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A B S T R A C T   

Bacillus cereus is a food-borne Gram-positive pathogen. The emetic reference strain B. cereus AH187 is surrounded 
by a proteinaceous surface layer (S-layer) that contributes to its physico-chemical surface properties, and pro
motes its adhesion in response to starvation conditions. The S-layer produced by B. cereus AH187 is composed of 
two proteins, SL2 and EA1, which are incorporated at different growth stages. Here, we showed that deletion of 
the genes encoding SL2 and EA1 produced viable cells, but decreased the glucose uptake rate at the start of 
growth, and induced extensive reorganization of the cellular and exoproteomes upon entry into the stationary 
phase. As a consequence, stationary cells were less resistant to abiotic stress. Taken together, our data indicate 
that the S-layer is crucial but comes at a metabolic cost that modulates the stationary phase response. 
Significance: The emetic strains of Bacillus cereus are known to cause severe food poisoning, making it crucial to 
understand the factors contributing to their selective enrichment in foods. Most emetic strains are surrounded by 
a crystalline S-layer, which is a costly protein structure to produce. In this study, we used high-throughput 
proteomics to investigate how S-layer synthesis affects the allocation of cellular resources in the emetic 
B. cereus strain AH187. Our results demonstrate that the synthesis of the S-layer plays a crucial role in the 
pathogen's ability to thrive under stationary growth phase conditions by modulating the stress response, thereby 
promoting its lifestyle as an emetic pathogen. We conclude that the synthesis of the S-layer is a critical adaptation 
for emetic B. cereus to successfully colonize specific niches.   

1. Introduction 

Bacillus cereus is a food-borne Gram-positive pathogen that causes 
two distinct illness syndromes: diarrhea and emesis [1]. Emesis is 
attributed to the toxin cereulide, a heat- and acid-stable cyclic dodeca
depsipeptide, which is produced in food matrices by emetic B. cereus 
strains. Emetic strains differ from other B. cereus strains in terms of 
natural primary habitat (roots and tubers) and by their prevalence in 
food [2]. In addition, they form a distinct cluster within the B. cereus 
group, with specific growth, resistance, and morphological character
istics. One morphological specificity of emetic B. cereus strains is the 
presence of an S-layer at their cell surface, as reported for the emetic 
reference strain B. cereus AH187 (also named F4810/72) [3]. 

Bacterial S-layers are composed of one or more (glyco)proteins – S- 
layer proteins (SLPs) – that self-assemble to form a contiguous para
crystalline array covering the entire cell surface. Assembly of the S-layer 

requires high protein flux across the cell envelope that depends on the 
accessory Sec secretion system in Gram-positive bacteria [4]. In Gram- 
positive bacteria, the S-layer is anchored to the cell surface via non- 
covalent interactions with cell wall polysaccharides [5–7]. The S-layer 
of B. cereus AH187 is composed of two SLPs, SL2 and EA1. The pro
portion of these two proteins at the cell surface depends on both the 
growth medium and the physiological status of the B. cereus cells. Lack 
of SL2 and EA1 synthesis modifies the physicochemical properties of 
exponentially grown B. cereus cells and decreases the hydrophobic 
properties of stationary phase B. cereus cells, altering their capacity to 
adhere to abiotic surfaces under non-stressful growth conditions [3]. 

S-layer assembly represents a significant metabolic burden for the 
microorganism due to the high abundance of SLPs and the need to export 
them from the cytoplasm to the cell surface [8,9]. In stressful growth 
conditions, such as those encountered in oligotrophic medium or at low 
temperature, B. cereus AH187 loses its capacity to produce the S-layer, or 
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synthesizes lower quantities of SL2, probably to re-allocate resources 
and energy to mechanisms improving resilience [10,11]. Under non- 
stressful growth conditions, no growth deficit is associated with S- 
layer production [3], suggesting that B. cereus cells circumvent the 
metabolic burden of producing an S-layer by compensatory metabolic 
adaptations [12]. However, this assumption remains to be proven, and 
the physiological and cellular consequences of such adaptation need to 
be investigated. 

In this study, we compared the dynamics of the whole-cell proteome 
and the exoproteome of the S-layer deficient strain Δsl2Δeag and its 
parent B. cereus AH187 during growth in defined MODG medium [13]. 
By examining both the whole-cell proteome and the exoproteome, we 
gained a comprehensive understanding of the bacterium's responses, as 
these two proteomic components offer distinct yet complementary in
sights [14]. The data showed that S-layer production in B. cereus AH187 
cells increased the rate of glucose uptake at the beginning of growth, and 
was accompanied by reorganization of the stationary phase regulatory 
network. As a result, S-layer-producing bacteria were more resistant to 
salt and cold stress, suggesting that the S-layer increases the fitness of 
emetic strains to deal with challenging environmental conditions. 

