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The alternative sigma factor ¢® has an important role in the acquisition of stress resistance in many
gram-positive bacteria, including the food-borne pathogen Bacillus cereus. Here, we describe the identification
of the set of o®-regulated genes in B. cereus by DNA microarray analysis of the transcriptome upon a mild heat
shock. Twenty-four genes could be identified as being ¢® dependent as witnessed by (i) significantly lower
expression levels of these genes in mutants with a deletion of sigB and rsbY (which encode the alternative sigma
factor o® and a crucial positive regulator of ¢® activity, respectively) than in the parental strain B. cereus
ATCC 14579 and (ii) increased expression of these genes upon a heat shock. Newly identified o®-dependent
genes in B. cereus include a histidine kinase and two genes that have predicted functions in spore germination.
This study shows that the o® regulon of B. cereus is considerably smaller than that of other gram-positive
bacteria. This appears to be in line with phylogenetic analyses where o® of the B. cereus group was placed close
to the ancestral form of o® in gram-positive bacteria. The data described in this study and previous studies in
which the complete o® regulon of the gram-positive bacteria Bacillus subtilis, Listeria monocytogenes, and
Staphylococcus aureus were determined enabled a comparison of the sets of o®-regulated genes in the different
gram-positive bacteria. This showed that only three genes (rsbV, rsbW, and sigB) are conserved in their ¢®
dependency in all four bacteria, suggesting that the o® regulon of the different gram-positive bacteria has

evolved to perform niche-specific functions.

The ability of bacteria to respond rapidly to changing envi-
ronmental conditions is a prerequisite for survival in their
habitats. This bacterial stress response is triggered by a change
in the microorganism’s growth conditions. Such a change trig-
gers a cascade of events that will lead to the increased stress
resistance of the bacterial cell, most often against not only the
stress to which it was exposed but also other stresses, thereby
ensuring its survival under a variety of conditions. A common
strategy that bacteria use to counter stressful conditions is to
activate a specific alternative sigma factor, which leads to the
transcription of a set of genes (a so-called regulon), the prod-
ucts of which protect the cell against adverse conditions (17).
In several gram-positive bacteria, the alternative sigma factor
o® is the key sigma factor controlling the stress response (17,
26, 36).

In the gram-positive model organism Bacillus subtilis and the
human pathogens Listeria monocytogenes and Staphylococcus
aureus, numerous studies have shown that the activation of o®
leads to an increased resistance to stress and that in pathogenic
Listeria and Staphylococcus species, o® has a role in virulence
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(17, 36). In the bacteria that comprise the physiologically di-
verse Bacillus cereus group, the role of ¢® has also been stud-
ied. The most prominent members of the B. cereus group are B.
anthracis (a mammalian pathogen that causes the disease an-
thrax), B. thuringiensis (an insect pathogen that is widely used
as a biopesticide), and B. cereus, which is a common cause of
food-borne infections (15). Recent genomics studies have re-
vealed that these bacteria share a common core set of genes
and that their phenotypic characteristics are determined
largely by the presence or absence of large plasmids that may
encode different virulence factors (30). Throughout the B.
cereus group, the genes encoding o® and the regulators of its
activity are conserved. In B. cereus, ¢® was shown to be acti-
vated under a number of stress conditions but most strongly
upon a mild heat shock from 30°C to 42°C. Furthermore, the
deletion of the sigB gene affected the heat-adaptive response of
vegetative cells and some spore properties, most notably ger-
mination characteristics (4, 33). Also, in B. anthracis, o® was
activated upon a heat shock, and the B. anthracis sigB deletion
mutant was shown to have slightly lower virulence than the
parental strain (8).

The regulation of o® activity in gram-positive bacteria occurs
via a so-called partner-switching mechanism. Under nonstress
conditions, ¢® is held in an inactive state by sequestration to an
anti-sigma factor (RsbW). Under stress, an anti-sigma factor
antagonist, RsbV, binds to RsbW, and this leads to the release
of ¢® from its complex with RsbW. Subsequently, o® can bind
to core RNA polymerase, leading to the transcription of o®-
dependent genes. RsbW is not only the anti-sigma factor for
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o®, it also acts as a kinase on RsbV. In its phosphorylated

form, RsbV is unable to bind to RsbW and activate o®. How-
ever, under stress conditions, the phosphorylated form of
RsbV can be dephosphorylated by the action of a PP2C-type
phosphatase, which then leads to the formation of the RsbV-
RsbW complex and the activation of o® (reviewed in refer-
ences 17, 26, and 36). In the B. cereus group, the PP2C phos-
phatase RsbY appears to be the only phosphatase responsible
for the activation of o under stress, as the deletion of the rsbY
gene in B. cereus leads to an abolished o® response under
several stress conditions, including a heat shock (34).

