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A variety of environmental and metabolic cues trigger the transient activation of the alternative transcrip-
tion factor SigB of Bacillus subtilis, which subsequently leads to the induction of more than 150 general stress
genes. This general stress regulon provides nongrowing and nonsporulated cells with a multiple, nonspecific,
and preemptive stress resistance. By a proteome approach we have detected the expression of the SigB regulon
during continuous growth at low temperature (15°C). Using a combination of Western blot analysis and
SigB-dependent reporter gene fusions, we provide evidence for high-level and persistent induction of the sigB
operon and the SigB regulon, respectively, in cells continuously exposed to low temperatures. In contrast to all
SigB-activating stimuli described thus far, induction by low temperatures does not depend on the positive
regulatory protein RsbV or its regulatory phosphatases RsbU and RsbP, indicating the presence of an entirely
new pathway for the activation of SigB by chill stress in B. subtilis. The physiological importance of the
induction of the general stress response for the adaptation of B. subtilis to low temperatures is emphasized by
the observation that growth of a sigB mutant is drastically impaired at 15°C. Inclusion of the compatible solute
glycine betaine in the growth medium not only improved the growth of the wild-type strain but rescued the
growth defect of the sigB mutant, indicating that the induction of the general stress regulon and the accumu-
lation of glycine betaine are independent means by which B. subtilis cells cope with chill stress.

As a soil bacterium, Bacillus subtilis is frequently exposed to
nutrient limitations and often experiences a variety of environ-
mental insults in this habitat (69). The ability of the cell to
thrive under such stressful circumstances depends on sensing
of these environmental changes and response to them via
highly integrated adaptational networks. The regulation of
gene expression by alternative sigma factors is a particularly
important facet of the adaptation of B. subtilis to its changing
environment (30, 35). One of the alternative transcription fac-
tors is SigB (31), which is now known to control a large general
stress regulon (34, 53). The induction of the SigB regulon
provides nongrowing and nonsporulated cells with a multiple,
nonspecific, and preemptive stress resistance (4, 25, 26, 63).

Proteome studies (3, 20) and transcriptional profiling (36,
52, 54) have demonstrated that SigB coordinates the expres-
sion of at least 150 genes in B. subtilis. Members of this regulon
are transiently induced following heat shock; salt, ethanol, or
acid stress; or limitation of glucose, phosphate, or oxygen (34,
53). SigB activity is subject to tight genetic and biochemical
regulation to prevent the untimely expression of the SigB regu-
lon in the absence of stress or starvation and to allow for the
coordinated transcription of SigB-dependent genes in response

to a wide spectrum of inducing stimuli. The biochemical activ-
ity of SigB as a transcription factor is controlled by a partner-
switching mechanism that involves the anti-sigma factor RsbW
and the antagonist protein RsbV (Fig. 1) (2, 10, 23, 53, 71). In
exponentially growing cells, high-level expression of general
stress genes is not required and SigB activity is prevented
through the binding of RsbW to SigB (10). Release of SigB
from this inhibitory SigB-RsbW complex requires RsbV,
whose biochemical activity in turn critically depends on its
phosphorylation status (2, 23, 71). During exponential growth,
RsbV is rapidly phosphorylated by the kinase activity of RsbW
and is thereby inactivated (23, 64, 71). Following the imposi-
tion of environmental or metabolic stress, RsbV is dephos-
phorylated by either of two phosphatases, RsbU or RsbP (61,
71), permitting RsbV to attack the SigB-RsbW complex and
substitute for SigB in the complex (Fig. 1) (2, 22, 23). Free SigB
can now bind to core RNA polymerase and promote the tran-
scription of SigB-dependent genes. Basal cellular levels of SigB
and most of its regulatory proteins are provided by transcrip-
tion starting at a vegetative promoter located upstream of the
sigB operon (rsbR-rsbS-rsbT-rsbU-rsbV-rsbW-sigB-rsbX) (40, 70).
A SigB-dependent promoter positioned upstream of rsbV is
activated by all SigB-inducing stimuli and accounts for an am-
plification of the SigB-mediated general stress response (13,
18).

Environmental and metabolic stresses activate SigB via two
different signal transduction pathways (65), both of which con-
verge on the control of the phosphorylation status of the an-
tagonist protein RsbV (Fig. 1). The environmental stimuli
heat, salt, and ethanol influence the activity of the environ-
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mental-stress-responsive phosphatase RsbU via additional reg-
ulatory proteins (41, 71). Perception of the various environ-
mental stimuli seems to involve the ribosome (58, 72), but the
actual details of this signal transduction process have not yet
been elucidated. Limitation of glucose, phosphate, or oxygen,
in turn, requires the activity of the metabolic-stress-responsive
phosphatase RsbP (61). This branch of the signal transduction
cascade likely constitutes a response to energy limitation,
which possibly involves a reduction in the energy charge of the
cell (2, 22, 49, 65).

