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Abstract
The Bacillus cereus sensu lato group forms a highly homogeneous subdivision of the
genus Bacillus and comprises several species that are relevant for humans. Notorious is
Bacillus anthracis, the cause of the often-lethal disease anthrax, while the insect pathogen
Bacillus thuringiensis is of economical importance, being used worldwide as an
insecticide. B. cereus is a food pathogen, and can cause two types of foodborne diseases
leading to an emetic- or diarrheal syndrome. The capacity of these bacteria to form highly
resistant dormant particles, called spores, enables them to survive extreme conditions.
Under favorable conditions, spores may germinate, herewith instantaneously loosing their
resistance capacities, and grow out to vegetative cells. The research in this thesis
describes the germination of spores of B. cereus. Precise timing of germination is crucial
for survival. Therefore, the spore contains specific sensors, called germination receptors,
which monitor the environment continuously for components necessary for growth. By
systematically disrupting the complete set of B. cereus ger operons, coding for
germination receptors, we revealed new germination-initiating molecules for the
receptors. The GerR receptor was found to have a prominent role in germination, and
appeared to be involved in initiation of germination by most of the amino acid- and
purine ribosides. GerG showed participation in L-glutamine-initiated germination, while
GerI played a role in purine riboside-initiated germination and the combined amino
acid/purine riboside responses. Exposure of B. cereus spores to Caco-2 cells, that mimic
the epithelial layer of the human small intestine, induced a strong germination response.
The involvement of the germination receptors in this response was shown and found to be
mainly mediated by GerI. It was furthermore shown that the nutrient content during
sporulation defined the transcription levels of the ger operons and affected spore
germination properties, suggesting that sporulation conditions influence the number of
Ger receptors in the spore. The obtained knowledge was used to develop an improved
cleaning-in-place method for inactivation of attached B. cereus spores. These spores are a
frequent problem in processing equipment used in the food industry and the cause of a
continuous source of contamination. The results presented are expected to contribute to a
better understanding of Bacillus spore germination, and to facilitate the development of
new food preservation strategies that will contribute to a better control of spores in our
food products.

Chapter 1
Introduction and outline of the thesis

Abstract
Bacillus cereus is an environmentally common Gram-positive rod-shaped bacterium
that can exist in two morphologies, the vegetative cell and a dormant spore. The spore
possesses incredible high resistance capacities and is therefore capable of surviving severely
harsh conditions. This extraordinary spore resistance is causing substantial problems for the
food industry, as the spores survive many of the currently applied food preservation
treatments. However, as B. cereus is an important food pathogen and furthermore responsible
for significant food spoilage, its occurrence in food products has to be avoided. This chapter
introduces the bacterial spore, and describes in detail the structure of the spore, which is the
foundation for its unique properties. Germination, which marks the transfer of the dormant
spore to a living and dividing cell, is considered in detail. Furthermore, B. cereus is
introduced and discussed, covering the genetic and phenotypic relationship with other Bacilli,
its pathogenicity and the importance for the food industry. Finally, an outline of this thesis is
provided.
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Chapter 1
1

The bacterial spore

1.1

The history of spore research
The discovery of refractile bodies, present inside bacterial cells, back in 1838 by

Ehrenberg, hallmarks the first description of bacterial spores (Fig. 1). The first studies on
spores started in 1876, now about 130 years ago, when Cohn and Koch both independently
did the first experiments on bacterial spores. Cohn wondered why “these bacteria” were not
killed by temperatures of 100oC. He furthermore described the appearance of refractile bodies
in the rods, and even found out that these refractile bodies “did not germinate within the
liquid in which they were formed, but germinated when they were transferred to fresh hay
infusion”. Koch observed in 1888 sporulation of Bacillus anthracis and other sporulating
bacteria and described the first sporulation, germination, multiplication and resporulation
cycle (Gould, 2006 and references therein). These initial observations were the onset of an
immense amount of studies conducted until now on Bacillus spores. From about 1940 to
about 1970, a large amount of surprisingly accurate studies have been conducted on spore
resistance, sporulation and germination. From the 1970s, the increasing availability of new
genetic techniques provided new methods to accelerate spore research. From that moment, the
spotlight has been on the model organism B. subtilis 168, as it is non-pathogenic and
genetically easy accessible. It was the first sequenced Gram-positive bacterium (Kunst et al,
1997) and is to date the most-studied and best understood Bacillus species. B. subtilis
sporulation has been investigated extensively, herewith serving as a model for prokaryotic
cell differentiation while also the extreme spore resistance capacities have amazed many
scientists and have been studied, trying to unravel the mechanisms behind spore resistance
(Nicholson et al, 2000 and references therein; Setlow, 2005).
The downside of this incredible resistance is reflected in the amount of problems
caused by the presence of spores. These days, spores are still a major issue when hygienic and
sterile conditions are a prerequisite, such as in the food industry and in medical environments.
Spores are able to resist most of the preservation techniques currently applied and as a
consequence are responsible for infections, serious food-borne illnesses and significant
amount of food spoilage (Brul et al, 2006). Certainly the last decade, when consumer
preferences have shifted to mildly processed food, new opportunities arose for spore forming
spoilage and pathogenic organisms. Only rigorous methods have been shown to be capable of
destroying all spores present in food, so current mild preservation strategies reflect the
delicate balance between acceptable preservation and remaining viable microbial load,
herewith tolerating a low but significant amount of viable spores in food products. Hence, the
need for a mild spore destruction strategy is eminent. Despite the massive amount of research
for over a century, many aspects of the spore remain unclear to date, including the mechanism
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of its resistance against heat, the achievement of the low spore core water content by the spore,
and initial germination processes (Gould, 2006; Newsome, 2003; Setlow, 2005).
Beside ongoing research on intrinsic spore properties, ecology of spore-forming
bacteria has recently received significant attention. Bacilli have been generally regarded as
soil bacteria, but it is becoming increasingly clear that this reflects only a small part of the life
cycle. Members of the B. cereus group are common inhabitants of invertebrate gut, but may
infect specific host organisms and multiply there (Jensen et al, 2003; Nicholson, 2002). Some
spore-formers may exploit the gut for pathogenesis, while others may exert beneficial effects,
and are therefore being commercialized as probiotics for humans and animals (Hoa et al, 2000;
Hong et al, 2005).
New spore applications, such as the use as vaccination vehicles (Duc et al, 2003)
exploit the resistant nature of spores. Spores have been developed that contain antigens in the
coat layer, resulting in an immune response after oral administration. Spore vaccines show
tremendous stability, and do not require cooled transportation, herewith being especially
suitable for the vaccination in the third world. Still existing challenges concerning spore
resistance and germination, together with the developments of new applications, make spore
research one of the most exciting areas in current microbiology.

Figure 1.

Sporulating cells of B. cereus ATCC 14579. Spores are visible as refractile bodies

inside the mother cells.

1.2

Sporulation, the formation of the endospore
Bacillus can exist as two morphologies: the vegetative cell and the dormant endospore

which is formed by a process called sporulation. When sufficient nutrients are present, the
vegetative cell divides rapidly by cell division, but environmental triggers like nutrient
11
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depletion and/or population density do initiate the sporulation process, ultimately resulting in
the bacterial spore (this process has been extensively reviewed by Barak and Wilkinson, 2005;
Eichenberger et al, 2004; Errington 2003; Piggot en Hilbert, 2004; Wang et al, 2006). At the
genetic level sporulation is initiated by an increase of the Spo0A gene product, acting as the
response regulator for sporulation and responding on accumulation of the secreted
competence and sporulation factor (SCF) determined by environmental, metabolic and cell
cycle status (Hoch, 1993). Spo0A acts as both activator and repressor of gene expression and
orchestrates the initial stage of sporulation. During sporulation, the cell will be dramatically
reorganized, starting with an asymmetrically septation dividing the cell into two separate
compartments, the mother cell and the developing forespore. By engulfment, the forespore
separates from the mother cell ultimately resulting in a free protoplast (the forespore) within
the mother cell. Within the two compartments, spore development is orchestrated by RNA
polymerase ıE regulated gene expression in the mother cell and ıF regulated gene expression
in the forespore. Final stages of sporulation are regulated by ıK in the mother cell, and ıG in
the forespore (Wang et al, 2006). The ıK-regulated genes include spore coat proteins that are
connected to the outer part of the spore, while in the spore the ger operons, encoding for
germination receptors, are transcribed by a ıG regulated RNA polymerase, resulting in the
insertion of germination receptors in the inner membrane of the spore. During final
maturation the spore gradually lowers its core water content, while at this stage the mother
cells lysis as a consequence of programmed cell death (Lewis, 2000), releasing the spore in
the environment. The sporulation pathway is depicted in Figure 2.
Morphogenesis and gene regulation during spore
formation. (a) Activation of Spo0A and ıH in the
predivisional cell leads to asymmetric division (b)
and early compartmentalized gene expression with
ıF becoming active in the prespore and ıE in the
mother cell. (c) A series of proteins produced in the
mother cell degrade the asymmetric septum and
trigger migration of the membrane around the
prespore, a process called engulfment, represented
here by the arrows in the cell. (d) When the
membranes fuse at the pole of the cell, the prespore
is released as a protoplast in the mother cell, and a
s e c o n d ro und o f c o mp a r tme n t a l i z e d ge n e
expression occurs, with ıG becoming active in the
prespore and ı K in the mother cell. These late
factors activate transcription of the genes that build
the structural components of the spore that provide
its resistance qualities. (e) By lysis of the mother
cell the spore is released in the environment.

(e)

Figure 2.
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Schematic overview of the sporulation process, adapted from Piggot and Hilbert, 2004.

Introduction and outline of the thesis
1.3

The structure of bacterial spores
Bacterial spores are known because of their formidable resistance against harsh

conditions (Table 1). These resistance properties are the direct consequence of the spore
structure consisting of a dehydrated core surrounded by several protective layers. Spore
dormancy is another typical spore property, crucial for its longevity. The lack of any
detectable metabolism in the dormant spore indicates no energy consumption, ensuring
virtually everlasting viability of dormant spores. Figure 3, depicting a cross section of the
spore, shows spore components including the core, the inner membrane, the cortex, the outer
membrane and the coat layers followed by the exosporium. The structure and components of
the spore and their role in spore resistance and germination are being described below in more
detail.
Table 1
Resistance capacity of growing cells and dormant spores of B. subtilis
________________________________________________________________
Treatments required to kill 90% of
the population.
__________________________________
Growing
Dormant
Treatment
cells
spores
________________________________________________________________
UV radiation (254 nm) (KJ m-2)
36
330
Wet heat (90oC) (min)

<0.1

18

Dry heat (120oC) (min)

<0.01

18

H2O2 (15% at 23 oC) (min)

<0.2

50

Formaldehyde (25 g/l) (min)

<0.1

22

Nitrous acid (100 mmol/l) (min)

<0.2

100

Freeze dryings (number of cycles) <1
>20
________________________________________________________________
Setlow, 2005
1.3.1 The spore core
The status of the spore core plays a crucial role in the resistance of the spore. During
the final stage of sporulation, the core becomes dehydrated by an unknown mechanism but it
has been observed that the amount of water present directly influences the resistance capacity
of the spore (Gerhard and Marquis, 1989; Melly et al, 2002). Reaching a status of low water
content is thus of utmost importance for survival of the spore. Despite this observation and the
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clear correlation with spore heat-resistance, being the paramount spore characteristic for the
food industry to tackle, this part of the spore is still far from understood (Gould 2006;
Newsome, 2003; Setlow 2000). Although being subject of intense research efforts, the site
and nature of damage caused by exposure to wet heat is currently not known. In addition to
that, and probably being the key to the previous question, is the unknown status of the water
in the core. It has been shown that the spore core is immobile (Cowan et al, 2003), yet does
contain 35-45 % of water (compared to ~80% of water in the vegetative cell). A glassy state
has been proposed for the spore cytoplasm, as it can contribute to the dormancy and resistance
(Cowan et al, 2003), while others suggested that core water is freely exchangeable (Black and
Gerhardt, 1962; Leuschner and Lillford, 2000; Westphal et al, 2003), but further research is
needed to reveal the exact nature of the core and how this environment stabilizes
biomolecules.
A typical spore component being pyridine-2,6-dicarboxylic acid, or dipicolinic acid
(DPA) plays an important role in spore resistance, although it is not exactly known how DPA
stabilizes the core environment (Paidhungat et al, 2000a). DPA is produced in the mother cell
during sporulation and exists in the core in complex with divalent cations, mainly Ca2+. 515% of the spore’s total dry weight comprises of Ca2+DPA, and although the correlation
between the amount of Ca2+DPA and spore resistance is not clear, Ca2+DPA might play a role
in reducing the amount of water in the core, herewith indirectly increasing (heat) resistance.
Ca2+ and DPA are excreted during germination and play a role in subsequent steps of the
germination pathway (Paidhungat et al, 2001a).

innermembrane

exosporium

outermembrane

cortex

core

germ
cell wall

Figure 3

coat

The structure of the spore, showing the various layers of the spore. The thickness of

