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Chapter 1 – General Introduction
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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. 



18

CHAPTER 1

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.