The identification of the complete o® regulons in B. subtilis
(9, 24, 27), L. monocytogenes (16), and S. aureus (1, 22) by
DNA microarray technology has revealed that a surprisingly
low number of genes has an obvious role in the stress response
of these organisms. Instead, o®-dependent specialized meta-
bolic adaptations may contribute to stress resistance. Further-
more, in both L. monocytogenes and S. aureus, pathogenic traits
seem to be governed by o®. These findings suggest that o® has
evolved in response to specific niches that are populated by
different bacteria.

Here, we describe the o® regulon of B. cereus, which was
determined by comparing the transcriptome of the parental B.
cereus strain ATCC 14579 and its sigB and rsbY deletion mu-
tants upon a mild heat shock. It appears that the o® regulon of
B. cereus is considerably smaller than those of other gram-
positive bacteria, which may reflect the previously proposed
close-to-ancestral state of ¢® in the B. cereus group (7). In
other studies, the sets of o®-regulated genes in B. subtilis (9, 24,
27), L. monocytogenes (16), and S. aureus (1, 22) were deter-
mined by DNA microarray technology. This allowed us to
compare the o® regulons of B. cereus, B. subtilis, L. monocy-
togenes, and S. aureus with each other to determine to what
extent o®-regulated genes are conserved in the different bac-
teria and to assess how far the o® dependency of these genes
is conserved.

MATERIALS AND METHODS

Strains, growth conditions, and RNA isolation. B. cereus strain ATCC 14579
and its isogenic derivatives, the sigB deletion mutant FM 1400 (33) and the rsbY
deletion mutant FM1401 (34), were used in this study. Strains were cultured
overnight in 100-ml Erlenmeyer flasks containing 20 ml brain heart infusion
broth at 30°C with aeration by rotary shaking at 150 rpm. Subsequently, pre-
warmed brain heart infusion broth (20 ml in 100-ml Erlenmeyer flasks) was
inoculated with 100 pl of a single culture grown overnight. These cultures were
then incubated at 30°C as described above. One of the three cultures was used to
measure the absorbance at 600 nm (44,). When the A of this culture reached
0.4 (mid-exponential growth phase), one of the other two cultures was trans-
ferred into a shaking water bath at 42°C and incubated for a further 10 min,
which was followed by RNA isolation. We previously found that at 10 min after
the start of the heat shock, the levels of o® protein reached maximum levels (34),
which leads to high-level expression of o®-dependent genes at this time point.
RNA was isolated immediately from the culture in the mid-exponential growth
phase. RNA isolation was performed by transferring the cultures into a 50-ml
Falcon tube, and the cultures were spun down at 13,000 X g for 20 s. After
decanting the supernatant, the cell pellets were snap-frozen in liquid nitrogen.
The time between removal from the incubator and freezing of the cell pellets was
approximately 60 s. Within 20 min after freezing the cell pellets, RNAwiz
(Ambion, Huntingdon, United Kingdom) was added to the pellets, and RNA was
extracted as described previously (33). Residual chromosomal DNA was re-
moved by treating samples with DNA-free (Ambion). Extracted RNA samples
were stored in 70% ethanol-83 mM sodium acetate buffer (pH 5.2) at —80°C.

cDNA synthesis and microarray design and hybridization. Before further
analysis, the RNA samples were spun down at 13,000 rpm in a microtube
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TABLE 1. Oligonucleotides used in this study

Oligonucleotide

Sequence (5'-3")

GCCCAGGTCACGCTGACTAT
TCACGTGTTTGAGGCATTGG
..GTAAACCGCCCTGGTGAAGA
..GGAGCGCGTCCACTTACTTG
.AAAGAGATTCACCCACTCATTGC

. TTGCTCCTCAGTGTTACGGAAGT
..CTACGGTCCGGCAATTGAAA

. TCACCTTTGTAACTCTTTGTTGCATT
TGGTTGGAAATGGCATACACA

tufAF...
tufAR ..