the various layers can significantly vary between species. Furthermore, not all species equip their
spores with an exosporium.
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Within the spore core the organism’s DNA is stored, and has to be protected against
degradation by environmental conditions. To do so, the spore is equipped with a class of
proteins called SASP (small acid soluble proteins) proteins, which comprise 3-6% of the total
spore protein. These SASP proteins, expressed in the final stage of sporulation, do protect the
DNA during spore dormancy by complete saturation and tight binding consequently changing
the structure to a more stable conformation (Setlow, 1995). The SASP gene family consists of
4 to 7 genes, and Į- and ȕ-type SASP has been experimentally shown to play a role in the
protection of the DNA by tight binding. The role of Ȗ and other SASP proteins is less clear, as
mutant strains lacking these SASP proteins are not really compromised in their resistance
capacity (Loshon et al, 1997), indicating significant redundancy in the function of these
proteins.
To summarize, the core environment provides a stable and protective environment for
biomolecules, including DNA, RNA and enzymes (Warth, 1980). How this is achieved is not
known, although the immobile and dehydrated status of the core is expected to be of crucial
importance.
1.3.2 The inner membrane
The inner membrane, serving as a selective permeability barrier, surrounds the spore
core. Even small molecules are restricted and show no or slow passage through this spore
membrane, preventing harmful molecules from intruding the core (Cortezzo and Setlow, 2005;
Nicholson et al, 2000). The integrity and function of the inner membrane is by far not clear,
but it has been shown to be largely immobile (Cowan et al, 2004) and probably expected to be
in a crystalline state. Essential parts of the germination apparatus, like the germination
receptors and gene products of the SpoVA operon (Vepachedu and Setlow, 2005) are at least
partly incorporated in this membrane and it is therefore expected that the inner membrane
somehow plays an important role in the first stages of germination. More specifically, it is
expected that the inner membrane contributes in signal transduction directly after the
activation of a germination receptor herewith transmitting the germination signal to other
parts of the spore. Treatment of spores with oxidizing agents, expected to act on the inner
membrane, resulted in spore killing upon germination, suggesting that the inner membrane
integrity has to be intact for accurate germination (Cortezzo et al, 2004; Paul et al, 2006).
Furthermore, it has been suggested that the channels or pores in the inner membrane regulate
the excretion of the large amount of Ca2+DPA, which activates cortex-lytic enzymes that
subsequently degrade the cortex (Vepachedu and Setlow, 2007). This all might be the result
of a conformational change of the inner membrane upon the activation of a germination
receptor. During germination and outgrowth, the inner membrane of the outgrowing spore
expands 1.3 to 1.6 fold, without requiring any membrane lipid synthesis and becomes the
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plasma membrane of the future cell. Layers surrounding the inner membrane, including
remnants of the coat and outer membrane are discarded throughout outgrowth.
1.3.3 The cortex
The cortex surrounds the inner membrane of the spore and is constructed of a thick
layer of cross-linked muramic acid į-lactam residues, a spore specific peptidoglycan (Popham,
2002). The spore cortex is of importance in maintaining spore dormancy and heat resistance,
and is thought to contribute to the dehydrated state of the core (Nicholson et al, 2000 and
references therein). The cortex composition is similar between many spore-forming bacteria,
including Clostridia (Atrih and Foster, 2001). During spore germination, the cortex has to be
degraded quickly to give room to the expanding spore core. This has been shown by a B.
subtilis cwlD mutant strain, which delivered spores that did not contain muramic lactam in the
cortex. Cortex lytic enzymes, normally quickly degrading the cortex, do not recognize the
cortex lacking muramic lactam as a substrate, herewith arresting the development of the spore
in an intermediate stage during germination. In these spores germination was initiated
normally but they did not reach the outgrowth stage (Popham et al, 1996; Sekiguchi et al,
1995).
During spore dormancy, spore cortex lytic enzymes are present in the dormant spore
although in an inactive state. Two cortex lytic enzymes have been characterized in more detail
so far, encoded by cwlJ and sleB. The CwlJ enzyme is produced in the mother cell during
sporulation, while the YwdL (GerQ) protein is required for its proper localization (Ragkousi
and Setlow, 2004) in the outer cortex coat junction. Activation of CwlJ is initiated by release
of the spore’s core Ca2+DPA, one of the first events in germination (Paidhungat et al, 2001b).
The sleB gene, located on a twocistronic operon, is cotranscribed with ypeB in the forespore
(Moriyama et al, 1999) and SleB is to be found in the inner membrane and the cortex and coat
layers. The YpeB protein function might be maintaining SleB inactive during spore dormancy,
while destabilization of this complex occurs upon germination by dissociation of YpeB
(Chirakkal et al, 2002), although the exact activation mechanism is not known.
1.3.4 The spore outer membrane
The outer membrane is located between the cortex and inner coat layers, and its
precise function is not clear, and it has been questioned if the integrity is retained in a dormant
spore. It may therefore not act as a permeability barrier, and removal of this membrane
(together with the spore coat) did not had an effect on spore resistance properties to heat,
radiation and chemicals (Nicholson et al, 2000; Setlow, 2000). It is however an essential
structure during formation of the spore (Piggot and Hilbert, 2004).
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1.3.5 The spore coat
Surrounding the cortex is a protein shell, providing the spore with resistance against
exogenous lytic enzymes, organic solvents and a range of oxidative chemicals (Driks, 1999;
Nicholson et al, 2000; Setlow, 2000). Furthermore, the coat plays some role in germination
and probably ecological interactions. The spore coat relies on the ordered assembly of over 50
polypeptides and transmission electron microscopy (TEM) has shown that the coat consists of
several distinct layers that vary in number and thickness between species (Driks, 1999;
Henriques et al, 2004; Kim et al, 2006). The role of many individual coat proteins remains
unclear as coat mutants frequently do not show any phenotypical effect (with exception of
proteins contributing to spore coat morphogenesis), suggesting extensive redundancy among
coat proteins or only minor contributions of single proteins to the coat. Important structural
coat proteins include SpoIVA, located near or at the spore outer membrane, SpoVID and
SafA, located at the cortex coat interface, and CotE, located between the inner- and outer coat.
Spores lacking one of these genes misassemble their coat, resulting in lysozyme sensitive
spores. It is expected that these proteins establish the coat structure, while other proteins are
deposited on this framework (Giorno et al, 2007 and references therein). Proper construction
of the coat requires control at several levels including: spatial and temporal gene expression,
the action of morphogenetic proteins guiding coat assembly, and post-transcriptional and
post-translational modifications. Extensive cross-linking, mediated by transglutaminase and
probably peroxidase has been described of coat proteins, present in the inner and outer coat,
and this is thought to be of key importance in controlling the dynamic behavior of spores
(Driks, 2003; Westphal et al, 2003).
Although not fully elucidated, the coat layers do play a role in germination, although
information about involvement of the coat for B. cereus germination is limited (Kutima and
Foegeding, 1987; Senesi et al, 1992). Cortex lytic enzyme CwlJ is located in the coat, and the
lack of this enzyme after coat removal is likely to be responsible for a diminished germination
response. Other coat mutants show reduced nutrient-induced germination, probably being a
consequence of reduced permeability for nutrients caused by structural changes of the coat
(Bourne et al, 1991; Behravan et al, 2000). Recently, a new B. subtilis coat-located enzyme,
involved only in L-alanine-induced germination has been described (Masayama, 2007).
Probably, this will add new information to the spore-coat breakdown after germination, and
essential event in germination but any information about this specific event is lacking (Moir,
2006).
1.3.6 The exosporium
The exosporium is not a universal part of the spore structure, as it is not present on B.
subtilis spores, but seems to be conserved among pathogenic Bacilli and is present on
members of the B. cereus group. The exosporium surrounds the spore as a loose balloon like
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structure (Fig. 4) and consists of a paracrystalline basal layer and an external hair like nap
(Gerhardt and Ribi, 1964). The basal layer is composed of at least a dozen of proteins, while
the filaments of the hair like nap are composed of a glycoprotein BclA.
The exosporium is the least understood part of the spore structure, but its obvious presence on
pathogenic Bacilli suggests a possible role in interactions with host organisms. The same has
been suggested for the hydrophobic nature of the exosporium, probably important in the
interaction of the spore with its target organism. Recently it was shown that B. anthracis
spores lacking the exosporium showed increased killing by murine macrophages (Kang et al,
2005) and were also more vulnerable for nitric oxide (Raines et al, 2006), suggesting also a
protective role for this structure.
Furthermore, it has been shown that the exosporium apparently plays a role in
germination as B. anthracis spores lacking BxpB, leading to spores devoid of the basal layer
protein, herewith preventing attachment of the hair like nap protein BclA, showed a faster
germination response (Steichen et al, 2005). It is unknown why and how presence of BxpB
suppresses germination. Interestingly, B. anthracis spores lacking ExsY, resulting in spores
with a fragile and incomplete exosporium, showed a delayed outgrowth phenotype,
suggesting a role for the exosporium during outgrowth (Boydston et al, 2006).

Figure 4.

Scanning electron microscope photograph of spores of B. cereus ATCC 14579. The

exosporium, a balloon like structure is surrounding the spore. This photograph was kindly provided by
Ynte de Vries.
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1.4

Spore germination
Spore germination is an irreversible process that marks the transfer of the dormant and

resistant spore to an actively growing and dividing cell, herewith losing its resistance
capacities. Despite being dormant, spores are capable of monitoring the surroundings for
signalling molecules that report that the environment permits vegetative growth of the cell.
When a proper composition and concentration of signalling molecules, called “germinants”
are surrounding the spore, germination will be initiated. Timing of the germination event is of
crucial importance, as initiation before or after the optimal conditions will result in
diminished survival of the germinating spore caused by lack of nutrients or increasing
microbial competition respectively. Normally nutrient molecules like amino acids and sugars
serve as germinants, acting as the initiators of spore germination. Beside nutrient induced
germination, chemicals like dodecylamine and Ca2+DPA can induce germination, while also
physical triggers, including high hydrostatic pressure and abrasion can initiate germination
(Black et al, 2005; Gould, 1969; Jones et al, 2005; Moir and Smith, 1990; Moir, 2006;
Paidhungat and Setlow, 2002; Setlow B., 2003; Setlow P., 2003). Nutrient induced
germination can be considered as the natural germination pathway, and this has been studied
extensively for B. subtilis and to a lesser extent for members of the B. cereus group. Nutrient
induced germination requires specific receptors, most likely located in the inner-membrane of
the spore (Hudson et al, 2001; Paidhungat et al, 2001b).
Germinant molecules are able to activate these receptors, probably by allosteric
interaction (Wolgamott and Durham, 1971). This initiates a cascade of processes that
gradually degrade the protective structures of the spore and resume cellular processes and its
metabolism, ultimately leading to the vegetative cell. Notably, the first stages within spore
germination do not require any protein or nucleic acid synthesis, so are essentially biophysical
and proceeding with components already present in the spore. Several transition stages can be
identified upon addition of the nutrients, starting with a micro-lag phase (of which the
duration is influenced by strain characteristics and environmental factors) probably caused by
the transfer time of a nutrient molecule through the spore layers to the Ger receptors, as no
response can be observed. Then a rapid loss of refractility (easily monitored microscopically,
as the spore’s appearance changes from phase bright to phase black) occurs, followed by a
second phase of further refractility loss, however with a reduced rate. Both micro-lag and the
second phase of refractility loss are influenced by environmental factors, like pH, while the
first phase is relatively independent of external conditions, and takes roughly between 1 and
1.5 min in B. cereus (Hashimoto et al, 1969a). Recently, single cell experiments have shown
that the drop of refractility coincides with the release of Ca2+DPA, and that the most of the
Ca2+DPA has been released before transfer to a complete phase black spore (Hashimoto et al,
1969b, Chen et al, 2006). Shortly before the release of Ca2+DPA, a rapid efflux of monovalent
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cations (H+, Na+ and K+) occurs, while the excretion of Ca2+DPA coincides with the entrance
of water to the core, resulting in a partly dehydrated but still immobile core environment.
Then, hydrolysis of the oppressing cortex layer, accomplished by cortex lytic enzymes CwlJ
and SleB, becomes crucial to provide more space to the expanding core. After cortex
degradation, the now fully rehydrated core allows the reactivation of enzymes and the
synthesis of ATP from the 3-PGA (3-posphoglyceric acid) precursor. Degradation of the
SASP proteins releases the spore’s DNA, and the spore initiates RNA, protein and DNA
synthesis in the further outgrowth phase (Fig. 5).

Figure 5.

Bacillus spore germination. Germination is initiated when nutrient molecules activate

the Ger receptors present in the spore’s inner membrane. Shortly after, release of Ca2+DPA and cations
can be observed, while the core is partly rehydrated, but is still immobile (Stage I). Subsequently
cortex lytic enzymes start to degrade the cortex, herewith allowing further rehydration of the core
(Stage II). In the rehydrated core, enzyme activity is resumed and finally metabolism will be initiated
(reproduced from Setlow, 2003, with permission from publisher and author).

1.4.1 Germination receptors in Bacilli
Bacillus spores are equipped with a specific set of germination receptors that
continuously monitor the environment for proper outgrowth conditions. As signalling
molecules herein function germinants, often amino acids or ribosides, which are able to
initiate germination when present in appropriate concentration and mixture in close proximity
of the spore (Foerster and Foster, 1966; Gould, 1969). The gerA operon in the genome of B.
subtilis, encoding for the germination (Ger) receptor GerA, was the first germination operon
described (Zuberi et al, 1987) and was shown to be involved in L-alanine initiated
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germination. Later, gerB and gerK were described, both involved in a germination response
on a mixture of L-asparagine, D-glucose, D-fructose and K+ (AGFK response) (Corfe et al,
1994; Irie et al, 1996). Two more ger-like operons do exist in the genome of B. subtilis, but
these are either not transcribed or do not lead to a functional receptor under the conditions
tested so far (Piadhungat et al, 2000b). Ger operons do consist of three genes, of which the
gene products are all necessary to form a functional receptor (Moir and Smith, 1990). The
presence of membrane spanning domains in the A and B component of the receptor suggests
association with the spore’s inner membrane and this indeed has been confirmed for GerAA
and GerAC (Hudson et al, 2001) and GerBA (Paidhungat et al, 2001b). The C component is
rather hydrophilic and contains an N-terminal signal sequence followed by a consensus
sequence for diacylglycerol addition. Removal of the signal peptide, only occurring when
diacylglycerol was added to the consensus sequence, showed to be essential for the function
of the GerA receptor, while the function of GerB was moderately and of GerK not affected
(Igarashi et al, 2004).
It has been shown that at least the A and B component of a Ger receptor do interact in
forming a receptor (Moir et al, 1994; Paidhungat and Setlow, 1999), and recent experiments
also suggest interaction of the C component with the GerAB proteins (Igarashi and Setlow,
2005). Furthermore, Ger receptors can also act cooperatively to a germination response, as is
the case for GerB and GerK as response to AGFK (Mc Cann et al, 1996), and GerA and GerK
(L-alanine/L-valine with glucose and K+), and GerA and GerB (L-ala/L-val with Lasparagine and K+ and fructose) (Atluri et al, 2006). Similar cooperative responses have been
observed for spores of B. cereus and B. anthracis (Barlass et al, 2002; Ireland and Hanna,
2002). Apparently, the summed signal of the Ger receptors initiates germination, and several
hypothetical working models have been proposed. One model suggests that the receptors,
single or in complexes, generate an output signal that determines the rate of spore germination,
while another model proposes a signal integrator that collects the receptors combined input
and determines the germination rate by regulating the output signal (Atluri et al, 2006). For
both models to date crucial information is lacking, more specifically in the signal transduction
after ligand binding and subsequent activation of the receptor. Furthermore, as the inner
membrane is largely immobile (Cowan et al, 2004), a combined response of several receptors
would favour the idea that they are present in a complex, as levels of receptors in the inner
membrane are low, and therefore they are probably not closely located to each other.
Alternatively a sort of receptor output signal transduction and collection structure may exist,
but no components supporting this possibility have been identified so far. A role in this could
have the GerD protein, which is located in the inner membrane. GerD positively influences
nutrient induced germination, but it is not essential as germination proceeds in spores lacking
gerD, albeit slower (Pelczar et al, 2007). The proteins encoded by the SpoVA operon, involved
in DPA uptake, are probably also involved in the quick DPA release shortly after the initiation
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of germination. Perhaps these proteins are part of or do form a channel in the spore inner
membrane for transport of DPA and other small molecules (Vepachedu and Setlow, 2007).
Although the spore germination process might be more or less conserved in the
different Bacillus species, significant differences do exist, specifically in the germination
receptors and germinant molecules. This is not surprising, as germination has to occur in the
ecological conditions that are optimal for a specific species, herewith evolutionary adapting
their germination sensors to these conditions. It has become clear that members of the
Bacillus family occupy many niches, including symbiosis and life cycles in living organisms
(Jensen et al, 2003; Nicholson, 2002; Saile et al, 2006; Vilain et al, 2006). Members of the B.
cereus group differ from B. subtilis in many aspects including pathogenesis. Possibly the
diversity in ecological background has resulted in a differently developed set of germination
receptors when compared to the well-studied germination receptors of B. subtilis. Recent
studies, aiming to characterize the germination receptors and concomitant germinants of B.
cereus and B. anthracis have revealed more information about germination of spores of the B.
cereus group. They clearly are distinct from B. subtilis in the number of (functional) ger
operons present, as this can be up to seven in B. cereus ATCC 14579. It is not known why
this variation in the number of Ger receptors exists, but the suggested multi variable natural
environment that might suit members of the B. cereus group, including symbiotic
relationships and possible pathogenic life cycles in host organisms, suggests germination of
spores in more than one favourable environment. A broad set of receptors aids to a proper
response on a range of environmental conditions.
Common germinant molecules for B. cereus spores include amino acids (mostly Lalanine) and purine ribonucleosides (mostly inosine), while a combination of both gives the
strongest response (Clements and Moir, 1998; Gould, 1969; Preston and Douthit, 1984;
Warren en Gould, 1969). The group of Dr. A. Moir investigated germination of B. cereus 569
spores and observed that the GerI receptor was shown to be involved in the response on
inosine and L-alanine, the GerQ receptor only in the inosine response while the GerL receptor
was involved in the L-alanine response. This strain has not been sequenced so far, so the total
number of ger operons present on the genome of this strain is not known.
Recently the germination response of B. cereus ATCC 14579 and B. anthracis Sterne
has been studied in more detail by the disruption of all ger operons present. The genome of B.
cereus ATCC 14579 contains 7 ger operons and these operons are all expressed during
sporulation (Hornstra et al, 2006a). A new receptor, encoded by the gerR operon, was shown
to play a dominant role, as it is involved in germination by a range of amino acids and purine
ribosides. The GerG receptor showed involvement in L-glutamine germination, while the
GerI receptor mediated purine riboside and aromatic ring amino acid-initiated germination
(Hornstra et al, 2006b). The chromosome of Bacillus anthracis Sterne contains 6 ger operons,
while a seventh operon, gerX is located on the pX01 plasmid, but due to frame shifts, gerA
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and gerY are not expected to result in a functional receptor (Fisher and Hanna, 2005).
Contrary to B. cereus spores, spores of B. anthracis seem to germinate best with a
combination of germinant molecules, as the only germinants capable of initiating germination
without addition of a co-germinant are L-alanine at high concentration (>30mM) and inosine.
The gerL and gerK operons are both involved in the L-alanine response, although probably by
partial different mechanisms (Fisher and Hanna, 2005). Receptors encoded by gerS and gerH
(named gerI in B. cereus) have shown to be involved in the response initiated by L-alanine or
inosine with aromatic amino acids as co-germinants. The role of gerX has been approved in
vitro and the encoded receptor plays a role in the virulence of an animal model (GuidiRontani et al, 1999). Activation of the receptors, initiated by conditions encountered in the
macrophage, is the first stage of anthrax infection. Therefore it was interesting to observe that
superoxide, found in elevated levels in a stimulated macrophage, was shown to act
stimulatory on nutrient induced germination (Baillie et al, 2005).
1.4.2 Initiation of germination by chemicals
Nutrient induced germination can be considered as the spore’s natural trigger to
germinate and leave behind dormancy. Several chemicals, however, do cause spore
germination but initiate germination by a different mechanism when compared to nutrient
induced germination. Most frequently studied is the response on Ca2+DPA that is able to
initiate germination without requiring the presence of any Ger receptor (Keynan and
Halverson, 1962; Paidhungat et al, 2001a). Addition of exogenous Ca2+DPA appears to
directly activate CwlJ, one of the cortex lytic enzymes, and herewith induces the degradation
of the cortex, after which the spore continues the germination process.
Another class of chemicals capable of initiating germination are cationic surfactants,
like dodecylamine (Rode and Foster, 1961; Setlow B., 2003). However, spore killing parallels
germination induced by this agent. Addition of dodecylamine induces quick loss of refractility,
excretion of DPA and loss of heat resistance. Mutants lacking all Ger receptors or the cortex
lytic enzymes CwlJ and SleB germinated well with dodecylamine, indicating bypassing of the
Ger receptors and the cortex lytic enzymes. A possible mode of action has been proposed in
which dodecylamine changes the inner membrane characteristics, such that easy excretion of
Ca2+DPA occurs, while the opening of possible Ca2+DPA transport channels also has been
suggested, although it is not known how Ca2+DPA enters and exits the core and the presence
of Ca2+DPA channels has not been confirmed yet (Vepachedu and Setlow, 2007).
1.4.3 Germination by physical triggers
Bacillus spores germinate when exposed to physical conditions like abrasion and high
pressure (Black et al, 2005; Jones et al, 2005; Nicholson et al, 2000; Rode and Foster, 1960).
High pressure kills microbial contamination and is regularly used to preserve certain food
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products. Therefore the effect of high pressure on spores has been investigated in more detail.
Pressures ranging from 100 MPa to 300 MPa induces spore germination by activation of one
or more of the Ger receptors, while the range from 500 MPa to 800 MPa initiates germination,
probably by the release of Ca2+DPA. Germination at the pressure range of 100 to 300 MPa
proceeds similar to nutrient-induced germination, and is in B. subtilis dominantly mediated by
the GerA receptor and to lesser extends by GerB and GerK (Aertsen et al, 2005; Black et al,
2005). Spore germination at pressures above 500 MPa differs from germination at lower
pressures, as it does not require the Ger receptors and it seems to proceed incomplete. SASP
proteins are not degraded and ATP synthesis is not initiated and these spores retain resistance
against hydrogen peroxide and UV (Black et al, 2007). Spores of B. cereus respond to high
pressure by germination as well, but it is not known which receptor(s) are sensitive for high
pressure.
Abrasion causes mechanical damage to the spore, which in turn seems to activate
CwlJ and SleB, leading to degradation of the cortex (Jones et al, 2005) and resulting in
germination of the spore.
1.4.4 Spore germination and behaviour in the gastro intestinal tract
Because of the frequent occurrence of spores in our food, they are ingested regularly.
However, the behaviour of spores upon ingestion is only recently being investigated in more
detail. Contrary to vegetative cells, which are normally killed in the acidic environment of the
stomach, most spores are not affected and do reach the gastrointestinal tract unharmed (Clavel
et al, 2004). Recently it has been shown that B. subtilis spores germinate, grow and sporulate
in the gastrointestinal tract of mice (Tam et al, 2006). Although this has not been proven to
happen for B. cereus spores in humans (yet), it is feasible to assume that enterotoxinproducing cells in the small intestine originate from ingested spores and consequently that
they have germinated somewhere after stomach passage. The vegetative cells manage to
survive the gastrointestinal environment and produce entero-toxins that cause the diarrhoeal
syndrome. Paradoxally, a large amount of information about the behaviour, presence and
survival of spores in the intestinal tract has been revealed by investigations on the effects and
survival of probiotic spore preparates for humans and animals. A range of Bacillus based
probiotics, containing spores of B. subtilis, B. cereus, B. licheniformis, B. pumilus, B.
coagulans and/or B. clausii strains, are being commercially sold and do claim and show
positive effects on humans and animals (Hong et al, 2005 and references therein). Although
the intestinal tract might be considered as a hostile environment for Bacilli, vegetative
Bacillus cells are able to encounter low levels of oxygen and high concentrations of intestinal
fluids. It has been shown that under appropriate conditions, “aerobic” Bacilli can grow
anaerobically, as they have the capacity to use nitrate as electron acceptor, and perhaps
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adhesion to gut mucosa provides niches in which they can escape toxic effects of luminal
fluids.
Although mostly regarded as soil bacteria, the presence of many Bacilli in the
intestinal tract of vertebrate and invertebrate organism, and the effects that they exert on the
host organism, suggest that the intestinal tract is a universal part of the ecological
environment of Bacilli (Jensen et al, 2003).

