This study)

Plasmid
pCLP03 Disruptional plasmid for yxlC Perez (2006)

Primers Sequence
BETAFd Primers for empty Spb site TATTCCCCAAAGAGGTGGTG
BETARd AGGTTGCCCCATTCATACAG
yonRFd Primers for amplification of yonR TTTTTGCTTCTTTTTGTTTACGA
yonRRd TTCATTTCCCCTTTTTACTCCA
sigDF Primers for amplification of sigD TGCCGCTTGTCACATATC
sigDR GTTTTCCCCGTCATCTTG

aTransformations are shown as follows: [recipient strain: chromosomal DNA from listed strain used for transformation, and selection for
specified resistance].

bPrevious name of strain.
cThis strain likely contains a suppressor mutation that retains Spb.
dSource of BETA and yonR primers is D. Zeigler.
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cells to become competent and take up DNA was verified.
For these control reactions 1 ng of chromosomal DNA from
LMB10 was used. The DNA from LMB10 contains a sigD::cat
cassette that disrupts the sigD gene (a gene unrelated to SigY
function). The results of these control reactions were re-
corded as number of chromosomal resistance transformants
per 1 ng of chromosomal DNA, normalized to total number
of viable cells.

Conditioned cell-free media for killing assay

Cell-free media (CFM) were prepared by growing cells in
100 mL of 2 · SG at 37�C with constant shaking (300 rpm)
until reaching T1 (1 h after reaching OD600 = 1.2, T0). In
2 · SG rich sporulation medium the break from logarithmic
growth (i.e., T0) is achieved at an OD600 of 1.2. Time fol-
lowing this initiation of nutrient stress is marked from this
breakpoint with T1 marking early events in sporulation, and
T2 marking commitment to sporulation.

Cells were removed by centrifugation and the exhausted
media were filtered using a 0.22 mm filter apparatus (Milli-
pore). To enrich for antibiotic peptide the CFM was subjected
to boiling and stored at - 20�C before use in killing assays.
These treatments denature proteins in the exhausted media
that may contribute to cell death.

Killing assay

The four tester strains used were LMB7 wild-type,
LMB276 sigY null, CU1065 wild-type that lacks Spb, and
CU1065 that additionally bears the sigY null mutation. Sin-
gle-colony isolates from overnight plates were inoculated
into 5 mL prewarmed 2 · SG LB broth with appropriate an-
tibiotic if necessary. The culture was incubated in an envi-
ronmental shaker with 3000 rpm agitation for aeration until
an OD600 of 0.8–1.0 (*2 h) was reached. Cells were then
collected by centrifugation and the exhausted medium was
decanted. The tester strains were then resuspended in 5 mL
of each CFM to an OD600 of 0.5 maintained at 37�C. Re-
suspended cells were incubated for 1 h in an environmental
shaker at 37�C and 300 rpm. Aliquots of each culture were
then serially diluted in prewarmed spizizen minimal salts
(SMS) and plated in triplicate on LB plates with the appro-
priate antibiotic. Per liter SMS is 2 g (NH4)2SO4, 14 g K2HPO4,
6 g KH2PO4, 1 g Na3C6H5O742H2O, and 0.2 g MnSO447-
H2O. The number of surviving cells was determined by
counting colony forming units following overnight incuba-
tion, and multiplying this number by the appropriate dilution
factor. To obtain the number of cells without CFM addition
(i.e., No CFM) tester strains were resuspended in SMS instead
of CFM then serially diluted, plated, and counted.

PCR for detection of presence or absence of Spb

All primers used in this study are listed in Table 1. The
yonR, BETA, and sigD primers were designed by Dr. Daniel
Zeigler, Dr. Leticia Márquez-Magaña, and Christy Perez,
respectively.