2. Material and methods 

2.1. Bacterial strains, growth conditions, and sample preparation 

The wild-type (WT) B. cereus AH187 (or F4810/72) was originally 
isolated from vomit [15]. It was used alongside its Δsl2Δeag deletion 
mutant, lacking the S-layer [16]. Strains were grown at 37 ◦C with 
shaking (200 rpm) in MOD medium supplemented with 30 mM glucose 
(MODG) and buffered at pH 7.2 [22]. Cultures were inoculated in MODG 
medium (500 mL in 2-L pre-heated Erlenmeyer flasks) at an OD600nm of 
0.02 (i.e. 3 × 106 CFU/mL) from overnight precultures. Samples of each 
culture were collected by centrifugation (10 min, 10,000 g, at 4 ◦C) at 
mid-exponential (ME), late exponential (LE), early stationary (ES), and 
stationary (S) growth phases, as indicated in Fig. 1. Pellets – whole cells 
– and 0.2-μm filtered supernatant – exoproteome – were analyzed by 
proteomics. Glucose, amino acids, and proteases were also quantified in 
filtered supernatant samples. 

2.2. Protein identification by nano-liquid chromatography-coupled with 
tandem mass spectrometry (nanoLC-MS/MS) and label-free quantification 

Protein extracts were prepared from cell pellets and culture super
natants as previously described [17]. Proteins from WT and Δsl2Δeag 
culture supernatants were TCA-precipitated, and the resulting pellets 
were dissolved in NuPAGE buffer. Protein samples were loaded onto 
NuPAGE Bis-Tris 4–12% gels (Invitrogen) for a short 5-min migration at 
200 V [18]. Proteins were digested in gel with sequencing-grade Pro
teaseMAX trypsin (Promega) according to the supplier's protocol. Trip
licate samples were prepared for the two strains – WT and Δsl2Δeag 
mutant. Peptide mixtures were analyzed by nanoLC-MS/MS using an 
Ultimate 3000 nano LC system coupled to a Q-Exactive HF mass 

Fig. 1. Growth curves for WT and Δsl2Δeag strains. Cells were grown at 37 ◦C 
in MODG medium. Samples for proteomics analysis were collected at mid- 
exponential (ME), late exponential (LE), early stationary (ES), and stationary 
(S) growth phases, as indicated. The blue colour represents the WT strain and 
the red colour represents the Δsl2Δeag strain. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Growth-related parameters of Δsl2Δeag and WT strains. Specific con
sumption of glucose, aspartic acid, and glycine by WT (blue) and Δsl2Δeag (red) 
cells at mid-exponential (ME), late exponential (LE), early stationary (ES), and 
stationary (S) growth phases. *, p < 0.1; **, p < 0.01. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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spectrometer (Thermo Fisher Scientific, Illkirch-Graffenstaden, France), 
as previously described [11]. Briefly, after loading, peptides were 
desalted online on a reverse-phase Acclaim PepMap 100 C18 precolumn 
(100-Å pore size, 300 μm i.d. × 5 mm), and then resolved on a nanoscale 
Acclaim Pepmap 100 C18 column (3-μm bead size, 100-Å pore size, 75 
μm id x 500 mm) at a flow rate of 200 nL.min− 1. Solvent A (0.1% formic 
acid) and solvent B (0.1% formic acid and 80% CH3CN) were used to 
form the gradient for peptide separation. For cellular proteins, a 90-min 
gradient (from 4% to 25% B in 75 min followed by an increase to 40% B) 
was used. For extracellular proteins, a 60-min gradient (from 2.5% to 
25% B in 50 min followed by an increase to 40% B) was applied. Tryptic 
MS/MS spectra were matched against the B. cereus AH187 NCBI_ 
20,200,622 database using the MASCOT Daemon search engine. Pa
rameters included a mass tolerance of 5 ppm for the parent ion and 0.02 
Da for the MS/MS fragments, 2+ or 3+ peptide charge, a maximum of 
two missed cleavages, cysteine carbamidomethylation as fixed modifi
cation, and methionine oxidation as variable modification. Peptide-to- 
Spectrum Matches with a p-value ≤0.05 in homology threshold mode 
were retained. Protein identification was validated by at least two 
distinct peptides upon parsing with IRMa software v1.3.1 [19], resulting 
in a false discovery rate lower than 1%. Normalized spectral abundance 
factor (NSAF) values were calculated by dividing the number of spectra 
assigned to a protein in a given sample by its molecular weight [20]. 

Protein abundance was compared between WT and Δsl2Δeag mutant by 
applying the TFold test [21]. Proteins were considered differentially 
accumulated when p < 0.05 and fold-change ≥1.5. All mass spectrom
etry proteomics data have been submitted to the ProteomeXchange 
Consortium via the PRIDE partner repository under dataset identifiers 
PXD040271 and https://doi.org/10.6019/PXD040271. 