2.

Bacillus cereus

2.1

The genus Bacillus and the Bacillus cereus group

The genus Bacillus covers aerobic or facultatively anaerobic rod shaped bacteria that
are able to form spores. Most Bacilli are motile and do produce catalase, while sporulation
under aerobic conditions distinguishes them from Clostridia. Bacilli do survive and are
adapted to many different environments, and include strains that can grow at temperatures
ranging from 3oC to 75oC and within a pH range from pH 2 to pH 10 (Drobniewski, 1993).
B. cereus belongs, together with B. anthracis, B. thuringiensis, B. weihenstephanensis,
B mycoides and B. pseudomycoides, to the B. cereus sensu lato group, a highly homogeneous
subdivision of the genus Bacillus. The members within this group show a very high genetic
relationship which makes genome based differentiation complicated or even impossible, and
it is frequently debated if the members of this group should be regarded as same species
(Helgason et al, 2000; Ivanova et al, 2003; Rasko et al, 2004; Read et al, 2003). On the other
hand, the very diverging phenotypes within this group allow easy identification using
classical methods. Generally B. cereus and B. thuringiensis demonstrate hemolysis, motility,
penicillin resistance, tyrosine degradation and phosphatase production, while B. anthracis is
normally negative for these characteristics. B. thuringiensis produces diamond shaped
parasporal crystals, known as į-endotoxins, that differentiates this species from B. cereus
(Schoeni and Wong, 2005 and references therein). Moreover the pathogenicity patterns of
these bacteria differ significantly. B. anthracis is the cause of anthrax, an often lethal disease
for humans and mammals, while B. thuringiensis is an insect pathogen and therefore its
spores are being used as insecticide. Typically, most of the genes involved in pathogenesis of
these two bacteria are located on plasmids, and loss of these plasmids, resulting in loss of
their virulence, makes differentiation with B. cereus strains virtually impossible.
B. mycoides, B. pseudomycoides and psychrotolerant B. weihenstephanensis are less
well characterized although the latter one, capable of growing efficiently at temperatures of
4oC, may form a hazard in food products stored at low temperatures. The genome of B.
weihenstephanensis harbors toxin genes (Stenfors et al, 2002), but so far known this has not
resulted in a B. weihenstephanensis initiated food-borne outbreak yet, so the role of this
organism in food-borne infections remains to be elucidated.
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2.2

Bacillus cereus
B. cereus is a Gram-positive rod-shaped facultatively anaerobic spore-forming

bacterium, frequently associated with food poisoning and spoilage. Besides being responsible
for food-borne illness, B. cereus can be associated with opportunistic infections, often in
immuno-compromised individuals and include bacteremia, septicemia, endocarditis,
meningitis, pneumonia, pleuritis, osteomyelitis and endophthalmitis (Drobniewski, 1993).
The common presence of B. cereus in many types of soil and rhizosphere has
originally classified B. cereus as a soil bacterium, but recent findings have added new insights
to this classification. The genome sequence of B. cereus ATCC 14579 type strain, published
in 2003 (Ivanova et al, 2003), revealed preference for proteins and amino acids as nutrient
source instead of plant-derived carbohydrates in the soil, used by typical soil bacteria as
Streptomyces spp. and B. subtilis. Furthermore, a conserved set of genes within the B. cereus
group covers processes like invasion, establishment and propagation within a host (Ivanova et
al, 2003). In agreement with this, Jensen et al (Jensen et al, 2003) suggested that members of
the B. cereus group do live in symbiosis with invertebrate organisms, but use host organism
for a pathogenic life cycle. This is indeed the case for B. anthracis and B. thuringiensis, which
utilize mammals, respectively insects as host for their multiplication. The life cycle of B.
cereus is to date less lucid, although several observations suggest that the insect intestine
could have been the natural environment for B. cereus. A recent report, however, described a
full life cycle (including germination, growth and sporulation) in liquid soil extracts, and
furthermore a multicellular mode of growth (Vilain et al, 2006). Therefore it seems that B.
cereus is able to occupy and complete a full life cycle within several different environmental
niches. This hypothesis could explain the high number of ger operons, present on the genome
of B. cereus and probably necessary to respond on the various conditions that allow the
completion of a life cycle of this bacterium.
2.3

Consequences of B. cereus in food products
The omnipresence of Bacillus spores in the environment inevitably results in the

presence of spores in agricultural and dairy products. To improve the shelf life and food
safety of these products, the industry has developed a range of preservation methods to
control the microbial contamination of food products. Current food preservation methods are
generally successful in reducing the microbial contamination on food products, and as a result
of these efforts our food can be regarded as safe. Unfortunately, currently used methods are
only moderately successful against spores, obviously the consequence of their incredible
resistance capacities (Oomes and Brul, 2004). Notably, the last decade consumers’
preferences have shifted gradually to more “fresh-like” foods, having better taste and texture
characteristics and these products are expected to be healthier. This can be achieved by
applying milder food processing conditions, although this will give opportunities to spores
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present in the food, as they are frequently not completely inactivated by these milder
treatments. Lack of competing micro flora after the treatment facilitates the rapid outgrowth
of germinating spores in the food. The fact that close relative B. weihenstephanensis and some
B. cereus strains can grow at low temperatures (4oC to 8oC) means that these organisms can
grow at food storage temperatures (Stenfors and Granum, 2001).
Especially in the dairy industry, the numbers of spores present in the product limits the
shelf life of the product, although this results predominantly in spoilage. B. cereus cells are
responsible for defects known as ‘bitty’ cream or sweet curdling, caused by the production of
extra cellular phospholipase (lecithinase) (Varnum and Sutherland, 1994). It seems that,
although the genomes of dairy isolates do contain toxin genes, generally no toxins are being
produced in dairy products during storage. Therefore, the reported number of B. cereus
infections related to infected dairy products is low (European Food Safety Authority, 2005)
and B. cereus can be considered as spoilage organism for the dairy industry rather than being
a pathogen, although the presence of toxin genes rewards alert awareness.
2.4

B. cereus as pathogenic organism
B. cereus can cause two types of food-borne infections. The emetic syndrome is

caused by toxin production in the food product before consumption, while the diarrhoeal
syndrome is the result of ingested B. cereus spores that germinate in the human intestine and
produce enterotoxins in the intestinal tract (Granum, 2001; Schoeni and Wong, 2005).
The emetic type is an intoxication, caused by an emetic toxin called cereulide, and is
characterized by nausea and vomiting 1 to 6 h after consumption (Kramer en Gilbert, 1989;
Ehling-Schulz et al, 2004). The emetic syndrome is associated mostly to starchy foods, like
rice and pasta dishes, and within 12-16 h of storage at room temperature sufficient toxin can
be produced in contaminated food. Cereulide is highly resistant to heat, low pH and
proteolytic enzymes, so it remains active in the food after heating and upon ingestion and
passage through the gastro-intestinal tract. Cereulide has been shown to be toxic to
mitochondria by acting as a potassium ionophore. Symptoms are generally mild, and patients
recover within 24 h, but occasionally fatal cases resulting from emetic syndrome have been
reported (Mahler et al, 1997).
The diarrhoeal syndrome is caused by the production of enterotoxins of vegetative B.
cereus cells in the small intestine and is accompanied by abdominal pain, cramps and
diarrhoea, occurring 8 to 16h after ingestion (Granum and Lund, 1997). Several virulence
factors have been described, causing this syndrome, of which three-component enterotoxins
hemolysin BL and non-hemolytic NHE are well characterized (Beecher and Wong, 1997;
Lindback et al, 2004). These enterotoxins have cytotoxic and dermonecrotic capacities, and
do cause vascular permeability in the intestine. Another single component toxin, enterotoxin
T has been described (Agata et al, 1995) encoded by the bceT gene, but the role of this
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enterotoxin in B. cereus initiated food poisoning remains to be elucidated. Normally the
symptoms of the diarrhoeal syndrome are mild, but a strain containing the CytK toxin,
causing necrotic enteritis, was responsible for a very severe outbreak in France, resulting in
three fatal cases (Lund et al, 2000).
B. cereus related food-borne infections occur frequently, but estimation of the actual
incidence numbers is difficult. Symptoms are mostly relatively mild for healthy individuals,
and patients recover generally within 24h. As a consequence, most of these food poisoning
cases are not diagnosed, resulting in an under representation of the number of B. cereus
infections in food borne diseases statistics. Occasionally, very severe B. cereus outbreaks do
occur, which show clinical symptoms similar to B. anthracis related infection, with frequently
lethal consequences or long time hospitalization. Genome analysis of these B. cereus isolates
revealed that these strains have accumulated parts of the genome of B. anthracis, including
genes involved in virulence (Hoffmaster et al, 2006 and references therein).