The minimal growth temperature of B. subtilis is approxi-
mately 11°C (51), which is not unusual for a soil temperature in
the Northern hemisphere. The stress response of B. subtilis to
a sudden drop in temperature has been investigated, revealing
the importance of cold shock proteins for cellular survival (28,
68) and the role of a fatty acid desaturase (1, 21, 67) and
anteiso-branched fatty acid biosynthesis (45) in maintaining an
appropriate degree of fluidity of the cytoplasmic membrane. In
contrast, the long-term cellular adaptation of B. subtilis to
continued growth at low temperatures has been less well ex-
plored. We have therefore carried out proteome analysis of B.
subtilis cells that were continuously cultured under chill stress
(15°C) conditions. Surprisingly, this study revealed high-level
production of SigB-dependent general stress proteins during
growth at a low temperature. Our data suggest that low-tem-
perature induction of the SigB regulon involves a new signal
transduction pathway that operates independently of RsbU,
RsbP, and RsbV. The strongly impaired growth of a sigB mu-
tant under chill stress conditions demonstrates the physiolog-
ical relevance of general stress proteins for the effective adap-
tation of B. subtilis to low-temperature environments.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The experiments conducted
in this study were performed with B. subtilis strain 168 (48). Mutations in sigB and
the genes encoding SigB-regulatory proteins were transferred into the B. subtilis
strain 168 background by transformation (33). The parent strains and the result-
ing mutants are listed in Table 1. Bacteria were routinely grown under vigorous
agitation (220 rpm) in Spizizen’s minimal medium (SMM) with 0.5% (wt/vol)
glucose as the carbon source, L-tryptophan (20 mg/liter), and a solution of trace
elements (32). When indicated the cells were grown in either Difco sporulation
medium (DSM) or Luria Bertani (LB) medium. Precultures of B. subtilis strains
were inoculated from exponentially growing overnight cultures propagated in
SMM to a final optical density (OD) at 540 or 578 nm of 0.1. These precultures
were allowed to grow to an OD at 540 or 578 nm of 0.5, diluted to an OD at 540
or 578 nm of 0.1, and subsequently transferred to the lower growth temperatures

indicated below for the individual experiments. Ethanol stress was imposed on
the cells by the addition of ethanol to a final concentration of 4% (vol/vol).
Glycine betaine was purchased from Sigma Chemie (Steinheim, Germany) and
used at a final concentration of 1 mM. For drug resistance selection in B. subtilis,
antibiotics were used at the following final concentrations: chloramphenicol, 5
�g/ml; spectinomycin, 200 �g/ml; kanamycin, 20 �g/ml; erythromycin, 1 �g/ml.

Construction of plasmids. To construct an rsbP disruption mutation, the rsbP
structural gene was amplified by PCR using primers 5�-GAGAGAGCTCTTCA
AACCATCCGAGT-3� and 5�-GAGAGAATTCAAATATTTTGGTCGC-3�
and was subsequently cloned into the EcoRI- and SacI-digested multicopy vector
pBlue2SKP, resulting in plasmid pAV02. For the disruption of the rsbP gene, a
spectinomycin resistance cassette was amplified with primers 5�-GAGACAATT
GGTAAAACGACGGCCAGT-3� and 5�-GAGAGGATCCAACAGCTATGA
CCATGAT-3, with plasmid pDG1726 (29) as a template. After digestion with
BamHI and MunI, this spectinomycin resistance cassette was inserted into plas-
mid pAV02 digested with the same enzymes, generating plasmid pAV01. Plas-
mid pAV01 linearized with ScaI was then transformed into B. subtilis strain
PY22. Transformants were selected for their resistance to spectinomycin, and the
integration of the rsbP::spc mutation into the chromosome via a double-crossover
event was verified by PCR (Table 1, strain BSM201). Plasmid pFSB79 is a
low-copy-number vector that can be used for constructing transcriptional fusions
to a promoterless, fluorescence-optimized gfp gene (57) and subsequently trans-
ferring them into the amyE locus of the B. subtilis chromosome via a double-
crossover event (F. Spiegelhalter and E. Bremer, unpublished data). For the
construction of a gsiB-gfp fusion, a gsiB promoter fragment was amplified by PCR
using primers 5�-GAGACCCGGGTGATGTTGTCGGCAAAAGAT-3� and 5�-
AATTGGTACCGTTGGTGGTTGTATTCCCG-3� and was cloned into pFSB79
cut with SmaI and KpnI, yielding plasmid pGK30 (Table 1). Linearized plasmid
pGK30 was transformed into B. subtilis PY22. Transformants were selected with
chloramphenicol and screened for an AmyE� phenotype. One of the resulting
strains in which the correct recombination of the gsiB-gfp fusion into the amyE
gene was verified by PCR was named BSM227 (Table 1).

2-DE. Crude protein extracts for separation by two-dimensional protein gel
electrophoresis (2-DE) were prepared from 150-ml cultures grown in 1-liter
flasks to an OD at 578 nm of 1.0. High-resolution 2-DE with immobilized pH
gradients (pH 4 to 7) in the first dimension was performed as previously de-
scribed (37). Analytical gels were stained with silver nitrate according to the work
of Bloom et al. (16). After scanning, 2-DE gel images were analyzed with the
Melanie 3.0 software package (Bio-Rad Laboratories GmbH, Munich, Germa-
ny). Three separate gels of each condition were analyzed, and only changes in the
protein pattern appearing on all three parallel gels were considered significant.

