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Bacteria are able to cope with the challenges of a sudden increase in salinity by activating adaptation
mechanisms. In this study, exponentially growing cells of the pathogen Bacillus cereus ATCC 14579 were
exposed to both mild (2.5% [wt/vol] NaCl) and severe (5% [wt/vol] NaCl) salt stress conditions. B. cereus
continued to grow at a slightly reduced growth rate when it was shifted to mild salt stress conditions. Exposure
to severe salt stress resulted in a lag period, and after 60 min growth had resumed, with cells displaying a
filamentous morphology. Whole-genome expression analyses of cells exposed to 2.5% salt stress revealed that
the expression of these cells overlapped with the expression of cells exposed to 5% salt stress, suggesting that
the corresponding genes were involved in a general salt stress response. Upregulation of osmoprotectant,
Na*/H™", and di- and tripeptide transporters and activation of an oxidative stress response were noticeable
aspects of the general salt stress transcriptome response. Activation of this response may confer cross-
protection against other stresses, and indeed, increased resistance to heat and hydrogen peroxide could be
demonstrated after preexposure to salt. A temporal shift between the transcriptome response and several
phenotypic responses of severely salt-stressed cells was observed. After resumption of growth, these cells
showed cellular filamentation, reduced chemotaxis, increased catalase activity, and optimal oxidative stress
resistance, which corresponded to the transcriptome response displayed in the initial lag period. The linkage
of transcriptomes and phenotypic characteristics can contribute to a better understanding of cellular stress

adaptation strategies and possible cross-protection mechanisms.

Bacillus cereus is a spore-forming gram-positive bacterium
that is frequently isolated from foods (6, 43). It is able to cause
two types of gastrointestinal diseases, emesis and diarrhea. The
emetic syndrome (an intoxication) is caused by a heat-, acid-,
and trypsin-stable toxin, cereulide, and the symptoms may oc-
cur after ingestion of foods contaminated with the toxin (9, 34).
The diarrheal syndrome (a toxicoinfection) is caused by one or
more enterotoxins produced by vegetative cells of B. cereus in
the small intestine. The number of B. cereus cells required to
cause disease is relatively high, and in most cases at least 10°
CFU g ! food has been found in foods implicated in disease
(34).

Salt is widely used as a food additive in the food industry to
control bacterial growth (1). Bacteria employ several strategies
to adapt to adverse conditions, and upon activation of the
so-called adaptive stress response bacteria can become more
robust. Exposure to sodium chloride has been shown to induce
a protective response in B. cereus, which enables this organism
to survive under otherwise lethal conditions (5, 8, 26). The use
of various mild preservation methods in foods is becoming
more prevalent, underlining the significance of a better under-
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standing of the stress responses of pathogens to ensure the
microbial safety of foods.

When bacteria are challenged by increased salinity in their
environment, water efflux occurs, and this results in a reduction
in the cellular turgor. To restore and maintain cellular turgor,
bacteria initiate a two-step adaptation response. Initially, K™ is
taken up by the bacterial cell, and subsequently osmopro-
tectants, like glycine betaine, are imported by transport sys-
tems (21, 24, 30). For Bacillus subtilis five osmoprotectant
uptake transport systems (OpuA to OpuE) have been de-
scribed (21, 24, 30). OpuA, OpuB, and OpuC are multicom-
ponent ABC transporters, whereas the OpuD and OpuE sym-
porters each consist of a single component. In the genome
sequence of B. cereus ATCC 14579 (18), several open reading
frames putatively encoding osmoprotectant transporters have
been identified, indicating the importance of these transporters
in B. cereus ATCC 14579. To date, limited information is
available about the underlying mechanisms of the salt stress
response of B. cereus. A proteome study performed by Browne
and Dowds (5) showed that enzymes involved in the central
metabolism were induced in B. cereus NCIMB 11796 during
exposure to salt stress. Furthermore, salt stress is known to
induce the alternative transcription factor ¢® protein in B.
cereus ATCC 14579 (35), suggesting a role for this regulator in
the salt stress response of this strain.

In this study, we performed genome-wide comparative tran-
scriptional analyses of B. cereus ATCC 14579 in response to
2.5% and 5% sodium chloride and combined these analyses
with phenotypic analyses. The transcriptome profiles for the
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two salt stress conditions were compared in order to investi-
gate the overlap in the responses, the so-called general salt
stress response, and to identify specific responses of mildly and
severely salt-stressed cells. Moreover, we linked observed tran-
scriptome expression patterns to several responses of the salt-
stressed cells.