2.3. Methylchloroformate (MCF) derivatization and Gaz 
chromatography mass spectrophotometry (GC–MS) analysis 

Analytical analysis was performed by the methylchloroformate 
(MCF)-based alkylation derivatization technique [22]. Filtered super
natant (60 μL) was resuspended in 100 μL of 2 M NaOH in a hemolysis 
tube. Methanol (167 μL) and pyridine (34 μL) were added to the sus
pension. MCF (20 μL) was added, and the mixture was vigorously vor
texed for 30 s. This step was repeated once. To remove excess reagent 
and extract the derivative compound, 400 μL chloroform was added, and 
the mixture was vortexed for 10 s, then 400 μL 50 mM NaHCO3 was 
added, and the mixture was vortexed for 10 s once again. The organic 
phase was collected for GC–MS analysis. An alanine d4 sample at 1.58 
mg.mL− 1 was derivatized as a control (Cambridge Isotope Laboratories, 
Inc.). Derivatized samples were analyzed by capillary column gas 
chromatography (ZB-5MS 30 m, 0.25 mm i.d., 0.5 μm film thickness, 

Fig. 3. Dynamics of cellular proteins differentially accumulating (DAPs) in the Δsl2Δeag mutant compared to WT. A. Bar charts showing up- and down-DAPs at mid- 
exponential (ME), late exponential (LE), early stationary (ES), and stationary (S) growth phases. The numbers of up-DAPs (green) and down-DAPs (red) are shown 
above each bar. B. Venn diagrams of down- and up-DAPs identified at the different time-points. The number of specific and overlapping DAPs are given. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Phenomenex, Le Pecq, France) coupled with mass spectrometry (Shi
madzu QP2010, Kyoto, Japan). The injection port was used in split mode 
(split ratio 50) at 270 ◦C. The carrier gas (He) velocity was constant at 
35 cm.s− 1. The oven temperature was initially maintained at 50 ◦C for 1 
min, then ramped up to 280 ◦C at a rate of 10 ◦C/min. The final tem
perature was maintained for 5 min. Mass spectra were recorded in 
electron ionization mode at 70 eV. The scanning range was 40 to 650 
amu (atomic mass unit). The temperatures of the transfer line and ion 
source were maintained at 280 ◦C and 200 ◦C, respectively. Compounds 
were identified by comparing their mass spectra to those present in the 
MCF library [22], and identities were confirmed by injection of refer
ence standards. Compounds were quantified with respect to equivalent 
standards. 

2.4. Glucose, acetate, and protease titration 

Glucose and acetate were quantified using BioSenTec kits (Auzeville 
Tolosane, France). Protease concentration was determined using the 
Pierce™ Colorimetric Protease Assay kit (Sigma Aldrich, Vienne, 
Austria). All kits were used according to the manufacturers' protocols. 

2.5. Autolytic activity 

Overnight cultures of WT and Δsl2Δeag mutant strains were diluted 
in 4 mL MODG media at an initial OD600nm of 0.02. Cultures were 
incubated at 37 ◦C with shaking at 200 rpm. Once early stationary 
growth phase was reached, cells were washed and resuspended in 50 
mM Tris-HCl buffer pH 8.5, plated in 96-well microplates and incubated 
at 30 ◦C for 15 h [23]. Optical density (OD600nm) was monitored using an 
automated optical density reader (Flx-Xenius XMA, Safas, Monaco). The 
autolytic rate was expressed as the percentage decrease of OD600nm after 
15 h. Experiments were performed in triplicate. 

2.6. Cold stress survival 

Overnight cultures of WT and Δsl2Δeag mutant strains were inocu
lated in 20 mL MODG medium in 50-mL tubes at an initial OD600nm of 
0.02. Cultures were incubated at 37 ◦C with shaking (200 rpm). Once the 
early stationary growth phase had been reached, cultures were placed at 
4 ◦C with shaking for up to 50 h. Numbers of viable cells were 

determined by plating 100 μL of 10-fold serial dilutions of cultures on LB 
agar plates. The colony-forming units (CFUs) were counted after incu
bation for 18 h at 30 ◦C. All experiments were performed in 
quadruplicate. 

2.7. Salt stress 

Overnight cultures of WT and Δsl2Δeag mutant strains were inocu
lated at an initial OD600nm of 0.02 and incubated at 37 ◦C with shaking 
(200 rpm) in 10 mL MODG medium in 50-mL tubes. Early stationary 
phase cells were exposed to 5% (w/v) sodium chloride (NaCl) for 1 h or 
2 h at 37 ◦C under shaking. The number of viable cells was determined 
by plating 100 μL of 10-fold serial dilutions of cultures on LB agar plates, 
and CFUs were counted after incubation for 18 h at 30 ◦C. All experi
ments were performed in triplicate. 

2.8. Statistical analysis 

Statistical analysis (GraphPad Prism software, version 8.0; GraphPad 
Software, San Diego, CA, USA) involved data from at least three bio
logical replicates. Means were reported with standard deviations (SD). 
Statistical significance of differences in rate of glucose uptake and pro
tease concentrations were evaluated using a Student's t-test. All other 
experiments were analyzed by one-way analysis of variance (ANOVA) 
followed by Bonferroni post hoc analysis. p-values ≤0.05 were consid
ered significant. 

2.9. Bioinformatics analysis 

The subcellular localization of proteins identified in the exoproteome 
was predicted using several bioinformatics tools: SignalP4.1 
(http://www.cbs.dtu.dk/Services/SignalP/), Phobius (http://www.ebi. 
ac.uk/Tools/pfa/phobius/), PSORTb v3.0.3 (https://www.psort.or 
g/psortb/), TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM), 
and SignalP v6.0 (https://services.healthtech.dtu.dk/service.php?Si 
gnalP-6.0). Venn diagrams were produced using the Calculate and 
draw custom Venn diagrams tool (https://bioinformatics.psb.ugent. 
be/webtools/Venn/). 