To check for the presence of the intact Spb prophage in
wild-type and mutant strains, PCR was used to detect the
yonR target gene located within Spb. Excision of Spb from
the B. subtilis chromosome was monitored using BETA
primers that amplify across the Spb attachment site. Primers

that amplify an unrelated gene, sigD (Marquez et al., 1990),
were used in positive control reactions to demonstrate that
the lack of a product in yonR or BETA reactions was due to
lack of target and not inappropriate reaction conditions. All
PCRs were carried out using a GoTaq Flexi DNA polymerase
kit. PCR was carried out under the following conditions:
100 ng/mL of DNA template, 5mL of 5 · Green GoTaq Flexi
Buffer, 2.5 mL of dNTP, 1.25 mL of reverse and forward
primers, 1.25 mL of MgCl2, and 0.25 mL Taq DNA polymerase.
PCR amplification was performed in an Eppendorf gradient
cycler, using the program set to denature at 95�C for 5 min,
and then to denature at 94�C for 1 min, anneal at 53�C for
45 s, and extend at 72�C for 1 min for a total of 30 cycles, with
a final extension of 72�C for 1 min.

Plate and quantitative sporulation assays
for timing of sporulation

Plates were prepared as previously described (González-
Pastor et al., 2003). Test strains were streaked in duplicate
onto plates and incubated at 37�C, and the timing of spor-
ulation was recorded by digital camera. Sporulation is evi-
denced by increased opaqueness, whereas the lack of
sporulation is demonstrated by translucent bacterial growth.
Cells bearing a mutation in skfA were used as a positive
control for accelerated sporulation, and spo0A cells were
used as a negative control for sporulation.

The percent sporulation at 8, 12, 17, 21, and 24 h was de-
termined by quantitative sporulation assay as previously
described (González-Pastor et al., 2003) with the following
modifications. Cells were directly collected from the sporu-
lation plates as 10 mm plugs. Additionally, 50mL of chloro-
form was used to eliminate nonsporulating cells instead of
heat treatment.

Results

SigY and Spb are required for production
of and resistance to a killing factor

The known function of ECF sigmas in B. subtilis in anti-
biotic production and resistance (Helmann, 2002), coupled
with a similarity between the sigY and skf operons, caused us
to consider a role for SigY in the control of killing factor
production and resistance. The sigY operon contains the
genes for SigY and five proteins of unknown function en-
coded by yxlC, yxlD, yxlE, and yxlF (Cao et al., 2003). Two of
these genes were found to be similar to genes in the skf op-
eron. The skf operon contains the gene for the sporulation
killing factor Skf and seven proteins encoded by skfB, skfC,
skfD, skfE, skfF, skfG, and skfH. A subset of these proteins is
required to produce the mature Skf toxin, and to provide
cellular resistance by eliminating Skf from the cell. The skfE
and skfF genes appear to form an ABC transporter required
for export and resistance to the sporulation killing factor that
is an antibiotic peptide encoded by skfA (Gonzalez-Pastor
et al., 2003). A pair-wise comparison of the predicted protein
products encoded in the sigY and skf operons demonstrated a
66% similarity between YxlF and SkfE that spans the entire
SkfE sequence, and identified conserved motifs shared by
YxlG and SkfF (data not shown). Given that yxlF and yxlG
are transcribed by the SigY-holoenzyme because of their lo-
cation in the autoregulated sigY operon (Cao et al., 2003) we
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tested whether SigY is involved in antibiotic production and
resistance.

Killing assays were performed to test whether or not SigY
plays a role in producing and conferring resistance to an
antibiotic. In these assays CFM from either the wild-type
strain or the isogenic sigY mutant that lacks SigY activity (see
Table 1) was collected following nutrient stress. CFM was
collected 1 h after the break from logarithmic growth in rich
medium because sigY expression was found to be maximal at
the end of logarithmic growth in this medium (data not
shown). CFM was also collected from a wild-type strain that
lacks Spb (CU1065). The collected CFM was tested for killing
activity by using it to resuspend four different strains: the
wild-type strain (LMB7), the sigY mutant (LMB276), a wild-
type strain that lacks Spb (CU1065), and an isogenic deriv-
ative that lacks both Spb and SigY (CU1065 sigY). The latter
two strains were included because the work of others dem-
onstrated that the role of the ECF sigma factor SigW in an-
tibiotic resistance is masked in a strain bearing the Spb
prophage (Butcher and Helmann, 2006). The Spb prophage
contains genes necessary for synthesis and export of the
antibiotic sublancin, which is expressed at high levels and
masks the expression of other antibiotics and resistance
proteins expressed at low levels. Thus, inclusion of the
strains lacking Spb in the killing assay was predicted to
unmask the role of SigY in the production of antibiotics
that are produced at low levels (like other ECF sigmas in
B. subtilis), but instead demonstrated the role of both SigY and
Spb in the production of and resistance to a killing factor.

