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“I think you’ll find it’s a bit more complicated than that” 
– Ben Goldacre 
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Abbreviations
SASP Small Acid Soluble Protein
DPA Dipicolinic Acid
SDS-PAGE Sodium Dodecyl Sulphate – Polyacrylamide Gel

Electrophoresis
2D-DIGE Two-dimensional – Differential Gel Electrophoresis
MS Mass Spectrometry
MS/MS Tandem Mass Spectrometry
LC Liquid Chromatography
LC-FT-ICR MS/MS Liquid chromatography – Fourier Transform – Ion

Cyclotron tandem Mass Spectrometry
PSM Peptide Spectrum Matches
SWATH Sequential Windowed Acquisition of All Theoretical

Fragment Ion Mass Spectra
DDA Data Dependent Acquisition

SILAC Stable Isotope Labelling by Amino acids in Cell culture

TMT Tandem Mass Tags

QconCAT Quantitative concatemer

rDNA ribosomal Deoxyribonucleic Acid
PCR  Polymerase Chain Reaction
tRNA transfer Ribonucleic Acid
rRNA ribosomal Ribonucleic Acid
LR-PCR  Long Range Polymerase Chain Reaction
CFU Colony Forming Units
CDS coding sequence
TIGR  The Institute for Genomic Research
TCA Tricarboxylic acid
Hbl haemolysin BL
Nhe non-haemolytic enterotoxin

SPR Surface Plasmon Resonance
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CHAPTER 1

Bacterial foodborne disease

Food poisoning and foodborne infections can have many different causes, 
be it bacterial, fungal, viral or parasitical. In the bacterial category Salmonella,
Campylobacter, Escherichia coli, Listeria and Clostridium perfringens are the most
commonly reported pathogens. Upon ingestion of either the bacterium itself 
or the toxins it may produce, patients may suffer from a variety of symptoms
commonly including nausea, vomiting, diarrhoea, abdominal pain or cramps and
fever. In more extreme cases, which usually only occur in individuals at risk 
such as those with weakened immune systems, consequences may even be fatal. 
Eliminating or minimising the risk of food becoming adulterated is therefore
an important matter of public health. Preventative measures at home such as
ensuring proper hygiene when cooking, heating foods thoroughly, and storing
food at low temperatures all contribute to minimising the risk of incurring
infections or intoxications.1–3 On the side of the food manufacturers, methods
such as Pasteurisation, acid treatment, pickling, Appertisation or sterilisation
can generally ensure foods are microbially safe.4 However, due to increasing
demands from consumers for minimally processed foods of high sensory and
textural quality the severity of these treatments is frequently mild. Considering
products such as pasteurised milk or refrigerated processed foods of extended
shelf-life, members of one particular genus of bacteria, the genus Bacillus, presents 
a pressing issue.5 And although they do not make the list of top food poisoning 
bacteria this is likely due to a lack of proper reporting rather than actual
incidence.6

The genus Bacillus

The genus Bacillus comprises a large number of organisms ubiquitous in nature

anaerobic bacteria.7
is only one other bacterial genus capable of producing (endo)spores, namely
Clostridia which are distinct in being obligate anaerobe. The most well-known
species within this genus is Bacillus subtilis which is generally considered to be 
the
entire genome sequenced.8 Beyond B. subtilis, which is a gut commensal or even 
probiotic,9 the genus contains a group of pathogenic bacteria known as Bacillus
cereus sensu lato
may produce and includes Bacillus anthracis, Bacillus thuringiensis, Bacillus cereus
and Bacillus weihenstephanensis.10 Which toxins are produced then determines
the potential harm these species can cause. B. anthracis is a dangerous pathogen 
harmful and often deadly to humans and animals due to its anthrax toxin. B. 
thuringiensis is used as a pesticide, its delta-endotoxins only being harmful to 
various insects. B. cereus and B. weihenstephanensis are both food pathogens which 

not these should be two distinct species. The original distinction between these
two species was based on their preferred growth temperature range along with
differences in their ribosomal RNA sequence.11 B. cereus is a mesophile growing
at temperatures ranging from 10°C to 47°C whereas B. weihenstephanensis is a 
psychrotolerant with a growth temperature range from 4°C to 42°C. It is
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these latter two species to which this work primarily pertains. Both potentially
produce cereulide toxin, a cation ionophore, as well as several enterotoxins
which are harmful to humans.6 They are of major concern to the food industry 
as they manage to persist in food processing lines through formation of spores. 
Upon ingestion of the toxins or the spores of these bacteria, they can cause
either vomiting or diarrhoea respectively. Spores are a metabolically dormant, 
extremely resistant cell type capable of surviving in extreme environments even
going as far as surviving extra-terrestrial conditions.12 The mild treatments used 
in the food industry used to eliminate vegetative bacteria are then unable to kill
or inactivate any spores present.

Figure 1.1 – Sporulation cycle and sigma factor control.
Under control of master regulator Spo0A sporulation is initiated when conditions do not favour 
growth. In Stage I the chromosome is duplicated and subsequently in Stage II segregated to the
prespore which is separated from the mother cell by formation of a septum. During Stage III
under control of sigma factors E and F proteins are synthesised in the mother cell and forespore 
respectively and the forespore is engulfed. During stage IV the germ cell wall and cortex layer 
deposit16 and sigma factors K and G become active in the mother cell and forespore respectively. 

initiating at the mother cell proximal pole thereby forming the coat and exosporium layers. Stage
VI entails maturation during which proteins are crosslinked to increase resistance properties.
This process continues after Stage VII, mother cell lysis, completes, resulting in a released spore.
Once conditions are determined to be favourable for growth the spore reverts to a vegetative cell
through germination.
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Spore formation process

Spores are formed when conditions are not favourable for growth through a
process called sporulation which is under control of the master transcriptional
regulator Spo0A. Once sporulation is initiated an asymmetric cell division starts
by formation of a septum which divides the cell into a prespore and a mother 
cell. Under control of several sigma factors (SigEFKG),13

synthesised in each compartment and after engulfment of the prespore, afterwards
called forespore, by the mother cell these proteins are deposited onto the forming
spore. Deposition is initiated at the mother cell proximal pole of the forespore
through formation of a complex between major morphological proteins. As more
proteins deposit, the rigid spore coat layers are formed which in the case of the
B. cereus 14,15 Finally, the
mother cell lyses releasing the spore (Figure 1.1). 
At this point the spore has all its structural components, yet through a relatively 

the constituent proteins, it still further develops its resistance properties.17 The
exact nature of these crosslinks is still under investigation. Three different potential
crosslinks have been implicated: -( )-glutamyl-lysine isopeptide, dityrosine and

in vitro.18,19 The latter two are
chemically introduced either through reaction with reactive oxygen species created
by superoxide dismutase20 or through oxidation respectively.

Spore Structure

Spores acquire their unique properties from the characteristic intricate structure
21 The spore core

contains the DNA which is coiled around Small Acid Soluble Proteins (SASPs). 
This forms a complex with Ca2+-dipicolinic acid (DPA) which dehydrates the
environment supposedly turning it into a gel-like or glass-like state.22 As such, 
the DNA is protected from thermal stress induced denaturation, leading to the
typical high heat resistance of spores. Surrounding the core is the spore inner 
membrane which serves as a barrier for certain chemicals and contains the
germination receptors required for sensing whether the environment is suitable
for germination. A thick layer of peptidoglycan, called the cortex, surrounds the
inner membrane which further compounds the dehydrated state of the core. The
cortex is in turn surrounded by the proteinaceous inner and outer coat layers
that make up the outside of the spore. These ensure its structural integrity and are
primarily responsible for protection against certain chemicals and lytic enzymes, 

unknown. Finally, the spore is surrounded by the exosporium, which is a loose-

mainly consisting of glycoproteins.14,23 The exosporium is thought to be important 
for surface adhesion24 which is important for pathogenic interactions within a host
but also allows for persistent infection of food processing lines by adhesion to
non-biological surfaces.25,26 Furthermore, the exosporium contains several enzymes 
which are used to respond to or modify the spore’s environment.27

 Figure 1.2 – Bacillus cereus spore morphogenetic proteins.
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Schematic representation of structural proteins across the different layers of the spore.
Proteins in the cap regions linking the exosporium to the coat remain to be determined.

The proteinaceous layers of the spore are formed through organised deposition
of proteins synthesised primarily in the mother cell.28 Formation initiates at the 
mother cell proximal pole, and subsequently each layer engulfs the spore with
a second initiation point originating at the mother cell distal pole for several
coat proteins.29 Proper formation of the spore coat and exosporium depends 
on several different morphogenetic proteins the most important of which are

cortex and coat layers is SpoVID.30 This recruits SpoIVA which anchors the coat 
to the cortex,31 and in turn recruits SafA (also known as ExsA in B. cereus32) and 
together form the basis of the inner coat.33 At this point the structures of B. 
subtilis and B. cereus group spores diverge. Though many proteins are (partially) 
conserved between B. cereus and the model organism B. subtilis, their name and
or function can be quite different. Strikingly, the exosporium layer is completely
absent in B. subtilis yet many homologues of proteins of B. subtilis are known to 
interact with or be present in the exosporium of B. cereus group spores. For 
instance, where in B. subtilis SafA is only crucial for proper formation of the
inner coat,34 in B. cereus it extends into the outer coat and also plays a role 
in exosporium attachment.32 Proper formation of the outer coat in B. subtilis
depends on CotE yet the outer coat of B. cereus group spores also forms in 
absence of CotE. Where in B. subtilis CotE spans the entire outer coat, in B. cereus
group spores it is thought to form a shell at the outermost edge of the outer 
coat layer and is required for proper exosporium attachment.35,36 Other proteins
showing this divergent behaviour include but are not limited to CotB and the
CotXYZ cluster.37–40

Concurrent with the initiation of spore coat formation, the exosporium
originates at the same mother cell proximal pole of the spores in a region
denoted as the cap.28,41 The composition of the cap has been shown to differ 
from the rest of the exosporium.14 The exact protein(s) responsible for cap

indicated to be important for proper formation, integrity and attachment of the
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exosporium.32,36,40–44 Formation of an exosporium beyond the cap region has 
been shown to require ExsY.41 The exosporium itself can be subdivided into two
distinct features, namely the basal layer and the hair-like nap.15 The main proteins
of the nap layer are a group of Bacillus collagen-like (Bcl) proteins with BclA
being the immunodominant protein. Deposition of BclA depends on the protein
BxpB being present in the basal layer.39,45,46

Bacillus spore detection methods - biomarkers

As ubiquitous as spores are they manage to enter the food chain at many
different points. The European Food Safety Authority agglomerated reports of B. 
cereus foodborne poisoning cases showing that 105-106 cells or spores/g of food 
clearly can cause foodborne poisoning and in rare cases, only 103 spores/g of 
food reportedly caused illness. Primarily infection may occur from the soil where
the raw ingredients used in the food product are obtained from which generally
contains 103 to 105 spores per gram of soil.47 Genotypes were matched between
spores isolated from contaminated food and those isolated from the originating
farms. Furthermore, there is a possibility of secondary infection occurring during
processing of the food product. The exosporium has been indicated to allow
spores to adhere to stainless steel surfaces such as those found inside milk 
silo tanks or processing equipment.24 Even occurrences in packaging materials 
have been reported.48 Preventing contamination of a food product with spores

detection of spores in the end product are required.

To detect B. cereus and ensure food safety, current ISO guidelines (ISO 7932, 
ISO 21871) are based around incubation on agar plates for 24 hours or even

49 These methods

consuming. Developing a platform for direct detection of spores would allow
for better, faster and ultimately cheaper detection methods. In order to develop

majority of the spore consists of protein this would make them good candidates. 

abundant enough to have reliable interaction with the sensor, and be accessible
to the molecule it is supposed to bind to, be it antibody or otherwise. Therefore
we set out to identify and quantify the proteome of spores of food pathogenic
Bacilli, as well obtain information on protein localisation within the spore.

Quantitative proteomics

As an extension of the term genomics which refers to the study of the genome, 
i.e. all the genes present in a biological system, the term proteomics refers to the
study of the proteome, i.e. all proteins present. As crucial bioactive molecules in
the cell, knowing which and how many proteins are present provides insight into
the physiological state of the cell. Mass spectrometry has long held a prominent, 

(2003)50) as the 21 amino acids which constitute the primary sequence of 
proteins are, with the exception of isomers leucine and isoleucine, distinguishable
by their respective mass. Simply stated, by reducing the complex structures
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within a protein mixture to the primary “beads on a string” peptide sequences
through biochemical means, mass spectrometers can readily determine the
order of the “beads” provided a genome sequence of the organism of interest
is available. By fragmentation into smaller bits of string measuring the mass
difference allows for determination of the identity of the next “bead” missing. In
a bottom-up approach, comparison of the determined sequences to all potential
sequences coded on the genome we can infer the current state of the proteome. 
However merely knowing which proteins are present qualitatively severely
limits biological interpretation. Quantitative proteomics methods can acquire
data either on relative levels or on absolute levels of protein abundance. Where
relative information is enough to determine responses to stimuli, absolute

Traditionally, information about protein abundance is acquired using gel-based
approaches based on principles of biochemistry. Typically a protein sample is
resolved by two-dimensional SDS-PAGE. Subsequently, comparing the intensity
of staining between different gels gives a measure of protein abundance.51 Using 

measured.52 The role of mass spectrometry is then simply identifying the
protein(s) present in each gel spot. Although this method does not require
advanced mass spectrometric equipment and is therefore accessible to a wide
audience, there are severe limitations. For instance, considering a situation where
the protein sample is complex, a likely situation given the thousands of potential
gene products encoded on a typical genome, multiple proteins may be present

resulting in one protein occupying multiple spots. With major advances in mass
spectrometric techniques our ability to properly ionise peptides and accurately
determine the mass of analytes has taken dramatic leaps. On-line coupling of 
liquid chromatography further expanded this potential as it enabled resolution of 
more and more complex samples in a single analysis.50 As such, this enabled the 
development of a huge number of methods to acquire quantitative information
directly from the MS data.  They can be subdivided into several categories based
on whether and when an isotopically labelled reference is introduced (Figure
1.3). Which approach is preferable then depends on the research question and
the nature of the sample being analysed. The following paragraphs will provide an
overview of available techniques and the type of situation in which they are most
applicable. For in-depth reviews of these techniques please refer to Ong and
Mann (2005),53 Zhu et al. (2010),54 and Bantscheff (2007, 2012).55,56

Figure 1.3 – Quantitative proteomics strategies
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I – Label-free approaches
The intensity of the signal measured by the mass spectrometer depends on the
physical properties of the molecule analysed, the most notable being ionisation

to correlate signal intensity to the number of molecules present with a one-

technique. However, after interpretation of the MS/MS data there are some
parameters which may be used as an indication of abundance at the protein level. 

with the highest score and the highest number of peptide spectrum matches
(PSM). In a spectral counting approach, the number of PSMs is used to compare
protein expression levels between different states.57

this requires minimal extra work in method development in order to get a
quantitative interpretation of an entire proteome. A downside is that in order 
to acquire reliable data this approach requires deep sampling of the proteome
under investigation. Though recently developed data independent acquisition
technologies such as SWATH (Sequential Windowed Acquisition of All
Theoretical Fragment Ion Mass Spectra) are garnering ever greater attention,58–60

these are not yet used for quantitative investigations. Quantitative LC-MS/
MS experiments still use a data dependent acquisition (DDA). This means that
of all peptides detected in MS1 there is only a limited number selected for 
fragmentation. This number depends on the duty cycle of the instrument and
performance of the LC system. In DDA the mass spectrometer chooses the top
X peptides of the MS1

by the experimenter and disregards the rest. Generally these criteria entail a

signal intensity for selectable peptides and time frame during which a previously
selected mass is excluded. This implies that the robustness of the experimental
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procedure prior to MS analysis plays a role in whether a given peptide is included
or discarded. Correcting for this potential variation requires normalisation within
and across replicates.61 The spectral counting approach is then best suited for 
analysis of proteins across a limited dynamic range which are easily isolated
in large quantities to allow for multiple replicate analyses. The data obtained
gives an indication of relative protein abundance between isolates. This method
is applied for investigation of protein abundance in the cellular proteome and
secretome of B. weihenstephanensis in Chapter 2.

Beyond spectral counting, Rappsilber et al. (2002)62

of a Protein Abundance Index (PAI) for label-free quantitative interpretation of 
LC-MS/MS data. This uses the general correlation between protein abundance
and the number of peptides sequenced per protein. By also considering the

to correct for differences between proteins. For example, larger proteins may

be cut up into more fragments than a smaller protein. The same group later 

equal to 10PAI minus one.63 These approaches can be used to estimate relative 
protein abundance within a sample and have been successful in determining the

to determine absolute abundance of 54 proteins in a whole cell lysate. However, 
as determinants of absolute abundance PAIs appear to be limited to estimates
within a factor of 3 to 5 of the true value.53 Furthermore, complex samples 
spanning a large dynamic range of protein abundance are less well suited to being

proteins. This limits the use of PAIs to indicators for further development of 
experimental strategies rather than being useful endpoint absolute quantitative
analyses.