Fig. 4. Clusters of orthologous groups (COG) distribution of cellular proteins differentially accumulating (DAPs) in the Δsl2Δeag mutant compared to WT. DAPs were 
clustered at mid-exponential (ME), late exponential (LE), early stationary (ES), and stationary (S) growth phases. The number of up-DAPs is indicated in green and 
down-DAPs in red, in each COG group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results 

3.1. Physiological consequences of S-layer biogenesis in B. cereus AH187 

The impact of S-layer synthesis on B. cereus AH187 physiological 
growth processes was investigated in chemically defined MODG me
dium, commonly used in studies of B. cereus. This growth medium, 
containing glucose and amino acids as carbon and energy sources [22], 
was chosen for its established relevance. Its defined composition ensures 
controlled and reproducible growth conditions, aligning with our study's 
objectives and enhancing comparability with prior research. In line with 
our previous results [3], the WT B. cereus AH187 and Δsl2Δeag mutant 
strains had similar growth rates (μmax = 1.1 ± 0.1 h− 1, and 1.0 ± 0.1 
h− 1, respectively) and biomass production (Fig. 1). We collected aliquots 
of culture extracts at four time-points (named ME, LE, ES, and S) over the 
growth curve (Fig. 1). In these aliquots, we evaluated glucose and amino 
acid consumption, and acetate overflow for the WT and Δsl2Δeag 
mutant strains (Fig. 2 and Fig. S1). The data showed that both the WT 
and Δsl2Δeag cultures exhibited maximal glucose uptake at the ME time- 
point, i.e., at the maximal growth rate. However, the glucose uptake rate 
was lower for the Δsl2Δeag mutant strain than for the parent strain. Both 
the WT and Δsl2Δeag mutant strains consumed threonine, serine, 

Fig. 5. Dynamics of exoproteins differentially accumulating (exoDAPs) in Δsl2Δeag mutant compared to WT. A. Bar chart showing up- and down-exoDAPs. The 
numbers of up- (green) and down- (red) exoDAPs are shown above each bar. B. Venn diagrams of down- and up-exoDAPs identified at the different time-points. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Extracellular proteolytic activity in supernatants from Δsl2Δeag and WT 
cultures. Error bars represent the standard deviation from three biological 
triplicates. Significant differences (p < 0.01) are indicated by two asterisks. 
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isoleucine, and valine from the beginning of growth, and phenylalanine, 
tyrosine, methionine, lysine, and glutamic acid after 5 h of growth 
(Fig. S1). The Δsl2Δeag mutant strain consumed glycine and aspartic 
acid earlier than the WT strain (at the ME rather than the LE time-point, 
Fig. 2). Acetate overflow was unchanged in the mutant strain compared 
to the WT (Fig. S1). Taken together, these data indicate that B. cereus 
circumvents the metabolic cost of S-layer synthesis by accelerating 
highly energy-efficient glucose catabolism at the expense of low energy- 
efficiency amino acid catabolism. 

3.2. Comprehensive analysis of cellular proteome remodeling in Δsl2Δeag 
cells 

To investigate the metabolic consequences of S-layer synthesis, we 
compared the cellular proteomes of WT and Δsl2Δeag cells collected at 
ME, LE, ES, and S time-points (Fig. 1). In total, 2329 cellular proteins 
were identified by at least two distinct peptides across all 24 samples 
analyzed (2 strains × 3 biological replicates × 4 time-points, Table S1). 
Principal component analysis (PCA) revealed good homogeneity of the 
biological triplicates for the two strains at each time-point, and distin
guished the four time-points (Fig. S2). 

Differential analysis identified 309 proteins with significantly 
different abundances (|log2 fold-change| ≥ 0.46, p-value ≤0.05, 
Table S2) in Δsl2Δeag compared to WT. Among these, 117 proteins were 
detected at lower levels in Δsl2Δeag compared to WT (down-DAPs), 
whereas 192 were detected at higher levels (up-DAPs) (Table S2). The 
growth phase distribution of down- and up-DAPs is illustrated in Fig. 3, 
revealing that (i) the number of DAPs increased during growth and 
reached its maximum at the transition between exponential and sta
tionary growth (ES, Fig. 3A), (ii) at every time-point, up-DAPs out
numbered down-DAPs, and (iii) time-points shared few DAPs (Fig. 3B). 
The two down-DAPs identified in all time-points (Fig. 3B) are the S-layer 
proteins SL2 and EA1, which were undetectable in the Δsl2Δeag cellular 
proteome, as expected (Table S1). Taken together, these data indicate 
that the lack of SL2 and EA1 synthesis in Δsl2Δeag cells is accompanied 
by a growth-phase-dependent remodeling of the cellular proteome. We 
next focused our attention on the changes occurring at each time-point 
(Table S2). 