MATERIALS AND METHODS

Bacterial strain and culture conditions. Mesophilic B. cereus strain ATCC
14579 was used throughout this study. The culture used was stored frozen in
brain heart infusion (BHI) broth (Becton Dickinson, France) supplemented with
25% (vol/vol) glycerol (Sigma, The Netherlands) at —80°C. The bacteria were
cultivated before each experiment in 10 ml BHI broth and incubated at 30°C with
shaking at 200 rpm (Innova 4335; New Brunswick Scientific, The Netherlands)
for 12 to 18 h. To produce two independent biological replicates of exponentially
growing cultures, two stationary-phase cultures were diluted 1:100 (vol/vol) in
two Erlenmeyer flasks (250 ml) containing 50 ml fresh BHI broth. The flasks
were incubated at 30°C with shaking at 200 rpm until the cells were growing
exponentially (absorbance at 600 nm, 0.4 to 0.5; Novaspec II spectrophotometer;
Pharmacia Biotech, United Kingdom). When an optical density at 600 nm
(ODygyg) of 0.4 to 0.5 was reached, decimal dilutions were prepared using 9 ml of
a peptone saline solution (1 g neutralized bacteriological peptone [Oxoid, United
Kingdom] supplemented with 8.5 g NaCl per liter) to determine the viable counts
at time zero. Fifty-microliter aliquots of the appropriate dilutions were surface
plated on BHI agar plates (BHI broth supplemented with 15 g agar [Oxoid] per
liter) using a spiral plater (Eddy Jet; IUL Instruments, Spain). To study the
effects of exposure to mild and severe salt stress on the growth of B. cereus ATCC
14579, BHI broth supplemented with 7.5% and 15% (wt/vol) NaCl, respectively,
was added (the final supplementary concentrations of NaCl were 2.5%, and 5%
[wt/vol], respectively), after which the cultures were incubated further at 30°C
with shaking at 200 rpm. At constant intervals, appropriately diluted aliquots of
the mildly and severely salt-stressed cells were plated on BHI agar plates. The
plates were subsequently incubated for 16 to 24 h at 30°C, and the results were
expressed in log;, CFU ml™".

RNA isolation. RNA was isolated from both unstressed and salt-stressed
cultures. To do this, four 50 ml-cultures were incubated in 250 ml-Erlenmeyer
flasks at 30°C with shaking at 200 rpm. When the absorbance at 600 nm reached
0.4 to 0.5, one culture was used for extraction of RNA for the reference un-
stressed sample (time zero). Twenty milliliters of this unstressed culture was
transferred into a 50-ml Falcon tube (Greiner Bio-One, Germany) and processed
as described below. The remaining three cultures were exposed to 2.5% NaCl by
adding 25 ml of BHI broth supplemented with 7.5% NaCl and incubated further
at 30°C with shaking at 200 rpm. At three time points, after 10, 30, and 60 min
of exposure to salt, 30 ml of the mildly salt-stressed cells was transferred into
50-ml Falcon tubes. A similar procedure was used to expose the cells to 5% NaCl
for 10, 30, and 60 min. Subsequently, the unstressed and salt-stressed cultures
were pelleted by centrifugation at 15,000 X g at 4°C for 30 s (Eppendorf 5804 R
centrifuge; Eppendorf, Germany). After the supernatant was decanted, 1 ml of
phenol-based RNA extraction buffer (TRI reagent; Ambion, United Kingdom)
was added to the cell pellets. Subsequently, the cell pellets were resuspended,
snap-frozen in liquid nitrogen, and stored at —80°C. The experiments used to
obtain RNA samples were performed in duplicate. After the cell pellets were
defrosted, the cells were disrupted by bead beating (Mini Beadbeater-8; Biospec
Products, United States) with zirconium beads (diameter, 0.1 mm; Biospec
Products), and the RNA was isolated as previously described (35).

cDNA synthesis, Cy dye labeling, and microarray hybridization. cDNA syn-
thesis and Cy3 and Cy5 dye labeling of the cDNA samples were performed as
previously described (37). Subsequently, the Cy5-labeled cDNA samples pre-
pared from the mildly and severely salt-stressed cells were hybridized (concen-
tration ratio, 1:1; 300 to 400 ng Cy dye-labeled cDNA per sample) with the
Cy3-labeled reference sample (time zero). Independent biological duplicates of
the reference sample and the mildly and severely salt-stressed samples were
hybridized with the dyes swapped. After hybridization in a hybridization oven
(Agilent), the microarrays were washed and blown dry with nitrogen gas.

In this study, custom-made B. cereus ATCC 14579 microarrays were used,
which were printed by Agilent.

Microarray scanning and data analysis. The microarrays were scanned using
an Agilent microarray scanner (G2565BA). The data were extracted from the
microarrays using Agilent’s Feature Extraction software (version 8.1.1.1). The
data extraction procedure included LOWESS normalization for the raw data.
The web-based VAMPIRE microarray suite (17) was used for further statistical
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analysis of the normalized data. The data for duplicate experiments were
merged, and significantly differentially expressed microarray spots were identi-
fied using a threshold for the false discovery rate of less than 0.05. Subsequently,
the expression ratios of the spots representing the same open reading frame were
averaged. An open reading frame was considered to be differentially expressed
when all spots representing the open reading frame were significantly differen-
tially expressed based on the VAMPIRE output. The transcriptional expression
data for a total of 5,058 open reading frames for 2.5% and 5% salt-stressed cells
were compared.