3. Outline of this thesis
B. cereus spores in food products are responsible for food-borne illnesses and food
spoilage. This is the consequence of the resistance capacities of the spores, which enables
survival during frequently used food preservation treatments. Germination plays a crucial role,
as it transfers the (harmless) dormant spore to a potential toxin producing but vulnerable
bacterium. Spores of emetic B. cereus strains germinate in food products and deliver the
emetic toxin in the food, while apparent germination of ingested spores in the human body
can result in enterotoxin production in the human gastrointestinal tract. Despite a crucial role
for germination in establishing infections, not only for B. cereus but also for other members
of the B. cereus group, information about the triggers of germination is very scarce. Moreover,
present knowledge is predominantly based on the non-pathogenic B. subtilis 168 strain. As
current food preservation methods are frequently not sufficient enough in destroying all
spores in the food, spores do remain initiators of food-borne illnesses and spoilage. The lack
of suitable destruction methods compels the consideration of possible new strategies to
control spores in food products. Possible strategies that have been suggested in the past
include stimulation of germination of spores in food products before applying preservation
methods (like Tyndallisation) or the development of compounds that are able to inhibit
germination completely, but lack of detailed understanding of germination processes
prevented these methods from development and implementation. A better understanding of
the initiation of germination and subsequent processes happening in the developing
germinating spore/premature cell could provide new openings to a potential Achilles heel of
the thus far very successful survival strategy of the spore. The aim of the research described
in this thesis is to elucidate the germination mechanism of spores of B. cereus ATCC 14579.
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Chapter 2 describes the construction of a mutant strain with a disrupted gerR operon,
resulting in spores that do not contain the GerR receptor. Germination characteristics of wildtype and gerR mutant spores are being described. In chapter 3, the method described in
chapter 2 is being used to construct mutant strains of all seven ger operons in B. cereus.
Subsequently the germination phenotypes of the spores of these mutants are being
investigated and the response of wild-type and mutant spores on a range of germinant
molecules is being described. Chapter 4 describes the influence of sporulation medium
composition on ger operon expression and subsequent germination properties of the wild-type
and mutant spores. In chapter 5, wild-type and mutant spores are exposed to Caco-2 cells,
known to mimic epithelial cells of the human intestinal tract. It is shown that some of the
germination receptors play a role in germination initiated by the Caco-2 cells. In chapter 6, a
method is being described that is capable of reducing the number of attached spores present
on stainless steel. This method could be implemented in an improved CIP (cleaning in place)
procedure in the food industry, to reduce the number of spores present in food preservation
equipment. In chapter 7, more than 300 microbial genomes present in the genome databases
are being investigated for the presence of ger operons and a comprehensive phylogenetic
overview is presented. The impact of phylogenetic relationship of ger operons on the cognate
germinant molecule is discussed. Chapter 8 contains the conclusions of the research described
in this thesis, and discusses practical implications and future perspectives of this research.
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GerR, a novel ger operon involved in L-alanine and inosine-initiated
germination of Bacillus cereus ATCC 14579.
Luc M. Hornstra, Ynte P. de Vries, Willem M. de Vos, Tjakko Abee and Marjon H.J. WellsBennik.
Published in Applied and Environmental Microbiology, 2005, 71:774-781
Rewarded with the WCFS publication prize 2005

Abstract
Bacillus cereus endospores germinate in response to particular nutrients. Spores are
able to sense these nutrients in the environment by receptors encoded by the gerA family of
operons. Analysis of the B. cereus ATCC 14579 genome revealed seven gerA family
homologues. Using a Tn917 transposon based insertional mutagenesis approach, followed by
an enrichment procedure to select for L-alanine induced germination mutants, we isolated a
mutant with a defect in the L-alanine germination pathway. The transposon disrupted the last
gene of a tricistronic gerA family operon, designated gerR, with the order gerRA, gerRC,
gerRB. A second mutant was created by insertion of pMUTIN4 in gerRC. Both mutants
showed the same phenotype for nutrient-induced germination. Spores of the gerR mutant
strains were blocked in their L-alanine-initiated germination pathway and showed a delayed
inosine-induced germination response. Apparently, germination mediated by L-alanine and
inosine can not be compensated completely by the other germinant receptors, and this points
towards an essential role of the gerR encoded receptor in the receptor complex. In food
products, spores of the mutant strains showed a reduced germination response compared to
spores of the parental strain. High-pressure initiated germination was not affected by the gerR
mutants as experiments with 100 and 550 MPa showed no difference with spores of the
parental strain.
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Chapter 2

Introduction
Bacillus cereus is a ubiquitous gram-positive soil organism and is considered to be an
opportunistic food pathogen. It is widely distributed in nature and frequently isolated as a
contaminant of various food products. B. cereus cells growing in food products can produce a
heat-stable emetic toxin, which causes vomiting. A second type of food poisoning is caused
by enterotoxins that are produced during vegetative growth in the small intestine, and are
responsible for diarrhoeal syndromes (Granum, 2001; Lund et al, 2000).
B. cereus is genetically very closely related to Bacillus anthracis and Bacillus
thuringiensis, but these species show important phenotypical differences (Ivanova et al, 2003).
B. anthracis is the cause of the often lethal disease anthrax while on the other hand B.
thuringiensis is a useful source of insecticidal toxins and is widely used as pesticide in
agriculture.
Bacilli can form endospores when survival conditions for vegetative cells are limited,
e.g during nutrient depletion (Stragier and Losick, 1996). Once formed, the spores remain
stable for many years and exhibit no metabolic activity, but are capable of sensing the
environment to detect favourable germination and growing conditions. The first event in
nutrient-induced spore germination is probably the activation of the germinant receptors,
which are located in the inner membrane of the spore (Hudson et al, 2001; Moir et al, 1994;
Paidhungat and Setlow, 2001). This activation is followed by a cascade of reactions that
include the release of dipicolinic acid (DPA) and successive uptake of water from the core.
Further rehydration of the core requires the hydrolysis of the peptidoglycan cortex layer by
cortex lytic enzymes, and after degradation of the cortex the core continues to swell through
further water uptake. At this stage, enzymes in the core are reactivated, protective proteins are
degraded and ATP is synthesized, followed by the initiation of metabolic processes and
vegetative growth (Moir and Smith, 1990; Moir, 2003; Setlow, 2003).
In Bacillus and Clostridium species germinant receptors are encoded by tricistronic
operons. For B. cereus strain 569 (ATCC 10876) three gerA operon homologues have been
identified so far (Barlass et al, 2002; Clements and Moir, 1998). These operons were found to
be involved in the germination response initiated by L-alanine and/or inosine. The genome
sequence of B. cereus type strain ATCC 14579 (Ivanova et al, 2003) reveals the presence of
seven ger operon homologues, but none of these have been functionally characterised so far.
The exact structure and function of the germinant receptors is unknown, but it is expected that
proteins encoded by a ger operon act together in forming a germinant receptor (Paidhungat
and Setlow, 1999). It has been suggested that more than one germinant receptor can act in
concert during germination responses of B. subtilis (Mc Cann et al, 1996) and B. anthracis
(Ireland and Hanna, 2002; Weiner et al, 2003).
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High hydrostatic pressure is increasingly used as food preservation technique (Knorr,
1999). Besides nutrient mediated germination, high hydrostatic pressure can also initiate
germination of bacterial spores (Gould and Sale, 1970; Knorr, 1999; Wuytack et al, 1998).
Spore suspensions that have been exposed to relatively low or moderate pressures (100 to 250
MPa) germinate more efficiently than spores exposed to high pressures (>550 MPa) (Raso et
al, 1998; Wuytack et al, 1998; Wuytack et al, 2000). At pressures below 250 MPa the
germinant receptors play a role in this germination pathway and this process seems to involve
the same pathways as nutrient induced germination (Paidhungat et al, 2002; Wuytack et al,
2000). For relatively higher pressures (550 MPa) these receptors do not seem to be required,
as germination of B. subtilis spores lacking all germinant receptors is similar to that of wildtype spores (Paidhungat et al, 2002).
This communication describes the identification and characterisation of one of the
seven gerA operon homologues in the genome of B. cereus ATCC 14579. A Tn917
transposon based insertional mutagenesis approach was applied to identify this operon in B.
cereus ATCC 14579, designated gerR. Using a directed gene inactivation approach based on
pMUTIN4 plasmid (Vagner et al, 1998), a second mutant was subsequently created in this
operon. Furthermore, wild-type spores and spores of the mutant strains were germinated in
model foods to mimic nutrient diverse environments. It was shown that the gerR encoded
receptor system plays a role in L-alanine and inosine-induced germination and germination in
model foods, but not in high hydrostatic pressure induced germination.

Materials and methods
B. cereus strains and plasmids
Bacterial strains and plasmids used in this study are listed in Table 1. B. cereus was
routinely cultured in Luria broth medium (Sambrook et al, 1989) at 30oC with aeration at 225
rpm and using the antibiotics chloramphenicol at a concentration of 10 Pg/ml and
erythromycin in combination with lincomycin

at a concentration of 1 and 25 Pg/ml

respectively. Escherichia coli strains were cultured in Luria broth at 37oC supplemented with
100 Pg/ml ampicillin.
Preparation of the spores
B. cereus was grown overnight in 5 ml LB at 30oC with aeration and subsequently
resuspended in 100 ml chemically defined sporulation medium (de Vries et al, 2004). Spore
development was followed by phase contrast microscopy. In general, after 48 hours of
shaking with 225 rpm at 30oC the medium contained >99% of free spores. Spores were
harvested and washed 10 times by centrifugation and resuspension in ice cold 10 mM
phosphate buffer pH 7.4 containing 0.1% Tween 20 until a pure spore suspension was
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obtained. The spore suspension was stored at 4oC in this buffer and washed once a week to
prevent spontaneous germination.
Table 1
Strains and plasmids used in this study
___________________________________________________________________________
Strain or plasmid
relevant genotype and/or phenotype
Source or reference
___________________________________________________________________________
B. cereus
ATCC 14579
(wild type strain for this study)
BGSC*
This study
ATCC 14579/pTV32Ts
Cmr Eryr
This study
LH104
Tn917-TV32Ts::gerRB1 Eryr
LH129
pMUTIN4::gerRC1 Eryr
This study
Plasmids
(Youngman, 1987)
pTV32Ts
Cmr Eryr
pMUTIN4
Ampr Eryr
(Vagner et al, 1998)
r
r
This study
pMUTIN4/gerRC1
Amp Ery
___________________________________________________________________________
*Bacillus Genetic Stock Center
Transposon mutagenesis and screening for germination mutants
A fresh colony of B. cereus ATTC 14579 containing plasmid pTV32ts was inoculated
in 5ml LB, containing chloramphenicol, erythromycin and lincomycin and grown at 30oC.
After overnight growth, this culture was diluted 25 fold in LB containing all antibiotics and
grown at 30oC until an OD600 of 0.5 was reached. Subsequently, the culture was diluted 20fold in LB (with antibiotics except chloramphenicol) and the cultivation temperature was
raised to 42oC to induce insertional mutagenesis and incubation was performed overnight.
Then, the culture was diluted 20 fold in LB containing erythromycin and lincomycin and
incubated at 42oC until late log phase (typically 3 to 5 h). Mutant cells were harvested and
resuspended in sporulation medium. After 48 h. the spores were harvested, washed and heat
activated in sterile water by incubation at 70oC for 15 min. The spores were then resuspended
in germination buffer (Clements and Moir, 1998) containing 100 mM L-alanine and
germinated for 60 minutes. Germinated spores were killed by a heat treatment of 70oC for 15
minutes. The surviving spores were washed and incubated in LB for 1 to 2 h to induce
germination. The spores were used to inoculate sporulation medium and the enrichment
procedure was repeated. After two enrichment cycles for L-alanine the remaining mutants
were evaluated by a tetrazolium colony transfer test for their germination behaviour
(Clements and Moir, 1998). Clones with a blocked L-alanine germination pathway were
selected for further study. The obtained mutants were checked by Southern hybridisation for
single insertion of the Tn917 transposon.
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DNA isolation and inverse PCR
DNA from B. cereus was routinely isolated using the method of Pospiech (Pospiech
and Neumann, 1995). The position of the transposon was determined by performing inverse
PCR on both sites using the restriction enzyme AluI. Fragments were cloned, sequenced and
compared with the B. cereus ATCC 14579 genome to determine the position of the Tn917
insertion.
Gene inactivation with pMUTIN4
To generate a mutant in the gerR operon, a 1367 bp fragment spanning the first and
second gene of gerR was amplified from genomic DNA isolated from the type strain ATCC
14579 using the forward primer 5’-GCCAAGCTTTGGATGATTGGATCGTTCTTTCG-3’
(the

HindIII

site

is

underlined)

and

reverse

primer

5’-

CGGGATCCTTATCGCTGCTTCGTAACGTCC-3’ (the BamHI site is underlined). The
PCR product was digested with HindIII and BamHI, ligated in pMUTIN4 and transformed to
E. coli JM-109 cells. Five Pg of the isolated plasmid (Qiagen plasmid mini kit, Westburg,
Leusden, The Netherlands) was used to transform B. cereus ATCC 14579 by electroporation
using the following parameters: 25 PF, 400 Ohm and 1.2 kV in a Gene Pulser electroporation
apparatus (Bio-Rad). After 5 h recovery at 30oC with shaking at 200rpm in Luria broth, the
transformants were selected on LB plates containing erythromycin and lincomycin. The
position of integration was verified by PCR using pMUTIN4 primers and primers that were
designed on flanking positions of the gerR operon, and was found on the expected position of
amino acid 233 of the second gene of the gerR operon. Transformants were analyzed by
Southern hybridization to ensure that a single copy of the plasmid had integrated into the
chromosome. The IPTG inducible Pspac promoter of pMUTIN4 allows control of expression
of the downstream gene gerRB, avoiding polar effects (Vagner et al, 1998). To study the
effect of the gerRB protein on germination, mutant strain LH129 and the wild-type strain
were also sporulated in the presence of 1 and 0.01 mM IPTG.
Germination assays
Spores were activated by incubation at 70oC for 15 min in distilled water.
Subsequently, spores were washed with distilled water and resuspended in germination buffer
(10 mM Tris-HCl pH7.4, 10 mM NaCl) to an OD600 of ~1.0 (~ 4.0 * 108 spores/ ml) and
incubated for 15 min at 30oC in a 96 wells microplate. After adding the germinants, the
germination process was followed by monitoring the OD600 reduction, which reflects the
number of germination events in the whole spore population, caused by change in refractility
of the spore from phase bright to phase black. The samples were measured every 2 min in a
Tecan Safire plate reader for 60 or 120 min. Before each measurement the plate was shaken
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for 30 sec to prevent settling of the spores. The pH of the germination buffer during the
experiments varied between 7.3 and 7.4 as a result of the addition of germinants in different
concentrations to the germination buffer. Spores were routinely checked for their germination
behavior by phase contrast microscopy. To mimic food products, spores were germinated in
meat broth (Maggi, Nestlé S.A. Vevey, Switserland) and cooked rice water (Lassie B.V,
Wormer, the Netherlands). These products were prepared according to the manufacturer’s
instruction.
High Hydrostatic Pressure treatment
800 Pl of a spore suspension with an optical density at 600 nm (OD600) of 1.0 in 50
mM phosphate buffer pH7.4 was transferred to a sterile plastic stomacher bag (Seward,
London, United Kingdom) and heat-sealed while avoiding air bubbles in the bag. Pouches
with spore suspensions were pressurized in a high-pressure unit (Resato, Roden, the
Netherlands) containing glycol as compressing fluid and pre-cooled to 20oC. Spore
suspensions were exposed to 100 MPa and 550 MPa pressure respectively for 30 min.
Adiabatic heating caused a temperature rise of 4oC at 100 MPa and 14oC at 550 MPa but
settled quickly at 20oC. Therefore, adiabatic heating can be neglected as a cause for killing of
(germinated) spores. After the pressure treatment the suspension containing both germinated
and non-germinated spores was diluted and plated on LB plates to determine the number of
survivors of the treatment. To distinguish between germinated spores and non-germinated
spores after the pressure treatment, half of the volume of the spore-suspension was incubated
for 15 min at 70oC to kill germinated spores while the other half was not heated before
plating.

Results
Identification of the gerR operon
After insertional mutagenesis the mutant library was enriched two times for mutants
with a defect in the L-alanine initiated germination pathway, and hereafter 96 mutants were
examined by a tetrazolium colony transfer procedure. A number of mutants showed a delayed
germination response and one mutant showed no germination after 2 h incubation on
germination plates containing 100 mM L-alanine. This mutant was analysed by Southern
hybridization to ensure single copy integration of the Tn917 transposon. The integration site
was determined by inverse PCR from both sides. Sequence analysis of the transposon
flanking regions showed integration of the transposon in the third gene of an operon of a gerA
homologue, subsequently designated gerR. Like all ger operons in Bacilli, gerR is tricistronic.
However, the second gene shows homology to genes encoding GerAC proteins while the third
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gene shows homology to GerAB proteins of other ger operons resulting in gene order gerRA,
gerRC, gerRB. The transposon had inserted in gerRB (Fig. 1).

1 kb

pMUTIN4

gerRA

gerRC

% Identity with B. cereus ATCC 14579 ger operons :
44% (96%)
28% (97%)
GerQ (RZC04499, 04500, 04503)
GerI (RZC04556, 04557, 04560)
39% (88%)
28% (86%)
GerK (RZC05046, 01840, 05053)
37%
24%
36%
20%
GerB (RZC10850, 04947, 04948)
32% (98%)
21% (98%)
GerL (RZC07864, 03030, 03031)
33%
21%
GerS (RZC02468, 01832, 01833)

40% (98%)
40% (88%)
20%
20%
20% (98%)
22%

% Identity with ger operons of other Bacilli:
B. cereus ATCC 10987
94%
B. thuringiensis ATCC 35646 98%
B. anthracis Ames
81%
B. anthracis A2012
81%

94%
96%
-

Figure 1.

90%
94%
65%
66%

Tn917

gerRB

Organization of the gerR operon and homology comparison of the gerR operon with

ger operons in B. cereus ATCC 14579 and other Bacilli. Triangles show the position of Tn917
insertion for mutant strain LH104, and the insertion of pMUTIN4 for mutant strain LH129. The code
numbers of the open reading frames of the gerR operon in the B. cereus ATCC 14579 genome
database (10) are RZC04487 (A), RZC04488 (C), and RZC04490 (B). The code numbers of the open
reading frames of the other ger operons and their amino-acid identity are indicated. In contrast to gerR,
these ger operons have the gene order ger-A,-B,-C. The gene products encoded by the gerQ, gerI and
gerL operon are described for strain B. cereus 569 (Clements and Moir, 1998, Barlass et al, 2002) and
the homology of these operons with the gerQ, gerI and gerL operons of B. cereus ATCC 14579 are
shown between brackets. Close homologues of the gerR operon can be found in other Bacilli. The
amino-acid identity with homologues of the gerR operon in B. cereus ATCC 10987 (Rasko et al,
2004), B. thuringiensis subsp. israelensis ATCC 35646 (http://www.ergo-light.com), B. anthracis
Ames (http://www.tigr.org) and B. anthracis A2012 (http://www.ergo-light.com) are indicated.