Western-blot analysis. Western blot analysis was carried out as described
previously (12, 65). The monoclonal antibodies raised against RsbS, RsbU,
RsbV, RsbW, SigB, and RsbX have been described previously (12, 23, 24).

Determination of �-galactosidase activity. For determination of the �-galac-
tosidase activities of ctc-lacZ fusion strains, cultures were propagated as de-
scribed above. At appropriate time points, 1-ml aliquots were harvested by
centrifugation in an Heraeus tabletop centrifuge at 4°C. �-Galactosidase enzyme
assays were conducted as described previously (50, 65).

Visualization of the fluorescence of gsiB-gfp fusion strains. For the determi-
nation of gsiB-gfp fluorescence, 1-ml aliquots of the cultures were removed at an
OD at 540 nm of 1.0, mixed with 10 �l of erythromycin (200 mg/ml), harvested
by centrifugation in an Heraeus tabletop centrifuge at room temperature, and
subsequently resuspended in 200 �l of SMM. After immobilization of the cells
with 1% SeaPlaque GTG agarose (Biozym, Hessisch Oldendorf, Germany) on
microscope slides, the samples were observed with a Zeiss fluorescence micro-
scope using a 450 to 490/FT510/LP520 filter set. Images were recorded and
processed for publication by using Adobe Photoshop.

RESULTS

Chill stress-induced changes in the protein profile of B.
subtilis. We prepared crude protein extracts of soluble proteins
from exponentially growing cultures of B. subtilis strain 168
that were propagated in SMM at 37 or 15°C and separated
them by 2-DE. We chose B. subtilis strain 168 for our study
because the DNA sequence of this isolate was determined in
the B. subtilis genome project (48) and it also was used to
establish the Sub2D proteome database of B. subtilis (http:
//microbio2.biologie.uni-greifswald.de:8880/sub2d.htm) (20).

FIG. 1. Model for the regulation of SigB activity in B. subtilis. The
environmental- and metabolic-stress-sensing branches of the signal
transduction cascade conveying their output to RsbV are depicted (34,
53). Chill stress activates SigB via a new mechanism that operates
independently of RsbV, RsbU, and RsbP.
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A comparison of the protein profiles of silver-stained gels
revealed extensive differences between the two cultivation con-
ditions. A representative set of two-dimensional (2D) gels pre-
pared from cells grown at 37 or 15°C is shown in Fig. 2A and
B. At least 171 proteins displayed significantly different expres-
sion levels at 15 versus 37°C, indicating that adaptation to
continuous growth at low temperatures requires massive
changes in cellular protein composition. Through a software-
aided comparison of representative sets of gels from the two
growth conditions, we noted 61 protein spots displaying higher
intensities on gels prepared from cultures grown at 37°C and
110 protein spots that were present at higher levels in gels
derived from cultures propagated at 15°C. A comparison of
both protein patterns with the Sub2D database (3, 20) revealed
the strong expression of the entire SigB-dependent general
stress regulon under chill stress conditions. Sections of 2D gels
displaying the expression levels of selected members of this
regulon are depicted in Fig. 2C. We emphasize that the differ-
ences between the protein profiles of cultures grown at high

and low temperatures are not restricted to the expression of
the SigB regulon (Fig. 2A and B). However, high-level expres-
sion of the SigB-controlled general stress regulon in cells that
were continuously growing in batch cultures at the low tem-
perature was a highly unexpected finding, since it is well es-
tablished that most SigB-activating conditions (e.g., heat, salt,
ethanol, acid) lead only to a transient induction of the general
stress genes (13, 18, 62, 65). We therefore focused our further
analysis on the chill stress induction of the SigB regulon.

Induction of the sigB operon during growth at a low tem-
perature. The downstream part (rsbV-rsbW-sigB-rsbX) of the
sigB operon is subjected to positive autoregulation by SigB due
to the presence of a SigB-dependent promoter positioned in
front of rsbV (13, 18), whereas the upstream part (rsbR-rsbS-
rsbT-rsbU) of this operon is expressed from another, presum-
ably SigA-dependent promoter (24, 70). If chill stress indeed
leads to high-level expression of the SigB regulon, as suggested
by the proteome experiments described above (Fig. 2), one
would expect increased cellular levels of the RsbV, RsbW,

TABLE 1. B. subtilis strains and plasmids

Strain or plasmid Relevant genotype or features of plasmid Construction or referenced