A third label-free method has gained popularity with the rise of higher 
resolution instruments which can avoid overlap between peaks of different
peptides of similar mass. Though the intensity of the signal measured by the
mass spectrometer cannot directly be converted to an absolute value of peptide
abundance, there is a linear relation between signal and molecular concentration. 
By ensuring analyses and sample processing are reproducible, an area-under-
the-curve (AUC) approach can then be used to compare the relative signal
intensities between runs. These ratios can then be related to relative protein
abundance in different samples using sophisticated software.64–66 This AUC 
approach can even be extended to determining absolute values by introducing
an external reference protein in a known quantity. This can be used to determine
a universal signal response (counts/mol) based on the observation of a linear 
relation between the average signal response of the top three most intense
peptides and protein abundance. However, these calculations are restricted to
proteomes of limited complexity and dynamic range due to the requirement of 
three peptide hits per protein.66

Labelled reference approaches:
Beyond label free approaches there are several techniques which take advantage
of the very thing mass spectrometers were designed to measure: mass difference. 
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Making use of stable isotopes which have the same physicochemical properties
yet differ in mass, molecules are made distinguishable by MS. Many variations
on this principle have been developed with the biggest difference between
approaches being when the isotopic label is added. They can be subdivided based
on whether the labelled reference is generated in situ through metabolic labelling, 
attached to isolated protein material through chemical labelling or, are generated
and added externally as displayed in Figure 1.3.

II - Metabolic labelling (15N, SILAC)
For proteome wide quantitative approaches in a system where the sample is easy
to grow, i.e. grown in cell culture, introducing isotopic labels metabolically allows
for the creation of entirely labelled cells. Quantitative data is then acquired by
mixing “heavy” cells grown in one condition with “light” cells grown in another 
condition. After isolating proteins and performing MS analysis, calculating isotope

that sample and reference may be mixed and processed as one which eliminates
technical variation which may occur during sample treatment.

There are several options as to which label to use depending on the metabolic
accessibility of the organism of interest. In case the organism of interest does
not require complex nitrogen sources, generally the cheapest and easiest
solution is 15N-labelling. Here, cells are grown using a medium containing a single 
nitrogen source, usually an ammonium salt, for several generations during which
incorporation of the label occurs naturally.67–69 As the number of nitrogen atoms 
per protein can vary MS data can become relatively complicated; however the
power of modern mass spectrometers and accompanying data analysis programs
make this only a minor limitation as long as a high degree of label incorporation
is ensured.

Alternatively, the SILAC (Stable Isotope Labelling by Amino acids in Cell culture)
approach aims at incorporation of one or more amino acids per peptide
containing various stable isotopes.70,71 Which amino acids are used generally 
depends on the protease used to digest the sample. As the gold standard
protease Trypsin cuts at arginine or lysine, replacing these two amino acids with
an isotopically labelled variant ensures every tryptic peptide contains at least one
labelled amino acid. As labelling needs to be complete so as not to misinterpret
the isotope ratios obtained it is generally considered a requirement to have
(mutant) strains which are auxotrophic for the amino acids used to label. A big
advantage of SILAC over 15N-labelling is that there are more experimental setups 
in which it may be applied. SILAC may be multiplexed for instance, by using
normal (Arg0/Lys0), medium (Arg6/Lys4), and heavy forms (Arg10/Lys8) of these
labelled amino acids to be able to compare three conditions in one experiment. 
Alternatively a response to perturbation may be investigated by pulsing with
the heavy amino acids in tandem which will label only newly synthesized
protein.72 The information obtained through both 15N-labelling and SILAC shows
quantitative changes in protein expression on a proteome wide scale.

III – Chemical labelling (iTRAQ, TMT)
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strategies using chemical labelling may provide a solution. There are many
different chemical labels available but the underlying principle is the same.73–76

used for each condition studied. The most prominent target is the free primary
amine group found on lysine residues and the N-terminus as these are relatively
abundant and thus lead to high label incorporation levels. As modifying the
lysine at which tryptic cleavage should take place would interfere with digestion, 

77

The most prominent methods used are isobaric tags for relative and absolute
76 and tandem mass tags (TMT).74 The nature of the

tag introduced is different with iTRAQ being based on N-methylpiperazine
derivatisation, whereas TMT uses a small peptide as a tag but the eventual
strategy is the same. After a peak has been selected in MS1, fragmentation of 
the labelled peptides will release the tag which will split into a reporter group
and a mass balance group. While the mass balance group is discarded, reporter 
ions of different masses will be detected in the MS/MS spectrum. Comparison
of the intensity of the reporter ions then gives quantitative information. Using
a variety of tags even allows for multiplexed analysis. Both methods provide an

on the LC column by making tags isobaric so that differentially labelled peptides
co-elute. The drawback to these methods in that the quantitative information is
obtained from MS/MS spectra. Thus the same issue of DDA mentioned above
arises in that only the top X peptides in a survey spectrum are selected and

of limited complexity.

IV – External reference (AQUA, QconCAT)
External labelled references consist of isotopically labelled peptides either 

concatenated into a synthetic protein which can be coded onto a plasmid and
produced separately in the case of QconCAT (Quantitative concatemer).79

These are then spiked into the sample either pre- or post digestion for AQUA
and QconCAT, respectively. As the amount of reference peptide introduced is
known, the resultant isotope ratios can then directly be converted to absolute

to be assured. It is here that QconCAT gets the big advantage over AQUA as
several peptides may be included in one protein. Depending on the number of 

using a single QconCAT. This severely reduces the amount of work required to
verify each peptide. As they are present in the synthetic reference protein in a 1:1
ratio, concatenation of peptides of interest also provides direct stoichiometric
information which is useful to determine ratios of interacting proteins. 

information obtained allows for relatively accurate determination of absolute
protein abundances which can be related to copy numbers per cell. The potential
downside of these external reference approaches is that they are targeted
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methods capable of quantifying only part of the proteome unless a large number of 
references are used.80 This limits their application to smaller subproteomes.

Applicability for spore proteome quantification

B. cereus have been
developed.81 Considering the methods introduced above for quantitative 
investigations, several complications due to the nature of the system studied
become apparent. First of all, label-free approaches are ill-suited due to the

crosslinked nature. Second, metabolic labelling in B. cereus
due to metabolic preferences of the bacterium. 15N-labelling was attempted using 
ammonium salts as a sole nitrogen source in a medium based on CDGS; however 

nitrogen source in regular CDGS medium is glutamate, which is a preferred
nitrogen source for B. cereus, 82–84

However, using glutamate as a means of introducing full 15N-labelling is highly
expensive. SILAC labelling requires auxotrophic strains which are not available in B. 
cereus
crosslinked nature of the spore proteins which may prevent proper labelling.

These biological complications may be circumvented by introducing a labelled
external reference. Furthermore in the interest of obtaining protein copy numbers
per spore absolute quantitative approaches such as AQUA or QconCAT would
give unique insight into interactions within the spore coat. Considering the scope

85 a 

QconCAT approach was chosen as is elaborated in Chapters 3 and 4.

Preface to following chapters

In the following chapters the results of the experimental work performed during
my PhD research is detailed. 

In Chapter 2 we lay the groundwork for proteomics analyses in B. 
weihenstephanensis by sequencing its genome and generating a predicted
proteome database for the type strain of the species. There was only one other 
sequenced strain of B. weihenstephanensis available at the time (KBAB4) but
initial analyses accidentally revealed the proteins isolated were better mapped
to the predicted proteome database of B. cereus ATCC14579. Apparently 
the KBAB4 strain had evolved since it was sequenced making it unsuited for 
proteomics research. The study also includes a label-free quantitative analysis of 
the proteome of vegetative cells and the secretome at different temperatures
which provides a backdrop to the rest of this work as proof of the issues these
organisms can cause in food poisoning. 

In Chapter 3 investigations into the spore proteome of B. weihenstephanensis
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show how robust the spore proteome is when produced at different sporulation
temperatures. 

proteins. This revealed both protein stoichiometry which allowed for functional
characterisation of proteins and potential interactions between them, as well as
absolute abundance of proteins which is of critical importance when selecting
potential biomarkers. 

Chapter 5 shows work on a CotE knockout mutant which lacks (part of)
the outermost layer of the spore, the exosporium. As our method of protein
isolation obliterates spatial information, employing this mutant allowed us to
infer information on the localisation of proteins in said layer. By making this
analysis quantitative we were able to infer partial dependencies in localisation i.e. 
interactions as well. 

Chapter 6 integrates the obtained knowledge into the current state of the
art in spore proteomics and proposes future research lines to be investigated. 
Furthermore it gives a perspective on how the obtained insights into potential
spore protein biomarkers might be applied for detection platform development
in a food safety setting.
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Abstract

Bacillus weihenstephanensis is a subspecies of the Bacillus cereus sensu lato group 
of spore forming bacteria known to cause food spoilage or food poisoning. 
The key distinguishing phenotype of B. weihenstephanensis is its ability to grow 
below 7°C or, from a food safety perspective, to grow and potentially produce

B. weihenstephanensis upon its exposure to different culturing conditions can
reveal clues to the mechanistic basis of its psychrotolerant phenotype, as well

of the type strain Bacillus weihenstephanensis WSBC 10204 was sequenced and 

30°C were compared which revealed considerable differences and indicated
several hundred (uncharacterized) proteins as being subproteome and/or 

processes were newly indicated to 

a different role for the urea cycle. Furthermore, a possible post-translational
regulatory function for acetylation was suggested. Toxin production was
determined to be largely independent of growth temperature.

Introduction

Bacillus weihenstephanensis is a spore-forming gram-positive bacterium known
for its ability to cause food poisoning and food spoilage. The phenotype which
distinguishes B. weihenstephanensis from other members of the B. cereus group

at 43°C with an optimum growth temperature of 30°C. From a food safety
perspective, characterization of this species is important as the psychrotolerant
phenotype introduces an increased potential hazard in an environment reliant on
refrigerated storage of products (i.e. 4°C) for microbial inactivation.5

The most important vehicle by which B. weihenstephanensis manages to
contaminate food is through (endo)spores. Spores are a metabolically dormant, 
highly resistant survival form of the cell capable of withstanding common
processing techniques used in the food industry such as heat or acid treatment. 
Though spores themselves are harmless, once the bacteria return to their 
vegetative state through a process called germination they can resume growth
and produce toxins. Beyond its ability to grow at lower temperatures than its
close relatives, B. weihenstephanensis has been indicated to be able to produce 
spores, germinate and produce toxins at lower temperatures as well.86 Reports
of outbreaks of B. weihenstephanensis
illness and is not always diagnosed. Furthermore, little effort is made to
characterize isolates enough to distinguish it from B. cereus.6

Lechner et al.11 originally distinguished the species from the rest of the Bacillus
cereus sensu lato group based on sequence differences in the 16S rDNA, 23S 
rDNA, the 16S-23S rDNA spacer region and in the gene of the major cold-
shock protein homologue cspA. Growth characteristics are not enough to classify
isolates, as several variants of B. cereus are in fact capable of growth at 6°C.87

There is still some controversy as to whether or how the B. cereus
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sensu lato group should be subdivided into different species, as there is no 
true phylogenetic basis.6,88,89 While other members in the B. cereus group are 
studied in great detail with genome sequences available for many strains,90 B. 
weihenstephanensis falls behind with only one completed genome91 and until now 
no sequence for the type strain.

In order to make B. weihenstephanensis more tractable for studies the type 
strain Bacillus weihenstephanensis WSBC10204 (DSM11821) has been sequenced. 
Annotation of the newly created genome sequence allowed for a complete
proteome prediction and subsequent analysis by bottom-up mass spectrometry
based proteomics. In order to assess how B. weihenstephanensis copes with

expressed at a growth temperature of 6°C and 30°C was analysed. Comparison
of the cellular proteome and secretome isolated from late-exponential phase

expressed proteins indicated several processes which were expected to be
growth temperature dependent, as well as processes newly correlated to growth
temperature.

Materials & methods

DNA isolation
An overnight culture of Bacillus weihenstephanensis WSBC10204 (available at
DSMZ under DSM-11821) grown in 25 mL Tryptic Soy Broth medium was
harvested by centrifugation, the pellet was resuspended in 2 mL re-suspension
buffer (10 mM Tris-HCl pH 7.5, 50 mM EDTA, 100 mM NaCl). Cells were lysed
for 30 min at 37°C by addition of 2 mg lysozyme. 200 μL 2% SDS was added and
the solution was incubated on ice for 5 min. DNA was extracted by addition of 
1 volume of phenol/chloroform. The phases were separated by centrifugation (15
min 13.000 rpm), 1/10th volume of 3 M sodium acetate was added to the aqueous 
phase. DNA was precipitated with 1 volume of cold 100% ethanol, washed once
with 70% ethanol and air dried before resuspension in water.

Genome Sequencing and Annotation
Illumina HiSEQ2500 sequencing and assembly into scaffolds was performed
by BaseClear BV, Leiden, The Netherlands. This resulted in a roughly
5.6MB sequence with a coverage of 400x. Scaffolds were aligned to the B. 
weihenstephanensis KBAB4 sequence [GenBank:NC_010184.1] to produce a
draft genome using MAUVE.92

and 454 GS FLX+ sequencing with 1 out of 10 PCR products not resulting in a
sequence, probably due to a high number of repeats. The sequence is available at
[GenBank:CP009746].
The IGS Annotation Engine was used for structural and functional annotation
of the sequences.93,94 Manatee was used to view annotations.95 After machine 
annotation, each open reading frame was checked manually to verify the
annotation. Furthermore, a second annotation was also performed using the
RAST annotation server96 and was used for comparison. Finally, the annotation 
was compared with the published genome annotation of B. weihenstephanensis
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comparing against non-redundant databases of NCBI and Uniprot. In order to
associate a function with a predicted gene, a minimum cut-off of 30% identity and
80% coverage of the gene length were used, checking at least two best hits in
non-redundant protein databases. The BLASTp algorithm was used to search for 
protein similarities to other deposited sequences, following these criteria: > 50%
similarity at the amino acid level and >50% coverage of protein length.

Culturing and Protein sample preparation
Duplicate batch cultures of Bacillus weihenstephanensis WSBC10204 were grown in
TSB medium at either 6°C or 30°C until late exponential phase as determined by
optical density at 600 nm (OD600 = 10) synchronizing growth phase but not growth 
rate. Cells were harvested by centrifugation and freeze dried. 50 mg of dried cell
pellet was resuspended in 100 mM dithiothreitol, 100 mM Tris-HCl pH 6.8, 4%
SDS, disrupted by 3 cycles of sonication consisting of 3 min sonication (50% duty 

Ultrasonics, Danbury, USA) and freeze dried.
For secretome preparation the supernatants of duplicate cultures grown as

remaining cells. Secreted proteins were precipitated from the supernatant by

Precipitated proteins were washed three times with 95% acetone and freeze dried.

Preparation for Mass Spectrometry (MS) analysis
5 mg of lyophilized cellular extracts were dissolved in sample buffer, loaded
onto a 12% SDS-PAGE gel and run for 2 hrs at 100 V until the dye ran off the

lanes were excised and cut into approximately 20 slices of equal size. Slices were
diced into small pieces and dehydrated by vortexing in 25 mM NH4HCO3, 50% 
acetonitril twice for 30 min. After drying fully in a centrifugal vacuum concentrator 
(miVac DNA Concentrator, Genevac Ltd, Ipswich, UK), proteins were reduced
by incubation with 10 mM dithiotreitol in 25 mM NH4HCO3 for 60 min. at 55°C 
followed by alkylation with 55mM iodoacetamide for 45 min. in the dark. Gel
pieces were washed with 25 mM NH4HCO3, dehydrated and dried fully as above. 
Proteins were subjected to in-gel tryptic digestion by rehydration with 2.5 μg of 
trypsin in 25 mM NH4HCO3 per fraction and incubation at 37°C overnight. After 
digestion, the supernatant containing peptides was collected and peptides were
further extracted from the gel by vortexing in 50% acetonitril/5% formic acid
twice for 30 min. The combined supernatants were partially dried to lower the
acetonitrile concentration before desalting as described below.
Secreted proteins were resuspended in 8 M urea, 0.5 M ammonium bicarbonate, 
pH 8.0, 4 mM dithiotreitol and incubated at 55°C for 60 min. Afterwards 25
μl of 20 mM iodoacetamide was added and the samples were incubated in the
dark for 45 minutes. The samples were diluted 4 times with water to lower the
concentration of urea to avoid inhibition of trypsin after which 2.5 μg of trypsin
was added and proteins were digested at 37°C overnight.
Tryptic digests were desalted using Omix μC18 tips (80 μg capacity, Varian, Palo

mass spectrometry the peptide concentration was estimated on a Nanodrop
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ND1000 spectrophotometer (Isogen Life Sciences, De Meern, The Netherlands) at
205 nm.97

Liquid Chromatography-Fourier Transform Ion Cyclotron
Tandem Mass Spectrometry (LC-FT-ICR MS/MS) analysis
LC-MS/MS data were acquired with an Bruker ApexUltra Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometer (Bruker Daltonics, Bremen, Germany)
equipped with a 7 T magnet and a nano-electrospray Apollo II DualSource™
coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, USA) High-Performance Liquid
Chromatography system. For each digest, samples containing up to 200 ng of tryptic

solution and loaded onto a PepMap100 C18 (5 μm particle size, 100 Å pore size, 300

injection, the peptides were eluted via an Acclaim PepMap 100 C18 (3 μm particle
size, 100 Å pore size, 75 μm inner diameter x 250 mm length.) analytical column

j p p p p ( p

For the third biological replicate analyses a similar 500 mm column at 60°C was

acid / 99.9% H2O (A) and 0.1% formic acid / 80% acetonitril / 19.9% H2O (B) (0 
min 97%A/3%B, 2 min 94%A/6%B, 110 min 70%A/30%B, 120 min 60%A/40%B, 125

were fragmented in the hexapole collision cell at an Argon pressure of 6x10-6 mbar 
(measured at the ion gauge) and the fragment ions were detected in the ICR cell at
a resolution of up to 60000. In the MS/MS duty cycle, 3 different precursor peptide
ions were selected from each survey MS. The MS/MS duty cycle time for 1 survey MS
and 3 MS/MS acquisitions was about 2 s. Instrument mass calibration was better than
5 ppm over an m/z range of 250 to 1500. 