Catalase activity absorbance assay. The catalase activity absorbance assay
used was based on a previously described experimental procedure (7, 38). Un-
treated exponentially growing cells and cells which were salt stressed (2.5% or
5% NaCl) for 10 to 60 min were washed in phosphate-buffered saline (PBS) (138
mM NaCl, 2.7 mM KCl, 140 mM Na,HPO,, 1.8 mM KH,PO,; pH adjusted to 7.4
with HCI) and subsequently diluted (1:10, vol/vol) in PBS supplemented with
H,O0, (final concentration, 40 mM). The decrease in absorbance at 240 nm was
measured over time at 30°C with a spectrophotometer (Spectramax Plus 384;
Molecular Devices, United States). One unit of catalase activity was defined as
a decrease in the absorbance at 240 nm of 1 unit per minute. The rate of decrease
for each sample was corrected for the amount of untreated or salt-stressed cells
added to the assay buffer (absorbance at 600 nm and the assay dilution factor, as
cell suspensions were diluted 1:10 when they were exposed to H,O,). For all
experimental conditions, three replicates were performed.

Fluorescence microscopy. Exponentially growing cultures were exposed to 5%
NacCl for 150 min and subsequently double stained; 30 wM of the red fluorescent
membrane dye FM 4-64 (Invitrogen, The Netherlands) and 2 pM of the green
fluorescent nucleic acid dye SYTO-9 (Invitrogen) were added to 1-ml aliquots of
a culture and incubated for 15 min at room temperature in the dark. Cells were
imaged using a Zeiss Axioskop fluorescence microscope with a fluorescein iso-
thiocyanate filter set (magnification, X1,000; Carl Zeiss, Germany). Images were
obtained with a Canon Powershot G3 digital camera.

Chemotaxis assays. Exponentially growing cultures and cultures which were
exposed to 5% NaCl for 10, 60, and 150 min were pelleted by centrifugation at
15,000 X g at 4°C for 1 min (Eppendorf centrifuge 5804 R; Eppendorf). The
sample volume of the salt-stressed cells was adjusted based on the equivalent
cellular density of unstressed cells (ODgqg) in 50 ml. The pellets of unstressed
and salt-stressed cells were resuspended in 30 ml of PBS agar (PBS supple-
mented with 0.3% [wt/vol] agar) at 42°C, resulting in a cellular density in the agar
of approximately 8 log,, CFU ml~! agar. Each mixture was equally divided and
poured in four 9-cm-diameter petri dishes. Sterile filter disks (6-mm blank paper
disks; Becton Dickinson) were placed in the middle of the petri dishes on the
solidified cell-agar mixture, and subsequently, 5-pl aliquots of stock solutions of
trehalose and alanine (0.4 M) were pipetted on top of the disks. The plates were
incubated at 30°C, and after 1, 2, 3, and 4 h of incubation the plates were
examined for chemotaxis.

Determination of heat resistance and H,0, resistance of salt-stressed cells.
Exponentially growing cultures and cultures which were exposed to 2.5% and 5%
NaCl for 10 to 150 min were added to 20 ml preheated BHI broth (1:100, vol/vol)
at 50°C and then incubated at 50°C with shaking at 200 rpm (Julabo SW22;
Julabo Labortechnik, Germany). Before exposure and after 1, 2, 4, 6, and 8 min
of exposure to 50°C, samples were taken, and appropriate dilutions were surface
plated in duplicate on BHI agar plates. The plates were incubated for 16 to 24 h
at 30°C. A similar procedure was used to determine the H,O, resistance of
exponentially growing cultures and salt-stressed cultures exposed to 1 mM H,O,.
Both the heat and H,O, inactivation experiments were performed in duplicate.

Microarray data accession number. The microarray data have been deposited
in the GEO database under accession number GSE13713.

RESULTS

Effect of 2.5% and 5% NaCl stress on growth kinetics. To
investigate the effect of exposure to mild and severe salt stress
on the growth kinetics of B. cereus ATCC 14579, exponentially
growing cultures (ODgg,, ~0.4 to 0.5) were challenged with
2.5% and 5% NaCl. Exposure to 2.5% salt resulted in a slightly
reduced growth rate (Fig. 1). Cultures challenged with 5% salt
showed an initial lag phase. After this lag phase, cellular
growth resumed during exposure to 5% salt and resulted in an
increase in absorbance (Fig. 1a) at 60 min. However, this
resumption of growth did not result in an increase in the viable
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FIG. 1. Growth (ODy, [a] and viable counts [b]) of B. cereus
ATCC 14579 in BHI broth without addition of salt (<) and after
addition of 2.5% salt ([]) and 5% salt (A) at time zero. The error bars
indicate standard errors.