Strains
168 trpC2 48
BSA46 PY22 SP� ctc::lacZ cat86 erma 11
BSA70 PY22 rsbU::kan SP� ctc::lacZa 11
BSA73 PY22 rsbU::kan rsbV312 SP� ctc::lacZ 11
BSA159 PY22 rsbV312 rsbX::pWH25-spcb 65
BSM21 trpC2 rsbU::kan BSA70f168
BSM22 trpC2 rsbU::kan rsbV312 BSA73f168
BSM24 trpC2 rsbV312 rsbX::pWH25-spc BSA159f168
BSM29 trpC2 sigB�2::spc FSB5f168
BSM30 trpC2 rsbP::spc BSM201f168
BSM149 trpC2 rsbP::spc rsbU::kan BSM30fBSM21
BSM151 trpC2 SP� ctc::lacZ BSA46f168
BSM152 trpC2 rsbP::spc SP� ctc::lacZ BSA46fBSM30
BSM153 trpC2 rsbP::spc rsbU::kan SP� ctc::lacZ BSA46fBSM149
BSM154 trpC2 rsbU::kan SP� ctc::lacZ BSA46fBSM21
BSM155 trpC2 rsbV312 rsbX::pWH25-spc SP� ctc::lacZ BSA46fBSM24
BSM156 trpC2 sigB�2::spc SP� ctc::lacZ BSA46fBSM29
BSM201 PY22 rsbP::spc pAV01fPY22
BSM202 PY22 rsbP::spc rsbU::kan BSA70fBSM201
BSM227 PY22 amyE::pGK30-gsiB::gfp cat86c pGK30fPY22
BSM267 trpC2 rsbP::spc rsbU::kan rsbV312SP� ctc::lacZ BSA73fBSM152
BSM269 trpC2 amyE::pGK30-gsiB::gfp cat86c BSM227f168
BSM275 trpC2 rsbV312 rsbX::pWH25-spc amyE::pGK30-gsiB::gfp BSM227fBSM24

cat86c

BSM276 trpC2 sigB�2::spc amyE::pGK30-gsiB::gfp cat86c BSM227fBSM29
BSM277 trpC2 rsbU::kan amyE::pGK30-gsiB::gfp cat86c BSM227fBSM21
BSM278 trpC2 rsbP::spc amyE::pGK30-gsiB::gfp cat86c BSM227fBSM30
BSM279 trpC2 rsbP::spc rsbU::kan rsbV312 BSM202fBSM22
BSM280 trpC2 rsbP::spc rsbU::kan rsbV312 amyE::pGK30-gsiB::gfp cat86c BSM227fBSM279
FSB5 trpC2 pheA1 sigB�2::spc 59
PY22 trpC2 P. Youngman, University of Georgia

Plasmids
pAV01 Apr rsbP::spc This work
pDG1726 Apr Spcr 29
pGK30 Apr gsiB::gfp cat86c G. Kuhnke and U. Völker, unpublished data
pFSB79 Low-copy-number gfp transcriptional fusion vector for integration

into the amyE locus
F. Spiegelhalter and E. Bremer, unpublished data

a The ctc-lacZ fusion in the SP� prophage is linked to the chloramphenicol (cat86) and erythromycin (erm) resistance genes.
b The integrative plasmid pWH25 contains a 2-kb EcoRI-SphI fragment, including the 3� end of rsbX and 1.9 kb downstream of rsbX.
c The strain contains part of plasmid pGK30 inserted into the amyE locus of the chromosome via a double-crossover event, thus linking the transcriptional gsiB-gfp

fusion to the chloramphenicol resistance gene (cat86).
d The arrow indicates the construction of the strain by transformation.
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SigB, and RsbX proteins under this growth condition. To test
this prediction experimentally, we used a set of monoclonal
antibodies directed against these proteins in Western blot anal-
ysis of crude protein extracts prepared from B. subtilis 168
cultures propagated at either 37 or 15°C. As controls, we used
monoclonal antibodies directed against RsbU and RsbS,
whose cellular levels should not increase during chill stress.
The data documented in Fig. 3 (lanes 4 and 5) demonstrate
increased production of the RsbV, RsbW, SigB, and RsbX
proteins at the low temperature, whereas no such increase was

observed for the RsbU and RsbS proteins. The accumulation
of RsbV, RsbW, SigB, and RsbX observed under chill stress
reached a cellular level similar to that observed after treatment
of the cells with ethanol (Fig. 3, lanes 1 to 3), a well-known and
strong inducer of the SigB regulon (18, 65). Consequently,
these data provide solid evidence for a chill-induced increase
in the synthesis of SigB, the master regulator of the general
stress response, and its primary regulatory proteins.