Raw FT-MS/MS data were processed with the MASCOT DISTILLER program, 
version 2.4.3.1 (64bits), MDRO 2.4.3.0 (MATRIX science, London, UK), including

MS/MS spectra were optimized for the mass resolution of up to 60000. Peaks were

minimum signal to noise of 2. For each replicate, the combined processed data of 
gel fraction digests were combined and searched in a MudPIT (Multidimensional

program 2.3.02 (MATRIX science, London, UK) against the newly created B. 
weihenstephanensis WSBC 10204 predicted proteome database. Processed data from
the secretome digests were searched separately. The database was complemented
with its corresponding decoy database for statistical analyses of peptide false
discovery rate. Trypsin/P was used as enzyme and 1 missed cleavage was allowed. 

mass tolerance was set to 40 ppm and the peptide fragment mass tolerance was set

20. At this cut-off and based on the number of assigned decoy peptide sequences, the

then imported in a custom made VBA software program running in Microsoft Excel. 
The program facilitates organization and data mining of large sets of proteomics data.
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three replicates grown at 6°C and 30°C are listed in Supplementary Table S1, 
together with their protein MASCOT scores and number of peptide spectrum
matches. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium98 via the PRIDE partner repository with the 

Results and discussion

Sequencing and annotation
Illumina sequencing resulted in a 5.6 MB sequence with an overall GC% content
of 35.3%. The genome carries 5678 coding sequences (CDS), 77 tRNA and 9
rRNA genes. Of the predicted CDSs, 4697 (82.7%) have a predicted biological
known function. The rest are either similar to hypothetical proteins in other 
genomes or have no substantial similarity to other predicted proteins. The CDSs

Genomic Research) biological roles for further analysis. 

The draft sequence contained 44 contigs and 35 scaffolds. Mapping the scaffolds
against Bacillus weihenstephanensis strain KBAB4 [GenBank:NC_010184.1] using 
MAUVE allowed for design of PCR primers for genome closing. Using LR-PCR, 
fragments were obtained for all of the assumed gaps. Further sequencing and
annotation of the resulting fragments revealed the presence of tRNA operons. 
However, one gap between two scaffolds remained resistant to sequencing likely
due to a high number of repeats and/or secondary structure of the DNA or a
possible insertion of a phage sequence. Alignment with the published sequence
of B. weihenstephanensis KBAB4 indicated this region of the genome to consist 
exclusively of tRNA sequences. This allowed for a full proteome prediction
of the type strain of Bacillus weihenstephanensis. Automatic annotation by IGS 
Annotation Engine93 predicted 5723 encoded proteins. Manual curation and start 
codon correction were executed using the Manatee annotation tool.95 The high
coding density (82.7%) also accounted for the higher number of protein coding
sequences in this strain as compared to strain KBAB4 (5155) which indicates
that genomic rearrangements have taken place as a result of the acquisition of 
mobile genetic elements. This insertion might be involved in niche adaptation as
well as its contribution to pathogenicity of the current strain.99

Proteome profiling and categorization
To assess how B. weihenstephanensis responds to growth at low temperatures, 

in three replicates of cellular isolate and three replicates of secreted protein
isolates for each temperature. A total of 2112 individual proteins were detected
at least once, across all isolates and replicates. Predicted proteins were grouped
to TIGR role categories automatically by the Manatee annotation tool95 with 
proteins not attributed to any category being listed as Uncategorized. The
number of detected proteins per category is displayed in Figure 2.1. This

processes. In particular, the majority of proteins ascribed to growth related
processes were detected, as is to be expected from late-exponential phase cell
cultures. These categories included Nucleotide Synthesis, covering purine and
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pyrimidine metabolism; Protein Synthesis, which covers for instance ribosomal
proteins and tRNA ligases; as well as Energy Metabolism, which includes
glycolysis, the TCA (tricarboxilic acid) cycle, the pentose phosphate pathway, 
etcetera.

Figure 2.1 – TIGR categorization of predicted proteins.
All predicted proteins were divided into TIGR categories automatically by the Manatee annotation
tool 95. Note that a singular protein may occupy multiple categories. 2112 proteins were detected 
spanning all TIGR categories. Proteins which were not appointed a category are listed as uncategorized.

the secretome, these did however include produced toxins.
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Figure 2.2 – Subproteome localization of identified proteins.

showed a predominance at 6°C or 30°C determined as follows. In label-free

assumed to be selected for fragmentation more often thereby increasing the
54

It therefore serves as an indication of temperature dependent expression of 
proteins. Using this spectral counting approach, the number of peptide spectrum
matches for a given protein was normalized to the total number of matches in
each singular analysis to correct for variation in sample quality. Subsequently, the
sum spectral count was averaged for all three replicates and compared between
the two experimental conditions. Proteins with a threefold difference in their 
associated spectral count were considered to be predominant at a certain
temperature. Individual proteins with MASCOT scores and number of peptide
spectrum matches are listed in Supplementary Table S1. Proteins from across all
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Figure 2.3 – 

dependent expression of proteins across all categories.

Growth temperature dependent processes
The batch culture setup used for acquiring cell material allowed for a difference
in growth rate as a result of the imposed difference in growth temperature. In
order to separate a growth temperature effect from a growth rate effect, it is

the same growth phase. A good indicator for this would be the ribosomal protein
content which can be considered proportional to the growth rate.100–103 If the 
ribosomal proteins are present in similar amounts, the inclination of the cell to
grow and divide can be considered the same as well, though actual growth rate
may still differ as a result of the temperature dependence of ribosomal activity. 
By harvesting all cell cultures in the late-exponential phase and determining
the ribosomal protein content to be largely temperature independent
(Supplementary Table S1) it was concluded that cells were in the same growth
phase, i.e. maximum growth rate for that respective temperature. This allowed
for an appreciation of growth temperature dependent effects despite the growth
rate difference.

Upon encountering a downshift in temperature, bacteria need to adjust in order 
to maintain viability and/or resume growth. Several hurdles must be overcome
including hampered translation, increased superhelicity of DNA, reduced

104 Several proteins related to these processes 

Major Cold Shock proteins CspA (GeneID: bwei_3875, GenBank accession
number: AIW86483) and CspE (bwei_2608, AIW85234) were found to be
predominantly or exclusively present at 6°C and are known to aid in preventing
premature folding, which can occur during translation at low temperatures.105–107
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DNA gyrase subunit B (bwei_4278, AIW86876) was predominant at 6°C as 
well, allowing for restoration of correct superhelicity of DNA. Furthermore, 
enzymes responsible for membrane remodelling, such as Fatty Acid Desaturase
(bwei_2028 bwei_1913,

shock or cold adaptation response were indeed detected.

Beyond known candidates, several processes were newly indicated to be
correlated to growth temperature. Looking at Energy Metabolism, the proteome

Lactate Dehydrogenases (bwei_0009, AIW82688; bwei_3088, AIW85707;
bwei_4768, AIW87353) and Pyruvate Formate Lyase (bwei_5272, AIW87817), 

Formate Lyase showing the clearest semi-quantitative difference among all

were present irrespective of temperature. This points to the notion that oxygen
limitation is likely not a major factor as aerobic metabolism presumably takes
place under the same conditions. Rather than a direct growth temperature effect, 
induction of fermentative pathways may be a response to alleviate higher levels

result of higher enzyme activity at 30°C. In essence, the data indicated that a
bacterial Crabtree effect occurs at 30°C where glucose consumption cannot be

instead.108–110

Looking at cold-induced Energy Metabolism on the other hand, the glyoxylate
bypass of the TCA cycle in the form of Isocitrate Lyase (bwei_3878, AIW86486)
and Malate Synthase (bwei_3879
Isocitrate Lyase can cleave isocitrate into succinate and glyoxylate after which
succinate is readily used in the remainder of the TCA cycle. The glyoxylate, 

from Acetyl-CoA to form Malate before this can re-enter the TCA cycle. 
During adjustment of the membrane to low temperatures, fatty acid chains are

be induced to enable the cell to partition the acetyl fragments released during
fatty acid chain degradation for either anabolic processes or full oxidation.
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Figure 2.4 – Differential expression of proteins in the urea cycle at different 
growth temperatures.
Schematic representation of proteins involved in the urea cycle and their corresponding GenBank 
accession numbers. Most enzymes of the urea cycle were found to be present at 30°C exclusively

grown at 6°C.

As displayed in Figure 2.4, most urea cycle related proteins were detected
exclusively in 30°C isolates. In fact, these proteins were among the most

Lyase mentioned above, showed the clearest growth temperature dependence
(Supplementary Table S1). Of the proteins involved in this cycle, only Arginase
(bwei_5574
in 6°C isolates. The mechanistic rationale behind this remains unclear, but it
appears that the urea cycle is used in a different manner depending on the

30°C would be production of fumarate while at 6°C the suggested end product
is urea. Perhaps, in line with the oversaturation of the TCA cycle mentioned
above, at 30°C the urea cycle is used to feed fumarate into the TCA cycle
to allow it to keep up with a high pyruvate production better. Conversely, 

temperatures. As a so called compatible solute, it may counteract the tendency
of macromolecules to rigidify and/or aggregate at lower temperatures, thereby
increasing the bacterium’s viable growth temperature range.104,111 To put this in
perspective, in the related species Bacillus subtilis, Budde et al.112 have shown that
arginine biosynthetic pathways were in fact chill-induced at the transcriptional
level. Here, an opposite effect is observed at the translational level for 
Argininosuccinate Synthase and Lyase in Bacillus weihenstephanensis. 
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Apart from the species differences, this may have resulted from a difference
in growth medium, as a minimal growth medium was used in the Budde study
compared to the rich culture medium used here. Interestingly, conversion of urea
to ammonium and CO2 was shown to be chill-induced in B. subtilis as well yet B. 
weihenstephanensis lacks the Urease required for this process. This may signify 
the alternative strategies available to these organisms which allow one to be
psychrotolerant while the other is mesophilic.

A very striking discovery was the fact that a substantial number of 

(Table 2.1).  Acetylation of proteins by acetyltransferases can occur at - 
or -amino groups and is known to be a key post-translational regulatory
mechanism in eukaryotes. In prokaryotes, this has only recently gained some
traction.113 In Escherichia coli, studies have shown certain stimuli (hypoxic growth) 

114 Furthermore, changes in growth phase were

remains unclear, there have been indications that carbon source utilization and
114–116

regulatory function. MASCOT searches of the dataset using Protein N-terminal

acetylated peptides. However, no clear relation to growth temperature relation

approach used in this study.
acetyltransferases play in B. weihenstephanensis remains to be determined.

30°C Predominant

Gene ID GenBank Gene ID GenBank Gene ID GenBank Gene ID GenBank
bwei_1911 AIW84553 bwei_0856 AIW83521 bwei_5021 AIW87606 bwei_2238 AIW84871

bwei_2079 AIW84718 bwei_1314 AIW83970 bwei_2813 AIW85435

bwei_2936 AIW85555 bwei_1413 AIW84068

bwei_2938 AIW85557 bwei_2597 AIW85223

bwei_3397 AIW86013 bwei_2618 AIW85244

bwei_2958 AIW85577

Table 2.1. Growth temperature dependence of identified Acetyltransferases. 
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Toxigenic profile largely temperature independent

B. weihenstephanensis can potentially produce a variety of toxins associated with
diarrhoeal disease: haemolysin BL (Hbl), non-haemolytic enterotoxin (Nhe) and
cytotoxin K.6 In this strain, two copies of the genes encoding the homologous 
three-component pore-forming cytotoxins Hbl and Nhe have been found. 
As displayed in Table 2.2, component proteins of both copies of Hbl were

of Hemolysin BL lytic components L1 and L2 being exclusive or predominant at
30°C. On the other hand, not all components of Nhe were detected, with only

Toxin Component Protein Gene ID GenBank 30°C 6°C

Hbl1 Hemolysin BL lytic component L1 bwei_1967 AIW84609 + -

Hemolysin BL lytic component L2 bwei_1966 AIW84608 ++ +

Hemolysin BL-binding component bwei_1968 AIW84610 + +

Hbl2 Hemolysin BL lytic component L1 bwei_2505 AIW85131 ++ +

Hemolysin BL lytic component L2 bwei_2506 AIW85132 ++ +

Hemolysin BL-binding component bwei_2504 AIW85130 + +

Nhe1 Hemolytic enterotoxin NheA bwei_3146 AIW85765 + +

Hemolytic enterotoxin NheB bwei_3145 AIW85764 + +

Hemolytic enterotoxin NheC bwei_3144 AIW85763 - +

Nhe2 Hemolytic enterotoxin NheA bwei_5368 AIW87907 + +

Hemolytic enterotoxin NheB bwei_5367 AIW87906 + +

Hemolytic enterotoxin NheC bwei_5366 AIW87905 - -

Table 2.2. Toxins produced by B. weihenstephanensis WSBC 10204.
+ = Identified, ++ = Predominant - = Not Identified

Lindbäck et al.117 have previously shown maximal cytotoxic activity when NheA, 
NheB and NheC were incubated in a molar ratio of 10 : 10 : 1. This implies NheC 
is likely to be present at much lower levels than the other components, thereby 
evading the detection methods used in this study. Gohar et al.118 previously
were also not able to detect NheC in the secretome of Bacillus cereus using 
two-dimensional gel electrophoresis combined with MALDI-TOF MS. NheA and 
NheB were shown to have low toxic activity in absence of NheC 6,117 implying
that regardless of whether NheC is not present or simply not detected due its 
low abundance, B. weihenstephanensis WSBC 10204 is indeed toxigenic at low 
growth temperatures.
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Conclusions

The psychrotolerant food spoiling pathogenic bacterium Bacillus 
weihenstephanensis its propensity to infect
and survive in food processing lines. This, combined with its ability to grow and
potentially produce toxins at lower temperatures than related species, begets the
question how it manages to maintain growth in a refrigerated environment and if 
it indeed produces toxins. To open up molecular investigations into the behavior 
of B. weihenstephanensis the type strain WSBC10204 (DSM11821) has been
sequenced and annotated. Complete proteome prediction followed by analysis

differential expression of proteins related to processes known to be induced at
low temperatures, such as the cold shock response, homeoviscous adaptation
of the membrane or adjustment of superhelicity of DNA. Furthermore, new
processes have been indicated to be dependent on growth temperature, in

Finally, a possible post-translational regulatory function via protein acetylation
has been suggested as a result of growth temperature dependent expression of 
a large variety of acetyltransferases. Toxin production was found to be largely
independent of growth temperature with encoded tripartite toxins showing only
partial differential expression of component proteins. Regardless, toxins were
produced at refrigerated temperatures once again stressing the importance of 
proper control and further characterization of this species.

Associated content

isolates of Bacillus weihenstephanensis type strain WSBC 10204 grown at 6°C and
30°C with the accumulated MASCOT scores and peptide spectrum matches of 
each protein per isolate. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Abstract

The food spoiling pathogen Bacillus weihenstephanensis presents a problem for 
the food industry due to its ability to survive common processing methods
by forming (endo)spores. What distinguishes B. weihenstephanensis from its
relatives of the Bacillus cereus group is its ability to grow and sporulate at 
lower temperature. Though many spore characteristics are known to vary
with sporulation temperature, the effect on the spore proteome remained
elusive until now. Here the effect of sporulation temperature on the spore
coat proteome was measured using a gel-free mass spectrometry based

which were sporulation temperature dependent. Several proteome variations
(N-acetylmuramoyl-L-alanine amidase, N-acetylmuramoyl-L-alanine amidase
family protein, GerD, SpoVAD) were correlated to spore characteristics

B. 
weihenstephanensis

Introduction

Methods used in the food industry to remove microbes and prevent food
poisoning are commonly based on mild heat or acid treatment of food products. 
B. weihenstephanensis and related members of the Bacillus cereus sensu lato
group of food pathogenic organisms present a major problem as they can
survive such treatments in their infective form, the (endo)spore.5 Spores are 
a highly resistant cell type formed when conditions become unfavorable for 
growth due to, for instance, nutrient limitation or crowding. Though spores are
metabolically dormant and therefore do not present any risks themselves, once
the environment becomes favorable they can germinate and grow out into a
vegetative cell which can potentially produce toxins.6 B. weihenstephanensis,
known for its psychrotolerant phenotype, further increases the risk of food
poisoning as germination, outgrowth and toxin production can occur at
refrigerated temperatures.11,119 Furthermore, it is able to sporulate in a wider 
temperature range than its mesophilic relatives.120

Spores acquire their interesting properties from the characteristic intricate
structure of protective layers21

First of all, the DNA present in the spore core is coiled around Small Acid
Soluble Proteins (SASPs). Inside the core a complex of Ca2+ and dipicolinic 
acid (DPA) dehydrates the environment and supposedly turns it into a gel-
like or glass-like state.22 This protects the DNA from thermal stress induced 
denaturation, leading to the typical high heat resistance of spores. The core of 
the spore is surrounded by the spore inner membrane which plays an important
role in determining whether the environment is suitable for germination and
serves as a barrier for certain chemicals. The layer of peptidoglycan surrounding
the inner membrane is called the cortex which further secures the dehydrated
state of the core. The cortex is in turn surrounded by the proteinaceous inner 
and outer coat layers that make up the outside of the spore. These ensure its
structural integrity and are primarily responsible for protection against certain
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and hairy nap.14 The exosporium is thought to play a role in surface adhesion24

which is important for pathogenic interactions within a host but also allows
for persistent infection of food processing lines by adhesion to non-biological
surfaces.25,121

Spore properties are dependent on the environment in which the bacterium
sporulates. Previously, studies in B. weihenstephanensis120,122 have shown spore 
properties such as chemical resistance, wet heat resistance, germination

regulation to vary with sporulation temperature. However, the effect of 
sporulation temperature on the spore proteome composition has not previously
been measured directly. This was made possible by the sequencing of the genome
and generation of a predicted protein database of Bacillus weihenstephanensis type 
strain WSBC 10204 which made proteomic investigations possible.119 Previously

growth temperature where in this study, variations in the proteomes of spores
of B. weihenstephanensis when produced at 30°C and 12°C are investigated using
a gel-free method.81 These temperatures represent optimum growth/sporulation
temperature and the lowest temperature at which sporulation completes fully
for 95% of cells in the medium used.120 Combination of the previously obtained
dataset with the new spore proteomics dataset (see below) allows us to

B. weihenstephanensis and the
results obtained give an impression of the reproducibility of the spore proteome
under varying sporulation conditions which is important for detection of spore
proteins as representative targets for detection of spores. Furthermore, the
results highlight several proteins divergently expressed which are known to
be linked to spore characteristics which vary across the different sporulation
temperatures.