The cell survival results shown in Figure 1 demonstrate
that only CFM from a strain that contains both SigY and Spb
is capable of killing sensitive strains that lack a functional
sigY gene and/or the Spb prophage. CFM from the wild-type
strain that contains Spb (Spb + ) led to significant killing of
sensitive strains: only 1:10,000 cells survive treatment with
this CFM. Conversely, CFM from strains that lack a func-

tional sigY gene (sigY) and/or the Spb prophage (Spb - )
failed to cause significant killing: the number of surviving
cells is comparable with the number of viable cells deter-
mined in the absence of CFM treatment (i.e., No CFM).
Further, CFM from the wild-type strain that maintains a
functional sigY and the Spb (Spb + ) is only capable of killing
strains that lack sigY and/or the Spb prophage. Thus, resis-
tance to the killing factor found in this CFM requires both
SigY and Spb. Taken together, our results show that both
SigY and Spb are necessary to produce and confer resistance
to a killing factor found in the medium of growing cells
subjected to nutrient stress.

Loss of Spb in SigY mutant and wild-type strain

Given that both SigY and Spb are required for the killing
activity shown in Figure 1, which is presumably due to
production of mature sublancin, we studied the sunA gene
that encodes for the precursor of sublancin in the sigY mu-
tant. Unexpectedly, we found that this gene was absent in
the sigY null mutant (Perez, 2006). The sunA gene is located
on the Spb prophage (Paik et al., 1998) so the absence of sunA
in the sigY null led us to propose that the prophage is
missing in this strain.

To test the postulate that Spb is missing in the sigY null
mutant used in the killing assays, LMB276, PCR was used to
detect whether or not the insertion site for the prophage was
empty or occupied. The BETA primers amplify a 1 kb frag-
ment of DNA if the prophage is absent, and fail to generate a
product if the 135 kb Spb genome is inserted. Conversely, the
yonR primers amplify a 0.5 kb fragment if the prophage is
present in the bacterial genome because they are comple-
mentary to the yonR gene that resides on Spb. Absence of
product using these primers indicates loss of the prophage or
inappropriate reaction conditions for successful PCR. To
demonstrate that the reaction conditions were appropriate to
support successful PCR, a positive control was used. Primers
specific to the sigD gene that is unrelated to SigY function
were used in this positive control.

The results shown in Figure 2 demonstrate that the Spb
prophage is missing in the sigY null mutant used in the
killing assays. PCR using template DNA extracted from this
strain fails to yield the 0.5 kb yonR product, but supports
amplification of the 1.0 kb product using the BETA primers.
Conversely, the wild-type strain retains Spb. DNA extracted
from this strain yields the 0.5 kb yonR product, and fails to
amplify the 1.0 kb product indicative of an empty insertion
site. The positive control for PCR amplification, sigD, is
amplified using DNA from all strains, demonstrating that
the absence of product is not attributable to inappropriate
reaction conditions. Additional controls show no amplifica-
tion in the absence of DNA, and show amplification using
the BETA primers only in strains known to lack the prophage
(i.e., CU1065).