Chill induction of the SigB-dependent ctc and gsiB genes.
Increased production of SigB in cells grown at a low temper-

FIG. 2. Influence of growth at a low temperature on the protein profile of B. subtilis 168. (A and B) Cells were grown in SMM at either 37°C
(A) or 15°C (B) to an OD at 578 nm of 1.0. Crude protein extracts were prepared and separated by 2-DE. After being stained with silver nitrate,
the gels were scanned with an imaging system and analyzed with the Melanie 3.0 software package. Proteins induced or repressed by growth at
the low temperature are marked with arrowheads or circles, respectively. (C) Enlarged sections of gels under both conditions. Representative
members of the SigB-dependent general stress regulon are labeled.
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ature suggests that the transcription of the entire SigB regulon
is induced by chill stress. We tested this hypothesis by growing
cells in SMM and monitoring the expression of two members
of the SigB regulon: ctc, a traditional reporter for SigB activity
(38), and gsiB, a gene that is transcribed exclusively from a
SigB-dependent promoter (49). To monitor ctc expression, we
used strain BSA46 (Table 1), which carries a ctc-lacZ promoter
fusion integrated as a single chromosomal copy into the SP�
prophage. The activity of the gsiB promoter was monitored by
means of a gsiB-gfp transcriptional fusion construct integrated
as a single copy into the amyE locus in strain BSM269 (Table
1). There was only a low basal level of ctc-lacZ expression in
cells grown at 37°C, but �-galactosidase activity was strongly
increased (approximately 50-fold) when this fusion strain was
propagated at 15°C (Fig. 4A). Intermediate induction levels
were observed when the cells of the BSA46 reporter strain
were grown at 20 or 18°C (Fig. 4A). Likewise, there was no
detectable expression of the gsiB-gfp reporter fusion when
strain BSM269 was grown at 37°C, but green fluorescent pro-
tein activity was readily detected in cells grown at 16°C and
increased further when the growth temperature was dropped
to 14°C (Fig. 4B). In agreement with the proteome analysis
(Fig. 2), the reporter gene fusion experiments with ctc and gsiB
strongly indicate the induction of the entire SigB regulon un-
der chill stress conditions.

To test whether the chill-stress-mediated induction of the ctc
gene was medium dependent, we monitored the transcription
of the ctc-lacZ fusion in cells that were propagated at 16°C in

LB medium or DSM. Induction of the ctc-lacZ fusion was
observed in both of these complex media and was strictly
dependent on an intact sigB gene (Fig. 5). In all three media
tested (SMM, LB, DSM), ctc-lacZ expression peaked during
mid-exponential growth and then declined again over a long

FIG. 3. Effect of low temperature and ethanol stress on the levels
of products of the sigB operon. Crude protein extracts were prepared
from cultures of B. subtilis strain 168 grown at either 37°C (lanes 1 to
4) or 15°C (lane 5). To activate SigB, cells were treated for either 30
min (lane 2) or 60 min (lane 3) with 4% ethanol during exponential
growth (OD at 540 nm, 0.5). Cultures were propagated either in LB
medium (lanes 1 to 3) or in SMM (lanes 4 and 5). Samples collected
for lanes 1, 4, and 5 were harvested during exponential growth (OD at
540 nm, 0.5). After separation by sodium dodecyl sulfate-polyacrylam-
ide protein gel electrophoresis and transfer of the proteins to a nitro-
cellulose membrane, the proteins were reacted with a set of monoclo-
nal antibodies, and specific antibody binding was detected by an
alkaline phosphatase-conjugated goat anti-mouse secondary antibody.

FIG. 4. Temperature-dependent expression of SigB-controlled ctc-
lacZ (A) and gsiB-gfp (B) fusions. (A) The B. subtilis ctc-lacZ fusion
strain BSA46 was grown in SMM at the indicated temperatures either
in the absence (filled bars) or in the presence (open bars) of 1 mM
glycine betaine. Samples were removed for �-galactosidase assays dur-
ing exponential growth (OD at 578 nm, 0.5). �-Galactosidase activities
are expressed in Miller units (MU). (B) The B. subtilis gsiB-gfp fusion
strain BSM269 was grown in SMM at the indicated temperatures, and
samples were removed for phase-contrast and fluorescence microscopy
during exponential growth (OD at 540 nm, 1.0). Left and right panels
display phase-contrast and fluorescence images, respectively, of the
same cells.
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period to a level that was higher than that detected prior to the
shift of the cells to 16°C (Fig. 5). Induction of the gene fusion
did not occur until the cells had completed two cell doublings
subsequent to the temperature downshift (Fig. 5). This delayed
induction of ctc-lacZ expression upon the shift to 16°C con-
trasts with the induction of SigB-dependent genes, which gen-
erally occurs within a few minutes after the imposition of salt,
heat, or ethanol stress (18, 65).

Growth of a sigB mutant is strongly impaired at a low
temperature and is rescued by the compatible solute glycine
betaine. To test the physiological role of SigB under chill stress
conditions, we propagated the wild-type B. subtilis strain 168
and its isogenic sigB mutant BSM29 (sigB::spc) at 15°C in
SMM. We found that the growth of the sigB mutant was
strongly impaired in comparison to that of its sigB� parent at
this temperature (Fig. 6). We noted that the induction of the
general stress regulon is particularly important in a rather
narrow temperature range close to 15°C, since there was no
substantial growth difference between a SigB� and a SigB�

strain when the cells were cultivated at or above 16°C (data not
shown).

Glycine betaine has a well-established role in the osmopro-
tection of microbial cells (19), but additional experiments sug-
gest a function for this compatible solute in chill stress protec-
tion as well (6, 15, 46). We therefore tested the influence of
glycine betaine on the growth of the wild-type B. subtilis strain
168 and its isogenic sigB mutant at a low temperature. Addi-
tion of 1 mM glycine betaine to the culture of the wild-type
strain greatly increased its growth rate at 15°C and was able to
fully rescue the sigB mutant strain BSM29 from growth inhi-
bition at this low temperature (Fig. 6).