Materials & Methods

Growth and Sporulation
Bacillus weihenstephanensis WSBC 10204 cultures were grown in Tryptic Soy
Broth medium at 30°C overnight. Cells were harvested, washed once and used
to inoculate Minimal Sporulation Medium120 at an optical density measured at 
600nm (OD600nm) of 2 and incubated for either 5 days at 30°C or 10 days at 12°C 
at which point a 95% spore crop was obtained. Spores were washed with cold
1% Tween-20 once and 3 times with cold water. Using lower centrifuge speeds
for each subsequent wash (15 min, 4°C, 3300xg; 2500xg etc.) caused remaining
vegetative cells to be enriched in the top layer of the pellet which was carefully
rinsed off. Spores were freeze dried and stored at -80°C prior to use.
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Heat resistance and germination efficiency
For three biological replicate cultures spore heat resistance was determined with
two technical replicates as per Kort et al.123 1ml of heat activated spores (70°C, 
30min.) at an OD600nm

survival was assessed by plating out serial dilutions of spore suspension on Tryptic
Soy Agar plates and comparing colonies between treated samples and a non-
treated control.

Dipicolinic Acid assay
As per Janssen et al.,124 DPA-content was measured in a colorimetric assay for 
two biological replicates in two technical replicates. Freeze-dried spores were
resuspended in water and autoclaved for 15 min. at 121°C. After cooling down
to room temperature, solid fragments were precipitated with 1M acetic acid for 
1 hour. The samples were centrifuged for 15 min. at 1500g and 0.25ml of reagent
(1%(w/vol) Ammonium-Fe(II)-sulphate·6H2O, 0.1% (w/vol) Ascorbic acid in 0.5M
Acetate at pH 5.5) was added to 1ml of the supernatant containing the DPA. 
Absorbance at 440nm was measured and compared to a calibration curve of DPA
in water. DPA content was normalized to OD600nm.

Sample Preparation
Three biological replicate spore crops for each sporulation temperature were
processed for MS analysis following a method similar to Abhyankar et al.81 to
remove the SDS-soluble proteins from the insoluble fraction of the spores. 
However, in this study both fractions are analyzed. 70mg of freeze dried spores
were resuspended in 10mM Tris-HCl pH 6.8 and disintegrated by bead beating with
zirconium beads. Beads were rinsed twice with 1M NaCl to collect spore material. 

Proteins were extracted from the pellet by SDS-extraction in a water bath at 80°C
for 10 minutes; this divides the spore coat proteome into a soluble and insoluble
fraction. The soluble proteins were rebuffered to 8M Urea and 0.5M ammonium

TM ZebaTM Spin Desalting Columns, 0.5mL
according to the manufacturer’s protocol and reduced with dithiotreitol (4mM
60min. 55°C), alkylated with iodoacetamide (10mM 45 min. room temperature in
the dark) and subsequently subjected to in-solution tryptic digestion overnight at
37°C. The insoluble fraction was freeze dried and 2mg of material was resuspended
in 100mM ammonium bicarbonate reduced with dithiotreitol (10mM 60min. 55°C), 
alkylated with iodoacetamide (55mM 45min. room temperature in the dark) and
subsequently subjected to tryptic digestion for 18 hours. Tryptic digests were
desalted using Omix μC18 tips (80μg capacity, Varian, Palo Alto, CA) according to

Mass Spectrometry Analysis
Mass spectrometry analysis of the peptide samples were performed with an
amaZon Speed Iontrap with a CaptiveSpray ion source (Bruker) coupled with

containing around 500-1000 fmol of peptide material were injected and separated
-1 on an EASY-Column 10cm (SC 200 Thermo
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acetonitril and 0.1% formic acid. The peptide precursor ions were selected

fragmentation spectra of the peptides. 

Resulting MS/MS data was processed using MASCOT Distiller version 2.4.3.1 (64
bit), MDRO 2.4.3.0 (MATRIX science, London, UK), including the Search toolbox

of 0.7, and with a minimum signal-to-noise ratio of 2. Spectra were matched
to the B. weihenstephanensis WSBC 10204 predicted proteome database119

using MASCOT server program 2.3.02 (MATRIX 228 science, London, UK)
using the corresponding decoy database to determine the false positive ratio. 
Spectra were searched using Trypsin/P as enzyme allowing one missed cleavage. 

rate of 2% at the peptide level based on decoy database matches. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium98

accompanying MASCOT scores and number of matched spectra per protein are
listed in Supplementary Table S3.1.125

Results and discussion

Proteome changes
In order to study temperature dependent variations in the proteome of spores
of B. weihenstephanensis both the soluble and insoluble fraction of three biological
replicates produced at 30°C and 12°C have been analyzed. The acquired dataset
consisting of a total of 747 detected proteins has been made available via

were detected in at least two out of three biological replicates. To discard non-
125)

was compared to a previous study of B. weihenstephanensisWSBC10204119 which
compared the vegetative cellular proteome at different growth temperatures. 

interspace region between the spore and exosporium which in essence is identical
to the mother cell cytosol. This resulted in a total of 109 proteins not previously

B. weihenstephanensis indicated to be spore proteome associated which 
are further discussed here.
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Genbank Name Location
AIW85648.1 small, acid-soluble spore protein C Core
AIW82918.1 small, acid-soluble spore protein A Core
AIW86308.1 small, acid-soluble spore protein D Core
AIW86754.1 small, acid-soluble spore protein C Core
AIW83416.1 stage III sporulation protein AG Inner Membrane
AIW86219.1 sporulation protein YtfJ Inner Membrane
AIW87388.1 sporulation lipoYhcN/YlaJ family protein Inner Membrane
AIW88011.1 putative sporulation protein ydcC Inner Membrane
AIW82924.1 sporulation protein YtfJ Inner Membrane
AIW83551.1 Stage V sporulation protein AF Inner Membrane
AIW84910.1 germination protein YpeB Inner Membrane
AIW85551.1 sporulation protein YtfJ Inner Membrane
AIW87239.1 stage V sporulation protein AD Inner Membrane
AIW88163.1 Spore germination protein GerD Inner Membrane
AIW83181.1 sporulation protein YrbB Cortex
AIW83180.1 spore coat assembly exosporium protein ExsA safA Inner Coat
AIW84005.1 Spore cortex-lytic enzyme, N-acetylglucosaminidase SleL Inner Coat
AIW86050.1 inner spore coat D family protein Inner Coat
AIW86985.1 spore coat protein GerQ Inner Coat
AIW83846.1 spore coat protein E Outer Coat
AIW86986.1 cell wall hydrolase CwlJ Outer Coat
AIW85491.1 Exosporium protein ExsD Exosporium
AIW87717.1 spore coat protein B Exosporium
AIW87718.1 spore coat protein B Exosporium
AIW84869.1 Exosporium protein ExsF Exosporium
AIW85094.1 Exosporium protein ExsK Exosporium
AIW85208.1 Exosporium protein ExsJ Exosporium
AIW85600.1 Exosporium protein B Exosporium
AIW86386.1 spore coat Z family protein Exosporium
AIW86387.1 Exosporium protein ExsF Exosporium
AIW88010.1 alanine racemase Exosporium
AIW85425.1 beta-lactamase family protein Unknown
AIW85672.1 Peptidoglycan N-acetylglucosamine deacetylase Unknown
AIW84830.1 dihydrodipicolinate synthase Unknown
AIW85409.1 N-acetylmuramoyl-L-alanine amidase Unknown
AIW86140.1 superoxide dismutase [Fe] domain protein Unknown
AIW87445.1 copper/zinc superoxide dismutase family protein Unknown
AIW88064.1 yusW-like family protein Unknown
AIW88192.1 stage V sporulation protein T Unknown
AIW82792.1 Catalase Unknown
AIW82866.1 ytzH-like family protein Unknown
AIW84303.1 metallo-beta-lactamase superfamily protein Unknown
AIW85322.1 N-acetylmuramoyl-L-alanine amidase Unknown
AIW86115.1 N-acetylmuramoyl-L-alanine amidase family protein Unknown
AIW88180.1 sporulation peptidase YabG Unknown

Table 3.1 – Newly identified proteins with known spore association. 
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based on homology (Table 3.1). Proteins from across all layers of the spore have

show any differential behavior, for instance major morphological proteins CotE

seemed structurally perturbed by low temperature sporulation with two CotB
variants, a putative basal layer constituent,38,39 and ExsD, also likely a structural 
component of the exosporium,27

seemed intact when observed by phase contrast microscopy (unpublished
observations).

might be either spore associated or co-isolated from the interspace region. 
Though spores are metabolically dormant, as soon as germination is initiated they
do require a basic protein set to resume transcription, translation and even basic
metabolism in order to recreate a normal cell.126 However, the distinction between

there were differences in the growth conditions used here compared to those
used to obtain the vegetative cellular proteome dataset. Proteins not previously

or in incubation temperature (30 and 6°C versus 30 and 12°C).119

Genbank Name
AIW85884.1 asparagine synthase, asnB/ asnO
AIW85192.1 badF/BadG/BcrA/BcrD ATPase family protein
AIW83891.1 copper-translocating P-type ATPase
AIW83310.1 cytochrome c-550
AIW87543.1 Glutamine ABC transporter substrate-binding protein
AIW86714.1 Nuclease inhibitor, dinB family protein
AIW87686.1 succinate-semialdehyde dehydrogenase [NADP+] GabD
AIW87531.1 Transcriptional regulator, ArsR
AIW83512.1 Transcriptional regulator, CopG
AIW84204.1 6-phosphogluconate dehydrogenase
AIW87740.1 FAD-dependent oxidase
AIW87787.1 General stress protein 26
AIW87730.1 Glutamine ABC transporter substrate-binding protein
AIW84877.1 Glycine betaine ABC transport system, ATP-binding protein OpuAA
AIW84878.1 Glycine betaine/L-proline ABC transporter, permease protein
AIW84467.1 glyoxalase family protein
AIW83281.1 GPR endopeptidase
AIW85483.1 LPXTG cell wall anchor domain protein
AIW85224.1 Molybdenum cofactor sulfurase
AIW82791.1 Non-heme chloroperoxidase
AIW84025.1 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein OppA
AIW87727.1 Oxidoreductase, with Rieske iron-sulfur protein 2Fe-2S subunit
AIW87807.1
AIW84846.1 putative acetylglutamate kinase
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AIW85267.1 Pyruvate oxidase [ubiquinone, cytochrome]
AIW83820.1 Translocation-enhancing protein tepA
AIW84306.1 Ulilysin
AIW86909.1 2-alkenal reductase
AIW84308.1 Bacterial leucyl aminopeptidase
AIW84485.1 bifunctional P-450/NADPH-P450 reductase
AIW85206.1 cupin family protein
AIW83539.1 D-alanyl-D-alanine carboxypeptidase family protein
AIW88075.1 FAD linked oxidase domain protein
AIW83910.1
AIW84203.1 glucose-6-phosphate dehydrogenase
AIW83020.1 heme uptake protein IsdA
AIW83019.1 heme uptake protein IsdC
AIW85916.1 Nitrilotriacetate monooxygenase component A
AIW86492.1 peptidase M48 family protein
AIW86708.1 proline racemase
AIW85418.1 sec-independent translocase protein tatAd

Genbank Name
AIW85374.1 hypothetical protein bwei_2752
AIW86793.1 hypothetical protein bwei_4187
AIW87811.1
AIW85325.1 C1q domain protein
AIW86014.1 conserved repeat domain protein
AIW83214.1 hypothetical protein bwei_0547
AIW83532.1 hypothetical protein bwei_0867
AIW83569.1 hypothetical protein bwei_0904
AIW84059.1 hypothetical protein bwei_1404
AIW84787.1 hypothetical protein bwei_2152
AIW84804.1 hypothetical protein bwei_2171
AIW84947.1 hypothetical protein bwei_2315
AIW85482.1 hypothetical protein bwei_2861
AIW86220.1 hypothetical protein bwei_3607
AIW86577.1 hypothetical protein bwei_3969
AIW87351.1 hypothetical protein bwei_4766
AIW87663.1 hypothetical protein bwei_5118
AIW86153.1 putative collagen triple helix repeat
AIW83111.1 putative collagen triple helix repeat protein
AIW87286.1 TQXA domain protein
AIW84951.1 hypothetical protein bwei_2319
AIW86444.1 hypothetical protein bwei_3836
AIW86839.1 helix-turn-helix domain protein
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proteins with unknown function (Table 3.3). Several of these proteins contain
domains (triple helix repeat, C1q) which are collagen-like, a motif found in
exosporium proteins,14 suggesting they are likely constituents of the exosporium
layer.

A total of 47 proteins were differentially expressed several spore characteristics
related to some of these proteins were probed in further experiments. These
included heat resistance/cortex integrity (N-acetylmuramoyl-L-alanine amidase, 
N-acetylmuramoyl-L-alanine amidase family protein), germination/outgrowth

Heat resistance and germination efficiency changes with
sporulation temperature
B. weihenstephanensis spore heat resistance changes with sporulation temperature 

is thought to depend primarily on SASPs to keep DNA tightly packed and the
integrity of the cortex layer in order keep the core dehydrated. There were several

at 30°C. This indicates that spores may use alternative SASPs depending on
sporulation temperature, although the methods used in this study do not explicitly 
target core proteins. Cortex integrity also plays a role in heat resistance and
depends on the constituent peptidoglycan. With two variants of N-acetylmuramoyl-
L-amidase being exclusively detected at 12°C cortex synthesis or degradation
could be impaired possibly contributing to the reduced heat resistance. 

Sample log CFU/OD600nm SD
30°C control 7,24 0,07
12°C control 4,47 0,17
30°C Heat 
treated

6,18 0,07

12°C Heat 
treated

-

Table 3.4 – Spore heat resistance and germination/outgrowth ef f iciency 
depend on sporulation temperature.
Colony counts of heat activated spores produced at 12°C and 30°C after two days of incubation
to allow outgrowth. Comparison of controls reveals problematic germination and outgrowth for 
spores produced at 12°C. Heat treatment at 85°C for 10 min. causes higher log reduction for spores
produced at 12°C than 30°C resulting in no colony formation at the lowest dilutions measured.

described previously,120 however the observed variations in proteome do little

germination in response to nutrients. However, the protein isolation methods used
here are suboptimal for membrane proteins such as GerD. It has been reported
before not necessarily all GerD is maintained in the inner membrane where
it is supposed to be functional.127 Potentially, the GerD isolated could be this 
mislocalised portion.
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DPA content varies with sporulation temperature
One of the proteins found to be divergently detected across temperatures is SpoVAD. 

produced at 30°C. SpoVAD is one of several channels required for taking up dipicolinic
acid. DPA is synthesized in the mother cell during sporulation after which it is imported
into the forespore through SpoVA-SpoVAF. A complex of Ca2+aa and DPA dehydrates 
the core and turns it into a gel-like or glass-like state which confers a basal level of heat
resistance to the spore. Studies of mutants in B. subtilis have shown that a reduced DPAs
content results in a lower heat resistance,128 however DPA levels in 8 B. subtilis do nots
vary with sporulation temperate.129 This is different from B. weihenstephanensis where 
Planchon et al.122 have previously shown DPA to vary with sporulation temperature in2 B. 
weihenstephanensis KBAB4 with spore DPA content previously being determined to be 

for the conditions used in this study for several reasons. First of all, there is a strain
difference; second, in the Planchon study122 spores were made in a different medium and 2

the lower limit at which a spore crop of >95% can still be achieved.120

DPA content has been determined to be 10.3±1.7 μg/OD600nm at 12°C versus 21.4±2.9
μg/OD600nm at 30°C indicating DPA levels are also lowered when spores were produced 
at lower sporulation temperature in the setup used here. This makes our inability
to identify SpoVAD at 30°C a counterintuitive result as this is arguably required for 
DPA uptake. Alternatively, the unambiguous detection of the channel at 12°C may be
coupled to a higher presence of the channel which may at these conditions facilitate

12°C was a fringe case, there is also a possibility that levels of SpoVAD at 30°C were
below the detection limit. In-depth analysis of SpoVAD’s behavior at different sporulation
temperatures will be required to functionally interpret its role in DPA uptake.