counts (Fig. 1b). Microscopic observations of the cells revealed
that filamentous cells were formed during exposure to 5% salt
for more than 60 min. This explains the discrepancy between
the observed absorbance values and the viable counts after the
resumption of growth during exposure to severe salt stress.
General transcriptome response to NaCl stress. Microarray
analyses were performed to obtain insight into the molecular
response of B. cereus ATCC 14579 to both mild and severe salt
stress. Exponentially growing cells were exposed to 2.5% and
5% salt, and samples were taken after 10, 30, and 60 min of
exposure and compared to an untreated reference sample. The
number of differentially expressed genes for each condition
(2.5% salt for 10 min, 2.5% salt for 30 min, 2.5% salt for 60
min, 5% salt for 10 min, 5% salt for 30 min, and 5% salt for 60
min) is shown in Fig. 2. This figure shows that the number of
differentially expressed genes in 2.5% salt-stressed cells was
lower than the number of differentially expressed genes in 5%
salt-stressed cells. Exposure of cells to 2.5% salt resulted in 153
differentially expressed genes at 10 min. After this first sam-
pling time point, the number of differentially expressed genes
decreased for the 30- and 60-min time points, at which there
were 45 and 63 differentially expressed genes, respectively.
Approximately 95% of the differentially expressed genes
(n = 147) in 2.5% salt-stressed cells exposed for 10 min were
also differentially expressed at one or more time points during
exposure to 5% salt. The overlapping transcriptome responses
during mild and severe salt stresses included upregulation of
genes encoding transporters involved in osmoregulation, genes
encoding transcriptional regulators, and oxidative stress re-
sponse-related genes and downregulation of genes involved in
nucleotide and amino acid transport and metabolism. To pro-
vide more insight into the overlap of the transcriptome re-
sponses during exposure to mild and severe salt stresses, a
selection of representative genes is shown in Fig. 3 (for a
complete list of genes differentially expressed in cells exposed
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FIG. 2. Numbers of differentially expressed genes in B. cereus
ATCC 14579 after exposure to 2.5% and 5% salt for 10, 30, and 60
min. The gray bars indicate the genes that were differentially up- or
downregulated after exposure to 2.5% salt for 10 min, as well as at the
time points indicated.

to 2.5% salt for 10 min and in cells exposed to 5% salt stress at
one or more time points, see Table S1 in the supplemental
material). To optimally visualize the overlap in gene expres-
sion, Fig. 3 shows the expression ratio after exposure to 2.5%
salt for 10 min and the average ratio after exposure to 5% salt
for 10, 30, and 60 min for each gene included. In the genome
of B. cereus ATCC 14579 genes encoding various osmopro-
tectant transporters were identified (18). The osmoprotectant
symporter genes opuD (BC0555) and opuE (BC3644), a gene
encoding a proline/betaine transporter (BC3000) belonging to
the major facilitator transporter family, and a gene encoding a
proton-dependent di- and tripeptide transporter (BC0684)
were among the most highly induced genes upon exposure to
salt stress. In contrast, the genes encoding the multicomponent
osmoprotectant ABC transporters OpuA (represented by
BC2791) and OpuB/OpuC (represented by BC2232) were not
differentially expressed during exposure to 2.5% and 5% salt
stress. Furthermore, the upregulation of Na*/H" antiporters
(represented by BC1612) and other cation transporters (rep-
resented by a zinc-transporting ATPase gene, BC0596) was
induced during both 2.5% and 5% salt stress. The transport of
cations may contribute to the cation homeostasis inside the cell
upon exposure to NaCl stress. These findings emphasized the
importance of osmoprotectant, sodium, and other cation trans-
porters in the salt stress response of B. cereus ATCC 14579.
The expression of the gene encoding the alternative tran-
scription factor o® (sigB, BC1004), which is involved in the
global adaptation response to stress, was upregulated during
exposure to both mild and severe salt stresses. Transcription of
sigB in cells exposed to 5% salt increased over time, and the
expression ratio at 60 min was comparable to that of cells
exposed to 2.5% salt for 10 min. Likewise, the activator of o®,
rsbY (BC1006), and many other members of the o® regulon
(37) were also upregulated. This finding supported the putative
involvement of o® in the salt stress response of B. cereus ATCC
14579. However, no differences in the growth kinetics were
observed when exponentially growing cells of the sigB deletion
mutant FM1400 (35), the rsbY deletion mutant FM1401 (36),
and parental strain ATCC 14579 were exposed to 2.5% and
5% salt (data not shown). In addition to upregulation of the
transcriptional regulator gene sigB, two putative CarD-like
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FIG. 3. Representative genes which were differentially expressed in B. cereus ATCC 14579 after exposure to both 2.5% and 5% salt. The filled
bars indicate the expression ratios after exposure to 2.5% salt for 10 min, and the open bars indicate the average ratios after exposure to 5% salt
for 10, 30, and 60 min. See Table S1 in the supplemental material for a complete list of the genes which were differentially up- or downregulated
after exposure to 2.5% salt for 10 min and the expression ratios for these genes after 30 and 60 min of exposure to 2.5% salt and after 10, 30, and

60 min of exposure to 5% salt.

transcriptional regulators (25) were highly expressed (repre-
sented by BC4714).