Compatible solutes such as glycine betaine not only have a
protective function for B. subtilis at high osmolality (17) but are
also known to have a modulating influence on the expression
of osmotically responsive genes such as opuE, encoding a high-
affinity uptake system for the osmoprotectant proline (59).
Similarly, glycine betaine not only increased the growth of B.
subtilis at a low temperature (Fig. 6) but also strongly reduced
the chill induction of the SigB-dependent ctc-lacZ fusion (Fig.
4A).

RsbV-independent chill induction of a gsiB-gfp fusion. The
environmental and metabolic branches of the SigB-activating
signal transduction cascade share the main regulatory protein
RsbV. Its phosphorylation status is critical for SigB activation
by mediating the release of SigB from the RsbW-SigB inhibi-
tory complex. Consequently, the SigB regulon is not inducible
by any environmental or metabolic cues described thus far in
an rsbV mutant (34, 53). We tested whether this was also true
for the chill induction of the SigB regulon by using a gsiB-gfp
fusion construct and comparing its induction by ethanol treat-
ment versus chill stress. Induction of the fusion by ethanol
treatment occurred in a wild-type strain, and as expected, it
was no longer detectable in either an rsbV or a sigB mutant
background (Fig. 7). However, to our great surprise, chill stress
triggered gsiB-gfp expression not only in a wild-type strain but

FIG. 5. Time-resolved low-temperature induction of ctc-lacZ in different growth media. The B. subtilis ctc-lacZ fusion strains BSM151 (SigB�)
(filled circles) and BSM156 (SigB�) (open circles) were precultured in SMM at 37°C and used to inoculate cultures in either SMM, LB medium,
or DSM. The cultures were then propagated at 16°C. Samples were removed for �-galactosidase assays at the indicated time points. �-Galacto-
sidase activities are expressed in Miller units (MU). Solid lines indicate the growth of the wild-type strain (BSM151); growth of the sigB mutant
strain (BSM156) did not differ from that of the wild-type strain under these growth conditions.

FIG. 6. Influence of sigB and glycine betaine on growth at a low
temperature. The B. subtilis wild-type strain 168 (squares) and its
isogenic sigB mutant BSM29 (circles) were precultured in SMM at
37°C and used to inoculate 25-ml cultures in 100-ml Erlenmeyer flasks
with (filled symbols) or without (open symbols) 1 mM glycine betaine.
The cultures were then propagated at 15°C.
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also in an rsbV mutant (Fig. 7). This chill stress-mediated
induction of the reporter gene fusion was completely abolished
in a sigB mutant (Fig. 7), demonstrating that the chill induction
of gsiB is critically dependent on SigB activity.

Chill induction of the SigB regulon in mutants lacking reg-
ulators of SigB activity. The low-temperature induction of the
gsiB-gfp fusion in the rsbV mutant suggests the existence of a
new facet in the control of SigB activity during chill stress. To
assess the contribution of the environmental and metabolic
signal transduction pathways to chill activation of SigB, we
performed Western blot analysis using monoclonal antibodies
directed against SigB and its regulatory proteins (see Fig. 3).
As a result of the positive autoregulatory loop controlling the
expression of the downstream part (rsbV-rsbW-sigB-rsbX) of
the sigB operon, we observed strong increases in the levels of
the RsbV, RsbW, SigB, and RsbX proteins in the wild-type
strain following ethanol treatment or exposure to a low tem-
perature (Fig. 8). Inactivation of the environmental branch of
the signal transduction cascade through the introduction of an
rsbU mutation abolished ethanol induction but not induction
by chill stress (16°C). Likewise, inactivation of RsbP, a phos-
phatase that is critical for the sensing of metabolic stress, did
not effect ethanol induction but reduced induction by chill
stress. Even in the absence of both stress-responsive phospha-
tases (RsbU and RsbP), induction by a low temperature was
not abolished while induction mediated by ethanol treatment
was completely prevented (Fig. 8). In agreement with the data
reported above for the expression of the gsiB-gfp fusion in an
rsbV mutant background (Fig. 7), we also observed a very
strong increase in the levels of these proteins during growth at
16°C but found no induction of RsbW, SigB, or RsbX by
ethanol treatment (Fig. 8). As a control we monitored the
RsbS protein, whose structural gene is not under the control of
SigB. As expected, we found no significant variations in the
cellular level of RsbS after treatment of the various strains with
either ethanol or a low temperature (Fig. 8).