Conclusions

A total of 109 Bacillus weihenstephanensis from
the soluble and insoluble fraction of spores produced at 12°C and 30°C. Of these, 23
proteins have been indicated as novel spore proteins with unknown function. A total

components of the spore coat showed no differences, some putative structural proteins
of the exosporium layer showed differential expression. Spore characteristics such as

correlated to sporulation temperature and proteins related to these characteristics, such
as cortex synthesis proteins (N-acetylmuramoyl-L-alanine amidase, N-acetylmuramoyl-
L-alanine amidase family protein), a DPA channel (SpoVAD) and germination receptors
(GerD), have been indicated to be differentially expressed. However, a functional
interpretation of the observed differential expression will require further (knock-out
mutant) analyses to investigate the causal roles of these proteins in spore characteristics
and/or resistances. Differences in DPA content between spores formed at 12°C and
30°C, not necessarily controlled at the protein presence level, remains as the most
direct explanation for the observed differences in thermal stress resistance between
these spores.
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Abstract

Spores of Bacillus cereusf pose a threat to food safety due to their high resistance
to the heat or acid treatments commonly used to make food microbially safe. As
spores survive these treatments and later resume growth either on foodstuffs
or, after ingestion, upon entering the gut they are capable of producing toxins
which cause either vomiting or diarrhoea respectively. The outer layers of the
spore consist primarily of proteins which may serve as potential biomarkers for 
detection. In order to quantify proteins in the insoluble fraction of the spore
coat, a proteomics approach using a QconCAT reference standard was employed

to determine the abundance of 21 proteins which spanned across three orders
of magnitude and together covered 5.66% ±0.51 of the total spore weight. 

BC_0987, renamed SasS. Furthermore, protein stoichiometry and determination
of the abundance of, for instance, germination mediating enzymes provides useful

CotB1, CotB2, CotX and InhA, are presented to be biomarker candidates
containing immunogenic epitopes as predicted by the SVMTriP algorithm and
being conveniently located in the outermost layers of the spore.

Introduction

Bacillus cereus presents a problem for the food industry due to its ability to
survive common processing methods such as heat or acid treatment by forming
(endo)spores. Although spores are metabolically dormant, after such treatments, 
when conditions become favourable for growth they can germinate and grow
out. Once back in a vegetative state they can start producing toxins either 
in the food product or after ingestion in the gut resulting in food poisoning
causing vomiting or diarrhoea respectively. Proper detection of spores therefore
determines an important benchmark for food safety.47 Spores consist of a 
layered structure with a central core containing the DNA, surrounded by a
peptidoglycan cortex layer which in turn is surrounded by the proteinaceous
inner and outer coat layers. In the case of B. cereus this compact spore 
structure is then surrounded by a loose layer composed of protein, lipids and
carbohydrates called the exosporium.28,85,130 As the outermost layers consist
mainly of protein there is a potential for these proteins to be used as spore

targets for detection it is important to know which are abundant.

of the spore proteome,17 however these have so far only used relative 
measurements which allow for comparison of different conditions but give no
information on the number of proteins per spore. QconCAT approaches rely
on creating a synthetic isotopically labelled protein consisting of concatenated
tryptic peptides which are quantotypic for the targeted proteins.80 This protein is
then spiked into the sample and digested alongside the analyte creating a set of 
reference peptides for all targeted proteins in a 1:1:1 ratio at a known quantity

select 20-25 target proteins per QconCAT construct when using two
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selected quantotypic peptides per target protein makes it perfectly suited for 
investigations of this scope as the spore proteome is estimated to consist of less

85

case of B. cereus, this is in part due to the fact that the exosporium traps proteins 
from the mother cell in the so called interspace region adding a confounding factor 
in the case of non-targeted methods.

QconCATs are normally implemented in a homogeneous system,80,131 however 
as spore proteins are highly crosslinked a large part of the spore proteome
can not be fully solubilized by standard methods such as SDS-extraction. Using

81 it is possible to identify these 
proteins by using trypsin to cleave peptides exposed by prior SDS-extraction
and using reducing conditions which should break crosslinks such as dicysteines
and dityrosines.18,19

peptides which are likely not obstructed by crosslinks. By optimising digestion time
we can ensure completed digestion thus enabling us to quantify protein content
using a QconCAT approach in a heterogeneous system.

Beyond determining the abundance, using a QconCAT also allows for 
determination of protein stoichiometry. Interplay between proteins is an
important factor for acquisition of spore resistance mechanics,17,18 and many spore
proteins are know to interact with each other.132–134 Information about protein 
stoichiometry can provide insight into how proteins relate to each other in vivo
and give a sense of spatial dimensions occupied. Perturbations in this stoichiometry
give a measure for integrity of the spore coat which may be connected to acquired

Most investigations into structural spore proteins are based on analyses of knock-

and CotE are examples of such proteins which are essential for the deposition of 
entire layers of the spore coat.33,35 However, in many cases incorporation into the 
coat is dependent on several proteins interacting to form a structural framework 

135 This invalidates 
the knockout approach in comprehensively identifying the set of structural
spore proteins. Spore proteins are known to be crosslinked together to form a
coherent structure; structural proteins such as these are likely to be abundant
compared to functional proteins such as enzymes or receptors present in the coat. 

proteins.

enzymes, a transcription factor, and several uncharacterised proteins. These
proteins are located across the various different layers of the spore though in

B. cereus. A short
functional description of each protein included in the QconCAT, its supposed
localisation and accompanying notable bibliography are displayed in Table 4.1.
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The abundance of 21 spore proteins is determined using a QconCAT approach
in a heterogeneous system. In this manner 5.66% ±0.51 of the total spore

classify proteins by function, structural or otherwise. Furthermore, determining
protein stoichiometry provides insight into the way either known or potential
interactors may relate to each other. Finally, the potential of the most abundant
proteins for use as biomarkers is assessed using the immunogenic epitope
prediction algorithm SVMTriP.136

Protein Name Gene ID Localisation Functional description Reference
Immune inhibitor A (InhA) BC_1284 Exosporium Secreted virulence factor 

which regulates the
secretome in Bacillus
anthracis and thuringiensis

137,138

Hypothetical Membrane 
Spanning Protein (BclC)

BC_3712 Exosporium Frequently found in spore
coat protein isolates. 
BLAST matches to
Hypothetical proteins. 
Contains collagen region
with GXX repeats common
in exosporium proteins.

139,140

IunH (Inosine-uridine 
preferring nucleoside 
hydrolase)

BC_2889 Exosporium Involved in inosine- or 
adenosine-induced
germination

27,141

Cell envelope-bound 
metalloprotease (CalY)

BC_1281 Exosporium Spore associated protease
detected in exosporium
isolates. Potentially involved

140,142

Spore coat protein X 
(CotX)

BC_2872 Exosporium/
Outer coat

Heavily cross-linked
insoluble protein, important
for structural integrity
(density) of outer coat

37

Spore coat protein B 
(CotB1)

BC_0389 Exosporium/
Outer coat

Exosporium basal layer 
protein. In B. anthracis
CotB is CotE independent, 
found in both coat and
exosporium isolates. 

35,38,143

Spore coat protein B 
(CotB2)

BC_0390 Exosporium/
Outer coat

Exosporium basal layer 
protein. B. anthracis CotB is
CotE independent, found in
both coat and exosporium
isolates. 

35,38,143

Alanine racemase 1 (Alr1) BC_2063 Exosporium/
Outer Coat

Quorum sensor for 
premature germination by
L-alanine in exosporium

27,144

Spore coat protein E 
(CotE)

BC_3770 Outer Coat Major morphogenetic
protein, anchors
exosporium and many
outer coat proteins.

35
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Putative uncharacterized 
protein (YusW)

BC_0212 Inner/Outer 
Coat

Unknown 145

SpoVID-dependent spore 
coat assembly factor SafA 
(SafA)

BC_4420 Inner Coat Major morphogenetic
protein, directs inner coat
proteins.

33,146

Spore coat protein GerQ 
(GerQ/YwdL)

BC_5391 Inner Coat Structural protein, 
potentially highly cross-
linked. Important for CwlJ
localisation. Important for 
germination with Ca2+-
DPA

42,147,148

Spore peptidoglycan 
hydrolase (YaaH)

BC_3607 Inner Coat Assists breakdown of 
cortex by cleaving products
of SleB/CwlJ activity.

10

SpoVT (Stage V 
sporulation protein T)

BC_0059 Cortex/
Inner Coat

Transcriptional regulator 149

YtfJ (Putative 
uncharacterized protein)

BC_4640 Cortex/
Inner Coat

Germination receptor, 
stimulus unknown. 

150

YpeB (Hypothetical 
Membrane Spanning 
Protein)

BC_2752 Cortex/
Inner Coat

Cortex lysis partner to
SleB. 

151

Sporulation cortex 
protein (YhcN/CoxA)

BC_4419 Cortex/
Inner Coat

Unknown function, 

B.subtilis mutants have
hampered outgrowth.

152

SleB (Spore cortex-lytic 
enzyme)

BC_2753 Cortex/
Inner Coat

Key protein, together 
with CwlJ, for cortex
degradation during
germination.

133,151

Collagen adhesion protein 
(BC_5056)

BC_5056 Unknown Unknown function, 
frequently found in spore
coat protein isolates. 
Adhesin-like protein
indicates it may be
important as a virulence
factor.

This study.

Putative Uncharacterized 
Protein (BC_0987)

BC_0987 Unknown Unknown function, group

found in spore coat protein
isolates.

This study.

BC_2569 (Collagen triple 
helix repeat protein)

BC_2569 Unknown Unknown function, 
frequently found in spore
coat protein isolates. 
Contains collagen triple
helix repeat domain
common in exosporium
proteins.

This study.

Table 4.1 – Proteins quantified
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Materials and methods

B. cereus growth and sporulation conditions
B. cereus ATCC 14579 was grown in Tryptic Soy Broth medium at 30°C 
overnight. Overnight cultures were harvested and washed once and transferred

83 at an 
optical density of 2 at 600nm. Growth and sporulation was allowed to continue
for 4 days until a >95% spore crop was obtained. Spores were harvested by
centrifugation, washed with 1.25% Tween-20 once, followed by 4 washes with
cold mili-Q water after which spores were freeze-dried and stored at -80°C
before protein isolation.

Spore coat protein isolation

version of the method developed by Abhyankar et al.81 Lyophilised spores were 
resuspended in cold 10mM Tris-HCl and subjected to two cycles of bead beating
with Zirconia-Silica beads consisting of 3 rounds of 40s beating, 60s rest, resting
on ice for 10 minutes between cycles. Beads were washed with 1M NaCl 5 times

The soluble fraction of the spore proteome was removed by SDS extraction
(50 mM Tris-HCl (pH7.8), 0.2% SDS, 100 mM Na-EDTA, 100 mM -ME) for 10
minutes at 80°C. This also leaves the insoluble fraction of the proteome more
accessible to trypsin. After centrifugation the insoluble pellet was washed three
times with mili-Q water and freeze dried. 

Peptide sample preparation
Freeze dried protein material was resuspended in 100mM ammonium
bicarbonate and reduced with 10mM DTT at 55°C for 60 minutes and alkylated
with 55mM iodoacetamide for 45 minutes in the dark. Samples were centrifuged
and the pellet was resuspended in 100mM ammonium bicarbonate, 10%
acetonitrile, 5μg Trypsin was added per mg of material. At this point QconCAT
was added in different quantities as indicated. The digestion was allowed to
proceed for 18 hours at 37°C unless otherwise indicated. After digestion, 
the supernatant was collected and the pellet was washed twice with 100mM
ammonium bicarbonate. Up to 1% TFA was added to acidify the buffer, removing
ammonium bicarbonate and inactivating trypsin. Samples were freeze dried and
resuspended in 50% ACN, 0.1% TFA and stored at -80°C until use.

QconCAT design
The QconCAT was designed based on initial non-quantitative analyses of the
spore coat insoluble fraction (unpublished results). Reproducibly observed

could be considered Q-peptides as described by Brownridge et al.80

To be able to include several proteins of interest some liberties had to be taken
with the strict requirements for Q-peptides proposed previously,80 for instance
peptides starting with glutamic acid were allowed. The list of selected peptides
and the corresponding proteins is displayed in Table 4.2. A standard GluFib
peptide B (EGVNEEGFFSAR) was included for method development. 



53

QUANTIFYING SPORE PROTEINS IN B.CEREUS

Supplementary Material S4.1125) and stored at -80°C in 0.5% HAc-buffer until use.

Gene ID Protein ID Protein Peptide Sequences

BC_0059 SpoVT Stage V sporulation protein T AVNTAASFLAK

EGDPLEIFVDR

BC_0212 YusW Putative uncharacterized protein LSPLLQELK

LNFNEFDLK

BC_0389 CotB1 Spore coat protein B1 DLIGSFVR

EEIILIAIK

BC_0390 CotB2 Spore coat protein B2 VGELVSLGK

SVSQVVK

BC_0987 BC_0987 Putative uncharacterized protein TFVSLEPNR

NTFFPTQNELVEISR

BC_1281 CalY Cell envelope-bound metalloprotease FLWNWDK

QSEPVYETTLADLQK

BC_1284 InhA Immune inhibitor A AADYGADAASGGHDNK

FEVVGQADDNSAGAVR

BC_2063 Alr1 Alanine racemase 1 GDGISYNVTYR

ANAYGHDYVPVAK

BC_2569 BC_2569 Collagen triple helix repeat protein ATVDSLPIR

ANVQLVGTSTLLTR

BC_2752 YpeB Hypothetical Membrane Spanning Protein SSLSPALADVWR

IALDDGSIVGFSAK

BC_2753 SleB Spore cortex-lytic enzyme FGLPVDGLAGAK

GASGEDVIELQSR

BC_2872 CotX1 Spore coat protein X VAQELFQK

NASVSEAAAQESK

BC_2889 IunH Inosine-uridine preferring nucleoside 
hydrolase

IAVGFNYAAFK

DIVTENVYFLER

BC_3607 YaaH Spore peptidoglycan hydrolase FITNILQTAQK

ISQTYNVPLASLAK

BC_3712 BclC Hypothetical Membrane Spanning Protein IPNTPSIPITK

ISVQSTLNEITIPATGNTNIR
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BC_3770 CotE Spore coat protein E EFVTEVVGETK

VNYTDEVSIGYR

BC_4419 YhcN/
CoxA

Sporulation cortex protein TSYNDTHQYR

VSTVVYGNDVAIAVKPR

BC_4420 SafA SpoVID-dependent spore coat assembly 
factor

IHIVQK

QQAGAGSAPPK

BC_4640 YtfJ/GerW Putative uncharacterized protein AADGSVILTVSK

IIELAPQAVDK

BC_5056 BC_5056 Collagen adhesion protein VDINVYR

GTPTIQNAVVLLER

BC_5391 GerQ Spore coat protein GerQ QATVVMTYER

GSSLGTQSYTGIIEAAGR

Mass Spectrometry analysis
LC-MS/MS data were acquired with an Bruker ApexUltra Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer (Bruker Daltonics, Bremen, Germany)
equipped with a 7 T magnet and a nano-electrospray Apollo II DualSource™
coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, USA) High-Performance
Liquid Chromatography system. For each digest, a similar amount of material was
dried in a vacuum concentrator and resuspended in 100% TFA and sonicated for 
15 min to disaggregate peptides which improved chromatographic behaviour.153

TFA was removed by blowing the sample dry with Argon gas. Peptides were

loaded onto a PepMap100 C18 (5 μm particle size, 100 Å pore size, 300 μm

injection, the peptides were eluted via an Acclaim PepMap 100 C18 (3 μm
particle size, 100 Å pore size, 75 μm inner diameter x 500 mm length at 60°C)

j p p p p (

using 0.1% formic acid / 99.9% H2O (A) and 0.1% formic acid / 80% acetonitril /
19.9% H2O (B) (0 min 97%A/3%B, 2 min 94%A/6%B, 110 min 70%A/30%B, 120

Q-selected peptide ions were fragmented in the hexapole collision cell at an
Argon pressure of 6x10-6 mbar (measured at the ion gauge) and the fragment
ions were detected in the ICR cell at a resolution of up to 60000. In the MS/MS
duty cycle, 3 different precursor peptide ions were selected from each survey
MS. The MS/MS duty cycle time for 1 survey MS and 3 MS/MS acquisitions was
about 2 s. Instrument mass calibration was better than 5 ppm over an m/z range
of 250 to 1500.

Data analysis
Raw FT-MS/MS data were processed with the MASCOT DISTILLER program, 
version 2.4.3.1 (64bits), MDRO 2.4.3.0 (MATRIX science, London, UK), including
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MS/MS spectra were optimized for the mass resolution of up to 60000. Peaks

0.7, with minimum signal to noise ratio of 2. 