..CGGCTCCAGCGAAATCAAT
..ACGTGGCAGTTCCCTTGGTA
..GTTTTCCTGATTGCGGTTCA

centrifuge prechilled at 4°C. The RNA pellet was then washed with 70% ethanol
(prechilled at —20°C) and resuspended in RNase-free water. Prior to cDNA
synthesis, the quality of the extracted RNA was determined by analysis with an
Agilent (Palo Alto, CA) 2100 Bioanalyzer according to the manufacturer’s in-
structions. cDNA with amino-allyl-labeled dUTP (Ambion) was prepared in
reverse transcription reactions using Superscript III (Invitrogen, Breda, The
Netherlands). Cy3 and Cy5 labeling of the cDNAs was performed with the
CyScribe Post-Labeling kit (GE Healthcare, Diegem, Belgium) as previously
described (3). Labeled cDNAs were purified using the CyScribe GFX purifica-
tion kit (GE Healthcare). Final cDNA yields and incorporation of the Cy labels
were determined by Nanodrop analysis (Isogen Life Science, IJsselstein, The
Netherlands). Custom-made B. cereus microarrays (produced by Agilent) (see
below for details) were hybridized with 200 to 300 ng labeled cDNA. The
microarray experiments for the comparison of the transcriptomes of the wild-
type (WT) strain and the sigB and rsbY mutants were performed with three and
two independent biological replicates, respectively. Microarray experiments (us-
ing two biological duplicates) were also performed to identify the set of genes
that were differentially expressed in B. cereus ATCC 14579 after a heat shock
from 30°C to 42°C for 10 min.

The microarrays used in this study were custom-made B. cereus ATCC 14579
microarrays using the 11K platform developed by Agilent Technologies. A total
of 10,263 spots represented 5,058 B. cereus open reading frames, meaning that
96.6% of the predicted chromosomal B. cereus ATCC 14579 open reading frames
(NCBI accession number NC_004722) are represented on the microarray. Ninety-
five percent of the open reading frames for which probes could be designed
were represented by two or three nonoverlapping probes on the array. The
remaining 5% of the open reading frames were represented by a single oligo-
nucleotide. After hybridization at 60°C for 17 h, the microarrays were washed
according to the manufacturer’s instructions with 6 SSC (1X SSC is 0.15 M
NacCl plus 0.015 M sodium citrate)-0.005% Triton X-102 at room temperature
for 10 min and with prechilled (at 4°C) 0.1X SSC-0.005% Triton X-102 for 5
min. Slides were then scanned using an Agilent microarray scanner (G2565BA),
and data were extracted from the scanned microarrays with Feature Extraction
software, which includes a Lowess normalization step for the raw data.

Analysis of microarray data. After removal of the data for the different
controls printed on the microarray slides, the normalized data for each spot from
the microarrays were analyzed for statistical significance using the Web-based
VAMPIRE microarray suite (12, 13). A spot was found to be differentially
expressed between two samples using the threshold of a false discovery rate
smaller than 0.05. Subsequently, the data for the single spots were integrated to
obtain expression ratios for an open reading frame. An open reading frame was
found to be differentially expressed when all spots representing the open reading
frame were significantly differentially expressed between samples. The average
expression ratio was determined by calculating the average of the log values of
the expression ratios over all experiments. This value (R) was then used to
calculate the average expression ratio (10%). Finally, changes of 1.5-fold (for
upregulated genes in the parental strain) and 0.67-fold (for downregulated genes
in the parental strain) were also introduced as significance limits.

Validation of microarray data. The expression ratios of six genes were deter-
mined using quantitative real-time PCR (qPCR) with the oligonucleotides listed
in Table 1 on the RNA samples isolated from strains ATCC 14579 and FM1400.
c¢DNA synthesis and qPCR were performed as described previously, with fufA as
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FIG. 1. Validation of microarray results by qPCR. Three indepen-
dent RNA samples were isolated from cultures of B. cereus strain
ATCC 14579 (WT) and the sigB deletion mutant during mid-exponen-
tial growth at 30°C (ME) and after a heat shock to 42°C for 10 min
(HS). The expression ratios between both strains of the indicated
genes were measured using microarrays (closed squares) and qPCR
(open circles). Small symbols indicate that no significant difference was
measured for the expression levels of the target gene between the two
strains.

a reference gene (34). All qPCR reactions were performed in triplicate. Expres-
sion ratios between the strains were determined by REST-tool (25).

Prediction of ¢®-dependent promoter sites. The prediction of o®-dependent
promoter sites in B. cereus was performed by using the 500-bp upstream regions
of the 26 genes identified in the ¢® regulon. Subsequently, the upstream regions
were analyzed with AlignACE 3.1 (31) and DBTBS 4.1 (20) with a threshold of
5%. A total of 12 putative o®-dependent promoter sites were identified by these
methods. These promoter sites were aligned with MUSCLE 3.6 (6), and a hidden
Markov model (HMM) was constructed with the HMMER package (5). The
HMM was used for a first screening for oB-dependent promoters in the genome
sequence of B. cereus ATCC 14579 (14). Hits that were more than 300 nucleo-
tides upstream of the start codon of an open reading frame or that had an E score
higher than 1 X 1073 were discarded. Two of the putative promoter sites
identified in the first round of the HMMER search did not meet these standards.
Therefore, an iteration of the alignment, the HMM, and the genome search were
performed with the 10 remaining promoters. Predicted sites that were more than
300 nucleotides upstream of the start codon of an open reading frame or that had
an E score higher than 1 X 1072 were again discarded. The 10 o®-dependent
promoter sites upstream of genes belonging to the o regulon that were identi-
fied by this approach were aligned, and this alignment was visualized with
WebLogo (2).