To test whether the expression profile just described for the

rsbV-rsbW-sigB-rsbX operon also extends to the SigB regulon,
we monitored the transcription of a SigB-dependent ctc-lacZ
fusion in genetic backgrounds with defects in the major SigB-
regulatory proteins (Fig. 9). We made the following observa-
tions. (i) In all mutants tested except the SigB� strain, there
was an increase in ctc-lacZ activity that peaked during mid-
exponential growth after the cells were shifted to a low tem-
perature. (ii) Loss of the environmental-stress-responsive
phosphatase RsbU did not significantly influence the expres-
sion of the fusion. (iii) Inactivation of the metabolic-stress-
responsive phosphatase RsbP alone or in combination with an
rsbU mutation reduced ctc-lacZ expression but did not prevent
its chill induction. (iv) Disruption of the rsbV gene did not
reduce chill stress-mediated ctc transcription but resulted in an
induction of the fusion even stronger than that found in a
wild-type background. (v) In contrast to the rsbU rsbP double
mutant, a strain lacking all three regulatory proteins (RsbU,
RsbP, and RsbV) displayed ctc-lacZ expression levels that ex-
ceeded those found in a wild-type strain (Fig. 9).

DISCUSSION

When B. subtilis cells are exposed to severe stress or starva-
tion, up to one-third of their residual protein-synthesizing ca-
pability is engaged in producing SigB-controlled general stress
proteins (14). Disruption of the gene encoding the master regu-
lator SigB abolishes induction of the entire regulon and results in
sensitivity of the cells to a variety of stress factors such as heat,
high salt, ethanol, low or high pH, and free radicals (4, 25, 26, 63),
suggesting an important physiological function for general stress
proteins in natural settings (34, 53). Our data now add a new facet
to the physiological function of the SigB regulon by demonstrat-
ing through a proteome approach the high-level production of
general stress proteins in cells that continuously grow at a low
temperature (Fig. 2). Additionally, we show that the growth of a

FIG. 7. An RsbV-independent signal transduction cascade controls
chill induction of gsiB-gfp. The isogenic set of B. subtilis strains
BSM269 (RsbV� SigB�), BSM275 (RsbV� SigB�), and BSM276
(RsbV� SigB�) was precultured in SMM at 37°C and used to inoculate
cultures in SMM that were subsequently either exposed to ethanol
stress or grown at 16°C. Samples were removed for phase-contrast and
fluorescence microscopy from cultures growing exponentially (exp.) at
37 or 16°C (OD at 540 nm, 1.0) or 60 min after cells grown at 37°C had
been exposed to 4% ethanol.

FIG. 8. Effects of a low growth temperature and ethanol stress on
the levels of products of the sigB operon in a wild-type strain and in
SigB regulatory mutants. Crude protein extracts were prepared from
cultures of an isogenic set of B. subtilis strains grown in SMM at either
37 or 16°C or treated with 4% ethanol (Et) at 37°C for 60 min. After
separation by sodium dodecyl sulfate-polyacrylamide protein gel elec-
trophoresis and transfer of the proteins to a nitrocellulose membrane,
the proteins were reacted with a set of monoclonal antibodies, and
specific antibody binding was detected by an alkaline phosphatase-
conjugated goat anti-mouse secondary antibody. The following strains
were used: BSM151 (wild type), BSM152 (rsbP), BSM154 (rsbU),
BSM153 (rsbU rsbP), and BSM155 (rsbV).
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sigB mutant is strongly impaired under these cultivation condi-
tions (15°C) (Fig. 6).

Our chill stress experiments were performed at a tempera-
ture that occurs frequently in the upper layers of soil. Thus,
one can readily envision that the continued high-level synthesis
of general stress proteins in cold-adapted and actively growing
cells can yield cellular levels sufficient for protection in the soil.
Hence, the chill-triggered induction of the SigB-dependent
general stress regulon is likely to be of ecophysiological rele-
vance for the growth of B. subtilis. This notion is supported by
the observation that B. subtilis cells do not sporulate effectively
at low temperatures (A. Bashir and U. Völker, unpublished
data). While the structure of the general stress regulon has
been rather well described (3, 20, 34, 36, 53), the contribution
of its individual members to cellular protection against specific
stresses has been defined for only a few regulon members (5,
47, 56, 60, 66). A comparison of the members of the B. subtilis
SigB regulon to databases did not reveal any particular pro-
teins that might serve a specific function during continuous
growth at low temperatures.

The compatible solute glycine betaine is present at substan-
tial concentrations (40 to 400 �mol g�1 [dry weight]) in plants
(55), and some of it will eventually reach the habitat of B.
subtilis through root exudates and decomposing plant material.
The function of glycine betaine as an osmoprotectant for mi-

crobial cells has been well documented (19); in addition, recent
experiments with the food-borne pathogen Listeria monocyto-
genes demonstrate that it also confers chill protection (6, 15,
46). The growth experiments that we conducted (Fig. 6) show
that this compatible solute serves a strong chill-protective func-
tion for B. subtilis as well. This soil bacterium possesses three
high-affinity uptake systems (OpuA, OpuC, and OpuD) for
glycine betaine (42–44), and mutant studies have shown that
each of these transporters is involved in glycine betaine acqui-
sition under chill stress conditions (T. Hoffmann and E. Bre-
mer, unpublished data). Inclusion of 1 mM glycine betaine in
the culture medium not only improved the growth of the wild-
type strain but also completely rescued the growth defect of a
sigB mutant observed at a low temperature (15°C) (Fig. 6).
This observation indicates that the induction of the general
stress regulon and the accumulation of a compatible solute are
independent means for B. subtilis cells to cope with chill stress.
Similarly, alternative protective functions for the accumulation
of glycine betaine and the general stress response have already
been described for the cellular adaptation to growth-prevent-
ing salt concentrations (63). A connection has also been pro-
posed between the accumulation of compatible solutes and the
SigB-controlled general stress response in L. monocytogenes,
where SigB contributes to cold shock adaptation in a growth-