Exposure to both mild and severe salt stresses induced genes
that have been described to be involved in the oxidative stress
response of bacterial cells. The main vegetative catalase gene
kat4 (BC1155) and the o®-dependent catalase gene katE
(BC0863) (37) were upregulated. In addition, an alkyl hy-
droperoxide reductase gene, ahpC (BC0377), that has been
demonstrated to be involved in scavenging endogenous hydro-
gen peroxide in Escherichia coli (28), and a gene encoding an
antioxidant protein (BC5044) were found to be upregulated. In
cultures of B. subtilis grown under high-salinity conditions,
various iron limitation-related genes were upregulated (13,
33). In this study we also observed induction of genes involved
in iron homeostasis, including a gene encoding a ferrochelatase
(BC1154), which is neighbor of katA.

The overlap in the responses during exposure to 2.5% and
5% salt not only encompassed upregulated genes but also
included repression of 61 genes (see Table S1 in the supple-
mental material). Several genes involved in nucleotide trans-
port and metabolism (represented by a uracil phosphoribosyl-
transferase gene, BC3891) and in amino acid transport and
metabolism (represented by an L-serine dehydratase gene,
BC4136) were repressed upon exposure to salt stress. It is
likely that a reduced growth rate allowed reductions in amino
acid and pyrimidine metabolism, and this is consistent with
previous findings for B. subtilis (33) and E. coli (40).

Transcriptome response-specific 5% NaCl stress. Exposure
of B. cereus ATCC 14579 to 5% salt stress resulted in a greater

transcriptome response than exposure to 2.5% salt stress (Fig.
2). The observed differences between the growth kinetics dur-
ing exposure to severe salt stress and the growth kinetics dur-
ing exposure to mild salt stress may have contributed to the 5%
salt stress-specific transcriptome profile. Genes putatively in-
volved in various biological processes were found to be up- or
downregulated in cells exposed to severe salt stress. Figure 4
shows the expression ratios for genes which were representa-
tive of the 5% salt stress-specific transcriptome response. The
expression ratios for the representative genes after exposure to
5% salt for 10 min, 30 min, and 60 min are shown in this figure.

Exposure to 5% salt stress resulted in an initial lag phase
before growth had resumed after 60 min of exposure. The
transcriptome analysis revealed that genes involved in pro-
tein synthesis were upregulated during the lag phase at 30
min with exposure to 5% salt. Genes encoding an RNA
polymerase (represented by rpoB [BC0122]), protein trans-
lation elongation factors (represented by tuf4 [BC0129]),
and large- and small-subunit ribosomal proteins (repre-
sented by rpsJ [BC0130]) were induced. After 60 min of ex-
posure upregulation of tricarboxylic acid cycle genes (repre-
sented by the 2-oxoglutamate dehydrogenase gene, odhA
[BC1252]) was observed to correspond to the resumption of
growth at this time point. Increased expression of tricarboxylic
acid cycle proteins after resumption of growth was demon-
strated previously for salt-challenged B. subtilis cells (15). Our
transcriptome data showed that components of the electron
transport chain were also induced at 60 min (represented by
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FIG. 4. Representative genes which were differentially expressed in B. cereus ATCC 14579 during exposure to 5% salt. The black bars, gray
bars, and open bars indicate the expression ratios after exposure to 5% salt for 10, 30, and 60 min, respectively.

the cytochrome d ubiquinol oxidase subunit I gene, cydA
[BC1938]).

Resumption of growth resulted in formation of filamentous
cells. Autolysins are involved in hydrolyzing peptidoglycan,
which allows the daughter cell to separate (31), and indeed, in
our study the putative autolysin gene yocH (BC0679) and
genes encoding a murein hydrolase exporter (represented by
ywbH [BC3669]) were downregulated during 5% salt stress.
Moreover, the putative cell division inhibitor yfhF (BC0497)
gene was induced.

Exposure to severe salt stress affected the expression of
genes involved in cell motility. Genes encoding proteins of the
flagellar apparatus (represented by figK [BC1636] and figB
[BC1641]) were repressed. Furthermore, genes described to
be involved in chemotaxis were downregulated. For exam-
ple, genes encoding methyl-accepting chemotaxis proteins,
also known as chemoreceptors (represented by BC0422), and
genes involved in the regulation cascade of chemotaxis (rep-
resented by cheY [BC1627]) were repressed.