Comparison of the o® regulons of gram-positive bacteria. To determine the
conservation of o®-dependent genes in gram-positive bacteria, the set of genes
that is directly regulated by o® was compiled for B. cereus (this study), B. subtilis
(9, 24, 27), L. monocytogenes (16), and S. aureus (1). Direct regulation was
defined as genes for which ¢® dependency was determined by experimental
confirmation (for example, by promoter mapping through primer extension anal-
ysis) or by the prediction of a o®-dependent promoter (for example, by the
application of an HMM to identify o®-dependent promoters) upstream of the
gene. To obtain the set of genes directly regulated by o® in B. subtilis, three
different studies in which the o® regulon was determined were compared, and
only genes that were found to be o® dependent in at least two of the three studies
were used in this comparative analysis. For the definition of the genes that were
directly regulated by o® in S. aureus, data from the study described previously by
Bischoff et al. (1) were used. Only genes directly regulated by o® and that had a
homolog in S. aureus N315 (18) were included in the analysis. The more limited
study of the o® regulon described previously by Pane-Farre et al. (22) is not
further discussed here, but a comparison of the results from this o®® regulon with
those of the other bacteria is included in the Table S4 in the supplemental
material and is in line with the data described previously by Bischoff et al. (1).
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FIG. 2. Comparison of differentially expressed genes between B.
cereus ATCC 14579 (WT) and the sigB and rsbY deletion mutants. The
numbers of genes that are differentially expressed between the paren-
tal strain (WT) and the rsbY and sigB mutants upon a heat shock to
42°C for 10 min are indicated in the circles. The black overlapping area
indicates that the same genes were identified as being differentially
expressed in both the sigB and the rsbY deletion mutants under the
indicated conditions. Twenty-four genes were also upregulated upon a
heat shock, and these genes form the o® regulon of B. cereus.

TIGR’s Multi-Genome Homology Comparison tool (http:/cmr.tigr.org
/tigr-scripts/CMR/shared/MakeFrontPages.cgi?page =circular_display), applying
a P value of =1.0 X 107> for significance, was used for comparing the set of
oB-dependent genes of each organism.

Microarray data accession number. Microarray data were submitted to the
GEO database under accession number GSE6005.

RESULTS AND DISCUSSION

Validation of transcriptome data by qPCR. Because this is
the first report of the use of B. cereus whole-genome microar-
rays, it was deemed essential to first validate the expression
ratios generated by microarray analysis by qPCR. We used
microarray data that were obtained in the comparison of the
sigB mutant and its parental strain during mid-exponential
growth at 30°C and upon a heat shock to 42°C for 10 min. We
chose six genes with significantly different expression ratios
under at least one growth condition, and the expression ratios
found by microarray experiments exhibited a good correlation
with the qPCR data (Fig. 1).

Identification of ¢®-dependent genes of B. cereus upon mild
heat shock. To identify the set of o®-regulated genes in B.
cereus, the transcriptomes of the sigB deletion mutant FM 1400
and the rsbY deletion mutant FM1401 were compared with the
transcriptome of the parental strain B. cereus ATCC 14579
after a heat shock to 42°C for 10 min. This mild heat shock
strongly activates o® activity in the parental strain, while this
response does not occur in both mutant strains (33, 34). Both
the sigB and rsbY deletion mutants were used in these exper-
iments to minimize the influence of mutant-specific, pleiotro-
pic effects, which could give rise to false-positive results in the
definition of the B. cereus ¢® regulon under this condition.

We observed that upon a heat shock to 42°C for 10 min, 45
genes were significantly upregulated in the parental strain in
comparison with the sigB mutant (Fig. 2). Similarly, 38 genes
were found to be upregulated after an identical heat shock in
the WT strain compared to the rsbY mutant. Expression data
for these experiments can be found in Table S1 in the supple-
mental material. A total of 28 genes from these two data sets
were found to be overlapping, which suggests that these genes
are candidates for being dependent on o® for their expression.
No genes with expression ratios of <0.67 (WT/mutant) were
found in either the sigB or the rshY mutant, so neither o® nor
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TABLE 2. Identification of o®-regulated genes in B. cereus ATCC 14579 upon mild heat shock”