Having found that Spb is missing in the sigY null mutant
used in the killing assays, we sought to determine how
quickly the prophage is lost when the sigY mutation is in-
troduced by plasmid transformation. The disruptional plas-
mid pCLP03 was transformed into wild-type cells. PCR
amplification with yonR and BETA primers was then used to
monitor the presence or absence of the prophage in the
transformants. This analysis showed that 83% of the

FIG. 1. Results of killing assays in the absence of CFM (i.e.,
No CFM) or CFM obtained from wild-type strain containing
the Spb prophage, WT(Spb + ); sigY null; or different wild-
type strain that lacks the prophage, CU1065 (Spb - ). Source
of CFM is listed on the x-axis, and number of cells surviving
treatment is given on the y-axis. Survival of WT that contains
Spb (black bars), sigY null (white bars), CU1065 that lacks
Spb (gray bars), and CU1065 that lacks both Spb and sigY
(hatched bars) following 1 h incubation in the indicated
CFM. The results presented are an average of three experi-
ments, and the standard error is presented. CFM, cell-free
media; WT, wild type.
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transformants studied (5/6) lacked the Spb, and that 17% (1/
6) retained the prophage. Additional studies find that on
average 75% of wild-type cells transformed with pCLP03
lose the prophage when analyzed immediately following
transformation, and that those that retain Spb often lose the
prophage after multiple rounds of growth (data not shown).
However, we were unable to detect loss of the Spb detected
in the original transformant (i.e., 1/6).

To monitor loss of Spb in the original transformant (i.e., 1/
6) during growth, the strain was grown in rich medium and
cells were collected during logarithmic growth, and following
the initiation of nutrient stress (i.e., T0). Wild-type cells were
similarly grown and cells were collected at the identical time
points. The yonR and BETA primers were used to monitor
the presence and absence of the Spb prophage, respectively,
and primers complementary to sigD were used as a positive
control for amplification. The results presented in Figure 3
show that cells with the newly inserted sigY mutation (lower
panel for each target shown) retain Spb as evidenced by the
amplification of yonR. However, a subpopulation of these
cells lose the prophage as demonstrated by amplification
using the BETA primers. This strain was found to retain the
prophage after additional rounds of growth, and is predicted
to contain a suppressor mutation that has not been charac-
terized. This strain has been designated LMB276S.

More importantly, the results obtained using DNA from
the wild-type strain show that the loss of Spb in a subpop-
ulation of cells is apparently a normal process. In fact, Dr.
Daniel Zeigler who is the curator of the Bacillus Genetic
Stock Center finds that subpopulations of other wild-type
strains similarly lose the prophage (Zeigler, personal com-
munication). Our results suggest that in wild-type cells Spb
is lost at greater amounts during logarithmic growth and

exhibits the greatest levels of loss at T1 (Fig. 3, upper panel of
BETA amplification) when we have found SigY-dependent
killing activity to be maximal (Perez, 2006). However, the
results presented in Figure 3 are not quantitative. None-
theless, it appears that the pattern of Spb loss found in the
wild-type strain is absent in the sigY mutant LMB276S.

Negative regulation of SigY activity appears
to be essential

Our studies demonstrating that subpopulations of wild-
type cells either lack or retain Spb during growth (Fig. 3),
coupled with the finding that cells lacking the prophage are
sensitive to killing by cells with Spb (Fig. 1), suggest that the
subpopulation lacking the prophage is killed during growth.
This cell death phenotype is likely subjected to complex reg-
ulation, and we sought to better understand regulation of this
process by studying the putative antisigma factor for SigY.
The paradigm for ECF sigma regulation dictates that the an-
tisigma negatively controls ECF sigma activity and is encoded
by the gene immediately downstream of the structural gene
for the ECF sigma (Missiakas and Raina, 1998; Helmann,
2002). The gene immediately downstream of sigY is yxlC.

Disruption of yxlC in our wild-type strain had been very
difficult and three independent strategies failed before we
were able to replace the coding sequence of yxlC with an

FIG. 2. Presence or absence of Spb in a strain lacking the
prophage (CU1065; Spb- ), wild-type (LMB7; WT), and sigY
mutant (LMB276) as determined by PCR using yonR or
BETA primers, respectively. Lanes 2–5, products obtained
using yonR primers that amplify part of the yonR gene on the
prophage and template DNA from control and test strains;
lanes 6–9, products obtained with BETA primers that am-
plify across the Spb attachment site; lanes 10–13, products
obtained using primers that amplify a region of the sigD gene
as a positive control for PCR amplification. Molecular
weights of some DNA markers in lanes 1 and 14 are pro-
vided. PCR, polymerase chain reaction. FIG. 3. Presence or absence of Spb throughout growth in