Oxidative response is activated in NaCl-adapted cells. Cata-
lase activity is an important defense mechanism against hydro-
gen peroxide stress. Exposure to both 2.5% and 5% salt
stresses resulted in induction of the expression of genes en-
coding catalases, represented by kat4 and katE in Fig. 3.
Therefore, catalase activity in exponentially growing cells and
in cells exposed to 2.5% and 5% salt stresses was assessed (Fig.
5). The catalase activity of 2.5% salt-adapted cells was signif-
icantly (P < 0.05) higher than that of unstressed cells. Five
percent salt stress induced a lag phase, and cells in this adap-
tation phase (5% salt for 30 min) did not show increased
catalase activity despite upregulation of kat genes. When cel-
lular growth had resumed at 60 min, the catalase activity in the
cells adapted to severe salt stress was significantly higher (P <
0.05) than that in unstressed cells. The increased catalase ac-

tivity in cells adapted to both mild and severe salt stresses was
confirmed by visualization of the catalase activity on a native
polyacrylamide gel (data not shown).

Adaptation to 5% NaCl results in filamentation and reduced
chemotaxis. Exposure to 5% salt resulted in filamentation of
cells, and the morphology of the filamentous cells was studied
in more detail by using fluorescence microscopy. Cells exposed
to 5% salt were stained using the green fluorescent nucleic acid
stain SYTO-9 and FM 4-64, a red lipophilic dye for staining
membranes. Figure 6a shows a phase-contrast image of fila-
mentous cells exposed to 5% NaCl for 150 min, and Fig. 6b and
c show cells labeled with SYTO-9 and FM 4-64. SYTO-9 stains
the nucleoid inside the cell, and Fig. 6b shows that regularly
spaced nucleoids were present in filamentous cells. Staining
with the membrane stain FM 4-64 resulted in visible areas with
dense red fluorescence, indicating that cell membrane septa
were formed in the filamentous cells (Fig. 6¢).
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FIG. 5. Catalase activities in exponentially growing cells and in
cells exposed to 2.5% and 5% salt for 10 to 60 min. The error bars
indicate standard errors.
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FIG. 6. B. cereus ATCC 14579 exposed to 5% salt for 150 min: phase-contrast micrograph (a) and micrographs of cells labeled with SYTO-9
(a green fluorescent nucleic acid stain) (b) and FM 4-64 (a red fluorescent membrane stain) (c).

Several cell motility and chemotaxis genes were found to be
downregulated upon exposure to 5% salt, and because cell
motility and an active chemotactic machinery is required for
chemotaxis (2), we tested the chemotactic behavior of cells
exposed to 5% salt with the attractants trehalose and alanine.
The chemotactic behavior of exponentially growing cells and
that of cells exposed to 5% salt for 10 min and 60 min were
comparable with both attractants (data not shown). However,
prolonged exposure to 5% salt resulted in reduced chemotactic
behavior with trehalose and alanine. The halo of the un-
stressed exponentially growing cells was denser than that of 5%
salt-stressed cells, indicating the reduced chemotactic behavior
of the latter type of cells (see Fig. S1 in the supplemental
material).

NaCl stress induces cross-protection against heat and
H,0,. The transcriptome analyses of salt-stressed B. cereus
ATCC 14579 cells revealed several features that could result in
increased cellular resistance to other stress conditions. There-
fore, the heat resistance and H,O, resistance were determined
for unstressed cells and for cells which were preexposed to
2.5% or 5% salt for 10 to 150 min. Cells preexposed to 2.5%
salt (2.5% salt for 10 min, 2.5% salt for 30 min, and 2.5% salt
for 60 min) were found to be more heat resistant than expo-
nentially growing cells (time zero) (Fig. 7a). Cells exposed to
5% salt for 10 to 30 min were still in a lag phase, and these cells
were very heat sensitive (5% salt for 10 min and 5% salt for 30
min). When 5% salt-stressed cells had resumed growth (5%
NacCl for 60 min), the heat sensitivity decreased and was com-
parable to that of unstressed cells. Prolonged preexposure to
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5% salt (5% salt for 90 min and 5% salt for 150 min) increased
the heat resistance.

Preexposure to both mild and severe salt stress induced
cross-protection against H,O, stress (Fig. 7b). Cells exposed to
5% salt stress which had resumed growth (5% salt for 60 min,
5% salt for 90 min, and 5% salt for 150 min) were found to be
the most H,O,-resistant cells.

DISCUSSION

Salt is a commonly used food additive, and bacteria can
activate various cellular adaptation mechanisms to cope with
salinity. In this study we described the phenotype and tran-
scriptome responses of the pathogen B. cereus ATCC 14579 to
salt stress. Two concentrations of added sodium chloride were
used, 2.5% and 5%, in order to obtain insight into the overlap
between the salt stress response and concentration-dependent
parameters. Moreover, the use of various time frames for ex-
posure to salt stress allowed adequate linkage of observed
transcriptome responses to the phenotypic behavior of cells.