Expression ratio

Experimentally defined and/or predicted E score by HMMER

Gene Annotation Alias® .
WT/AsigB WT/ArsbY 42°C/30°C promoter sequence search
bc0862 63.1 84.0 72.9  Protease I yfkM In operon with bc0863
bc0863 72.1 315 34.0  Catalase katE ATGTTTAC-13 bp-GGGTATC-N,,-ATG 4.7 X107
bc0995 1.9 2.0 2.2 Hypothetical protein None identified
bc0996 2.1 1.8 2.0  Hypothetical protein None identified
bc0998 123.6 86.0 70.9  General stress protein yIT ATGTTTAA-14 bp-GTGTACT-N,s-ATG 6.4 X 107°
bc0999?  ND ND ND  Hypothetical protein In operon with bc0998
bc1000 98.1 42.4 36.3  Hypothetical protein In operon with bc0998
bc1001 106.4 29.8 35.8  Hypothetical protein ATGTTTAA-13 bp-GTGTATG-N;,-ATG 1.3 X107
bc1002 42.6 31.7 38.3  Anti-o® factor antagonist 7sb)’ ATGTTTAA-13 bp-GGGTAAT-N,;-ATG 1.4 X103
bc1003 51.1 38.3 52.4  Anti-o® factor rsbW 1In operon with bc1002
bc1004 — 244 28.1  RNA polymerase sigma sigB  In operon with bc1002
factor o®
bc1005 10.6 47.4 56.0  Putative bacterioferritin orf4 In operon with bc1002 and under control of own 6.3x10°°
promoter, ATGTTTAA-13 bp-GGGTACT-N,,-
ATG
bc1006 4.0 — 5.1  PP2C phosphatase, rsbY In operon with bc1002 and bc1005
regulator of o activity
bc1007 2.4 2.3 3.6  Chemotaxis protein In operon with bc1009
methyltransferase
bc1008 33 3.1 44  Two-Component System In operon with bc1009
Histidine Kinase
bcl009  188.5 110.2 87.5  Hypothetical Protein ATGTTTAA-13 bp-GGGTATG-N4-ATG 1.1x107°
bc1010 8.2 7.0 5.5  Hypothetical Protein ACGTTTAG-13 bp-GGGTATA-N55-ATG 1.9 x 107
bcl011 339 25.8 237 Hypothetical Protein In operon with bc1010
bc1012¢  ND ND ND  Hypothetical Protein ybjQ In operon with bc1010
bc2108 2.9 2.8 3.8  RNA polymerase ECF- sigZ None identified
type sigma factor
bc2638 4.7 4.4 43  Spore germination protein None identified
bc3130 20.7 29.3 10.3  Hypothetical protein In operon with bc3132
bc3131 29.5 373 42.6  Hypothetical protein In operon with bc3132
bc3132 7.6 2.0 2.0  General stress protein AGGTTTAA-14 bp-GTGTATT-N5-ATG 43 x107°
17M
bcd641 33 39 3.8  Hypothetical protein ATGAATAA-13 bp-GGGTACG-N,-ATG 93X 1073
bc5391 11.2 11.0 6.1  Spore coat protein gerQ None identified

@ Genes were identified as being o® dependent by a significant difference in expression between the parental strain and both the sigB and rsbY deletion mutants upon
a heat shock from 30°C to 42°C for 10 min. ND, not determined; ECF, extracytoplasmic function.

® The aliases for the identified genes were based on the gene names of homologs in B. subtilis and/or B. anthracis.

¢ Experimentally confirmed promoter sites (33, 35) are indicated in boldface type. Other promoters were identified by an HMM as outlined in Materials and Methods.

@ These genes were not represented on the microarray but were previously identified as being o dependent (35) and are therefore included in this table.

¢ These genes were disrupted by an erythromycin resistance cassette. Therefore, the expression data for these genes were omitted.

/A second oB-dependent promoter site was predicted in the HMMER search upstream of this gene. The E score for this predicted site is higher (3.0 X 107°) (see
Table S3 in the supplemental material) than that for the experimentally confirmed promoter indicated in the table.

o®-dependent proteins appear to have a role in the downregu-
lation of genes in B. cereus upon a heat shock.