Direct inactivation of the GerR receptor
pMUTIN4 containing the cloned 1367bp PCR fragment internal to the gerR operon
was introduced into B. cereus by electroporation. After transformation erythromycin and
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lincomycin positive clones were obtained. Five clones were selected for further analysis and
single integration of pMUTIN4 was confirmed by Southern hybridization. PCR using primers
designed on flanking regions and the pMUTIN4 sequence confirmed integration by
homologous recombination in gerRC at the expected position for all five clones (Fig. 1).
The gerR operon
The gerR locus is located at position 769939 on the B. cereus ATCC 14579 genome
and consists of three open reading frames. GerRA encodes a 505-amino-acid protein, GerRC
encodes a 361-amino-acid protein, and GerRB encodes a 369-amino-acid protein. The gerR
operon is flanked by an upstream gene encoding a 212-amino-acid protein and a downstream
gene encoding a 170-amino-acid protein, both of unknown function. Upstream of each gerR
gene a probable ribosome-binding site could be identified, consisting of a GGTGA consensus
sequence. Ger operons have been shown to be expressed in the forespore compartment of the
sporangium and transcription is regulated by a VG dependent promoter (Corfe et al, 1994;
Feavers et al, 1990). Upstream of the gerR locus a typical VG consensus sequence could be
detected: AGTATA(17)AAAACTA.
The homology with the open reading frames of six remaining ger operons found in the
genome of the type strain is shown in Fig. 1. Close homologues of the gerR operon could be
found in the recently sequenced genome of B. cereus ATCC 10987 (Rasko et al, 2004) and in
close relatives B. anthracis and B. thuringiensis (Fig. 1). The homologue in B. thuringiensis
subsp. israelensis ATCC 35646 is nearly identical to the gerR operon in B. cereus ATCC
14579 and this operon shows even higher similarity than the homologue in B. cereus ATCC
10987. Furthermore, homologues of gerRA and gerRC could be found in B. anthracis Ames
and B. anthracis A2012. The gerRB homologues contained stop codons in both strains and it
is not clear whether this open reading frame encodes a functional protein. The order of the
genes in these operons is similar to that of gerR.
Nutrient specificity of 3 ger receptor systems in B. cereus encoded by gerI, gerL and
gerQ have been described previously in strain B. cereus 569 (Clements and Moir, 1998;
Barlass et al, 2002). The protein sequences of GerQ and GerL are nearly identical to their
counterparts in B. cereus ATCC 14579. The homology of GerI is lower, but still substantial
(Fig. 1). In B. cereus 569, a defect in the gerI locus affects both L-alanine and inosine
germination (Clements and Moir, 1998), a defect in the gerQ locus blocks the inosine
germination pathway, and a defective gerL locus shows a slow L-alanine germination
response (Barlass et al, 2002). Whereas homologies of the proteins of these receptors between
B. cereus 569 and ATCC 14579 are high, the nutrient specificity in ATCC 14579 is not
experimentally determined and it is possible that this strain does not show the same nutrient
specificities for these three operons.
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L-alanine and inosine-induced germination
First, the germination characteristics of B. cereus ATCC 14579 spores produced in
chemically defined medium were determined. The dependence of the germination rate on Lalanine and inosine was measured by monitoring the reduction in OD 600.
The germination response of wild-type spores to L-alanine is rapid and the rate of
germination is dependent on the L-alanine concentrations (Fig. 2). Spores of the wild-type are
able to germinate at L-alanine concentrations as low as 0.1 mM, albeit at a reduced rate.
Spores of both gerR mutant strains show no significant germination in 100 mM L-alanine
after 60 minutes of incubation (Fig. 2). Phase contrast microscopy after 60 minutes showed
that the spores remained refractile, indicating that germination was not initiated in spores of
the mutant strains. Both gerR mutant strains exhibit the same germination characteristics for
L-alanine induced germination.
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Figure 2.

Effect of L-alanine on germination of spores of the wild-type strain and spores of

mutant strains LH104 (gerRB) and LH129 (gerRC). Germination was monitored as the fall in OD600
for 60 minutes in response to L-alanine at 30oC, pH 7.4. Ŷ:LOG-type strain, 100 mM L-alanine; Ƒ
wild-type strain, 10 mM L-alanine; ŸZLOG-type strain, 1 mM L-alanine;

wild-type strain, 0.1 mM

L-alanine; ƇZLOG-type strain, no germinant; Ɣ/+ gerRB), 100mM L-alanine; ż/+ gerRC),
100mM L-alanine. The data are means of duplicate experiments which were carried out on two
independent spore badges.

Next, we examined the inosine-induced germination. 10 mM and 1 mM of inosine
induced rapid germination of wild-type spores and the germination rate is maximal and
comparable with the germination rate in 100 mM L-alanine (Fig. 3). Germination in 0.1 mM
of inosine gives only a minor germination response (data not shown). Clear differences could
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be observed between the response of gerR mutant spores and the wild-type spores (Fig. 3).
Spores of the wild-type strain respond immediately to inosine, but spores of the mutant strains
are delayed in their response and reach their maximum germination rate about 20 minutes
after adding inosine. Furthermore, spores of the mutant strains show a reduced maximum
germination rate compared with spores of the wild-type strain. Surprisingly the maximum
germination rate of the mutant spores is higher in 1 mM of inosine than in 10 mM. This
indicates an optimum inosine concentration for germination of gerR mutant spores. 0.1 mM
inosine does not induce germination in the mutant spores (data not shown). Germination of
spores of mutant strain LH129 prepared with IPTG to rescue expression of the downstream
gene gerRB did not differ from spores prepared without IPTG (data not shown).
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Effect of inosine on germination of spores of the wild-type strain and spores of mutant

strains LH104 (gerRB) and LH129 (gerRC) at the concentration of 10 mM (A) and 1 mM (B) of
inosine. Germination was monitored as the reduction in OD600 for 120 minutes in response to inosine
at 30oC, pH 7.4. Ŷ:LOG-type strain; Ɣ/+ gerRB); ż/+ gerRC).

Germination of bacterial spores in food products
To mimic a natural situation of spore germination, spores of wild-type and mutant
strains were inoculated in food products and their germination in meat broth and cooked rice
water was assessed. In both foods spores of the parental strain responded quickly and
germinated well (Fig. 4) whereas spores of both mutant strains showed a significant reduction
in germination. This was confirmed visually by phase contrast microscopy. More than 90% of
the spores from the gerR mutants were refractile, indicating that germination had not taken
place in these spores. In contrast, more than 99% of the wild-type spores had changed to
phase dark indicating that they had germinated in the food products.
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The effect of meat broth (A) and rice water (B) on the germination of wild-type spores

and spores of mutant strains LH104 (gerRB) and LH129 (gerRC). Germination was monitored as the
fall in OD600 for 60 minutes in response to meat broth at 30oC, pH 7.4. Ŷ:LOG-type strain; Ɣ/+
(gerRB); ż/+ gerRC).

High hydrostatic pressure induced germination of spores from the parental
strain and gerR mutants
Because spores with a defect in the gerR locus show a clearly affected germination
response in the nutrient induced pathway (L-alanine, inosine and food products), we assessed
whether these spores were also affected in their germination response upon exposure to high
hydrostatic pressure of 100 MPa and 550 MPa.
High pressure treatments of wild-type spores at 100 MPa for 30 minutes germinated
>99.8% of the spores, of which 40 % was killed during the pressurization. 0.16% of the wildtype spores survived the heat treatment after pressurization indicating that these spores did not
germinate as a result of the pressure treatment. Spores of both mutant strains showed similar
numbers, 0.13% and 0.36% of the spores of mutant strain LH104 and LH129 respectively, did
not germinate because of this treatment. A high pressure treatment of 550 MPa of wild-type
spore suspension germinated 37% and killed 10% of the spores. 63% of the spores survived
the heat treatment after pressurization, i.e. these spores did not germinate as a result of this
pressure. Again, no significant differences were observed between both mutants and the
parental strain as 71% of LH104 spores and 49% of LH129 spores did not germinate because
of this treatment (data not shown). Previous data from B. subtilis spore suspensions subjected
to 550 MPa indicated a higher germination percentage as a result of this treatment (Wuytack
et al, 1998). However, within these experiments a higher initial temperature was used.
Furthermore, adiabatic heating caused by pressurizing the sample will influence the
germination and killing rate strongly (Raso et al, 1998; Wuytack et al, 1998; Wuytack and
Michiels, 2001). The equipment used for our high-pressure experiments is pre-cooled thereby
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minimizing adiabatic heating. The minor temperature rise is not expected to have important
influence on spore germination and killing, so that we examine the high-pressure effect
solely.
Spores of the wild-type and mutant strains, pressurized at 100 and 550 MPa
germinated with the same efficiency. Consequently, the germinant receptor encoded by the
gerR operon does not play a role in high hydrostatic pressure-induced germination pathway.

Discussion
In this study we investigated the role of a novel germination receptor, termed gerR, in
B. cereus ATCC 14579 type strain. This receptor showed to be involved in L-alanine and
inosine induced germination, and also plays a role in germination of spores in food products.
The germination response upon addition of inosine differs from the L-alanine
response: here the germinant concentration influences the germination rate within a very
narrow range. Germination experiments using inosine as germinant for spores of B. cereus
569 demonstrated a broader concentration range that influences the germination rate
(Clements and Moir, 1998) and this might be characteristic for the type strain. Spores of both
strains with a defective gerR operon germinated faster in 1mM inosine than in 10mM inosine.
Another characteristic of both mutants is the delay in germination response after the addition
of inosine. Normally, initiation of germination occurs within minutes upon addition of the
germinants, but here a maximal response was observed until 20 min after addition. It can not
be excluded that mutant spores do not respond directly to inosine, but that enzymes in the
spore coat or cortex possibly convert inosine to another germinant molecule which then
causes germination of the spore, possibly in combination with inosine. The observed delayed
response in germination could then be explained by the time needed to convert to the new
germinant. Another explanation for the delay could be related to a reduction in affinity of the
receptor for inosine. This raises the question why inosine induced germination is not
complemented by one of the other Ger receptors in B. cereus, in particular by the gene
products of gerQ or gerI. Assuming that the germinant receptors in B. cereus ATCC 14579
and B. cereus 569 have the same nutrient specificity, B. cereus now contains three L-alanine
receptors (GerL, I and R) and 3 inosine receptors (GerI, Q and R). By disrupting just one of
these receptors, the L-alanine or inosine germination pathway is strongly inhibited or even
blocked. Receptors that play a role in the same germination pathway are not able to
complement the function of a defective receptor. Various studies, including this one, suggest
that the receptors can be part of a complex, probably in concert with the gene products of
other ger operons (Ireland and Hanna, 2002; Mc Cann et al, 1996). Disturbance of this
complex by disrupting one or more of its proteins will reduce or inhibit the ability to respond
properly to nutrients. Due to the mere absence of the gerR encoded receptor system, the
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mutants are not able to germinate normally in model foods tested, supporting the idea that the
receptor complex might be disturbed by the disruption of the gerR locus. The same may hold
true for the gerI operon, as disruption of this receptor also inhibits both L-alanine and inosine
induced germination (Clements and Moir, 1998). The elimination of certain germinant
receptors causes a general inhibition in the nutrient induced pathway, indicating that a single
receptor might be an essential component in the nutrient induced germination pathway.
Comparison of the germination characteristics with other germinant receptors in B.
cereus 569 showed that all germinant receptors identified so far in B. cereus strains are
involved in L-alanine or inosine induced germination. It appears that B. cereus requires a
broad range of receptors that can all apparently be activated by L-alanine and/or inosine.
However, it is not known if germination characteristics of strains can be compared mutually.
Furthermore it is not known if all ger operons found in a bacterial genome are encoding a
functional receptor, and if these operons are differentially expressed during various
sporulation conditions. These items remain a topic for further research.
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Abstract
Specific amino acids, purine ribonucleosides or a combination of the two are required
for efficient germination of endospores of Bacillus cereus ATCC 14579. A survey including
20 different amino acids showed that L-alanine, L-cysteine, L-threonine and L-glutamine are
capable of initiating germination of endospores of B. cereus ATCC 14579. In addition, the
purine ribonucleosides inosine and adenosine can trigger germination of the spores. Advanced
annotation of the B. cereus ATCC 14579 genome revealed the presence of seven putative
germination (ger) operons, termed gerG, gerI, gerK, gerL, gerQ, gerR, and gerS. To
determine the role of the encoded putative receptors in nutrient-induced germination,
disruption mutants were constructed by insertion of pMUTIN4 into each of these seven
operons. Four out of the seven mutants were affected in their germination response to amino
acids or purine ribonucleosides, whereas no phenotype could be attributed to the mutants with
a disrupted gerK, gerL and gerS locus. The strain with a disrupted gerR operon was severely
hampered in the ability to germinate: germination occurred in response to L-glutamine but not
in the presence of any of the other amino acids tested. The gerG mutant showed significantly
reduced L-glutamine-induced germination, which points to a role of this receptor in the Lglutamine germination-signaling pathway. gerR, gerI and gerQ mutants showed reduced
germination rates in the presence of inosine, suggesting a role for these operons in
ribonucleoside signaling. Efficient germination by the combination of L-glutamine with
inosine was shown to involve the gerG and gerI operon, since germination of mutants lacking
either one of these receptors was significantly reduced. Germination triggered by the
combination of L-phenyl-alanine and inosine was lost in the gerI mutant, indicating that both
molecules are effective at this receptor.
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Introduction
Bacillus cereus is a spore-forming gram-positive pathogen that is widely distributed in
the environment. Its frequent occurrence in the soil and on plant surfaces enables easy
dissemination into the food chain, and especially the spores are generally well capable of
surviving the preservation conditions applied by the food industry these days (Newsome,
2003). Once present in the food in sufficient numbers, B. cereus can produce a heat stable
emetic toxin, leading to vomiting, while a second type of food poisoning is caused by
enterotoxins that are produced during vegetative growth in the small intestine and are
resulting in diarrhoeal syndromes (Granum, 2001). Genetically B. cereus is very closely
related to Bacillus thuringiensis and Bacillus anthracis (Ivanova et al, 2003) and they are
often regarded as one species (Helgason, 2000). However, their phenotypic characteristics
diverge substantially as B. thuringiensis can be beneficial as being an insecticide while B.
anthracis is the causing agent of the often lethal disease anthrax.
Bacillus species have the ability to respond to nutrient depletion by sporulation, a
process that results in metabolically dormant highly resistant endospores. Under favorable
conditions endospores are able to escape their dormant state and return to the vegetative state
by an irreversible process called germination. To do so, spores retain an alert sensory
mechanism that allows them to monitor the presence of nutrients in their direct environment,
an essential requirement for the resumption of vegetative growth. Besides exposure to specific
nutrient molecules like amino acids, ribosides and sugars, germination can be initiated by
enzymes, chemical compounds or physical treatments like high hydrostatic pressure (Gould,
1969; Paidhungat and Setlow, 2002). Nutrient-induced germination can be initiated by small
molecules called germinants, which are somehow able to activate putative germination
receptors located in the inner-membrane (Hudson et al, 2001; Paidhungat and Setlow, 2001)
probably by an allosteric interaction with the receptor (Wolgamott and Durham, 1971). After
this initial interaction, the spore becomes committed to germinate (Johnstone, 1994).
Subsequent processes in germination are the release of metal ions from the spore core and
excretion of spore-specific molecules such as dipicolinic acid (DPA) (Moir et al, 2002;
Paidhungat and Setlow, 2002; Setlow, 2003). Swelling of the core will start through water
uptake, while in the meantime the peptidoglycan cortex layer will be degraded by cortex lytic
enzymes giving room to the expanding core. Low energy precursors, present in the dormant
spore, are converted to utilizable energy sources like ATP shortly after initiation of
germination (Setlow, 1984). Afterwards metabolic processes will resume and DNA
transcription and protein synthesis will be initiated.
Amino acids and purine ribosides as single germinants or in concert are powerful
initiators of germination of spores of Bacilli (Foerster and Foster, 1966). Although
germination responses upon addition of germinant molecules have been studied extensively,
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still little is known about the interaction of these molecules with the putative germination
receptors. The germination receptors described so far are encoded by tricistronic ger operons
and transcribed during sporulation under control of a VG promoter (Paidhungat and Setlow,
2002). The three gene products are all required for the formation of a functional receptor, but
the interplay between these proteins is not exactly understood. Transmembrane regions can be
found in the A and B protein, while the hydrophilic C protein containing a pre-lipoprotein
signal sequence is expected to be transported across the membrane and anchored to the outer
surface (Igarashi et al, 2004; Zuberi et al, 1987). It has been suggested that germination
receptors can act together in forming a complex (Cabrera-Martinez et al, 2003; Ireland and
Hanna, 2002; Johnstone, 1994; Mc Cann et al, 1996) but there is no experimental evidence for
their action in concert.
The genome of B. subtilis 168 harbours five ger operons. Three of the putative
receptors, encoded by gerA, (Zuberi et al, 1987) gerB, (Corfe et al, 1994) and gerK (Irie et al,
1996) have been characterized. The putative receptor encoded by gerA can be activated by Lalanine while the putative receptors encoded by gerB and gerK can be activated by a mixture
of asparagine, glucose, fructose and potassium (Mc Cann et al, 1996; Moir and Smith, 1990;
Wax and Freese, 1968). The function of the two remaining ger operons remains to be
elucidated (Paidhungat and Setlow, 2000; Paidhungat and Setlow, 2002). In B. cereus 569 an
L-alanine activated receptor was described, encoded by the gerL operon (Barlass et al, 2002).
Two more germination operons have been described in this strain: the gerI operon, encoding a
receptor involved in L-alanine and inosine induced germination (Clements and Moir, 1998),
and the gerQ operon, encoding a receptor involved in inosine mediated germination (Barlass
et al, 2002). The genome of B. cereus ATCC 14579 contains seven ger operons (Ivanova,
2003). We previously characterized the receptor encoded by the gerR operon, and this
receptor also played a role in L-alanine and inosine initiated germination, although it was not
a direct ortholog of the B. cereus 569 gerI operon (Hornstra et al, 2005). Finally, in B.
anthracis three germinant receptors have been described so far. The B. anthracis Sterne 7702
strain harbors the gerX operon on plasmid pXO1 and disruption of this operon resulted in
diminished germination within phagocytic cells (Guidi-Rontani et al, 1999). Furthermore, two
more chromosomal operons have been described. The proteins encoded by gerS showed to be
involved in aromatic amino acid responses while the gerH encoded proteins were involved in
inosine-histidine, purine-alanine responses (Ireland and Hanna, 2002; Weiner et al, 2003).
In this work, we assessed the role of amino acids and purine ribonucleosides on the
initiation of germination of B. cereus ATCC 14579 endospores. To examine the putative
germination receptors of this strain in more detail, we constructed mutants for all seven ger
operons present in this strain by disruption of each of these. Subsequently the responses of
spores of the wild-type and mutant strains to amino acids, purine ribosides and a combination
of these germinants were investigated. Furthermore, we compared the ger operons of several
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B. cereus strains and B. anthracis Sterne to make a preliminary classification based on amino
acid homology of the germination receptors and their nutrient specificity.