3.2.1. ME time-point 
In addition to SL2 and EA1, only two down-DAPs were identified at 

the mid-exponential growth phase. One of these was the putative tran
sition state transcriptional regulatory protein B7HND9, which could 
regulate growth-phase dependent processes in the same way as its 
counterparts, AbrB and AbrB’ [24]. The 19 up-DAPs included two 

components of signal transduction pathways: (i) YycH (B7HZF1), which 
controls the activity of the YycFG two-component system, essential for 
cell wall homeostasis, cell membrane integrity, and cell division in 
B. subtilis [25], and (ii) B7HLT0, a putative CheY chemotaxis response 
regulator [26]. Interestingly, B7HLT0 abundance was also increased in 
the Δsl2Δeag mutant strain at the LE and ES time-points, suggesting that 
lack of S-layer synthesis could up-regulate the chemotaxis transduction 
pathway during exponential growth. 

3.2.2. LE time-point 
Few down-DAPs were identified compared to up-DAPs and were 

divided across several functional groups (Fig. 4). The majority of up- 
DAPs were clustered in functional groups corresponding to post- 
translational modification/chaperone/defense mechanisms [N], tran
scription [T] and translation [S]. They included: (i) the co-chaperonin 
GroES (B7HS04), the putative heat shock protein B7HQ56, and the 
cold-shock protein CspB2 (B7HZX9) that help with folding of nascent 
proteins, and the refolding and degradation of misfolded proteins, (ii) 
the protein SufA (B7HUW9) and the NifU-like protein B7HUU3 that 
contributes to iron‑sulfur cluster assembly, and (iii) the RNA chaperone 
Hfq (B7HKR8) and the methionine sulfoxide reductase MsrA (B7HMM2) 
that help to maintain the cell's redox status [27]. The 13 up-DAPs 
classified in transcription and translation categories included RNA po
lymerase subunit Y (RpoY, B7HMU7), transcription elongation and 
termination factors, five transcriptional regulators, and translational 
ribosomal subunits (Table S2). Taken together these data suggest that (i) 
cellular processes associated with growth are more active in Δsl2Δeag 
than in WT cells, and (ii) increased activity of growth-related processes 
in Δsl2Δeag cells is associated with increased cellular stress response. 

3.2.3. ES time-point 
This time-point characterizes the shift from exponential growth to 

the stationary phase, and marks the initiation of the sporulation process. 
Fig. 4 shows that up-DAPs were overrepresented in categories related to 
active growth, i.e., post-translational modification/chaperone/defense 
mechanisms [N] and nucleotide [M] transport and metabolism, [S] and 
[T] categories. The down-DAPs were overrepresented in the amino acid 
[A], replication/recombination [O], [N], and sporulation [R] categories. 
The down-DAPs in category [A] included five proteins (LeuA, LeuB, IlvB, 
IlvC, and IlvE1) involved in branched-chain amino acid (BCAA) syn
thesis. These proteins are all encoded by the ilv-leu operon, which is 
regulated by multiple general regulators triggered by BCAA, carbon, and 
nitrogen availability [28]. The down-DAPs classed in the [O], [N], and 
[R] categories included: (i) co-chaperone GroES and aminopeptidases in 
the M42 (B7HSN1) and M20 (B7HYH6) families, which can aid in the 

Table 1 
Soluble extracellular proteins that differentially accumulated in Δsl2Δeag mutant exoproteome compared to WT exoproteome.  

Uniprot ID Gene name Description Fold change and significancea 

ME LE ES S 

log2 FC p value log2 FC p value log2 FC p value log2 FC p value 

B7HVL4  Immune inhibitor A 1.00 0.00 0.00 0.00 − 0.74 0.06 − 0.83 0.18 
A1BYI0  Neutral metalloproteinase 0.46 0.47 0.12 0.34 ¡0.69 0.05 − 0.20 0.44 
B7HKT0 chi36 Extracellular exochitinase 0.00 ndb 0.00 nd ¡1.00 0.02 − 0.81 0.10 
B7HQ08  Neutral metalloprotease 0.00 nd 0.00 nd ¡2.32 0.02 ¡1.00 0.02 
B7HZ26 lla2 Beta-lactamase 0.00 nd 0.00 nd ¡1.00 0.01 − 0.35 0.02 
B7HUF7  NLP/P60 family protein 0.00 nd 0.00 nd ¡0.84 0.01 − 0.04 0.74 
B7HVP3 adP2 Alkaline D-peptidase 0.74 0.42 − 0.74 0.18 ¡1.25 0.03 0.20 0.38 
B7HVW7  Neutral metalloproteinase 0.74 0.42 0.04 0.87 ¡1.01 0.05 − 0.04 0.85 
B7HW99 sph Sphingomyelin phosphodiesterase 0.58 0.44 0.19 0.50 ¡0.67 0.04 − 0.74 0.15 
B7I0J0 inhA1 Immune inhibitor A metalloprotease − 0.16 0.88 0.00 1.00 ¡1.39 0.05 − 0.10 0.81 
B7HVA4  Neutral metalloproteinase 0.72 0.45 0.49 0.42 − 1.05 0.07 ¡1.16 0.03  

a The log2 fold-change (log2FC) was determined using PatternLab software at mid-exponential (ME), late exponential (LE), early stationary (ES), and stationary (S) 
growth phases. Plus and minus symbols indicate up- and down-accumulation of the proteins, respectively. Numbers in bold indicate that data satisfied both log2FC 
(≤0.46 and ≥0.46) and statistical criteria (p value≤0.05). 