A further defining feature of a o®-dependent gene is that the
gene exhibits upregulated expression upon stress. Therefore,
we subsequently performed microarray experiments to define
the set of genes that are upregulated upon a heat shock from
30°C to 42°C for 10 min in the parental strain B. cereus ATCC
14579 and compared these data sets (see Table S2 in the
supplemental material) with the above-described set of puta-
tive o®-dependent genes (Fig. 2). In total, 681 genes were
upregulated upon a heat shock from 30°C to 42°C for 10 min,
which corresponds to 12.4% of the total number of genes in B.
cereus. This substantial transcriptional reprogramming corre-
sponds to data for the heat shock response in B. subtilis, where
over 10% of the total number of genes was induced upon a
heat shock (9). The genes that were upregulated upon a heat
shock in B. cereus include dnaK, groEL, groES, and the differ-
ent clp genes, which is in line with data from a previous pro-

teome-based study of the heat shock response of B. cereus (23).
Twenty-four of the 28 previously identified genes are also part
of the B. cereus heat stress stimulon, and these genes were thus
assigned to the o® regulon of B. cereus (Table 2). Indeed, the
expression ratios between mid-exponentially-growing and
heat-shocked B. cereus ATCC 14579 (Table 2) are practically
identical to the expression ratios when the mutant and parental
strains were compared with one another upon a heat shock
(Table 2). This reflects both the inactivity of o® under expo-
nential growth conditions and the absence of a ¢® response in
the mutants. Four genes (bc1436, bc5148, be5149, and be5150),
which exhibited higher levels of expression in B. cereus ATCC
14579 than in the sigB and rsbY mutants, were not assigned to
the o® regulon, as they were not upregulated in their expres-
sion upon a heat shock in the parental strain.

Function of ¢®-dependent genes in B. cereus. The set of
oB-dependent genes, which were identified by microarray anal-
ysis, includes genes that were previously identified in a study
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using a combined proteomics- and in vitro transcription-based
approach (35), but a number of additional genes can now also
be assigned to the o® regulon of B. cereus (Table 2). Note that
two genes (bc0999 and bc1012) that were not represented on
the DNA microarray are included in Table 2, as they were
previously experimentally proven to be o® dependent (35).
The newly identified genes include bc1007, which encodes a
predicted CheR-type methyltransferase, and bc1008, a histi-
dine kinase fused to a Chase3-like N-terminal domain (37) and
a C-terminal CheY-type response regulator domain, which
could be involved in a complex regulatory route in the B. cereus
group. A large proportion of genes in the B. cereus o® regulon
appears to have no known function. However, three of these
genes have homologs in other bacteria, where they have a role
in the stress response. These are bc0998, which has a homolog
in B. subtilis (yfiT), where it has a role in resistance to ethanol
and hyperosmotic conditions (10); bc0999, which is homolo-
gous to ¢sbD in B. subtilis and which has a role in hyperosmotic
and cold stress (10); and bc1000, which is homologous to the
GIsB protein of Enterococcus faecalis, where it has a role in
resistance to bile (32). It is interesting that in the region de-
limited by bc0995 and bc1012 (a 12.4-kb fragment), o® is in-
volved in the expression of 16 of the 18 open reading frames in
this region. This region also includes the genes encoding all
known regulators of the o® activity of B. cereus. Possibly, the
clustering of both regulators and important o®-dependent
genes can be advantageous, or it may be a remainder of an
early event in the evolution of o® in gram-positive bacteria.
Another newly identified member of the o® regulon of B.
cereus is bc2108, which encodes the extracytoplasmic function-
type sigma factor 0. This apparent regulation of the transcrip-
tion of bc2108 by o® may very well be indirect, as no candidate
o® promoter site could be identified upstream of bc2108. Two
other genes (bc2638 and bc5391), which also appear to be
indirectly dependent on o® for their expression, have predicted
roles in the processes of germination and sporulation. The
bc2638 gene is predicted to encode the C subunit of a germi-
nation receptor. These receptors are important for sensing
nutrients and triggering the germination of the bacterial spore
(21). The bc2638 gene is not part of one of the seven germi-
nation receptor operons of B. cereus (11), and conceivably, the
encoded protein can act together with A and B subunits of
other germination receptor complexes. The bc5391 gene also
has a proposed role in germination. The B. subtilis homolog of
this gene (named gerQ or ywdL) is essential for the presence of
the cortex-lytic enzyme CwlJ in the spore coat (29). In B.
subtilis, GerQ is cross-linked into high-molecular-mass forms
by a transglutaminase. This may be important for building a
spore coat that contributes to the resistance of the spore to
environmental insults (28). Consequently, the germination de-
fect and decreased heat resistance of the spores of the sigB
deletion mutant of B. cereus (4) may be explained by the lower
expression levels of bc2638 and bc5391 during sporulation.
Prediction of o®-dependent promoters. A HMMER search
was performed using the genes of the o® regulon of B. cereus
to identify o®-dependent promoters in the B. cereus ATCC
14579 genome (14). The HMMER search identified promoters
regulating 21 of the 26 genes belonging to the ¢® regulon of B.
cereus, suggesting that these genes are under the direct control
of o® (Table 2). Promoters were identified in front of operons

J. BACTERIOL.

FIG. 3. Consensus sequence of the a®-dependent promoter sites in
B. cereus. The promoter sequences indicated in Table 2 were visualized
with WebLogo (2). The height of the nucleotide is indicative of its
frequency at that position in the promoter sites. Variable spacing
between the —35 and —10 binding sites for o® is signified by the
absence of a nucleotide at position 22.

coding for 15 open reading frames of the island that are part of
the o® regulon and in front of the bc0863-bc0862 and bc3132-
bc3130 operons. Seven out of the 10 predicted promoter sites
were experimentally defined previously (33, 35).