Materials and methods
B. cereus strains, plasmids and endospore preparation
Bacterial strains and plasmids used in this study are listed in Table 1. B. cereus ATCC
14579 was obtained from BGSC (Bacillus Genetic Stock Center) and was cultured routinely
on Luria broth (Sambrook et al, 1989) medium at 30oC and 225 rpm. Escherichia coli JM109
was cultured on LB at 37oC. Antibiotics were used at the following concentrations:
erythromycin in combination with lincomycin at a concentration of 1 and 25 Pg/ml
respectively for B. cereus, and 100 Pg/ml ampicillin for E. coli. Spores of the B. cereus wildtype and the mutant strains were prepared in chemically defined medium, harvested and
repeatedly washed as described previously (Hornstra et al, 2005). Sporulation properties of
the mutants were identical to those of the wild-type strain. Spores were stored at 4oC in 1 mM
phosphate buffer pH7.4, 0.01% Tween 20 to prevent aggregation of the hydrophobic spores.
Table 1.
Strains and plasmids used in this study
___________________________________________________________________________
Strain or plasmid
relevant genotype and/or phenotype
Source or reference
___________________________________________________________________________
B. cereus
ATCC 14579
(wild type strain for this study)
BGSC a
LH129
gerRC1::pMUTIN4 Eryr
Hornstra et al, 2005
r
LH130
gerQA1::pMUTIN4Ery
This study
This study
LH132
gerGA1::pMUTIN4Eryr
r
LH140
gerKA1::pMUTIN4Ery
This study
LH142
gerLB1::pMUTIN4Eryr
This study
LH144
gerSA1::pMUTIN4Eryr
This study
r
LH148
gerIA1::pMUTIN4Ery
This study
Plasmids
pMUTIN4
Ampr Eryr
Vagner 1998
r
r
pMUTIN4/gerRC1
Amp Ery
Hornstra et al, 2005
pMUTIN4/gerQA1
Ampr Eryr
This study
r
r
This study
pMUTIN4/gerGA1
Amp Ery
pMUTIN4/gerKA1
Ampr Eryr
This study
pMUTIN4/gerLB1
Ampr Eryr
This study
r
r
pMUTIN4/gerSA1
Amp Ery
This study
pMUTIN4/gerIA1
Ampr Eryr
This study
___________________________________________________________________________
a
BGSC, Bacillus Genetic Stock Center
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Construction of the B. cereus ATCC 14579 ger mutant strains
Gene inactivation has been achieved by insertion of the pMUTIN4 vector (Vagner et
al, 1998) in each of the seven ger operons of B. cereus ATCC 14579. A fragment of the target
gene was amplified from genomic DNA isolated from B. cereus ATCC 14579, and ligated in
pMUTIN4. The primers used and fragments obtained are listed in Table 2. pMUTIN4
containing the target sequence inactivates the corresponding operon by integration via a single
crossing-over event and has been described previously (Hornstra et al, 2005). Typically, 5 to
50 transformants were obtained per individual experiment. Five transformants from one gene
inactivation event were selected for further analysis. Primers were designed on positions
flanking the expected position of insertion, and in combination with pMUTIN4 primers the
insertion position of the plasmid was verified. Southern hybridization confirmed single copy
integration of the plasmid. In all gene inactivation events the five selected transformants
showed identical results in the control PCR and Southern hybridization, while spores of the
transformants showed identical phenotypes in germination assays (data not shown).
Table 2.
Primers for construction of mutants
___________________________________________________________________________
Target (bp) Primer b (5’Æ3’)
Gene
ORFa
___________________________________________________________________________
gerQA
RZC04499 716
CATGAAAAAGTACCTGTTCACTCc
gerGA

RZC10850

1312

gerKA

RZC05046

1030

gerLB

RZC03031

1035

gerSA

RZC02468

911

gerIA

RZC04556

1486

CGGGATCCGGTGCTGTAAATGAGCTAAGAGC
GCCAAGCTTCGGAAGTTTAATATTGGACGCAC
CGGGATCCTGAATCGATATGGAACAGCAGG
GCCGAATTCCATCACTCCCTGAGAAC
CGGGATCCAACTCGGCTTGGTAAGCGAATAC
GCCAAGCTTCCCGTTTGCTCTTATTGCACC
CGGGATCCTCGCGATTCATATGCTGTCAAAG
GCCAAGCTTCCAAACTGTTTAGCGGTATTCCAG
CGGGATCCTGGCTCGAGATTCTCCAATC
GCCAAGCTTACGAAACAGATAATCAGGAGCAGC
CGGGATCCAATGTAGCGTACATCCAGGAGACG

___________________________________________________________________________
a

Corresponding to the Integrated Genomics B. cereus ATCC 14579 genome database
(Ivanova et al).

b

The restriction sites are underlined. All PCR fragments are cloned by insertion in the
pMUTIN4 BamHI/HindIII site, except for the fragment disrupting the gerKA gene,
which is cloned EcoRI/HindIII.

c

Cloned by an internal HindIII site

Germination assays
Prior to germination spores were washed in 1 mM phosphate buffer pH7.4, 0.01%
Tween 20. Spores were resuspended and heat activated for 15 minutes at 75oC in sterile water.
After heat activation, the spores were resuspended in ice-cold germination buffer (10mM
Tris-HCl pH7.4, 10mM NaCl) to an optical density of 1.0 at 600 nm in a Tecan Safire (Tecan
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Group, Switzerland) plate reader. The germination process was followed by monitoring the
OD600 reduction, which reflects the number of germination events in the whole spore
population caused by change in refractility of the spores from phase-bright to phase-dark.
After addition of the germinants, the OD600 of the spore suspension was measured with 2-min
intervals during 60 min at 30oC. Before each time- point, the plate was shaken for 30 sec to
prevent settling of the spores. The percentage of germination was determined as follows:
maximum germination was observed after 60 min as result of addition of 100 mM of alanine
to spores of the wild-type strain. This resulted in a 62% drop of initial OD. This OD reduction
reflected 100% germination, as confirmed by phase contrast microscopy, and other
germination responses were related to this maximum response. Spores were also routinely
checked for their germination behavior by phase contrast microscopy after addition of the
germinants. All amino acids used for the germination assays were L-isomers and were
dissolved in sterile water in stock concentrations of 10 to 100 mM depending on solubility
properties and sterilised by filtration using a 0.45 Pm pore size filter. The amino acids were
used in the germination assays in a final concentration of 1 mM, unless noted. Microscopic
observation showed that a small percentage (<5%) of spores was triggered to germinate as a
result of the heat activation step (Fig.1).

Results
Germination survey with 20 amino acids on spores of B. cereus wild-type and
ger mutant strains
A number of amino acids have been shown to be of particular relevance for B. cereus
germination (Barlass et al, 2002; Clements and Moir, 1998; Gould, 1969; Preston and Douthit,
1988; Warren and Gould, 1968), although alanine predominantly has been examined. To be
able to determine the specificity of germinant receptors for alanine and other amino acids, we
exposed spores of the wild-type and mutant strains to 20 naturally utilized amino acids.
Spores of the wild-type strain reacted promptly upon addition of a strong germinant
molecule like cysteine, resulting in >50% germination within 20 min (Fig.2). Subtle
germination as a result of a suboptimal germinant concentration or a less powerful germinant
molecule was not observed within this 20 min period, but was assessed by determining the
percentage of germinated spores after a 60 min incubation period (Fig.1). As expected,
alanine was capable of inducing germination of spores of the wild-type and six of the mutant
strains, while the gerR mutant did not germinate, as reported previously (Hornstra et al, 2005).
Proline, capable of inducing germination in B. megaterium (Rossignol and Vary, 1979) did
not induce germination in any of the strains tested.
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wild-type
gerR mutant
gerQ mutant
gerG mutant
gerI mutant

Percentage germination in 60 min

100
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Figure 1.
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DENQ

No
germinant

CaDPA

Germination survey for B. cereus ATCC 14579 wild-type spores and spores of the

seven ger mutant strains for 20 amino acids. The percentage of germination is monitored after 60 min
incubation with the germinant molecules. The bars represent the response of spores of the wild-type,
gerR mutant, gerQ mutant, gerG mutant and the gerI mutant strain. The responses of the mutants with
a disrupted gerS, gerK and gerL operon were similar to wild-type spores and are omitted for clarity.
The percentage of germination was determined after 60 min of incubation with the amino acids
surveyed. Amino acids alanine (A) and proline (not shown) were surveyed as single germinant, the
remaining were surveyed as groups in the following combinations: FTY (phenyl-alanine, tyrosine,
tryptophan), GVLI (glycin, valine, leucine, isoleucine), CMST (cysteine, methionine, serine,
threonine), lysine, arginine, histidine (not shown), DENQ (aspartate, glutamate, asparagine,
glutamine). The final concentration of the amino acids in these groups was 1mM, except for tyrosine
(0.5mM). The addition of proline and the mixture of lysine, arginine and histidine did not result in
germination in any of the strains, and these results are omitted from the table for clarity. CaDPA
induced germination proceeds indirectly by activation of the cortex lytic enzymes, bypassing the
germination receptors. Spores of all strains should respond equally and this was evaluated by assessing
the germination response upon addition of 50 mM CaDPA. Results are the average of duplicate
experiments completed on two independent spore batches.

The remaining 18 amino acids were tested in groups of three or four compounds, and
only if a group was able to initiate a clear germination response, single amino acids of this
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group were assessed for their germination inducing capacity. The mixture of lysine, arginine
and histidine did not initiate a germination response in any of the strains. The group
consisting of aromatic amino acids phenyl-alanine, tyrosine and tryptophan, and the group
consisting of glycin, valine, leucine and isoleucine both initiated a slow germination response
within 60 min (Fig.1) in all strains except for gerR mutant spores. GerI mutant spores did not
respond on aromatic amino acids. The combination of cysteine, methionine, serine and
threonine resulted in a quick and strong germination response of spores of all strains, again
except spores of the gerR mutant. Separate examination of these four amino acids revealed
that cysteine and threonine are able to initiate a strong germination response (Fig. 2) on their
own. The combination of aspartate, glutamate, asparagine and glutamine induced a moderate
response in all strains, including gerR spores and germination with single amino acids
revealed that only glutamine was responsible for this. The mutant disrupted in the gerG
operon however, showed a significant reduction in germination rate upon addition of
glutamine (Fig. 2).
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Figure 2.

The effect of the amino acids alanine (1mM), cysteine (1mM), threonine (1mM) and

glutamine (1mM) on the germination of spores of the wild-type strain and the gerR and gerG mutant
strain. Germination was monitored as the fall in OD600 for 60 min. źZLOG-type strain 1 mM cysteine,
Ɣ wild-type strain 1 mM alanine, Ÿ wild-type strain 1 mM threonine, Ŷ wild-type strain 1 mM
glutamine, ż gerR strain 1 mM alanine, Ƒ gerG strain 1 mM glutamine, , wild-type strain no
germinant. Germination data of gerR spores as response to cysteine and threonine were identical with
the response to alanine and are omitted for clarity. Germination data of the gerR, gerQ, gerK, gerL,
gerS and gerI mutant strains upon addition to L-glutamine were similar to the wild-type, and are
omitted for clarity.
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From the 20 amino acids studied, alanine, cysteine, threonine and glutamine were able
to deliver a clear germination response as single germinant at a 1 mM concentration. The
receptor encoded by the gerR operon plays a prominent role in single amino acid induced
germination, as the gerR mutant fails to respond properly to all amino acids except glutamine.
The reduced germination rate of spores of the gerG mutant suggests a unique role for the
GerG receptor in glutamine induced germination.
Germination assays with the ribosides inosine and adenosine
Purine ribonucleosides are commonly used germinants for B. cereus. Inosine is a
known independent germinant for B. cereus spores and important as co-germinant in B.
cereus and B. anthracis germination (Clements and Moir, 1998; Ireland and Hanna, 2002).
To determine the germination behavior of spores of the wild-type and mutant strains
upon exposure to ribosides, germination in response to inosine and adenosine was assayed. As
single germinants, both inosine and adenosine are strong inducers of germination. Spores of
the wild-type strain responded to 10 and 1 mM of inosine with similar germination
efficiencies. At 0.1 mM the germination efficiency decreased while at 0.01 mM no clear
germination response was measured (Fig.3). Spores of all mutants germinated in response to
inosine, however spores of the gerR, gerQ and gerI mutant showed a delayed response at a
concentration of 1 mM or lower compared to spores of the wild-type and the other mutants
(Fig.4). The response of gerR spores was affected most as these spores did not germinate in
0.1 mM inosine, while gerQ and gerI spores were delayed in this response but achieved to
germinate almost to completion within 60 min (Fig.3). The differences in response of spores
of the gerR, gerQ, and gerI mutants were most distinct shortly after the addition of inosine.
Spores of these mutants consistently showed a significantly delayed response when compared
to spores of the wild-type and other mutants (Fig.4). 0.01 mM inosine did not induce
germination in any of the strains. The involvement of the GerI and GerQ receptors to inosine
induced germination has previously been described for B. cereus 569 (Clements and Moir,
1998; Barlass et al, 2002).
Adenosine initiated germination at a concentration of 1 (Fig.3) and 0.1 mM (data not
shown) for spores of all strains except for the gerR mutant.
Alanine as co-germinant for amino acid induced germination
For B. anthracis it has been reported that the addition of alanine can elicit amino acid
mediated germination (Ireland and Hanna, 2002). We examined this possibility, but we could
not observe any stimulation on the germination rate of B. cereus ATCC 14579 spores when
0.1 mM alanine was combined with any one of the twenty amino acids tested (data not
shown).
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The effect of the purine ribonucleosides inosine and adenosine on the germination of

spores of the wild-type strain and ger mutant strains. The bars represent the response of spores of the
wild-type, gerR mutant, gerQ mutant and the gerI mutant. The responses of the mutants with a
disrupted gerG, gerK, gerL and gerS operon were similar to wild-type spores and are omitted for
clarity.
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Figure 4. The effect of 1 mM inosine on the germination of spores of the wild-type strain and spores of
the gerR, gerI and gerQ mutants. Ɣwild-type strain,