The transcriptome data confirmed that induction of osmo-
protectant transporters is important in the mild and severe salt
stress responses of B. cereus cells, which is in agreement with
findings for other bacteria, such as B. subtilis, E. coli, and
Listeria monocytogenes (21, 30). It has been demonstrated for
B. subtilis that the substrate affinity of the glycine betaine ABC
transporters OpuA and OpuC is in the same micromolar range
as that of the glycine betaine symporter OpuD (20). However,
the uptake via the ion-dependent symporters encoded by opuD
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FIG. 7. Inactivation of viable cells after heat treatment at 50°C for 2 min (a) or after exposure to 1 mM H,O, for 1 min (b) for exponentially
growing B. cereus ATCC 14579 cells and for cells which were preexposed to 2.5% and 5% for 10 to 150 min. Inactivation was determined by
subtracting the log,, number of surviving cells after lethal treatment from the log,, number of cells at the start of the inactivation. The error bars

indicate standard errors.
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and opuE seemed to be more favorable in nutrient-rich BHI
medium than via ABC transporters, because the osmopro-
tectant ABC transporters were not differentially expressed in
B. cereus ATCC 14579 upon salt stress. The gene encoding a
putative di- and tripeptide transporter (BC0684) was also
highly upregulated in B. cereus ATCC 14579 during exposure
to both mild and severe salt stress. Previously, it has been
demonstrated that a homologous gene (34%) in L. monocyto-
genes EGD-e (dtpT, LMO0555), encoding a di- and tripeptide
transport system that supplies the cells with proline-containing
peptides, is involved in salt stress protection (44). A similar
function in the osmoregulation of B. cereus ATCC 14579 is
conceivable as well. A transcriptome study of B. subtilis cells
grown under high-salinity conditions showed that genes in-
volved in the synthesis of the osmoprotectant proline were
highly upregulated in this bacterium (33). However, induction
of these genes was not observed in our study of the B. cereus
ATCC 14579 salt stress response. This is consistent with pre-
vious investigations of de novo synthesis of compatible solutes
in various Bacillus species (23), which demonstrated that pro-
line was endogenously synthesized in osmotically stressed B.
subtilis cells but not in B. cereus DSM31. In addition to proline,
B. subtilis is also able to synthesize glycine betaine when the
precursor choline is provided. A genome-wide search for or-
thologues of the ghs4B genes, which are known to be involved
in glycine betaine synthesis in B. subtilis (4), revealed that these
genes are not present in the genome of B. cereus ATCC 14579.
These findings suggest that the osmoadaptation of B. cereus
ATCC 14579 in BHI medium involves mainly the import of
osmoprotectants rather than the synthesis of these compounds.

The upregulation of sigB and o®-dependent genes during
exposure to both mild and severe salt stresses and the salt
stress-induced translation of ¢® in B. cereus ATCC 14579 (35)
suggested a role for ¢® during exposure to salt stress in this
organism. For B. subtilis it has been shown that o® and o®-
dependent proteins were strongly induced in response to salt
stress at both the transcriptome (27) and proteome (15) levels.
A sigB deletion mutant of B. subtilis was strongly impaired in
osmotic stress adaptation (16, 39), as were a number of dele-
tion mutants with mutations in o®-dependent genes (16). The
osmoprotectant transporter OpuE was found to be ¢ and o®
dependent in B. subtilis (32), indicating a physiological func-
tion in osmoregulation of a o®-dependent gene. In the current
study, we demonstrated that the growth kinetics of exponen-
tially growing cells of the B. cereus ATCC 14579 sigB deletion
mutant FM1400 (35) and the rsbY deletion mutant FM1401
(36) after addition of salt were comparable to those of parental
strain ATCC 14579. Previously, our laboratory showed that
exposure to mild heat highly induced transcription of the o®
regulon (37), and o® was found to be involved in the adaptive
heat shock response of B. cereus ATCC 14579 (35). The set of
oB-dependent genes in B. cereus ATCC 14579 appeared to be
much smaller than that in other gram-positive species, such as
B. subtilis and L. monocytogenes (37), and the ® regulon of
this strain does not include genes encoding osmoprotectant
transporters. Additionally, a large proportion of genes in the B.
cereus ATCC 14579 o® regulon have unknown functions. Ap-
parently, the role of ¢® and its regulon in the salt shock re-
sponse of B. cereus ATCC 14579 is limited, although transcrip-
tion and translation of o® are induced by salt stress.
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Two putative CarD-like transcriptional regulators first de-
scribed in Myxococcus xanthus (25) were highly expressed
(BC3648 and BC4714) in B. cereus ATCC 14579 upon expo-
sure to mild and severe salt stresses. To date, the information
on CarD-like transcriptional regulators is limited. Recently, it
was demonstrated that in Borrelia burgdorferi, a spirochete
causing Lyme disease, a homologous gene for a CarD-like
transcriptional regulator was expressed mainly during cultiva-
tion at a lower temperature (45). It is known that osmotic and
chill stresses can trigger similar features in bacterial cells, in-
dicating the overlap in the two responses (29, 41, 42). The role
of the putative CarD-like transcriptional regulators in the
stress response of B. cereus ATCC 14579 remains to be eluci-
dated.