FIG. 9. Time-resolved chill-stress-induced expression of ctc-lacZ in a wild-type strain and a set of isogenic SigB regulatory mutants. A set of
B. subtilis ctc-lacZ fusion strains was precultured in SMM at 37°C and used to inoculate cultures that were then propagated at 16°C. Samples were
removed for �-galactosidase assays at the indicated time points. �-Galactosidase activities are expressed in Miller units (MU). Solid lines indicate
the growth of the various strains. Filled circles display �-galactosidase activity. In the panel showing the wild-type strain we additionally included
the �-galactosidase activity of the sigB mutant, which is represented by open circles. The following strains were used: BSM151 (wild type), BSM156
(sigB), BSM154 (rsbU), BSM152 (rsbP), BSM153 (rsbU rsbP), BSM155 (rsbV), and BSM267 (rsbV rsbP rsbU).
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phase-dependent manner and to the efficient accumulation of
glycine betaine and carnitine as cryoprotectants (7, 8).

In contrast to the SigB-activating stimuli studied thus far
(e.g., a sudden rise in temperature from 37 to 48°C, the sudden
addition of 0.7 M NaCl, or treatment of the cells with 4%
ethanol), low temperature triggers not a short and transient
(34, 53) but a slow and long-lasting induction of the general
stress regulon in actively growing cells (Fig. 2 and 5). Induction
following transfer of the cells to a low temperature is also
delayed for several hours (Fig. 5 and 9), which explains why
increased transcription of SigB-dependent genes was not ob-
served in proteome and transcriptome studies analyzing the
initial response of B. subtilis to cold shock (9, 27, 39).

Two complex SigB-activating signal transduction pathways
responding to either environmental or metabolic stress, both of
which converge on the antagonist protein RsbV, have been
discovered in B. subtilis (Fig. 1) (34, 53). The regulatory output
of both pathways is the dephosphorylation of RsbV (2, 61, 64,
71), which, in turn, in its nonphosphorylated form can free the
transcription factor SigB from the inhibitory SigB-RsbW com-
plex (22, 23). Consequently, both the metabolic- and environ-
mental-stress pathways require an intact RsbV protein in order
to function (Fig. 1), and loss of the antagonist in an rsbV
mutant completely prevents induction by all of the SigB-acti-
vating stimuli described thus far (65).

The data presented in this communication reveal important
differences from the traditional pattern of SigB activation (Fig.
1), because chill activation of the SigB response does not
depend on either RsbV or the two phosphatases RsbU and
RsbP (Fig. 8 and 9). Accordingly, we observed high-level ex-
pression of the SigB-dependent general stress genes ctc and
gsiB (Fig. 7 and 9) and high-level accumulation of the auto-
regulated RsbW, SigB, and RsbX proteins (Fig. 8) in an rsbV
mutant strain. Even in an rsbU rsbP rsbV triple mutant we
found high-level expression of a ctc-lacZ fusion, clearly dem-
onstrating that neither the antagonist protein RsbV nor the
environmental (RsbU) or the metabolic (RsbP) phosphatase is
required for ctc expression under chill stress conditions (Fig.
9). These data strongly argue for the presence of an additional
branch of signal transduction leading to SigB activation in cells
continuously growing at a low temperature (Fig. 1). Although
the mechanism of this SigB activation has not been explored
yet, two alternative possibilities for such a new signal transduc-
tion come immediately to mind. New signaling proteins that
talk independently from RsbV to RsbW could disrupt the
inhibitory RsbW-SigB complex and allow chill activation of
SigB. Alternatively, key physical interactions between RsbW
and SigB or between SigB and core RNA polymerase might
change at low temperatures. The latter chill-induced changes
in the protein properties might be intrinsic to the proteins or
might be modulated by temperature-responsive accessory pro-
teins such as the chaperones. It will be a challenge for the
future to distinguish between these different molecular mech-
anisms, to unravel their components, and to integrate them
into the already complex picture of SigB activation by meta-
bolic and environmental stress (34, 53).
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37. Hoffmann, T., A. Schütz, M. Brosius, A. Völker, U. Völker, and E. Bremer.
2002. High-salinity-induced iron limitation in Bacillus subtilis. J. Bacteriol.
184:718–727.

38. Igo, M., and R. Losick. 1986. Regulation of a promoter that is utilized by
minor forms of RNA polymerase holoenzyme in Bacillus subtilis. J. Mol.
Biol. 191:615–624.
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