, gerQ spores,

, gerI spores, żgerR spores,

, wild-type strain, no germinant. Spores of these mutants showed a reduced germination rate compared to the wild-type although the spores of these strains are able to complete germination within 60
min. The response of gerG, gerK, gerL and gerS spores were coincident with wild-type spores.
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Inosine as co-germinant for amino acid induced germination
The most powerful germination response is initiated by the combination of an amino
acid and a riboside and the combination of alanine and inosine is considered as one of the
most powerful germinant combinations for Bacilli spp. (Foerster and Foster, 1966). For B.
cereus as well as for B. anthracis the germination response of many of these synergistic
combinations have been described (Clements and Moir, 1998; Ireland and Hanna, 2002,
Weiner et al, 2003). We studied the combination of amino acids and inosine by adding a
subgerminal concentration of inosine (0.01 mM) to a single-, or a group of amino acids.
Concentrations as low as 0.1 mM alanine or 0.01 mM inosine as single germinant did not
induce germination but combining the two resulted in a strong response for spores of all
strains (Fig.5). This synergistic effect is particularly remarkable for spores of the gerR mutant
as these spores showed no response in a concentration of  P0 DODQLQH RU  P0
inosine, but germinated normal in the surveyed alanine/inosine combination.
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Germination survey for B. cereus wild-type spores and spores of the seven mutant

strains for 20 amino acids with inosine as co-germinant. The concentrations of the amino acids used
during this experiment were identical as described for Fig.1. The bars represent the response of spores
of the wild-type, gerR mutant, gerQ mutant, gerG mutant and the gerI mutant strain. The responses of
mutant strains with a disrupted gerK, gerL and gerS operon were similar as wild-type spores and are
omitted for clarity.
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No stimulatory effect was detected for proline or the mixture of lysine, arginine, and
histidine in conjunction with inosine. Combining 0.01 mM inosine with the aromatic amino
acids phenyl-alanine, tyrosine and trypthophan showed a significant increase in germination
(Fig.5). Separate examination revealed a synergistic effect for the combination of phenylalanine with inosine for all mutants except for gerI mutant spores (Fig.6A). The observation
that spores of all mutants other than gerI spores germinate normally suggests that not only
inosine but also phenyl-alanine plays a role in triggering this receptor. This is in line with the
function of the gerI ortholog in B. anthracis, termed gerH, which encodes a receptor that is
involved in aromatic amino acid responses (Weiner et al, 2003). Addition of inosine slightly
further enhanced germination of the mixture glycin, valine, leucine and isoleucine (Fig.5) and
the same was observed for the mixture of cysteine, methionine, serine and threonine and the
mixture of aspartate, glutamate, asparagine and glutamine. In this latter mixture, spores of the
gerG mutant strain were clearly slower in germination rate. Germination of glutamine with
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inosine showed involvement of the receptors encoded by gerG and gerI. Both receptors are
required to initiate a germination response (Fig.6B).
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(A). The effect of 1 mM phenyl-alanine with 0.01 mM inosine as co-germinant on the

germination of spores of the ƔZLOG-type strain, żgerR mutant and

gerI mutant while

represents

the wild-type strain without germinant. Spores of the gerQ, gerG, gerK, gerL and gerS mutant strains
germinated like spores of the wild-type (data not shown). (B). The effect of 1 mM glutamine with 0.01
mM inosine as co-germinant on the germination of spores of the Ɣwild-type strain, ż gerR spores, Ƒ
gerG spores and

gerI spores while

represents the wild-type strain without germinant. Spores of

strains with a disrupted gerQ, gerK, gerL and gerS locus responded similar to spores of the wild-type
(data not shown).
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Comparison of the ger operons of B. cereus and B. anthracis
In the annotated B. cereus ATCC 14579 genome seven ger operons could be identified
(Ivanova et al, 2003), while the genome of B. cereus ATCC 10987 contains six ger operons
(Rasko et al, 2004), which are located on the chromosome. B. anthracis strain Sterne
possesses six ger operons on the chromosome. The sequence of the seventh operon, the pXO1
plasmid located gerX operon, was derived from strain B. anthracis strain A2012 (Read et al,
2002). Furthermore, three ger operons have been characterized in the non-sequenced strain B.
cereus 569; gerQ, gerI and gerL (Clements and Moir, 1998; Barlass et al, 2002). To identify
congruence within the ger operon family, ClustalW analysis has been performed on the amino
acid sequence of the A-cistrons of the ger operons and mutual similarity is depicted in an
unrooted phylogenetic tree.
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An unrooted phylogenetic tree based on the ger operons of 1. B. cereus ATCC 14579

(Genbank accession number AE016877), 2. B. cereus ATCC 10987 (AE017194), 3. B cereus 569
(gerI, AAD03541-AAD03543, gerL AAK70461-AAK-70463, gerQ AAK63174-AAK63176) and 4. B.
anthracis Sterne (AE017225), while the plasmid located gerX sequence was derived from the genome
sequence of 5. B. anthracis A2012 (AE016879). The tree is based on the amino acid sequence of the
A-cistron of each operon. The A-cistrons of these strains clustered in eight distinct groups. If the
operon annotation from the strain is distinct from the group name the strain annotation is noted.
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The surveyed ger operons of B. cereus and B. anthracis clustered in eight distinct
groups (Fig.7). Members of the gerL and gerI group showed high similarity and could be
found in the three B. cereus strains, while members of the gerS, gerR, and gerK group could
be found in the two completely sequenced B. cereus strains. Members of the gerQ group were
found in B. cereus 569 and B. cereus ATCC 14579 but not in B. cereus ATCC 10987. B.
cereus ATCC 14579 and B. cereus ATCC 10987 harboured an operon without an ortholog in
any of the B. cereus strains, the gerG operon in strain ATCC 14579 and the gerX operon in
strain ATCC 10987, however these operons have an ortholog in B. anthracis. B. anthracis
Sterne operons showed obvious clustering with the B. cereus operons. Common ger operons
identified in the sequenced strains are gerS, gerI and gerL. Members of the gerR and gerK
group were identified in these strains as well, although they showed less congruence. An
ortholog of the gerX operon, located on the pXO1 plasmid of B. anthracis was located on the
chromosome of B. cereus ATCC 10987. The gerQ operon was not present in B. anthracis
Sterne as described before (Barlass et al, 2002; Ireland and Hanna, 2002).

Discussion
In this study we investigated the germination response of spores of B. cereus ATCC
14579 mutant strains, each disrupted in one of the seven ger operons. In addition to alanine, a
frequently used germinant for B. cereus, we found cysteine and threonine as strong inducers
as well. A cysteine-induced response has been described before for B. cereus (Krask, 1961;
Warren and Gould, 1968) and for B. anthracis spores at high concentrations and after
prolonged incubation (Ireland and Hanna, 2002). Threonine initiated germination has not
been described before for B. cereus. All these responses seem to be mediated by the GerR
receptor, which is apparently involved in all single amino acid responses. The only exception
that we observed was glutamine. Surprisingly this amino acid was capable of inducing
germination in gerR spores, and this could indicate a different germination pathway for
glutamine-induced germination. Here, the GerG receptor was shown to play a role, as gerG
defective spores consistently showed a reduced germination rate and we therefore propose the
designation gerG for the operon encoding this receptor.
As reported previously for B. cereus and B. anthracis, (Clements and Moir, 1998;
Foerster and Foster, 1966; Ireland and Hanna; Weiner et al, 2003) the addition of inosine as
co-germinant to amino acids enhanced the germination response of B. cereus ATCC 14579.
This effect was particularly apparent at low concentrations for inosine in combination with
glutamine and phenyl-alanine, respectively. The combination of glutamine and inosine
required gerG and gerI, the phenyl-alanine/inosine combination required only the gerI
encoded receptor. This indicates that the GerI receptor interacts with phenyl-alanine and
inosine and both molecules contribute to the initiation of germination. Spores lacking the
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GerR receptor, and therefore considerably hindered in the alanine and ribonucleoside
response, germinated efficiently in a combination of the two at very low concentrations. It is
unclear how a combination of alanine and inosine is able to initiate germination in the gerR
mutant. The GerL receptor, involved in alanine germination in B. cereus 569 might take over
the role of the nonfunctional GerR receptor, although the B. cereus ATCC 14579 gerL
disrupted mutant did not show an alanine germination hindered phenotype in our experiments.
Double mutants would be needed to unravel this response in more detail.
The nature of the stimulatory effect of inosine on amino acid induced germination
remains unclear. As sole germinant it initiates strong germination in B. cereus ATCC 14579,
and even mutant strains, disrupted in the inosine involved operons gerR, gerQ and gerI were
able to complete their germination, although at reduced rate. B. anthracis contains at least
three operons, gerS, gerR, and gerH encoding putative receptors that could play a role in
purine ribonucleoside induced germination, but B. anthracis Sterne spores do not germinate
with inosine as single germinant. The GerS receptor has been shown to play a role in the
enhancement of amino acid induced germination by the addition of inosine as co-germinant
(Ireland and Hanna, 2002). It can be questioned if inosine initiates germination on a similar
way as amino acids do, as there are clear differences in responses. First, inosine mutants were
all able to finish germination relatively quick compared to amino acid mutants. Second, no
difference could be observed in germination rate upon addition of 1 or 10 mM of inosine
(Fig.3) indicating that inosine induced germination is only partially concentration dependent
while the amino acid induced germination rate is strongly affected by concentration (Hornstra
et al, 2005). Instead of direct interaction with a receptor, inosine might stimulate germination
by enhancing the signal resulting from an amino acid activated receptor. In B. cereus the
signal delivered by inosine alone, or in combination with endogenous spore amino acids like
alanine (Warren and Gould, 1968) is sufficient to initiate germination, for B. anthracis this is
apparently not the case (Ireland and Hanna,2002).
The availability of an increasing number of Bacilli genome sequences allows ger
operon comparison among species and strains permitting a homology-based classification. In
this study we showed that substantial variation exists in the number and set of ger operons,
even among strains. It is unknown if mutual comparison of ger operon homologues of strains
of the same or related species results in valid and reliable predictions of their function. Until
now, germinant specificity of some germination receptors has been proven experimentally,
but for most of these receptors the ligands and precise activation conditions are not known.
The comparison of B. cereus and B. anthracis genomes in this study revealed close
congruence but comparison of related germination mutants showed diverging phenotypes.
The cistrons in the gerL operon group showed high similarity and this operon was studied in
detail in B. cereus 569 where a gerL mutant showed a delayed response upon alanine addition.
In contrast, a disrupted gerL locus in B. cereus ATCC 14579 did not result in a hindered
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alanine response. The gerQ operon showed to be involved in inosine induced germination in
B. cereus 569 (not present in B. cereus 10987 and B. anthracis Sterne), and although an
inosine related response could be detected for the B. cereus ATCC 14579 gerQ mutant spores,
it was only detectable at specific concentrations. Parallels were found for the gerI operon,
termed gerH in B. anthracis. The gerH locus is involved in inosine-amino acid induced
germination, partly analogue to the role of the gerI locus in B. cereus 569 (Clements and Moir,
1998). Furthermore this locus showed to be involved in phenyl-alanine/inosine initiated
germination, a phenotype previously described for the gerH-encoded receptor, and similar to
this study (Weiner and Hanna, 2003).
Even in case of high similarity within a group, receptors may differ specifically at the binding
sites. In fact, the alteration of only a few amino acids within the germination proteins GerBA
and GerBB changed nutrient specificity from L-alanine to D-alanine in B. subtilis (Paidhungat
and Setlow, 1999). This can explain phenotypical discrepancies, even when similarity is high.
It is conceivable that a further increase of known ger operon phenotypes will allow for further
refinement and robustness of future homology based phenotype predictions.
Specific roles could not be demonstrated for the putative GerK, GerL and GerS
receptors, as mutants with a disruption in these operons showed germination phenotypes
identical to those of spores of the wild-type strain. It cannot be excluded that these operons
are not resulting in functional receptors, although all ger operons of B. cereus ATCC 14579
are transcribed during sporulation (unpublished, L. Hornstra). It is also possible that the
presence of a dominant receptor with an overlap in specificity, e.g. the GerR receptor,
conceals the alanine response of e.g. the GerL receptor. Furthermore, these receptors might
require different ligands, or are activated under different circumstances than tested here.
In this study we have investigated the role of the seven putative germination receptors
of B. cereus ATCC 14579 in amino acid and purine ribonucleoside induced germination. We
identified matching germinant molecules for four of these putative receptors and we identified
new germinant molecules for B. cereus ATCC 14579. For three of the putative receptors the
germinant molecules remain to be elucidated.

Acknowledgements
The authors thank Marcel Zwietering for valuable discussions and critical reading of
the manuscript.

References
1.

68

Barlass, P. J., C. W. Houston, M. O. Clements, and A. Moir. 2002. Germination of
Bacillus cereus spores in response to L-alanine and to inosine: the roles of gerL and
gerQ operons. Microbiology 148:2089-95.

Germination receptors of Bacillus cereus ATCC 14579
2.

3.
4.

5.
6.
7.

8.

9.

10.

11.

12.
13.

14.

15.

16.
17.
18.
19.