Exposure of exponentially growing cells to 5% salt resulted
in an initial lag phase immediately after the salinity upshift,
and filamentous cells were formed upon resumption of growth.
Various bacteria have been shown to form filamentous cells
under severe stress conditions (12, 19). The putative cell divi-
sion inhibitor gene yfhF was found to be induced in B. subtilis
upon exposure to salt stress (27), indicating that cell division
might be affected. In this study, we showed that cell separation
rather than septum formation was impaired in the filamentous
B. cereus ATCC 14579 cells. Our transcriptome data revealed
that genes encoding the FtsZ protein and the MinCD complex,
which are known to be involved in ring formation at the midcell
and correct septum placement (11), were not differentially
expressed during exposure to severe salt stress in B. cereus
ATCC 14579. On the other hand, genes involved in cell sepa-
ration were downregulated, and these findings correspond to
the inhibition of cell separation observed later when growth
resumed.

Cell motility is required for chemotaxis toward attractants
(2). The downregulation of genes involved in flagellum assem-
bly and the chemotactic machinery during exposure to severe
salt stress in this study suggested that the chemotactic behavior
might be affected in the cells. Repression of genes and proteins
involved in chemotaxis and motility was observed previously
for B. subtilis exposed to high salinity (13, 15, 33) and also for
B. cereus ATCC 14579 in response to bile salts (22). To test the
chemotactic behavior of unstressed and salt-stressed cells, we
used an assay in which we exposed high numbers of unstressed
and salt-stressed cells to attractants in phosphate-buffered
agar. This procedure allowed us to visualize the chemotactic
behavior of B. cereus ATCC 14579 cells after brief incubation
of the chemotactic plates, which resulted in increased cell
density in the middle of the plate in the case of positive taxis.
This chemotactic assay is growth rate independent because
nutrients were not available in the agar and differences be-
tween unstressed and stressed cells could be observed in a
short experimental time frame. We used this assay to demon-
strate differences in the chemotactic behaviors of unstressed
and salt-stressed cells because growth rate differences between
unstressed and stressed cells may affect results obtained in cell
motility assays which use nutritious media and longer incuba-
tion times to visualize chemotactic performance. The motility
and chemotaxis genes were downregulated in cells exposed to
5% salt for 10 to 60 min, but the chemotactic behavior of these
cells was not affected. This indicated that the cells were still
able to sense and move toward attractants, despite the ob-
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served growth arrest in the severely salt-stressed cells. There-
fore, it is conceivable that other cellular parameters contrib-
uted to the temporal growth inhibition. Prolonged exposure to
5% salt (150 min) resulted in reduced chemotaxis compared to
that of unstressed cells, indicating that there was a temporal
shift between the observed transcriptome responses of severely
salt-stressed cells during the lag period and the phenotypic
responses of these cells when growth resumed.

Our transcriptome data revealed that oxidative stress-re-
lated genes were upregulated during exposure to salt stress.
Salt-induced expression of genes and proteins involved in the
oxidative stress response was previously observed for B. subtilis
(15, 27, 33). In our study, we demonstrated that upregulation
of kat genes indeed resulted in increased catalase activity in
salt-adapted cells compared to unstressed B. cereus ATCC
14579 cells. Cells adapting to severe salt stress, which were still
in the lag phase, showed upregulation of kat genes, but the
highest catalase activity and greatest resistance to H,O, stress
were observed in cells that had resumed growth during expo-
sure to severe salt stress. Also, these findings demonstrate that
there is a temporal shift between the transcriptome response of
cells and development of the corresponding phenotype. In
addition to salt-induced cross-protection against H,O, stress,
preexposure to salt induced cross-protection against heat. Aer-
obic heat stress has been demonstrated to impose an oxidative
burden of reactive oxygen species in E. coli (3), and a recent
study of E. coli showed that continuous osmotic and/or heat
stresses induced upregulation of genes involved in the defense
against oxidative stress damage (10). Therefore, it is conceiv-
able that an activated oxidative stress response might confer
cross-protection against other stresses. Furthermore, salt stress
induced the transcription of osmoprotectant transporters, and
it has been demonstrated that osmoprotectants (e.g., glycine
betaine) can also provide protection against other stresses,
such as heat (14) and chilling (41).

The whole-genome expression analyses of mildly and se-
verely salt-stressed B. cereus cells revealed an overlap in the
transcriptome responses. The so-called general salt stress tran-
scriptome response involved activation of genes encoding os-
moprotectant, Na™/H"*, and di- and tripeptide transporters
and an oxidative stress response. Activation of this general salt
stress response may have contributed to the salt-induced cross-
protection against heat and H,O,. Analysis of the transcrip-
tome and phenotype responses in severely salt-stressed cells
revealed a temporal shift between these responses for cellular
filamentation, chemotactic performance, catalase activity, and
optimal oxidative stress resistance. Therefore, comparison of
mild and severe stress transcriptome profiles in combination
with assessment of phenotypic characteristics can contribute to
a better understanding of cellular stress adaptation strategies
and possible cross-protection mechanisms.
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