By aligning the predicted and experimentally verified o®-
dependent promoter sites in B. cereus, a promoter consensus
sequence for o® in B. cereus could be generated (Fig. 3). When
the genome of B. cereus ATCC 14579 was searched with this
consensus sequence, we found that the promoters of genes
identified in this study were all found to have a low E score and
therefore a significant fit to the HMM (see Table S3 in the
supplemental material). Indeed, the 10 promoters with the
lowest E scores (correlating with optimal fit to the HMM) were
all identified in this study. Generally, the promoters with the
best fit to the HMM have the highest change values (n-fold) in
the microarray analysis, suggesting that differences between
expression levels of the genes of the o® regulon are determined
primarily by the recognition of the promoter sequence by o®.
The other promoters are in all likelihood weakly (if at all)
dependent on o® for their expression and/or may be expressed
under other growth or stress conditions than those used in this
study. Even though we cannot completely rule out that under
other stress conditions, more o®-dependent genes may be
identified, the fact that we identified the 10 promoters with the
best fit to the HMM by microarray analysis implies that if
additional o®-dependent genes can be identified under other
conditions, their dependency on o® will probably be weak.
Additionally, it is noteworthy that in our previous proteomics-
based study, only a relatively small number of o®-dependent
genes could be identified, even though we used an inducible
overexpression system in B. cereus to obtain artificially high
levels of ¢® and concomitant strong activation of o®-depen-
dent genes (35). Both findings imply that the o® regulon of B.
cereus is not much larger than approximately 25 to 30 genes.

Evolutionary implications of the small ¢® regulon of B.
cereus. When the findings of this study are compared to the
results for other gram-positive bacteria in which transcriptome
profiling was used to determine the set of o®-regulated genes,
it is striking that the o® regulon of B. cereus appears to be
considerably smaller than those of other gram-positive bacte-
ria. In L. monocytogenes, 54 genes were upregulated in a o®-
dependent fashion upon stress exposure. However, the total
number of o®-dependent genes in L. monocytogenes may be
higher, as a microarray with limited genome coverage was used
in that study (16). In both S. aureus and B. subtilis, the number
of genes in the o® regulon is considerably larger and appears to
be around 100 (1, 9, 22, 24, 26).



VoL. 189, 2007

THE o® REGULON OF B. CEREUS 4389

L. monocytogenes

B. cereus B. subtilis
i AY i AY
[(2)8]([75] [(s8) 8] | [a7

%homologous

proteins B62.3% 47.9%

45.4% 72.3% 53.2%

49.5% 70.1% 69.8% 61.5% 68.7% 65.9% 61.0%

FIG. 4. Conservation of genes from the o® regulon in B. cereus, B. subtilis, L. monocytogenes, and S. aureus. The number of genes that are
directly regulated by o® in a given organism is shown in the large circle. The conservation of o-dependent genes from this organism in three other
gram-positive bacteria (B. c., B. cereus; B. s., B. subtilis; L. m., L. monocytogenes; S. a., S. aureus) was determined with TIGR’s Multi-Genome
Homology Comparison tool (http://cmr.tigr.org/tigr-scripts/ CMR/shared/MakeFrontPages.cgi?page =circular_display) with a cutoff for significance
of a P value of =1.0 X 10~°. The numbers of conserved genes of the o® regulon are indicated in the arrows toward the small circles. The numbers
in parentheses are the numbers of genes from the o® regulon of the query organism that have a homolog in the target organism. The second
number in the arrow indicates the number of genes from this group, which are dependent on o® for their expression in both organisms. For
comparative purposes, the conservation of all protein-coding genes between the genomes is indicated at the bottom of the figure.