the wild-type (top panel), or a sigY null mutant strain,
LMB276S, that retains the prophage likely due to a sup-
pressor mutation (bottom panel). (A) PCR products obtained
using yonR primers, (B) products obtained using BETA
primers, and (C) products obtained using sigD primers as a
positive control for amplification. The first two lanes in each
panel contain the results of negative and positive control
reactions for each of the primer sets used in the PCR.
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erythromycin cassette in collaboration with the Helmann
Laboratory. SigY expression was not upregulated in this yxlC
mutant and we concluded that YxlC is not the antisigma for
SigY (Cao et al., 2003). However, in subsequent work, YxlC
was found to bind to SigY in a yeast two-hybrid study,
supporting its predicted role as the antisigma factor (Yoshi-
mura et al., 2004). Further, yxlC was found to be essential for
growth in one study (Tojo et al., 2003), but was not deter-
mined to be an essential gene in a comprehensive analysis of
these genes in B. subtilis (Kobayashi et al., 2003).

As a first attempt toward testing the role of the putative
antisigma factor YxlC in SigY-dependent killing and Spb
maintenance, we studied the nature of the yxlC::mls mutation
described in our published work (Cao et al., 2003). The lack
of increased SigY activity in the strain bearing this mutation,
HB0915, had caused us to conclude that YxlC is not the an-
tisigma factor. We now considered the possibility that the
yxlC::mls mutation that had been so difficult to integrate in
HB0915 was made possible by a suppressor mutation in sigY.
The sequence of sigY in the yxlC::mls strain was obtained and
compared with the sequence of sigY found in a wild-type
strain. A deletion of eight nucleotides was found near the
middle of the sigY open-reading frame leading to a frame-
shift mutation (Perez, 2006). This result explains the lack of
increased SigY activity in HB0915 and it has caused us to
reconsider the role of YxlC as the antisigma factor for SigY.
It also supports the postulate that yxlC is an essential gene in
B. subtilis.

While others concluded that yxlC is essential due to their
inability to disrupt the gene, these investigators failed to test
whether the lethal phenotype was dependent on the pres-
ence of a functional copy of sigY (Tojo et al., 2003). Further,

the suppressor mutation found in the sigY gene of HB0915 is
located in a strain that lacks Spb. Therefore, we sought to test
the postulate that yxlC is essential only in the presence of a
functional sigY gene in our wild-type strain that contains
Spb. We tested this prediction by attempting to transform
wild-type and sigY null mutant strains with a disruptional
plasmid for yxlC (pCLP03). If yxlC is essential only in the
presence of a functional sigY gene, then its disruption would
only be possible in the sigY null mutant and pCLP03 trans-
formants obtained only in this strain. In parallel transfor-
mations, wild-type and sigY null mutant cells were made
competent and the disruptional plasmid pCLP03 was intro-
duced. Chloramphenicol-resistant transformants were ob-
tained in the sigY null mutant (Fig. 4), but only one
transformant was obtained in the wild-type strain and is
suspected to contain a suppressor mutation in sigY. The
virtual lack of pCLP03 transformants in the wild-type strain
is not due to a lack of competence. In control transformations
using chromosomal DNA from LMB10 that contains a
chloramphenicol-resistant cassette integrated at an unrelated
gene (sigD::cat), the wild-type strain was found to be com-
petent to take up this DNA. Therefore, our inability to dis-
rupt the yxlC gene in the wild-type strain supports our
postulate that it is essential in the presence of a functional
copy of sigY. This result also supports the speculation that
inappropriate upregulation of SigY activity in the absence of
YxlC leads to cell death.