b ND: not determined. 
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degradation of misfolded proteins, (ii) MutL (B7HLA2), UvrB 
(B7HWZ4), and RecJ (B7HQG8), involved in regulatory systems to cope 
with DNA damage upon entry into the stationary phase, and (iii) sigma 
factors ϭE and ϭF, anti-sigma SpoIIAB (B7HN54) and anti-anti-sigma 
factor SpoIIAA (B7HN53), which are involved in spore development 
and activation of the sporulation machinery [29–31] (Table S2). Taken 
together, these data indicate that the Δsl2Δeag mutations perturb the 
metabolic reprogramming that sustains the shift from active growth to 
starvation and entry into sporulation. In line with this perturbation, we 
observed that catalase KatB (B7HZT0) and DNA protection during 
starvation protein 2 Dps2 (B7HVX5) – which both protect bacterial cells 
against many different types of stressors, including starvation – were 

down-regulated in the Δsl2Δeag mutant strain (Table S2). Other down- 
regulated proteins included the molybdopterin biosynthesis co-factor 
MoeB (B7HW37) that contributes to maintaining intracellular sulfur 
and thiol homeostasis and prevents ROS damage [32], four proteins 
involved in the bacillibactin biosynthesis pathway, and three proteins 
implicated in iron-transport. In contrast, the organic hydroperoxide 
resistance protein, (OhrR, [32]) and the bacterioferritin comigratory 
protein Bcp (B7HU71) [33], which protect cells against peroxide stress 
accumulated in mutant cells. These data clearly indicate that, faced with 
oxidative stress and iron starvation, at the entry to the stationary phase, 
the Δsl2Δeag mutant reacts differently to the WT strain. 

3.2.4. S time-point 
Proteome remodeling throughout the stationary phase (between the 

ES and S time-points) was accompanied by a decrease in the number of 
DAPs (Fig. 3A). The six down-DAPs identified at both ES and S time- 
points included the BCAA biosynthesis-related proteins IlvC1, LeuA, 
and LeuB (Table S2). The 11 down-DAPs that were specific to the S time- 
point included the sugar-binding transcriptional regulator LacI 
(B7HNX4), which could act as a repressor of carbon catabolism [34]. Up- 
DAPs included the cellular stress-related protein Bcp, previously iden
tified at the ES time-point, and two proteins involved in transcriptional 
regulation: the ϭH transcriptional factor (B7HQ58), involved in stress 
adaptation, toxin gene expression and spore formation [35,36]; and the 
transcriptional regulator MntR (B7HNW6), regulating manganese 
transport [37]. In conclusion, the difference in metabolic reprogram
ming occurring at the early stationary phase in Δsl2Δeag cells compared 
to WT tended to attenuate during the stationary phase. 

3.3. Exoproteome remodeling in Δsl2Δeag cells 

To complete the information obtained from the cellular proteome, 
we examined the impact of defective S-layer synthesis on the B. cereus 
exoproteome over time. A total of 1781 proteins were identified by at 
least two peptides (Table S3) in the 24 samples analyzed (Fig. S2). 
Comparison of the Δsl2Δeag mutant to the WT identified 192 proteins 
with differential abundances (exoDAPs) (Table S4). Fig. 5A shows how 
the 79 down-exoDAPs and the 113 up-exoDAPs distributed over time. 
The majority of down-exoDAPs was identified at the ES time-point, 
whereas the up-exoDAPs were shared across the ME, ES, and S time- 
points. Very few proteins were detected at more than one time-point 
(3/79 down-exoDAPS and 5/113 up-exoDAPs), and only SL2 and EA1 
were differentially accumulated in all four time-points (down-exoDAPs, 
Fig. 5B). This observation suggests that the Δsl2Δeag mutations induced 
remodeling of the B. cereus AH187 exoproteome in a growth-phase- 
dependent manner, similar to their effects on the cellular proteome. 

The proteins identified in the exoproteome of B. cereus were true 
extracellular proteins, cell surface proteins, and proteins derived from 
cell lysis during culture and harvest [38]. Prediction of the subcellular 
localizations of the 192 exoDAPs indicated that 11 were soluble extra
cellular proteins and 50 were cell wall/surface-associated proteins 
(Table S4). The 11 soluble extracellular proteins corresponded to 
degradative enzymes, the majority of which were detected at lower 
levels in the Δsl2Δeag mutant ES exoproteome than in the WT ES pro
teome (Table 1). To determine whether decreased protease abundance 
in the Δsl2Δeag mutant strain correlated with an overall decrease in 
extracellular proteolytic activity, we compared protease activity be
tween WT and Δsl2Δeag mutant cells. Fig. 6 shows that extracellular 
proteolytic activity was indeed lower for the Δsl2Δeag mutant than for 
the WT strain, confirming our assumption. Thus, lack of S-layer syn
thesis affects the proteolytic response upon entry into the stationary 
phase. 