Possibly, the relatively small size of the o® regulon of B.
cereus is a reflection of the way that ¢® has evolved throughout
gram-positive bacteria. The similarities between the operon
structures for sigB and sigF (encoding 0¥, the sigma factor that
is active in the prespore) have been used to suggest that both
operons have evolved from a common ancestor. Phylogenetic
analysis indicates that the sigB operon of the B. cereus group
most closely resembles the ancestral operon structure, whereas
those of other gram-positive bacteria seem to have evolved
further (7). Our finding of the relatively small size of the o®
regulon of B. cereus seems to fit this hypothesis. While ¢® of B.
cereus has a role in the development of stress resistance and is
activated upon a number of different stress conditions (33), it
does not seem to be very important for the regulation of
metabolic pathways or the expression of virulence determi-
nants as in the gram-positive pathogens L. monocytogenes and
S. aureus (17). Possibly, the evolution of ¢® has progressed in
a modular fashion in which functional groups of genes were
added to the o® regulon in the different gram-positive bacteria
based on selective pressures encountered in the different en-
vironments. In B. cereus, regulatory pathways other than o®
may have evolved to regulate metabolic processes and the
expression of virulence determinants, leaving B. cereus o®
solely with the role of countering acute stresses and with a
minor role in the process of sporulation.

Conservation of o®-dependent genes and o®-dependent
gene expression in gram-positive bacteria. In this study, the o®
regulon of B. cereus was determined by DNA microarray anal-
ysis. This allowed us to compare the set of o®-regulated genes
in B. cereus with the previously published ¢® regulons of B.
subtilis, L. monocytogenes, and S. aureus, which encompasses
the phylogenetic diversity of gram-positive bacteria that have a
bona fide sigB gene (7). We performed this analysis to deter-
mine to what extent o®-regulated genes are conserved among
gram-positive bacteria and to assess how far the ¢® depen-
dency of these genes is conserved (Fig. 4).

This comparison showed that genes from the o® regulon are
generally conserved among the four gram-positive bacteria to
the same extent as all the genes of the genome. For example,
of the 81 o®-dependent genes of B. subtilis, 58 genes (71.6%)

have a homolog in B. cereus. When all 4,100 genes of B. subtilis
are considered, 72.3% have a homolog in B. cereus. It should
be noted, however, that o®-dependent genes that are strongly
induced upon stress in B. subtilis, such as ctc, gsiB, and gspA,
have no homologs in B. cereus. This already suggests that
o®-dependent genes that are important for the stress response
in one organism are not necessarily conserved in other organ-
isms, even when these organisms are relatively closely related,
like B. subtilis and B. cereus. It is also noteworthy that the genes
of the o® regulon of L. monocytogenes are relatively poorly
conserved in other bacteria. The peculiar lifestyle of L. mono-
cytogenes as a gastrointestinal intracellular pathogen may have
led to the divergent evolution of the ¢® regulon in this
organism.

The most important conclusion that can be drawn from Fig.
4 is that even though o®-dependent genes from one organism
are generally well conserved in other organisms, their ¢® de-
pendency generally is not. This is clearly illustrated by com-
paring the o® regulons of the phylogenetically relatively closely
related bacteria B. subtilis and B. cereus. Of the 81 o®-depen-
dent genes of B. subtilis, 58 have a homolog in B. cereus.
However, only eight of these o®-dependent B. subtilis genes
are also ¢® dependent in B. cereus. The complete data set for
the genes that have conserved their o®-dependent expression
in the compared bacteria discussed here can be found in Table
S4 in the supplemental material.

Only three genes are conserved in their o® dependency in all
bacteria discussed here. These are the sigB gene itself and the
genes encoding RsbV and RsbW, the anti-anti-sigma factor
and anti-sigma factor of o®, respectively. The bc0999 gene
from B. cereus also has o®-dependent homologs in B. subtilis
(ywmG or csbD) and S. aureus (sa0772). It is also present in L.
monocytogenes (Imo2518), but the o® dependency of this gene
has not been described, possibly because this gene was not
represented on the microarray used for the determination of
the L. monocytogenes o® regulon (16). However, a putative
o®-dependent promoter upstream of Imo2518 can be identified
(data not shown), which strongly suggests that Imo2518 is de-
pendent on o® for its expression. In that case, it would be the
fourth gene that is o® dependent in all four different gram-
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positive bacteria, and this would be an indication that csbD-like
genes may have an important role in the o®-mediated stress
response. Interestingly, csbD-like genes are widely distributed
in eubacteria, strongly suggesting that they perform an impor-
tant, but hitherto-unrecognized, function in eubacteria.

The poorly conserved control of stress response genes by o®
in the different gram-positive bacteria is in line with data re-
ported in a recent article by Lozada-Chavez et al. (19). That
study predicted that bacterial regulatory networks are ex-
tremely flexible during evolution and that transcription factors
appear to be primarily responsible for the plasticity of tran-
scriptional regulatory networks. The evolution of o® and its
regulon in gram-positive bacteria appears to be an experimen-
tally determined proof of this prediction. Even though ¢®s
main function appears to be to control the stress response in
different organisms, it appears that it does so by using a unique
strategy in each gram-positive bacterium through controlling
the expression of different output genes.
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