The processed data were searched with the MASCOT server program 2.3.02
(MATRIX science, London, UK) against a complete B. cereus ATCC14579
predicted proteome database obtained from UniPROT154 complemented with 
the QconCAT protein amino acid sequence. Trypsin was used as enzyme and 1
missed cleavage was allowed. Carbamidomethylation of cysteine, oxidation of 
methionine and pyroglutamination of N-terminal glutamic acid were included

method was set to the metabolic 15N labelling method to enable MASCOT to
identify both the 14N target and 15N QconCAT peptides.

relative to the corresponding heavy QconCAT peptides was determined as the
heavy over light isotopic ratio using Simpsons integration of the peptide MS

of 99.6%. XIC threshold: 0.1, all charge states: on, max XIC width: 200 seconds. 
Allowed elution time shift for the heavy and light peptides was limited to 20
seconds.

All Isotope ratios were manually validated by inspecting the MS spectral data. 
For target peptides which over all replica analyses were occasionally not MS/MS

and light peptide ion chromatograms as the ratio of the areas under the curves
using Bruker DataAnalysis 4.2 program (Bruker Daltonics, Bremen, Germany).

The heavy over light isotopic ratios for all target peptides over all analyses are
systematically listed in Supplementary Table S4.1.125

Method verification
QconCAT concentration was determined by PolyQuant GmbH using a Bradford
protein assay.

concentrations (data not shown).

QconCAT approaches are usually performed in a homogeneous setting requiring
complete digestion of both sample and QconCAT. The insoluble nature of a
large part of the spore proteome therefore presents an issue in translating this
method to spore coat analyses. Though insoluble residual material remains after 
performing digestion with trypsin, completed digestion of spore material was
assured by optimising digestion time until no change was observed in isotope
ratios. Triplicate digests of an insoluble fraction isolate were made with digestion
time varying from 16 to 22 hours. Isotope ratios were plotted versus digestion
time and minimal change was observed for most peptides over the selected time
frame. In the ones that did change this was mostly due to data points conceived
through manual integration of the chromatogram. Overall 18 hours of digestion
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time was selected as optimal. Data are made available in Supplementary Material
S4.2.125 This validates the QconCAT approach in so far that the obtained data

Selective inaccessibility (i.e. crosslinking of one of the Q-peptides) is assessed
by using two Q-peptides per protein and comparing the difference between
them (see below). There remains a possibility that a fraction of the population
of a protein of interest is completely blocked off, however using mechanical and
chemical disruption as well as enzymatic cleavage makes this possibility remote.

Statistical approach
Acquired isotope ratios were multiplied by the amount of QconCAT used in
each experiment to convert the unit to pmol/mg. Data points were lumped
together for each protein across all analyses (3 biological replicates with 3
technical replicates each, using 4 different QconCAT amounts for each) and the

approach.155,156 The obtained dataset was resampled using a vector length equal
in size to the number of acquired data points separately for each protein and
bootstrapped to a value of n=1000 using Microsoft Excel.

This statistical approach relies on extensive experimental sampling and allows
all types of variance to be indicated under one denominator. This is enabled by
quantifying across a range of QconCAT reference concentrations. To appreciate
the different sources of variance, the isotope ratios for each peptide at each

across the range. As the total amount of peptide material released from the
sample should be the same across all technical replicates, the sum of the

mixing/weighing error by normalising to the average yield across each biological
replicate. The resultant plots are shown in Supplementary Material S4.3.125

Results and discussion

Protein abundance
Quantitative analyses were performed by combining the spore coat insoluble
fraction isolates with different concentrations of QconCAT (18.75, 37.5, 75, 
187.5pmol per milligram dry weight of insoluble coat material). Isotope ratios
for each peptide at each concentration were plotted and linearity on a double

125), these
also show the variance due to experimental errors to be small. Variance between
two Q-peptides of the same protein also becomes apparent and, though small

BC_5056 (examples shown in Figure 4.2). In all cases the ratios of both peptides
(Supplementary Table S4.1 for those available125) were used for calculating the 

in these cases is worthy of consideration if the observed variance is biological in

we calculated the copy number of proteins per milligram insoluble fraction by
multiplying the isotope ratios with the amount of QconCAT added the results of 
which after bootstrapping are shown in Figure 4.1.



57

QUANTIFYING SPORE PROTEINS IN B.CEREUS

To understand how much of the spore is covered by these analyses we made a
weight comparison for each protein by multiplying copy numbers with protein
masses (Table 4.3). This indicated 5.66% ±0.51 of the total spore weight is
covered by these proteins with InhA taking up 2.33% ±0.27 as the largest
contributor. The total amount of protein per spore which is estimated at around
70%wt157

using only the 21 proteins included in this QconCAT analysis. As the total
number of proteins we identify from spore samples ranges in the hundreds (700

was covered using this limited set of proteins.
The rather unique properties of some spore proteins do not lend them suitable
for use within a QconCAT strategy due to them containing either a large
number of cysteines, repeat sequences prone to missed cleavage, regions very
rich in lysine, etc. This made it impossible to include several proteins frequently

complete the quantitative assessment of the spore coat other methods such as
AQUA will need to be employed.78

Figure 4.1 – Protein abundance per milligram of spore insoluble fraction.

Functional classification by protein abundance
Protein abundance is determined across three orders of magnitude showing

Structural proteins (CotB, CotX, CotE, SafA, GerQ) are generally more abundant
than proteins with enzymatic functions (YaaH, SleB, Alr1, IunH) as is to be
expected. Proteins located in the exosporium layer are also generally more
abundant which correlates to the size of the exosporium compared to the coat
layers.
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Proteins Abundance (pmol/mg) Weight%

CotB1 309.22 ±28.86 0.595 ±0.056

InhA 271.74 ±31.57 2.329 ±0.271

CotB2 247.71 ±18.09 0.415 ±0.030

CotX 246.12 ±11.71 0.401 ±0.019

BC_0987 171.28 ±7.76 0.249 ±0.011

GerQ 147.63 ±7.58 0.238 ±0.012

CalY 93.46 ±14.26 0.204 ±0.031

CotE 58.55 ±2.71 0.119 ±0.006

BclC  44.71 ±4.81 0.338 ±0.036

SafA 43.92 ±1.50 0.287 ±0.010

YhcN 32.18 ±2.19 0.079 ±0.005

BC_5056  25.71 ±2.5 0.089 ±0.009

YaaH 18.96 ±0.69 0.091 ±0.003

Alr1 18.41 ±0.54 0.081 ±0.002

YusW 12.01 ±0.64 0.021 ±0.001

IunH 9.32 ±1.09 0.034 ±0.004

SpoVT 8.48 ±0.62 0.017 ±0.001

YtfJ  6.71 ±0.23 0.009 ±0.000

BC_2569 6.01 ±0.32 0.032 ±0.002

YpeB 4.93 ±0.48 0.025 ±0.002

SleB 3.83 ±0.12 0.011 ±0.000

percentage of total weight

isolates indicating it may be spore associated and was therefore included in the
QconCAT. It is determined to be as highly abundant as known structural proteins
indicating, for lack of conserved (enzymatic) domains, it may be a structural spore
protein. BLAST analysis reveals a homolog of this protein can be found across
the B. cereus group. Strangely, there is a gene coding for a (nearly) identical protein

Streptococcus
pneumoniae 158 casting doubt onto whether or not BC_0987 is an actual spore protein 8

as S.pneumoniaee
proteins such as CotX and CotB, also have nearly identical homologs (CJK03595.1 and
CJA37784.1) in this particular isolate of S.pneumoniae indicating it perhaps has several 

knockout analysis, based on the data shown here we propose to rename this protein to
Structural abundant spore protein SasS.



59

QUANTIFYING SPORE PROTEINS IN B.CEREUS

BC_2569 contains collagen-like regions, which relates it to one of the best characterized
exosporium proteins BclA. BclA is glycosylated protein, rich in GXX repeats known
to be a major structural component of the exosporium in Bacillus anthracis46. BclA 
is targeted to the exosporium by an N-terminal sequence which is similar to an
N-terminal sequence found in BC_2569 (LLGPTLPAIPP vs consensus LI/VGPTL/FPPIPP)45. 

suggests it is in fact not a structural protein, or at least not a major one like BclA. 

Abhyankar et al.1400 B. cereus exosporium isolates. Here we 
propose to rename it BclF.

Alr1 and IunH are enzymes which modify germinant molecules, L-alanine and inosine
respectively, to prevent the initiation of germination prematurely.141 As such they are of 
crucial importance for the survival of the bacterium. Kinetics of triggering germination
in response to stimulus with germinants rely on the conversion rate which depends
on the enzyme’s kinetic parameters and its abundance. The obtained abundances may
therefore be useful to reinforce models for protein germination. 

Stoichiometry – interactors have similar abundance
Proteins known to interact or function in a similar process appeared to be present
at near equimolar ratios. For instance, paralogs CotB1 and CotB2 are roughly equally

structural component of the exosporium.39 Their equal abundance suggests they may 
interact directly and have equally important roles in ensuring spore structure.

CotE and SafA are two of the major morphological proteins of the spore coat, each
being required for deposition of an entire coat layer.33,35,146 In Bacillus subtilis, the two
proteins have been shown to be anchored to the developing spore through the protein
SpoVID though not at the same binding site.159,160 They appear to be present in a0

roughly 4:3 ratio CotE:SafA numerically suggesting the non-equimolar stoichiometry in
interaction. This means either a fraction of the CotE present in spores does not interact
with SpoVID or there is space for more copies of CotE to interact compared to SafA. 
Considering their respective protein masses we can get an indication of the relative
space occupied by the respective proteins. Multiplying the observed numeric ratio with
respective protein masses, the proteins show a 2:5 ratio CotE:SafA.This indicates it is
likely that there is indeed space for multiple copies of CotE to interact with one copy
of SpoVID. To get a full picture of protein stoichiometry of the morphogenetic proteins

of SpoVID and SpoIVA is pending; Unfortunately in our hands SpoVID and SpoIVA
were not reproducibly detected when selecting proteins to include in the QconCAT
and were therefore not included in the quantitative analyses. Hence, determining full
stoichiometry of these morphogenetic proteins awaits complimentary approaches.

YpeB and SleB are known to interact151 and appear to be present in a 5:4 ratio. YaaH is 
known to break down products of SleB and CwlJ132 and is more abundant. It would be 
interesting to see if the combined copy numbers of SleB and CwlJ equal that of YaaH
or if these enzymes are kinetically balanced instead. Unfortunately, CwlJ is structurally
incompatible with QconCAT analysis as possible tryptic peptides are either N-terminal, 
contain cysteines, or end in RR prone to missed cleavage and was therefore not
included.



60

CHAPTER 4

Biomarker targets - copy numbers and immunogenicity
The obtained data is of interest for practical applications for spore recognition
by proposing potential protein biomarkers. As a ubiquitous food pathogen, 
proper detection of B. cereus is important for food safety. The golden standard for 
detection is still enumeration of colonies which is a time consuming approach.47,161

Furthermore, spores show heterogeneity in their germination response, and
so called persistors and superdormant spores162–164

this approach. A way to circumvent these issues as well as potentially increasing
sensitivity and assay speed would be to use biomarker detection instead. As the
majority of the outside of the spore consists of proteins, these would be a prime
target. An important characteristic of potential biomarkers is how abundant they 

To convert the obtained quantities of proteins to copy numbers per spore we need
to know the dry weight of a single spore which in the case of B. cereus is estimated 
to be around 1 picogram.165 As spores can differ in size166 this may have a larger 
variance than the data obtained here. Assuming the insoluble fraction represents
the majority of the spore’s dry weight the unit (pmol/mg) of the numbers obtained
above can be converted to molecules per spore by multiplying with a conversion

18*104 copies per spore.

To further assess the potential biomarker targets we used the SVMTriP algorithm136

to predict immunogenic epitopes of the most abundant proteins (CotB1, CotB2, 
InhA, CotX and BC_0987) the results of which are shown in Table 4.4. Luckily, 
these proteins are all located on the outermost layers of the spore indicating they
would likely be accessible to antibodies. Contrary to a top-down approach where
immunisation would take place using whole spores as antigens and then selecting

biomarker protein allows for minimisation of cross reactions thereby increasing

the antibodies raised.
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Protein Location Epitope Score
CotB1 54 - 73 KHLKSITKNAKECGSSDCEW 1.000

100 - 119 GPEKVEGILQDVSCDFVTLI 0.548
CotB2 5 - 24 LCCDQIKCLVGETVKVNLRG 1.000

123 - 142 GDEVIYVIKSHIKSVSQVVK 0.932
46 - 65 HGELVYYQLKHVKSLVKKVK 0.702

InhA 436 - 455 DYEKLNKGIGLATYLDQSVT 1.000
692 - 711 AIVGTLNGKPTVESSTRFQI 0.903
513 - 532 FKSLYEIEAEYDFLEVHAVT 0.846
613 - 632 TPQFKLDGFAVSNGTEKKSH 0.832
643 - 662 GSDNALKFARGPVYNAGMVV 0.766
260 - 279 DALKAAVDSGLDLSEFDQFD 0.744
18 - 37 TQSAYAETPANKTATSPVDD 0.708
555 - 574 TNGKWIDKSYDLSQFKGKKV 0.697
189 - 208 LFGNEPFTLDDGSKIETFKQ 0.671
90 - 109 LTKEASDFLKKVKDAKADTK 0.662

CotX1 36 - 55 QESKTYQISEESITIVDSAD 1.000
106 - 125 QINKQETVIRNSRNVTVTTT 0.534

BC_0987 - None predicted

Table 4.4 – Epitope predictions.
Immunogenic regions with location within their respective protein and score based on the SVMTriP
algorithm.136 Epitopes recommended by the algorithm are indicated in red. These were submitted

S.pneumoniae (see 
discussion).

Potential crosslink sites evident by limited accessibility to certain peptides
Though most Q-peptides belonging to the same protein showed the same
abundance, in some cases two Q-peptides for the same protein differed

crosslinked together to form a coherent structure, Abyankhar et al.17 previously

of certain proteins. Though the analyses performed here do not show a
transition in digestibility there is a similar trend in that accessibility to trypsin
at one end of the protein appears selectively limited. This may indicate potential
crosslinked regions which were reproducible across biological replicates.
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Figure 4.2 – Digestion variance between peptides of the same protein.
SleB is a typical result with both Q-peptides indicating the same L/H ratios. BC_5056 is one of 
several proteins showing divergent L/H ratios between Q-peptides. This is seen across biological

more likely partial accessibility to trypsin due to structural crosslinks. Other plots are available in
Supplementary Material S4.3.125

Conclusions

heterogeneous system of the B. cereus spore coat insoluble fraction. In this 

covering 5.66% ±0.51 of the total spore weight. The protein abundance spanned
three orders of magnitude and suggested functional properties of proteins
correlate with their abundance. The most abundant proteins are generally
known structural components which enabled us to functionally describe the
previously uncharacterised protein BC_0987, now renamed SasS. The obtained
information on stoichiometry of both putative and known interactors showed
them to be approaching equimolar quantities, which is of importance to

most abundant proteins are considered as biomarkers for detection of B. cereus 
group spores and immunogenic epitopes have been predicted to be present in 
CotB1, CotB2, CotX and InhA. These proteins are known to be present in the
outermost layers of the spore making them ideal candidate biomarkers.
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Abstract

Bacillus cereus manages to infect foods by formation of a resistant cell type
called (endo)spores. Spores consist of a layered structure; the outer layers are
proteinaceous in nature. The major morphogenetic protein CotE is important for 
correct assembly and attachment of the outermost layer, the exosporium and by
extension retention of many proteins. However, characterisation of the proteins
affected by deletion of CotE has been limited to electrophoretic patterns. Here
we report the effect of CotE deletion on the insoluble fraction of the spore
proteome as analysed by LC-FTMS/MS analysis. A total of 560 proteins have

are dependent on CotE for their association with the spore. Several of these are

BC_3345, BC_2427, BC_2878, BC_0666, BC_2984, BC_3481 and BC_2570. 
Beyond that, applying a QconCAT methodology, we were able to determine
quantitative effects of CotE deletion for twenty proteins. This revealed a
reduction in abundance for most known exosporium associated proteins. On the

proteins were less abundant. This generic effect was observed for proteins that
are known or likely to be interacting with or are encased by CotE. The results
obtained provide deeper insight into the spore structure such as which proteins
are exposed on the outside of the spore. This information is important for 
developing detection methods for targeting spores in a food safety setting.

Introduction

Through a combination of strict genetic regulation and a complex of 
morphogenetic structural proteins the (endo)spore of Bacillus cereus assembles
into a layered structure.85 In order to better understand this layered structure 
and determine which protein biomarkers may be best suited for the detection of 
B. cereus spores it is important to know which are present in the outermost layer 
of the spore, the exosporium.