3.4. Resistance to osmotic and cold stress 

The bacterial stationary/starvation response provides protection 

Fig. 7. Survival of stationary Δsl2Δeag and WT cells in abiotic stress condi
tions. A. Survival rate upon exposure to cold. B. Survival rate in 5% NaCl. 
Survival rates of Δsl2Δeag (red) and WT (blue) cells are expressed as (N/N0) ×
100. N0 is the initial number of CFUs, and N is the number of CFUs detected 
after the stress treatment. The data correspond to the mean from three bio
logical replicates. Error bars represent the mean standard deviations for the 
data points. Statistical analysis was based on one-way ANOVA followed by 
Bonferroni's post hoc analysis. **: p < 0.01, ****: p < 0.0001. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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against abiotic stressors such as osmotic shock and temperature varia
tions [39]. Our proteomics data suggested a defect in the stationary/ 
starvation response in the Δsl2Δeag mutant strain. To confirm this, we 
compared the ability of the Δsl2Δeag mutant and WT strains to survive 
NaCl-mediated osmotic stress and low temperature following entry into 
the stationary phase. The results showed that the Δsl2Δeag mutant strain 
was less resistant to both cold temperature (Fig. 7A), and 5% (w/v) salt 
stress (Fig. 7B) than the WT strain, indicating a defect in general 
protection. 

4. Discussion 

The aim of this study was to determine how production of the S-layer 
influenced B. cereus metabolism at various stages of the growth curve, 
based on its effects on the cellular proteome and exoproteome. By uti
lizing a conventional data-dependent acquisition strategy and the Q- 
Exactive HF tandem mass spectrometer, we successfully identified a 
collective of 2550 B. cereus cellular- and exo-proteins from an estimated 
5783 open reading frames (ORFs). This results in a protein coverage of 
approximately 44%. When comparing this protein coverage to recent 
B. cereus cellular and spore proteome data [40] [41], our findings align 
closely with the reported trends. 

The entry of bacteria into the stationary phase can be caused by a 
number of factors, including limitation of a specific essential nutrient, 
accumulation of toxic by-products and exposure to stress factors [39]. 
Stationary phase survival strategies include numerous physiological, 
metabolic, and morphological changes, which are regulated by inter
connected signaling pathways [39]. We previously showed that the 
B. cereus AH187 S-layer was enriched in both SL2 and EA1 SLPs when 
growing cells entered the stationary phase, and that the S-layer improves 
the capacity of starved B. cereus AH187 cells to adhere to abiotic surfaces 
[16]. Although energetically costly, synthesis of the S-layer has no 
detrimental effect on B. cereus AH187 growth in defined MODG medium. 
However, the results presented here show that S-layer synthesis affects 
carbon/energy metabolism during the early stages of growth, and trig
gers extensive proteome remodeling upon entry into the stationary 
phase. To address potential genetic adaptation concerns, we have taken 
meticulous steps to ensure the consistency of the observed proteomic 
changes across various growth stages. This careful approach reinforces 
our conclusion that these proteomic alterations primarily emanate from 
the absence of the S-layer and its direct ramifications for bacterial 
physiology. 

MODG medium contains both glucose and amino acids, which are 
rapidly consumed by B. cereus at the beginning of growth to cover the 
high catabolic and anabolic demands [42]. Our data indicate that WT 
cells require a faster glucose uptake rate than Δsl2Δeag mutant cells, and 
thus generate ATP more rapidly through glycolysis. The increased 
glucose uptake rate in WT cells was associated with decreased low-cost 
amino acid uptake, in particular of glycine and aspartate. Taken 
together, these data indicate that S-layer synthesis, probably due to its 
energy requirement, alters the coordination of glucose and amino acid 
catabolism [43–45]. 

Entry into the stationary phase elicits changes in protein abundance 
that considerably remodel the proteome [27,46]. This remodeling af
fects a wide range of biological processes and response mechanisms, 
leading to decreased abundance of proteins needed for exponential 
growth, and increased abundance of proteins improving the bacteria's 
ability to detect and take up nutrients, protecting cells against stress, and 
allowing efficient adaptation under persistently unfavorable conditions 
[39,47]. The differences in reorganization of the ES proteome in 
Δsl2Δeag and WT cells suggest that S-layer synthesis modulates the 
stationary phase response. Proteome changes in Δsl2Δeag cells compared 
to WT involved general stress proteins belonging to the σB regulon [48], 
such as catalase (KatK), the DNA-protecting enzyme Dps2, proteins 
repairing oxidative damage (Ohr, MoeB, Bcp), DNA-repair proteins 
(MutL, UvrB, RecJ), and chaperones (GroES and proteins from the M42 

and M40 families). Some of these proteins (KatB, Dsp2, GroES) are also 
known to be regulated by CcpA [49], by the histidine-containing protein 
Hpr [50], and by RpoE ([48] (Table S3). The BCAA proteins – encoded 
by the ilv-leu operon, controlled by CcpA and CodY [55,56] – were less 
abundant in the Δsl2Δeag mutant compared to the WT strain. Several 
proteolytic enzymes, as well as the σF and σE sporulation factors, which 
were also less abundant in the proteome of the Δsl2Δeag mutant strain, 
are transcriptionally controlled by Spo0A. We conclude that S-layer 
synthesis modulates the stationary response by instructing the inter
connected regulons σB, CcpA, CodY, and Spo0A to control the nutrient 
starvation and general stress responses. 