Loss of SigY leads to sporulation delay

While the apparent negative regulation of SigY by its
putative antisigma factor appears to be essential for overall
survival, we sought to determine the importance of SigY-
dependent killing in sporulation. In previous work by others
it had been demonstrated that killing of sibling cells, through
a process these investigators termed cannibalism, delayed
sporulation (González-Pastor et al., 2003). It was found and
later confirmed that a subpopulation of cells fail to produce,
and are sensitive to killing by, the SkfA and SdpC factors
exported by sibling cells (Ellermeier et al., 2006; González-
Pastor, 2011). This results in the killing of the subpopulation
of cells incapable of producing these antibiotics, and the re-
lease of additional nutrients that delay sporulation. We
suspected that a similar phenomenon is found in wild-type
cells that exhibit subpopulations of cells that retain or lose
Spb (Fig. 3), and is absent in sigY mutant cells that lack Spb
(Fig. 2). Thus, we predicted that sporulation of the sigY null
mutant that lacks the prophage (Fig. 2) and the associated
killing activity (Fig. 1) would be accelerated with respect to
wild-type cells due to their inability to obtain additional
nutrients from the killing of sibling cells.

The results of the sporulation assays presented in Figure 5
show that sporulation is delayed in the sigY null mutant
compared with sporulation in the wild-type strain. This re-
sult is inconsistent with our prediction, and does not align
with the results obtained with the skf mutant. As first shown
by others (González-Pastor et al., 2003), the skf mutant ex-
hibited accelerated sporulation. At 17 h the skf strain displays
opaque growth on sporulation plates (Fig. 5, left panel) in-
dicative of efficient sporulation, and an average sporulation
rate of 92% (Fig. 5, right panel). At this time the wild-type
strain also displays opaque growth, but a lower average

FIG. 4. Relative number of transformants obtained for
wild-type and sigY mutant strains following introduction of
a plasmid that disrupts yxlC and introduces the gene for
choramphenicol resistance, yxl::cat. Transformants obtained
for the wild-type strain (black bars) and a sigY null mutant
(white bars). Chromosomal DNA from a strain bearing a
plasmid insertion that disrupts sigD and introduces the gene
for chloramphenicol resistance, sigD::cat, was used as a
positive control for transformation, and no DNA was added
in the negative control. The results for three transformations
using 10mg plasmid and 1 ng chromosomal DNA are pre-
sented along with the standard error. The number of trans-
formants obtained for each amount of DNA has been
normalized to total number of viable cells to obtain the rel-
ative number of transformants. The relative number of
transformants is presented on the y-axis.
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sporulation rate of 63%. At 17 h the sigY mutant has not
efficiently sporulated. The growth of the sigY strain on
sporulation plates is less opaque than skf and wild-type
strains (Fig. 5, left panel), and the average sporulation rate is
26% (Fig. 5, right panel). Further, the results of the quanti-
tative sporulation assay (Fig. 5, right panel) show that the skf
strain achieves > 90% sporulation in 17 h, the wild-type
strain at 21 h, and the sigY mutant at 24 h. The negative
control for sporulation, the spo0A strain, fails to sporulate.
Thus, the loss of SigY and Spb in the sigY mutant delays
sporulation, suggesting that one or both play a role in the
timely initiation of this process.

Discussion

Our work demonstrates that SigY is required to efficiently
maintain Spb in the bacterial genome, thereby playing a
critical role in the ability of B. subtilis to produce and shield
itself from antibiotic(s) encoded in the genome of the bacte-
riophage. The sunA gene found in the Spb prophage encodes
for the antibiotic peptide sublancin, which is a primary
mechanism for killing by B. subtilis (Paik et al., 1998; Dor-
enbos et al., 2002; Butcher and Helmann, 2006). The killing
observed by the wild-type strain that contains both SigY and
Spb (Fig. 1) is likely due to the production of this antibiotic
peptide. Antibiotic peptides are resistant to boiling and the
CFM was boiled prior to use in the killing assays. Ad-
ditionally, CFM collected 1 h after the initiation of nutrient
stress from a mutant bearing an insertion deletion of the
sunA gene displays the identical loss of killing activity that is
found for the sigY mutant (data not shown). This result could
be explained by SigY control of sunA transcription initiation.
However, this gene was not identified as a target for SigY in
previous work (Asai et al., 2003; Cao et al., 2003). Moreover,
primer extension analysis of mRNA from cells subjected to
nutrient stress that upregulates sigY failed to identify a SigY-
dependent promoter upstream of sunA (data not shown).