Our approach for analysis of the spore proteome utilises bead beating to
disintegrate the spore’s structure and make proteins accessible to tryptic
digestion. However, this procedure concurrently eliminates any spatial
information. Localisation of proteins may still be investigated in spite of this
by comparison of the wild type proteome to that of mutants lacking certain
morphogenetic proteins. Deletion of the major morphogenetic protein CotE, 
which normally forms a shell around the outer coat (Chapter 1),35 results 
in gross defects in the exosporium.36 Proteins normally associated with the
exosporium are then likely to be affected by this misassembly. When comparing
the proteome of CotE knockout spores to wild type isolates, proteins that are
dependent on CotE for their localisation to the spore coat would be missing

dependent localisation of proteins in the outer coat of Bacillus subtilis167 and
the exosporium of Bacillus anthracis.35 However, the approach of these previous 
studies relied on solubilisation of spore proteins and resolution on SDS-PAGE
which eliminates the contribution of the insoluble fraction. 
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As mentioned in previous chapters, this fraction consists of proteins that are

spore’s proteins. Ignoring this renders an incomplete picture of the effect of 
CotE deletion. Furthermore, the characterisation of the changes observed
in theses previous studies was limited to electrophoretic patterns and, with

differentially observed bands. Applying the methods developed for analysis of the

proteome wide investigation into CotE dependent localisation of proteins in the
spores of B. cereus
methodology79 described in Chapter 4 to investigate quantitative effects on the 
21 proteins included in the QconCAT. In this manner partial dependencies on or 
interactions with CotE were assessed for these 21 proteins which are localised
across all layers of the spore, indicating pleiotropic effects of deletion of this key
morphogenetic protein.

Materials and Methods

Following the exact same methodology described in Chapter 4, the spore

knockout mutant strain previously described by Bressuire-Isoard et al.36 These 
were used for three replicate digestions each. Having previously determined the

per milligram of spore material) was added. LC-FTMS analyses and analysis of the
data obtained were also performed in the same manner. 

For quantitative results, the observed L/H ratios (Supplementary Table S5.1125)
for each protein were lumped together across all replicate analyses and an

of equal size and bootstrapping to a value of n=1000.

threshold was adjusted to obtain a peptide false discovery rate of 2% for all

then imported in a custom made VBA software program running in Microsoft

S5.2.125

The acquired data were compared to the dataset acquired in Chapter 4.

Results & Discussion

Identifications

total of 560 proteins overlapped between mutant and wild type isolated. Though
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isolates which indicates their accessibility is higher upon removal of CotE. 

described in Chapter 4 are displayed in Supplementary Table S5.2.125

CotE independent proteins

proteins known to be spore associated are listed in Table 5.1. Interestingly, these
included proteins from across all layers of the spore from SpoIVA, to SafA, to
CotX, to InhA, which are located at the cortex boundary, inner coat, outer coat
and exosporium respectively indicating the CotE deletion does not completely
remove any layer.

Protein description ID

1-pyrroline-5-carboxylate dehydrogenase * rocA

Alanine racemase 1 *+ alr1

Catalase BC_1155

Cell envelope-bound metalloprotease (Camelysin) *+ BC_1281

Cell surface protein *+ BC_3547

Cell surface protein *+ BC_2639

Cell wall hydrolase cwlJ * BC_5390

Cell wall-associated hydrolase BC_2849

Collagen adhesion protein * BC_5056

CotJA protein * BC_0823

CotJB protein * BC_0822

CotJC protein * BC_0821

D-alanyl-D-alanine carboxypeptidase * BC_4075

Enolase * eno

Ferredoxin--nitrite reductase * BC_1424

Germination protease * gpr 

Hypothetical Cytosolic Protein * BC_3986

Hypothetical Cytosolic Protein *+ BC_3195

Hypothetical Exported Protein *+ BC_1334

Hypothetical Membrane Spanning Protein *+ BC_3712

Hypothetical Membrane Spanning Protein * BC_2752

Hypothetical Membrane Spanning Protein *+ BC_1221

IG hypothetical 17193 * BC_3534

IG hypothetical 18063 * BC_1029
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Immune inhibitor A *+ BC_1284

Inosine-uridine preferring nucleoside hydrolase * BC_3552

Inosine-uridine preferring nucleoside hydrolase *+ BC_2889

N-acetylmuramoyl-L-alanine amidase BC_2823

N-acetylmuramoyl-L-alanine amidase BC_1494

Non-heme chloroperoxidase * BC_4774

Oligopeptide-binding protein oppA * BC_3586

Oligopeptide-binding protein oppA BC_3585

Oligopeptide-binding protein oppA BC_3584

Oligopeptide-binding protein oppA * BC_2026

Protein translocase subunit YajC * BC_4410

Putative hydrolase * BC_3133

Putative stage IV sporulation protein BC_4303

Putative uncharacterized protein * BC_5391

Putative uncharacterized protein * BC_4640

Putative uncharacterized protein * BC_4419

Putative uncharacterized protein * BC_4387

Putative uncharacterized protein *+ BC_4047

Putative uncharacterized protein *+ BC_3992

Putative uncharacterized protein *+ BC_3582

Putative uncharacterized protein * BC_3090

Putative uncharacterized protein * BC_2969

Putative uncharacterized protein * BC_2745

Putative uncharacterized protein *+ BC_2493

Putative uncharacterized protein * BC_2481

Putative uncharacterized protein *+ BC_2426

Putative uncharacterized protein *+ BC_2267

Putative uncharacterized protein *+ BC_2266

Putative uncharacterized protein *+ BC_2149

Putative uncharacterized protein * BC_2099

Putative uncharacterized protein * BC_2095

Putative uncharacterized protein * BC_1391

Putative uncharacterized protein + BC_1245

Putative uncharacterized protein *+ BC_0996

Putative uncharacterized protein *+ BC_0987

Putative uncharacterized protein *+ BC_0944
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Putative uncharacterized protein * BC_0825

Putative uncharacterized protein * BC_0212

Small, acid-soluble spore protein 2 sasP-2

Spore coat protein B *+ BC_0390

Spore coat protein B *+ BC_0389

Spore coat protein D * BC_1560

Spore coat protein G *+ BC_2030

Spore coat protein X *+ BC_2874

Spore coat protein X *+ BC_2872

Spore coat protein Y *+ BC_1222

Spore coat protein Y *+ BC_1218

Spore coat-associated protein N * BC_1279

Spore cortex-lytic enzyme * sleB

Spore peptidoglycan hydrolase (N-acetylglucosaminidase) * BC_3607

BC_2207

SpoVID-dependent spore coat assembly factor SafA * BC_4420

Stage IV sporulation protein A * BC_1509

Stage V sporulation protein AD BC_5148

Stage V sporulation protein AD BC_4067

Stage V sporulation protein AF BC_4064

Stage V sporulation protein S BC_3776

Stage V sporulation protein T BC_0059

Superoxide dismutase * BC_1468

Superoxide dismutase [Cu-Zn] BC_4907

Thiol peroxidase * BC_4639

Trigger factor * tig

UPF0145 protein BC_5181 * BC_5181

Zinc protease * BC_3787

Zinc protease * BC_3786

Zn-dependent hydrolase * BC_3977

Zn-dependent hydrolase * BC_1613

140

in exosporium isolates
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CotE dependent localisation
Comparing proteins isolated from wild type spores to those isolated from
CotE knockout spores with impaired exosporia can reveal proteins which are
dependent on CotE for their association with the spore, and by extension
are likely localised in the exosporium. Important to note is that removing the
exosporium or damaging its integrity also eliminates the interspace region of 
the spore. Proteins indicated to depend on CotE for their association with the

the mother cell cytosol trapped in the interspace. Interpretation then requires

used in Chapter 3 could be used by comparing the data to vegetative isolates

sporulation or spore biogenesis, showing dependence on CotE are displayed in

S5.2.125

Protein Description ID

Collagen triple helix repeat protein BC_3481

Collagen triple helix repeat protein BC_2570

Collagen triple helix repeat protein *+ BC_2569 (BclF)

Collagen-like triple helix repeat protein *+ BC_3345

Hypothetical Glycosyltransferase * BC_3515

Immune inhibitor A BC_0666

Immune inhibitor A BC_2984

N-acetylmuramoyl-L-alanine amidase BC_2822

N-acetylmuramoyl-L-alanine amidase BC_3677

Peptidoglycan N-acetylglucosamine deacetylase BC_1960

Putative uncharacterized protein *+ BC_2427

Putative uncharacterized protein *+ BC_2878

Putative uncharacterized protein * BC_0063

Putative uncharacterized protein * BC_2375

Putative uncharacterized protein *+# BC_p0002

Small acid-soluble protein gamma type sspE

Small acid-soluble spore protein BC_1984

Spore coat protein E # BC_3770 (CotE)

Stage IV sporulation protein B BC_4172

Table 5.2 – Identified proteins known to be related to spores exclusively 
identified in wild type isolates.

140

in exosporium isolates # indicates a protein which is removed during creation of the CotE knockout
strain.
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An alternate strategy was previously reported by Abhyankar et al.140 who
B. cereus as well as 

combined spore coat and exosporium isolates. By using French press to apply
a shear stress it is possible to remove parts of the exosporium, however this
method is not capable of completely removing the exosporium. Likely some
fragments remain at the cap region14 where the exosporium is supposedly

missing from spore coat isolates where a French press step was applied was quite
limited. Only three proteins, InhA, CalY and a Putative uncharacterised protein

previously as several proteins were both detected in exosporium isolates and are

that BC_2569 (BclF), BC_3345, BC_2427 and BC_2878 are exosporium proteins. 
Beyond that, several proteins can be localised to the exosporium based on homology
to known exosporium proteins. For instance, Immune inhibitor A (BC_1284) is
a known exosporium component, its homologues BC_0666 and BC_2984 are
therefore also likely to be exosporium associated. Furthermore, BC_3481 and
BC_2570 both contain collagen-like triple helix repeat domains frequently found in
exosporium proteins139 are therefore likely exosporium proteins. Other proteins will
require further evidence to be appointed to the exosporium.

CotE dependent accessibility

is a major structural protein which interacts with many different proteins directly, 
lacking CotE might result in interacting proteins to become less tightly bound (i.e. 
lacking crosslinks) or no longer being encased in CotE or CotE dependent proteins. 
Therefore they can become more accessible to tryptic digestion and become

SupplementaryTable S5.2.125
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Protein description ID

Anti-sigma F factor spoIIAB

Anti-sigma factor antagonist BC_4074

Oligopeptide-binding protein oppA BC_2848

BC_3922

Putative uncharacterized protein * BC_0263

Putative uncharacterized protein * BC_1708

SpoIISA like protein BC_2436

Stage III sporulation protein D BC_5282

Stage V sporulation protein S BC_2142

Stage VI sporulation protein D BC_4467

Table 5.3 – Identified proteins known to be related to spores exclusively 

140

between the cortex and coat layers where it anchors the coat layer and is known
to interact with CotE directly.33,160

integrity is compromised allowing trypsin to access this protein. Other spore related

during sporulation.85 Expression of CotE or lack thereof does not affect this early
regulation168 once again indicating it is increased accessibility which is causing these 

yet it is not the (sole) reason why they are retained in the spore.

Quantitative dependence
Using the QconCAT methodology described in Chapter 4 we used the Qcstel01
synthetic QconCAT protein to quantify 21 proteins from across all layers of the
spore. In this manner we can determine CotE dependence or interaction beyond the

different in abundance compared to wild type, as displayed in Figure 5.1. Though CotE

corresponding to noise levels and BclF at severely reduced levels.
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affected include known exosporium proteins (CotB1, InhA, CotB2, CalY, 
BclF). This corresponds to the visual phenotype of spores having defects in
their exosporium. Likewise, levels of candidate exosporium proteins SasS and

incorporation in the spore is not wholly dependent on CotE , they are severely
affected by its absence. It is likely that the reduced amounts recovered from

form despite the absence of CotE.36

Previously CotB was indicated to be CotE independent in B. anthracis.35,38,143

B. cereus CotB shows the same behaviour qualitatively, however quantitative 
differences exist. Interestingly, unlike its orthologue CotB1, CotB2 is actually

the same thing appears to be happening quantitatively to CotB2. What is striking
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they are orthologues, their interactions appear different. 

Structural proteins SafA and GerQ are components of the inner coat layer 

previously mentioned, the likely explanation is related to the nature of the
interaction between proteins. GerQ has been indicated to be crosslinked by
Transglutaminase, an enzyme located across all coat layers, resulting in glutamyl-
lysine isopeptide crosslinks18,19 in B. subtilis
lysines indicated to be crosslinked169 are not present in the GerQ orthologue 
used by B. cereus
indicating this function is likely maintained. CotE could then either be crosslinked
to GerQ directly, or it is responsible for retention of proteins normally
crosslinked to GerQ. In both scenarios, knocking out CotE would directly or 
indirectly make GerQ more accessible to trypsin. This generic effect of higher 

associated with the inner coat layers such as SleB, YtfJ and YaaH but is most
prevalent in the case of GerQ. Contrary to GerQ’s dense structure, SafA has an
extended conformation in which the N-terminus spans the inner coat to interact
with SpoVID at the spore cortex boundary.85 Potentially part of the SafA present
is not directly attached to SpoVID and relies on outer coat integrity for its

as mentioned above, the integrity of this layer is affected if this abundant protein
is removed.

deserves special mention. IunH is an enzyme involved in modulating germination
in response to inosine by hydrolysing the germinant and reducing the signal
triggering germination.27,141 This allows the spore to prevent premature
germination in an environment where the environment is not suitable for 
growth. Bressuire-Isoard et al.36 report inosine triggered germination is impaired 

deletion of CotE it seems that this phenotype of impaired germination is likely
correlated to the germination receptors rather than the signal of the germinant
itself.

Conclusions

We have determined 163 proteins to show a dependence on the presence of CotE
B. cereus. In this manner 

we have shown localisation in the exosporium for several proteins, further expanding
the list of proteins known to be exposed on the outermost layer of the spore. On

they are obscured i.e. surrounded by or interacting with CotE in wild type spores. 

These same effects were also observed quantitatively for 20 proteins using a
QconCAT approach. Known exosporium proteins were generally less abundant in
the CotE knockout whereas inner coat associated proteins were generally more
abundant.
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These results further contribute to our understanding of the spore structure, in
particular of the outer layers of the spore. This may be applied in a food safety
scenario where the make-up of the outside of the spore is of crucial importance
for development of detection techniques.
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Chapter 6 – Contributions and
recommendations
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Considering the knowledge obtained and methods developed as described in this
thesis a number of research lines may be further pursued in the future.

Analysis of Bacillus weihenstephanensis spores

Chapter 2 describes the sequencing and annotation of the type strain of Bacillus
weihenstephanensis. As a result genetic manipulation and analysis of the proteome
of B. weihenstephanensis was enabled. Though it has a high similarity to B. cereus
when it is in its spore form, its vegetative state compounds an increased risk 
of food infection due to its ability to grow at refrigerated temperatures. In
the interest of food safety, expanding the scope of spore research to include
this species could pave the way for distinguishing between these species in
microbiological testing.

Interestingly, the CDGS medium83 designed for B. cereus
supporting growth and promoting sporulation. Hence, the most pressing issue is

spore proteome of B. weihenstephanensis
the effect of sporulation temperature on the protein content of the spore was
determined. Though not focussed on the proteome, similar studies have been
done on Bacillus cereus.36,170 In order to make a direct comparison use of similar 
sporulation conditions for both species would be required.

Method adjustments

The qualitative proteomics approach described in Chapter 3 and the quantitative
approach described in Chapters 4 and 5 relied on splitting the spore proteome
into a soluble and an insoluble fraction.81 To get a complete picture of the spore, 
analysis of both fractions is required but there is a difference in downstream
processing. The result is a quantitative disconnect between these fractions which

had been working on the development of a one-pot approach which retains both
soluble and insoluble fraction in a single digest. After disintegration of the spore
through bead beating, SDS-extraction is performed in the same vial to chemically
open up the spores even further. At this point normally the solubilised proteins
in the supernatant would be removed as the soluble fraction while the remaining
pellet material would be washed and dried to form the insoluble fraction. In
the one-pot approach, digestion is performed in the same vial as where bead
beating occurs. Though this may result in a more complex proteome, the
quantitative relation between soluble and insoluble fraction is maintained. Though
at this point the method was not yet at a level which would make it usable for 
QconCAT analyses it holds great promise in more accurately representing the
entire spore proteome.

Expanding the quantitative analysis of spores

As elaborated in Chapter 4, the QconCAT methodology allows for absolute

chosen did not include several proteins of interest due to their absence from
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some reason not quantotypic.79 To further our understanding of the spore’s 

would be imperative. Prime candidates include but are not limited to structural
proteins SpoVID and SpoIVA, as well as the lytic enzyme CwlJ as mentioned in
Chapter 4. But also CotX2, CotY1, CotY2 and BC_0996 which appeared to be

data. To be able to quantify these proteins, the QconCAT method may need to
be supplemented with AQUA (Chapter 1) to bypass the strict requirements of 
quantotypic peptides which may be included in a QconCAT.79

The QconCAT methodology described in Chapter 4 and 5 has so far been
applied to spores made using the same sporulation conditions. As the spore
proteome varies with the sporulation conditions used, as shown in Chapter 3, it
would be interesting to study the effect of sporulation conditions quantitatively
as it gives an indication of the robustness of the spore proteome. Perhaps
differential abundance of particular proteins may be linked to differences in spore
resistance characteristics. The robustness of CotB1 and CotB2 of B. cereus is of 
particular interest as CotB is shown to be sporulation temperature dependent
for its inclusion in spores of B. weihenstephanensis (Chapter 3). As they appear to 
be attractive biomarkers (see below) the robustness of their inclusion in spores
is of crucial importance for their potential use in developing detection methods.