How does S-layer synthesis modulate the stationary phase response? 
The metabolic cost of S-layer synthesis is probably higher upon entry 
into the stationary phase than during the exponential phase, since the S- 
layer is enriched with SLPs during growth [3]. At the beginning of 
exponential growth, bacteria focus on maximizing their growth rate, and 
due to the high availability of carbon/energy sources, they deal with the 
“low” metabolic cost of S-layer synthesis by re-routing carbon without 
significantly reorganizing the proteome. Upon entry into the stationary 
phase, bacteria focus on surviving in the face of starvation. Due to the 
large increase in biomass/energy required to maintain the S-layer, they 
must also minimize the number of active processes though a major 
proteome reorganization orchestrated by regulators reacting to nutrient 
and energy status. By maximizing the stationary response, S-layer-pro
ducing B. cereus cells maximize fitness in starvation conditions since: (i) 
they are more resistant to abiotic stresses such as osmotic stress and low 
temperatures, and (ii) they secrete proteolytic enzymes in higher 
amounts, which can help them to retrieve nutrients by recycling organic 
material from dead biomass and debris. Finally, in MODG medium, the 
metabolic cost of S-layer synthesis may act as a stress factor to trigger an 
efficient adaptive stationary/starvation response, driven by the general 
regulators reacting to energy and nutrient status. 

Upon entry into the stationary phase, bacteria remodel their prote
ome and increase the synthesis of specific stationary phase proteins. The 
S-layer protein EA1, in contrast to SL2 could be an “inducible stationary 
phase” protein, since it mainly accumulates during this phase of growth. 
The genes encoding SL2 and EA1 (sl2 and eag, respectively), are both 
regulated by Spo0A [11]. A CodY binding site was identified in the 
promoter regions of eag (data not shown), suggesting that eag is 
repressed by CodY. A similar interaction is reported for the orthologs of 
these two genes in B. anthracis (sap and eag) [57]. Interestingly, we also 
identified a potential CcpA binding site in the sl2 promoter region [10] 
and a σH binding site in the promoter region of eag (data not shown), 
suggesting that eag, in contrast to sl2, may be a member of the σH- 
inducible branch of the B. cereus stationary response. However, we 
cannot exclude that inducible stationary phase expression of eag also 
results from its repression by SL2, as reported for SAP in B. anthracis 
[58]. Finally, SL2 and EA1 are unquestionably involved in the station
ary/starvation response. 

The synthesis of SLPs, like SL2 and EA1, that protect bacteria, and 
increase their survival chances upon starvation, comes at the expense of 
the synthesis of proteins needed for growth. The result is a trade-off 
between a fitness cost during growth and a fitness benefit in starva
tion conditions. Trade-offs prevent ecological fitness in all environments 
[59]. We can thus speculate that the S-layer-related trade-off may 
constrain emetic B. cereus, and other S-layer-producing B. cereus strains 
to specific environments, where the fitness cost during growth is low. 
The inquiry into the natural reservoir for emetic B. cereus strains gains 
relevance within this context. The potential fitness trade-off associated 
with S-layer production suggests that these strains might thrive better in 
environments where nutrients are less abundant. In this regard, root and 
tuber vegetables emerge as likely niches that align with this trade-off 
scenario. These environments provide a steady nutrient supply while 
potentially constraining rapid bacterial proliferation. The intricate sur
faces of root and tuber vegetables, combined with varying nutrient 
availability, may resemble the conditions driving the trade-off dynamics 
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seen in controlled laboratory settings. Therefore, considering root and 
tuber vegetables as potential natural reservoirs for emetic B. cereus 
strains seems plausible [2]. It is noteworthy that our study targeted a 
mutant strain deficient in both EA1 and SL2 synthesis. Regrettably, the 
construction of a mutant specifically targeting only EA1 was hindered by 
technical limitations [3]. Nonetheless, this limitation doesn't diminish 
the value of our exploration into the roles of both SL2 and EA1 SLPs, 
offering essential insights into their potential functions and ecological 
significance. The concurrent presence of two distinct SLPs potentially 
amplifies the adaptive capabilities of emetic B. cereus strains within 
specific environments. Each S-layer protein likely endows unique ad
vantages, augmenting the strain's competitive prowess, survivability, 
and resource utilization. To enhance our comprehension, it becomes 
imperative to examine growth conditions closely resembling root and 
tuber environments. Investigating how emetic B. cereus strains, partic
ularly B. cereus AH187, respond to varying nutrient levels, physical 
structures, and interactions within these conditions could yield pro
found insights into their potential habitats and adaptive strategies. This 
interplay between nutrient availability, specific S-layer proteins, and 
fitness trade-offs presents a promising avenue for future research, 
deepening our understanding of the ecological niche and evolutionary 
dynamics.” 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jprot.2023.105007. 
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