Other ECF sigmas have been found to initiate transcrip-
tion of the operon that contains sunA. The sunA gene is part
of the sublancin operon that is subjected to complex regu-
lation that includes the apparent existence of multiple pro-
moters, at least one of which is recognized by the ECF

sigmas, SigX and SigM (Paik et al., 1998; Luo and Helmann,
2009; Luo et al., 2010). Consistent with this finding a mutant
that lacks SigX and SigM exhibits reduced sublancin pro-
duction, but a mutant that lacks all seven ECF sigmas dis-
plays an even greater reduction in the production of the
antibiotic (Luo et al., 2010). Our results show that this loss of
sublancin production is likely caused by excision of the Spb
prophage in a sigY mutant (Fig. 2). Interestingly, in the strain
that lacks all seven ECF sigmas, the conjugative transposon
ICEBs1 was excised (Luo et al., 2010). Thus, loss of individual
and collective ECF sigma function appears to lead to excision
of foreign DNA (i.e., the Spb prophage and conjugative
transposon ICEBs1). While it is not clear why the transposon
is excised in the strain that bears deletions of all seven ECF
sigmas, it appears that excision of Spb in the sigY mutant is
part of an overall response to nutrient stress.

In response to nutrient stress B. subtilis cells that maintain
Spb produce antibiotic peptides, primarily sublancin, that
kill competing bacteria and generate additional resources
(Marahiel et al., 1993; Stein, 2005). However, loss of SigY
leads to loss of Spb (Fig. 2) and the concomitant loss of SigY-
dependent killing (Fig. 1). The loss of Spb is not limited to
cells with sigY mutations. In a wild-type strain we find loss
of this prophage in a subpopulation of cells growing in rich
medium (Fig. 3). Given that expression of sigY is maximal at
the end of logarithmic growth in this medium (data not
shown), the loss of Spb in a subpopulation of wild-type cells
that begins during this period of growth is consistent with a
role for SigY in the developmental excision of the prophage.
We speculate that in response to nutrient stress, SigY is dif-
ferentially activated in subpopulations of cells in the growing
culture. This leads to an overall increase in sigY expression,
and to bistable outcomes for sibling cells capable of killing
and of being killed. Cells having sufficient levels of activated
SigY maintain the Spb prophage and are capable of killing
sibling cells by producing sublancin. Cells having insufficient
levels of active SigY and/or mutations in sigY lose the pro-
phage (Fig. 2), fail to produce killing factor, and are sensitive
to killing (Fig. 1). In effect, sibling cells incapable of pro-
ducing killing factor in response to nutrient stress are
‘‘damaged’’ and the population is ridded of them. This pro-
cess can be likened to a programmed cell death response in

FIG. 5. Results of plate and quantitative sporulation assays to monitor the timing of sporulation. Left panel, photograph of a
plate following 17 h of growth. Wild-type and mutant cells are included as duplicates and are labeled. Right panel, results of a
quantitative sporulation assay for the four strains included in the plate assay. The percentage of chloroform-resistant spores
versus total viable cells is presented on the y-axis. The percent sporulation is provided following growth on sporulation plates
presented in hours on the x-axis.
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higher eukaryotes where the ingestion of dying plays an
important role in energy recycling, and rids the organism of
damaged or detrimental cells (Ameisen, 1996, 2002).

Likewise, the Spo0A-controlled production of the Skf and
SdpC killing factors in B. subtilis allows for the nutritional
recycling of cells unable to contribute to the overall survival
of the bacterial population due to their inability to sporulate.
Cells lacking adequate levels of active Spo0A are incapable
of sporulating, and are sensitive to killing by these factors.
Thus, death of this subpopulation of cells improves the
overall survival of the remaining cells by providing addi-
tional nutrients that delay sporulation (González-Pastor,
et al., 2003; González-Pastor, 2011).