Combining the QconCAT strategy with mutant strains as detailed in Chapter 
5 has proven to be a powerful tool in showing protein dependencies and
interactions. Beyond the CotE deletion mutant other proteins may be knocked
out to investigate several other aspects of the spore. For instance, one of the
more pressing matters in spore research is which proteins are crosslinked and
how. The Transglutaminase enzyme (Tgl) has been indicated to be responsible for 
forming one of the potential crosslinks made in spores, namely -( )-glutamyl-
lysine isopeptide linkages.18,19 Knocking out Tgl would eliminate the spore’s 
ability to form these types of crosslink. This would result in proteins normally
crosslinked in this manner being more accessible to tryptic digestion and

level. Other interesting targets would be structural proteins SafA and ExsY which
are important for retention of proteins to the inner coat and non-cap region
of the exosporium respectively.32,33,41 Knockout strains would enable proteome
wide localisation analyses in line with Chapter 5 for these parts of the spore.

Perspective technology assessment for B. cereus
detection

When trying to identify opportunities for new technologies which apply
the knowledge obtained as part of this thesis it is important to place it in a
framework of existing strategies used to assess contamination of foods. Extensive
reviews of potential methods for food pathogen detection are available;171–174

methods which show particular promise for detection of Bacillus spores are
detailed below. 
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Current regulations require food business operators to ensure that numbers of 
B. cereus between 103 and 105 per g are not reached at the stage of consumption
under anticipated conditions of storage and handling.47,175 Current ISO guidelines 
(ISO 7932, ISO 21871) are based around incubation on agar plates for 24 hours

49 These 

are time consuming. Considering products with a limited shelf-life such as milk, 

the necessity for a quick resolution is even more important.

To be able to improve upon established methods the benchmark to beat is to

be direct distinction between different members of the B. cereus group as they
may vary in their potential for pathogenesis as discussed in Chapters 1 and 2. For 
the same considerations mentioned above, testing on site and thereby reducing

not require extraction of a certain component of the spore is also preferred
as extractability is generally low and can change with sporulation conditions

to test for infection would be as late in the production chain as possible to
eliminate a potential secondary infection occurring. Taking all these arguments
into consideration, a lab-on-a-chip approach which requires minimal sample
processing i.e. targets intact spores is then optimal. A nanotechnology based
biosensor approach would be an ideal candidate as it gives direct results and
would be small enough to not require extensive setups at the food manufacturer. 

analyte present on or isolated from the target, the bioreceptor which interacts
with the analyte, and a transducer which converts the binding interaction of 
receptor and analyte to a measurable signal. 

Biomarkers
After the anthrax attacks in 2001 detection of Bacillus anthracis has become
a hot topic in the interest of combatting bioterrorism. As such a vast number 
of technologies have been developed based on different detection methods. 
More on topic, also examples of B. cereus detection are available in literature. 

PCR,176–180

181 proteinaceous toxins can
182,183 or 

surface plasmon resonance (SPR) in a clinical setting,184 extracted spore core 
185 or 

even Raman spectroscopy has been applied.186 The ideal biomarker candidate 

have reliable interaction with the receptor, and be surface exposed so as to be
accessible to the molecule it is supposed to bind to. Extending the use of these
potential biomarkers to detection of B. cereus in food in a biosensor setting, 

can overcome the low abundance but the DNA needs to be extracted from the
core of isolated spores. Saccharides are an interesting target as they are exposed



79

CONTRIBUTIONS AND RECOMMENDATIONS

for B. cereus and B. weihenstephanensis. Direct detection of toxins runs into 
issues as it gives no information on spore load and does not eliminate the risk 
of spores germinating and producing toxins at a later stage. Targeting DPA once
again requires sample handling to isolate spores and extract it from the core and
DPA-content has been shown to vary with sporulation conditions as shown in
Chapter 2 so it is not a robust quantitative indicator. As may be concluded from
the information detailed in the previous chapters, the ideal biomarker candidates
for detection of B. cereus
high abundance, notably: CotB1, CotB2, CotX, InhA and BC_0987. 

Bioreceptors

bioreceptor molecule needs to be developed. The nature of this bioreceptor 
molecule would either be antibody-based or an aptamer.187 Generally

a library of antibodies or oligonucleotides respectively in order to discover 

of the receptor may be determined and robustness may be screened. As

extensive information about the potential biomarker targets which has several
consequences for the choice of bioreceptor. 

Aptamers require the analyte to be in native condition for their interaction to
occur. Selecting an aptamer which binds to intact spores would likely lead to
an unknown interactant being responsible.188–190 In light of the results detailed 
in Chapter 2, this raises the question whether this aptamer is then able to bind
spores regardless of their sporulation history.

Antibodies then hold bigger promise and in fact sensors using antibodies for 
the detection of B. cereus have been developed.191–193 With the new information 
obtained on spore biomarkers one can distinguish suitable targets to immunise

able to avoid cross reaction with other potentially immunodominant proteins
which spores may contain. As such, the antibodies obtained with known

A recent trend is the use of camelid antibodies which consist of only the antigen
binding heavy domain. These hold large promise for use in biosensors due to
their interesting properties which have been extensively reviewed elsewhere.194

In short, they show high physicochemical stability and due to their smaller size
can more readily penetrate into the antigenic site. As such they would be able to
interact with the proteins of the exosporium and be the bioreceptor of choice
for detection of spores.

Transducers
Once the biomarker binds to the receptor this interaction needs to be
converted into a readable signal. A large variety of options are available as
reviewed elsewhere.171–174 Looking at methods already in use for detection of B. 
cereus, a few examples are available in literature. Pal et al. (2008)193 show
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conductometric detection of vegetative cells sandwiched between antibodies
with 35–88 CFU ml-1 being detected within 6 min. Susmel et al. (2003)191

developed a platform based on the measurement of the diffusion of a redox
probe using a self-assembled monolayer of antibodies. Initial results showed a
detection limit for vegetative cells to be somewhere in the range of 104 cells
ml-1. Vaughan et al. (2003)192 report a similar detection limit of 104 cells ml-1
using a piezoelectric quartz crystal microbalance approach, once again looking
at the interaction between antibodies and cells. The detection limits obtained
with these setups prove to be low enough to be useful in a food safety setting; 
however they have not attempted detection of spores. These existing platforms

could expand their application to detection of spores likely at similar detection
limits. Alternative approaches may also prove to be successful but any suggestion
on which method to apply would be speculative. 

Food safety market analysis in the United States shows a shift towards
application of these rapid-screening methods. Interestingly, the prospective
market for a B. cereus biosensor would be either in processed foods or dairy 
which have the highest total number of microbiological tests and highest number 
of tests per plant respectively.195 Though the exact shape of the biosensor 

concerns of any nanomaterials ending up in the product under investigation. 
Once a platform is developed, its application in the food industry should prove
simple enough.
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Summary
Quantitative proteomics of food pathogenic Bacilli
– a quest for biomarkers

Food manufacturers have a variety of methods at their disposal to ensure foods
are microbially safe. However, due to increasing demands from consumers
for minimally processed foods of high sensory or textural quality the severity
of these treatments is frequently mild. Frequently being able to survive such
treatments, bacteria of the genus Bacillus present a pressing issue. Comprising
spore-forming, Gram-positive, aerobic or facultative anaerobic bacteria the
genus contains a group of pathogenic bacteria known as Bacillus cereus sensu lato.
Within this group Bacillus cereus and weihenstephanensis are both notorious food
pathogens indicated to be of particular concerns to the dairy and processed
ready-to-eat food industry. Both potentially produce cereulide toxin as well as
several enterotoxins which are harmful to humans. Upon ingestion of the toxins
or the spores of these bacteria, they can cause either vomiting or diarrhoea
respectively. Spores are a metabolically dormant, extremely resistant cell type
capable of surviving in extreme environments The mild treatments used in the
food industry used to eliminate bacteria are then unable to kill or inactivate
spores present. 

To detect Bacillus cereus and ensure food safety, current ISO guidelines (ISO 7932, 
ISO 21871) are based around incubation on agar plates for 24 hours or even
longer. Developing a platform for direct detection of spores would allow for 
better, faster and ultimately cheaper detection methods. In order to develop such

reliable interaction with the sensor, and be accessible to the receptor molecule
of the sensor it is supposed to bind to.

Spores acquire their unique resistance properties from the characteristic
intricate structure of protective layers. The outermost layers, the inner coat, 
outer coat and exosporium, primarily consist of proteins. Therefore we set out
to identify and quantify the proteome of spores of food pathogenic Bacilli, as well 
obtain information on protein localisation within in the spore.

In Chapter 2, in order to make B. weihenstephanensis tractable for studies the
type strain Bacillus weihenstephanensis WSBC10204 (DSM11821) has been 
sequenced. Annotation of the newly created genome sequence allowed for a
complete proteome prediction and subsequent analysis by bottom-up mass

6°C or 30°C have been compared which revealed considerable differences and
indicated several hundred (uncharacterized) proteins as being subproteome

processes have been newly

routes and a different role for the urea cycle. Furthermore, a possible post-
translational regulatory function for acetylation is suggested. Toxin production
was determined to be largely independent of growth temperature.
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In Chapter 3, spore proteome analysis of B. weihenstephanensis gives an
impression of the reproducibility of the spore proteome under varying
sporulation conditions, in this case temperature, and the robustness of 

which are sporulation temperature dependent. Several proteome variations
(N-acetylmuramoyl-L-alanine amidase, N-acetylmuramoyl-L-alanine amidase
family protein, GerD, SpoVAD) have been correlated to spore characteristics

B. 
weihenstephanensis

In Chapter 4, the abundance of 21 spore proteins of B. cereus has been 

QconCAT in a heterogeneous system. In this manner 5.66% ±0.51 of the total

to classify proteins by function, i.e. structural or otherwise. Furthermore, 
determining protein stoichiometry provides insight into the way either known
or potential interactors may relate to each other. Finally, the potential of the
most abundant proteins for use as biomarkers is assessed using the immunogenic
epitope prediction algorithm SVMTriP.

In Chapter 5, the methods developed for analysis of the spore insoluble
fraction are applied to a CotE knockout mutant strain. As CotE is required
for proper formation of the exosporium layer, the knockout strain lacks an
intact exosporium layer. Several proteins normally located in this outermost
exosporium layer are reported to be absent or of lower abundance in spore
insoluble fraction isolates of the CotE knockout mutant. As such, information
on protein localisation on a proteome wide scale is obtained and potential
interactions between proteins are indicated.

As a result of these investigations we are able to identify robust, abundant and
accessible spore protein biomarkers which may be implemented in a biosensor 
platform used to detect spores of food pathogenic Bacilli.
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Samenvatting
Kwantitatieve proteomics van voedselpathogene Bacillen
– een zoektocht naar biomarkers

Voedselproducenten hebben verschillende methoden tot hun beschikking om
te verzekeren dat voedsel microbieel veilig is. Echter, er ontstaat een steeds
grotere vraag vanuit consumenten naar producten die minimaal bewerkt en van
hoge sensorische kwaliteit zijn. Als gevolg hiervan zijn de gebruikte methoden
vaak mild wat een probleem naar voren brengt in de vorm van bacteriën van
het genus Bacillus die deze methoden kunnen overleven. Dit genus bestaat uit
sporenvormende, Grampositieve, aerobe of facultatief anaerobe bacteriën en
bevat een groep pathogenen bekend onder de naam Bacillus cereus sensu lato. 
Binnen deze groep staan Bacillus cereus en Bacillus weihenstephanensis bekend
als notoire voedselpathogenen die vooral in zuivel en kant-en-klaar maaltijden
voor problemen kunnen zorgen. Beide zijn potentieel in staat om het cereulide
toxine alsmede enkele enterotoxines te produceren. Ingestie van deze toxines
of sporen van deze bacteriën resulteert in braken respectievelijk diarree. Sporen
zijn een metabool slapende, extreem resistente overlevingsvorm die extreme
omgevingscondities gemakkelijk overleven. De milde behandelingen die men in
de voedselindustrie gebruikt zijn daarom niet in staat om sporen te doden of 
inactiveren.

ISO richtlijnen (ISO 7932, ISO 21871) voor detectie van Bacillus cereus zijn 
gebaseerd op het uitplaten en incuberen van isolaten gedurende 24 uur of 
langer. Ontwikkeling van een platform voor directe detectie van sporen zou dan
betere, snellere en uiteindelijk goedkopere methoden moeten opleveren. Om
deze ontwikkeling mogelijk te maken is het belangrijk een goede biomarker 

systeem moeten zijn, abundant genoeg zijn om een betrouwbare interactie met
de sensor aan te gaan, en toegankelijk moeten zijn voor het receptormolecuul
van de sensor waar het mee moet binden. Sporen verkrijgen hun unieke
resistentie-eigenschappen door hun karakteristieke complexe beschermingslagen. 
De buitenste van deze lagen, de sporencoat en het exosporium, bestaan voor 
het grootste deel uit eiwitten. Als zodanig hebben we het proteoom van sporen
van voedselpathogenen van het genus Bacillus

In Hoofdstuk 2 is het genoom van de type strain van Bacillus weihenstephanensis
gesequenced met als doel het toegankelijk maken van deze soort voor verdere
studies. Annotatie van de verkregen genoomsequentie maakte het mogelijk om
het volledige proteoom te voorspellen en vervolgens te onderzoeken met behulp

30°C is met elkaar vergeleken waarbij enkele honderden (ongekarakteriseerde)

zijn enkele processen aangetoond afhankelijk te zijn van groeitemperatuur zoals

wordt een posttranslationele regulatoire functie voor acetylering voorgesteld. 
Productie van toxines was vrijwel onafhankelijk van groeitemperatuur.
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In Hoofdstuk 3 wordt gekeken naar het proteoom van sporen van B. 
weihenstephanensis hetgeen een indruk geeft van hoe reproduceerbaar het
sporenproteoom is bij verschillende sporulatieomstandigheden en hoe robuust

bleken er 47 afhankelijk te zijn van sporulatietemperatuur. Enkele variaties
in het proteoom (N-acetylmuramoyl-L-alanine amidase, N-acetylmuramoyl-
L-alanine amidase family protein, GerD, SpoVAD) zijn gecorreleerd aan

dipicolinezuur in de sporekern. In deze eerste directe studie van het
sporenproteoom van B. weihenstephanensis zijn 23 eiwitten voor het eerst 

In Hoodfstuk 4 wordt de abundantie van 21 sporeneiwitten van B. cereus bepaald 

van sporeneiwitten alsook de eerste keer dat een QconCAT wordt toegepast in
een heterogeen systeem. Op deze manier is 5.66% ±0.51 van het totaalgewicht

anderzijds. De bepaalde stoichiometrie verschaft ook inzicht in hoe bekende of 
potentieel interacterende eiwitten zich tot elkaar verhouden. Als laatste is van de
meest abundante eiwitten een voorspelling gedaan wat betreft hun immunogene
regio’s hetgeen van belang is voor hun toepasbaarheid als biomarker.

In Hoofdstuk 5 zijn de ontwikkelde methodes voor analyse van de onoplosbare
fractie van sporen toegepast op een CotE knock-out mutant. Gezien CotE
van essentieel belang is voor het vormen van een intact exosporium is deze
laag zwaar aangedaan in de mutant. Eiwitten die normaal in het exosporium
gelokaliseerd zijn worden of helemaal niet of in mindere mate teruggevonden
in isolaten van de onoplosbare fractie van sporen van de knock-out mutant. Als
zodanig is het mogelijk om informatie te verkrijgen over de locatie van eiwitten
op een proteoom breed niveau alsmede over potentiele interacties tussen
eiwitten.

Als gevolg van dit onderzoek is het mogelijk geworden om robuuste, abundante

kunnen worden in een biosensor platform ter detectie van sporen van
voedselpathogene Bacillen.



101

Acknowledgements
Years of work, hundreds of papers read, uncountable bytes of data generated
and only one last page to write… what hopefully won’t be the most read section
of this book. I would like to thank all the people who have been a part of this

lengths of time spent strategizing, analysing samples, discussing results, and not
to mention maintenance of our precious FTMS. You have been instrumental to
the success of my PhD research. Of course, I would like to thank my promotors
Chris and Stanley for their support and trust. It’s been an absolute pleasure

the combination of proteomics and spore research is headed for great things. 

spent reading this thesis and participating in the proceedings. 

A special thanks to my paranymphs Reuben and Pascal who’ve helped me enjoy
my life these past four years, not only at the university but out in the real world
as well. I’m curious to see how (and if?) the three of us will keep implementing
the knowledge obtained during our PhD’s and look forward to our continued
friendship.

Throughout my PhD I’ve had the privilege to work, share labs, or at least have
lunch together with many wonderful colleagues. Special mention to the ones

Luitzen. It’s been an absolute pleasure and I hope my penchant for always having

hasn’t bothered you too much. That also goes for the technical assistance side, of 
which I’ve required my fair share. Henk and Winfried, without you our dear Mass
Spec group would be lost.

time with one than the other. Still, a warm thanks to “the people upstairs” of 
the MBMFS group for your time and attention spent trying to stay awake whilst
listening to my presentations during work discussions. One particular person I
must call out though; Frans, your insights have repeatedly advanced my research

possible without your solutions to my aggregation problems.

of support and the fun I’ve had alongside my working life. You’ve almost made this
PhD feel easy. Last but most certainly not least, my dearest Klazien, thank you for 

these four years of my life… For Science!