While our results suggest that a subpopulation of cells that
lose Spb can provide a similar nutritional resource, we failed
to identify a sporulation delay in wild-type cells compared
with a sigY mutant strain. Wild-type cells with normal SigY
activity effectively sporulate in 21 h, compared with 24 h for
the strain that lacks SigY (Fig. 5). The delay of sporulation in
the sigY compared with the wild-type strain suggests that in
addition to nutritional resources, subpopulations of dying
cells in wild-type cultures may release another factor(s) that
promotes sporulation. We speculate that killing by the SigY-
dependent killing factor leads to the release of a sporulation-
inducing pheromone(s) (Perego and Hoch, 1996; Lazazzera
et al., 1997). These pheromones are secreted into the extra-
cellular medium at the end of logarithmic growth (Grossman
and Losick, 1988), and act early in sporulation (Grossman,
1995). We found that the SigY-dependent killing factor is
most active in CFM collected 1 h after the break from loga-
rithmic growth consistent with this speculation, whereas Skf
killing is most active 2 h after the break from logarithmic
growth (Perez, 2006). Further, we saw no difference in the
timing of sporulation in the CU1065 strains that do not
harbor the Spb, but that either retain normal SigY activity or
lack it due to a null mutation in sigY (data not shown). Thus,
normal sporulation in the wild-type strain (Fig. 5) requires
both SigY and Spb, suggesting that in strains bearing the
prophage the death of a subpopulation of cells promotes
normal timing of this process. However, future work is
necessary to demonstrate the death of the subpopulation that
loses Spb in growing cultures of the wild-type strain (Fig. 3).

Our work demonstrates that the SigY-dependent loss of
Spb fails to delay sporulation, but control of this process
appears to be essential for cell survival. This conclusion is
based on the inability to disrupt the yxlC gene for the pu-
tative antisigma of SigY. Others have suggested that yxlC is
essential for growth due to their inability to disrupt the gene
(Tojo et al., 2003). However, in our work we found yxlC to be
essential only in the presence of a functional copy of sigY
(Fig. 5). Therefore, it is the negative regulation of SigY by
YxlC that is necessary for cell survival. This appears to be the
case both in the presence and absence of Spb. The inability to
disrupt yxlC in this study was monitored in a wild-type
strain containing the prophage. In previous work, however,
it was reported that yxlC had been successfully disrupted in
a strain that lacks Spb (Cao et al., 2003). We later found a
deletion of eight nucleotides near the middle of the sigY
open-reading frame that results in a frame-shift mutation
(Perez, 2006). The identification of this suppressor mutation
further supports the postulate that negative regulation of
SigY is necessary for cell survival. Given that this negative

regulation appears to be essential both in the presence and
absence of Spb and that SigY is one of the seven ECF sigmas
implicated in the production and resistance to antibiotics
(Luo et al., 2010), we propose that YxlC plays a critical role in
the timing of killing and resistance functions. Perhaps, YxlC
negatively regulates SigY until the necessary resistance pro-
teins are expressed to protect the cell from killing by SigY-
dependent gene products.

Conclusions

Overall, our work implicates the SigY ECF sigma factor of
B. subtilis in the production of and resistance to sublancin at
the single-cell level. It suggests that differences in SigY activity
lead to loss or maintenance of the Spb genome that encodes
proteins responsible for these functions in individual cells
within a growing population. Loss or maintenance of the
prophage in a growing population of cells is expected to give
rise to subpopulations capable of killing and of being killed.
Sibling cells that lose Spb presumably due to reduced SigY
activity are likely killed due to their inability to produce these
proteins. This selective pressure is predicted to maintain Spb
in the genome of cells having sufficient SigY activity, and to
eliminate cells with insufficient activity. In this way a sub-
population of cells with insufficient SigY activity are killed
and may release factors that promote sporulation. This spec-
ulation supports our finding that a sigY mutant is delayed in
sporulation. We fail to find detectable levels of Spb in this sigY
mutant rendering it incapable of producing subpopulations of
cells capable of killing and of being killed. We further show an
inability to disrupt the gene for the putative antisigma factor
for SigY in a wild-type strain. This result suggests that loss of
SigY regulation is detrimental to the cell. Future work is
aimed at determining the essential role SigY regulation plays
in B. subtilis, and examining the mechanism and outcomes of
the differential activation of SigY in subpopulations of grow-
ing cells predicted by this study.
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