Cabrera-Martinez, R. M., F. Tovar-Rojo, V. R. Vepachedu, and P. Setlow. 2003.
Effects of overexpression of nutrient receptors on germination of spores of Bacillus
subtilis. J Bacteriol 185:2457-64.
Clements, M. O., and A. Moir. 1998. Role of gerI operon of Bacillus cereus 569 in
the response of spores to germinants. J Bacteriol 180:6729-35.
Corfe, B. M., R. L. Sammons, D. A. Smith, and C. Mauel. 1994. The gerB region
of the Bacillus subtilis 168 chromosome encodes a homologue of the gerA spore
germination operon. Microbiology 140 ( Pt 3):471-8.
Foerster, H. F., and J. W. Foster. 1966. Response of Bacillus spores to combinations
of germinative compounds. J Bacteriol 91:1168-77.
Gould, G. W. 1969. Germination. p. 397-444. In G.W. Gould and A. Hurst (eds), The
bacterial spore. Academic Press, New York.
Granum, P. E. 2001. Bacillus cereus, p. 327-336. In M.P. Doyle, L.R. Beuchat and
T.J. Montville (ed), Food Microbiology: fundamentals and frontiers, 2nd ed. American
Society for Microbiology, Washington, D.C.
Guidi-Rontani, C., Y. Pereira, S. Ruffie, J. C. Sirard, M. Weber-Levy, and M.
Mock. 1999. Identification and characterization of a germination operon on the
virulence plasmid pXO1 of Bacillus anthracis. Mol Microbiol 33:407-14.
Helgason, E., O. A. Okstad, D. A. Caugant, H. A. Johansen, A. Fouet, M. Mock, I.
Hegna, and Kolsto. 2000. Bacillus anthracis, Bacillus cereus, and Bacillus
thuringiensis--one species on the basis of genetic evidence. Appl Environ Microbiol
66:2627-30.
Hornstra, L. M., Y. P. Vries de, W. M. Vos de, T. Abee, and M. H. J. WellsBennik. 2005. GerR, a novel ger operon involved in L-alanine and Inosine
germination of Bacillus cereus ATCC 14579. Appl Environ Microbiol 71:774-81.
Hudson, K. D., B. M. Corfe, E. H. Kemp, I. M. Feavers, P. J. Coote, and A. Moir.
2001. Localization of GerAA and GerAC germination proteins in the Bacillus subtilis
spore. J Bacteriol 183:4317-22.
Igarashi, T., B. Setlow, M. Paidhungat, and P. Setlow. 2004. Effects of a gerF (lgt)
mutation on the germination of spores of Bacillus subtilis. J Bacteriol 186:2984-91.
Ireland, J. A., and P. C. Hanna. 2002. Amino acid- and purine ribonucleosideinduced germination of Bacillus anthracis DeltaSterne endospores: gerS mediates
responses to aromatic ring structures. J Bacteriol 184:1296-303.
Irie, R., Y. Fujita, and M. Kobayashi. 1996. Nucleotide sequence and gene
organisation of the gerK spore germination locus of Bacillus subtilis 168. J. Gen. Appl.
Microbiol. 42:141-153.
Ivanova, N., A. Sorokin, I. Anderson, N. Galleron, B. Candelon, V. Kapatral, A.
Bhattacharyya, G. Reznik, N. Mikhailova, A. Lapidus, L. Chu, M. Mazur, E.
Goltsman, N. Larsen, M. D'Souza, T. Walunas, Y. Grechkin, G. Pusch, R.
Haselkorn, M. Fonstein, S. D. Ehrlich, R. Overbeek, and N. Kyrpides. 2003.
Genome sequence of Bacillus cereus and comparative analysis with Bacillus anthracis.
Nature 423:87-91.
Johnstone, K. 1994. The trigger mechanism of spore germination: current concepts.
Soc Appl Bacteriol Symp Ser 23:17S-24S.
Krask, B. J. 1961. Discussion, p. 89-100 In H.O. Halvorson (ed.) Spores II.
Minneapolis: Burgess Publishing Co.
McCann, K. P., C. Robinson, R. L. Sammons, D. A. Smith, and B. M. Corfe. 1996.
Alanine germination receptors of Bacillus subtilis. Lett Appl Microbiol 23:290-4.
Moir, A., B. M. Corfe, and J. Behravan. 2002. Spore germination. Cell Mol Life Sci
59:403-9.

69

Chapter 3
20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.
37.

38.
39.

70

Moir, A., E. H. Kemp, C. Robinson, and B. M. Corfe. 1994. The genetic analysis of
bacterial spore germination. J Appl Bacteriol 77:9S-16S.
Moir, A., and D. A. Smith. 1990. The genetics of bacterial spore germination. Annu
Rev Microbiol 44:531-53.
Newsome, R. 2003. Dormant Microbes: Research Needs. Foodtechnology 57:38-42.
Paidhungat, M., and P. Setlow. 1999. Isolation and characterization of mutations in
Bacillus subtilis that allow spore germination in the novel germinant D-alanine. J
Bacteriol 181:3341-50.
Paidhungat, M., and P. Setlow. 2001. Localization of a germinant receptor protein
(GerBA) to the inner membrane of Bacillus subtilis spores. J Bacteriol 183:3982-90.
Paidhungat, M., and P. Setlow. 2000. Role of ger proteins in nutrient and
nonnutrient triggering of spore germination in Bacillus subtilis. J Bacteriol 182:25139.
Paidhungat, M., and P. Setlow. 2002. Spore germination and outgrowth, p. 537-548.
In J.A. Hoch, R. Losick A.L. Sonenshein (ed.), Bacillus subtilis and its relatives: From
genes to cells. American Society for Microbiology, Washington, DC.
Preston, R. A., and H. A. Douthit. 1988. Functional relationships between L- and Dalanine, inosine and NH4Cl during germination of spores of Bacillus cereus T. J Gen
Microbiol 134 ( Pt 11):3001-10.
Rasko, D. A., J. Ravel, O. A. Okstad, E. Helgason, R. Z. Cer, L. Jiang, K. A.
Shores, D. E. Fouts, N. J. Tourasse, S. V. Angiuoli, J. Kolonay, W. C. Nelson, A.
B. Kolsto, C. M. Fraser, and T. D. Read. 2004. The genome sequence of Bacillus
cereus ATCC 10987 reveals metabolic adaptations and a large plasmid related to
Bacillus anthracis pXO1. Nucleic Acids Res 32:977-88.
Read, T. D., S. L. Salzberg, M. Pop, M. Shumway, L. Umayam, L. Jiang, E.
Holtzapple, J. D. Busch, K. L. Smith, J. M. Schupp, D. Solomon, P. Keim, and C.
M. Fraser. 2002. Comparative genome sequencing for discovery of novel
polymorphisms in Bacillus anthracis. Science 296:2028-33.
Rossignol, D. P., and J. C. Vary. 1979. Biochemistry of L-proline-triggered
germination of Bacillus megaterium spores. J Bacteriol 138:431-41.
Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a laboratory
manual. 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
Setlow, P. 1984. Germination and outgrowth, p. 211-254. In A. Hurst and G.W. Gould
(ed.) The bacterial spore. Volume 2, Academic Press, London, United Kingdom.
Setlow, P. 2003. Spore germination. Curr Opin Microbiol 6:550-6.
Vagner, V., E. Dervyn, and S. D. Ehrlich. 1998. A vector for systematic gene
inactivation in Bacillus subtilis. Microbiology 144 ( Pt 11):3097-104.
Warren, S. C., and G. W. Gould. 1968. Bacillus cereus spore germination:absolute
requirement for an amino acid. Biochim Biophys Acta 170:341-50.
Wax, R., and E. Freese. 1968. Initiation of the germination of Bacillus subtilis spores
by a combination of compounds in place of L-alanine. J Bacteriol 95:433-8.
Weiner, M. A., T. D. Read, and P. C. Hanna. 2003. Identification and
characterization of the gerH operon of Bacillus anthracis endospores: a differential
role for purine nucleosides in germination. J Bacteriol 185:1462-4.
Wolgamott, G. D., and N. N. Durham. 1971. Initiation of spore germination in
Bacillus cereus: a proposed allosteric receptor. Can J Microbiol 17:1043-8.
Zuberi, A. R., A. Moir, and I. M. Feavers. 1987. The nucleotide sequence and gene
organization of the gerA spore germination operon of Bacillus subtilis 168. Gene
51:1-11.

Chapter 4
Influence of sporulation medium composition on transcription of ger operons
and the germination response of spores of Bacillus cereus ATCC 14579.
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Abstract
Bacillus cereus ATCC 14579 endospores were produced in Y1, a nutrient-rich
chemically defined sporulation medium, and in Modified G medium, containing low amounts
of nutrients. In Y1 medium, the average transcription level of the seven ger operons per cell
was 3.5 times higher than the average transcription level of the ger operons of cells that were
sporulated in Modified G medium. Germination assays showed that spores produced in
nutrient-rich medium were significantly more responsive to nutrient-induced germination.
Ca2+-DPA-induced germination of both types of spores showed identical germination
characteristics, indicating that the differences in germination rate and efficiency originate
from the first stage of germination. In B. cereus ATCC 14579, higher transcription levels of
the ger operons may result in a higher number of active receptors in the spore, resulting in an
enhanced germination response.
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Introduction
Bacillus cereus is a gram-positive rod-shaped food pathogen that can sporulate under
nutrient limiting conditions. The conditions under which sporulation takes place determines
spore characteristics like wet heat resistance and germination properties (Warren and Gould,
1968; Melly et al, 2002; de Vries et al, 2004; Raso et al, 1998). Once formed, spores can
return to vegetative growth by an irreversible process called germination (Moir et al, 2002;
Paidhungat and Setlow, 2002; Setlow, 2003). Germination receptors, which are located in the
inner-membrane of the spore, play a crucial role in the initiation of germination, as spores
lacking these receptors are strongly impaired in their response to germinant molecules
(Paidhungat and Setlow, 2000). The signaling and activation pathway(s) mediated by these
receptors are still unknown. It has been shown however, that spores contain different types of
receptors that can respond to specific germinant molecules, mostly amino acids or purine
ribonucleosides (Clements and Moir, 1998; Barlass et al, 2002; Ireland and Hanna, 2002;
Moir et al, 2002; Weiner et al, 2003; Hornstra et al, 2005; Hornstra et al, 2006). Germination
receptors are encoded by tricistronic operons, called ger operons and the three gene products
are necessary to form a functional receptor (Moir et al, 2002). During sporulation, the ger
operons are transcribed in the fore-spore by a sigma G-dependent RNA polymerase
(Paidhungat and Setlow, 2002). The genome of B. cereus ATCC 14579 contains seven
putative ger operons, which may equip the spore with a set of seven functional receptors
(Hornstra et al, 2006). The B. subtilis genome contains five ger operons, of which three have
been characterized (Zuberi et al, 1987; Corfe et al, 1994; Irie et al, 1996). These three ger
operons were expressed at very low levels (Zuberi et al, 1987; Feavers et al, 1990; Corfe et al,
1994). Medium composition can affect various spore properties (Foerster and Foster, 1966,
Cazemier et al, 2001; de Vries et al, 2004) but the effect of medium composition on the
transcription of the ger operons and its impact on germination properties of the spores is not
known. Changes in ger operon expression may cause variation in the number of receptors in
the spore, which consequently affects the nutrient-induced germination properties.
This communication describes the transcriptional analysis of each of the seven ger
operons of B. cereus ATCC 14579 during sporulation in nutrient-rich Y1 medium, containing
approximately 30 mM of amino acids and 10 mM glucose and in Modified G medium,
containing approximately 14 mM of amino acids and no glucose. Medium composition had a
significant impact on the expression of the B. cereus ger operons and the spore’s nutrientinduced germination characteristics.

72

Influence of sporulation medium on transcription and germination

Materials and methods
Bacterial strains, spore preparation and transcriptional analysis
The B. cereus ATCC 14579 ger mutant strains used were disrupted in each of the
seven ger operons by insertion of pMUTIN4 plasmid as described before (Hornstra et al,
2006). For all insertions, the lacZ reporter gene present on pMUTIN4 was under control of
the ger operon promoter, facilitating the measurement of transcriptional activity under
different sporulation conditions. Spores of the wild-type and mutant strains were prepared on
a nutrient-rich, chemically defined sporulation medium designated Y1, which contained the
following components (final concentrations): D-glucose (10 mM), L-glutamic acid (20 mM),
L-leucine (6 mM), L-valine (2.6 mM), L-threonine (1.4 mM), L-methionine (0.47 mM), Lhistidine (0.32 mM), sodium-DL-lactate (5 mM), acetic acid (1 mM), FeCl3 (50 ȝM), CuCl2
(2.5 ȝM), ZnCl2 (12.5 ȝM), MnSO4 (66 ȝM), MgCl2 (1 mM), (NH4)2SO4 (5 mM), Na2MoO4
(2.5 ȝM), CoCl2 (2.5 ȝM), and Ca(NO3)2 (1 mM). The medium was buffered at pH 7.2 with
100 mM potassium phosphate buffer (de Vries et al, 2005). Furthermore, spores were
prepared on Modified G medium as described (Kim and Goepfert, 1974), containing 0.2%
yeast extract, CaCl2 (0.17 mM), K2HPO4 (2.87 mM), MgSO4 (0.81 mM), MnSO4 (0.24 mM),
ZnCl2 (17 ȝM), CuSO4 (20 ȝM), FeCl3 (1.8 ȝM), and (NH4) 2SO4 (15.5 mM) and adjusted to
a pH of 7.2. This medium was expected to contain approximately 14 mM of amino acids,
based on a 70% protein content of the yeast extract. Cultures were incubated at 30oC at 225
rpm and this resulted in > 99% free spores after incubation for 48h in both media. The spores
were harvested, repeatedly washed and stored as described previously (Hornstra et al, 2006).
The transcriptional activity of the ger operons during sporulation was measured by
GHWHUPLQLQJ WKH OHYHO RI ȕ-galactosidase activity using the 4-methylumbelliferyl-B-Dgalactoside (MUG) assay. One ml samples of a sporulating wild type or mutant culture were
taken at 5, 10, 15, 20, and 25 h after inoculation, washed and stored at –20 oC until assayed.
7KH ȕ-galactosidase activity was assayed by measuring the fluorescence as a result of the
conversion from MUG to MU (4-methylumbelliferone) with a Tecan fluorometer as described
(Horsburgh et al, 2001). The instrument was calibrated with a MU calibration curve. Spore
germination was monitored by measurement of the OD600 reduction of the spore suspension
as described before (Hornstra et al, 2005). The data presented were the result of three
independent experiments.

Results
Growth and sporulation in Y1 and Modified G sporulation media
In both media vegetative growth was observed first before the cells entered sporulation.
After 4 hours of vegetative growth in Modified G medium, reaching a maximum cell density
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of 1.5 measured at OD600, the cells entered sporulation. For Y1 medium vegetative growth
was observed for 12h resulting in a maximum cell density of 4.5 at OD600, after which the
cells entered sporulation. B. cereus ATCC 14579 wild type and the seven ger mutants
displayed similar growth characteristics including growth rate, final OD and spore yield
during sporulation. The shift from growth to sporulation was accompanied by strong
aggregation of the cells. Sporulation in the two media was synchronous and complete.
Transcription levels of the ger operons in Y1 and Modified G sporulation
medium
The transcription levels of the ger operons were determined by measuring the amount
of ȕ-galactosidase produced in each of the seven ger mutant strains at five time points during
sporulation. Transcription of the ger operons reached a maximum approximately 10h after the
sporulation start. From 20 hours after the onset of sporulation, the maturing spores became
increasingly insensitive for the lysozyme treatment. As the onset of sporulation in the two
media started at different time points, mutual comparison of ȕ-galactosidase levels of samples
taken at identical time points was not possible. Therefore we compared the maximum
expression level of each ger operon of sporulating B. cereus cells in both media.
In Y1 medium, the maximum expression levels of the ger operons during sporulation
were substantially higher than in Modified G. (Fig.1). On average, expression of the seven ger
operons showed to be 3.5 higher per cell in Y1 medium when compared to that in spores
produced in Modified G medium. Furthermore, differences in expression levels for the single
ger operons were noticed, although in both media the highest transcription level was observed
for the gerI operon encoding a germination receptor involved in purine ribonucleoside
initiated germination (Clements and Moir, 1998; Hornstra et al, 2006). Although the mutants
harbour the same promoterless LacZ gene, diversity in the ribosome binding site and
translation start codons of the ger mutants may influence the ȕ-galactosidase level originating
from these constructs. Therefore we cannot be sure that relative levels of ȕ-galactosidase are a
precise reflection of the relative levels of the Ger receptors. Comparison of the levels of ȕgalactosidase produced in the two media is done with identical strains and this reflects a valid
comparison of the produced ȕ-galactosidase in the two media.
Germination characteristics of spores produced on Y1 and Modified G
To assess the germination characteristics of spores prepared in both media, spore
germination assays were performed using the amino acids L-alanine, L-cysteine and Lthreonine and purine ribonucleosides inosine and adenosine as germinant molecules. For both
amino acid- and purine ribonucleoside-induced germination, spores prepared on Modified G
exhibited altered germination characteristics when compared to spores produced on Y1. This
was demonstrated by reduced germination rates upon amino acid- induced germination
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gerR gerQ gerG gerK gerL gerS

gerI

Relative ȕ-galactosidase activity expressed from the ger-lacZ fusions constructed for

the seven ger operons of B. cereus during sporulation on modified G (black bars) and Y1 (grey bars)
sporulation medium. Maximum ȕ-galactosidase activity was measured 10h after the onset of
sporulation in the respective media. Enzyme units were calculated per ml of culture and corrected for
the observed difference in cell density. The data are expressed as a percentage of the maximum value
obtained with the gerI-lacZ construct (20 pmol MUG hydrolysed per ml culture).

(Fig. 2), and a reduced germination rate and a more pronounced lag phase for purine
nucleoside-induced germination (Fig. 3). Modified G spores required on average 10 fold
higher concentrations of germinants to accomplish similar germination rates and efficiencies,
when compared to Y1 spores (data not shown). By addition of a synergistic combination of Lalanine and inosine, resulting in a powerful germinant mixture, spores originating from both
media showed an immediate response and high, almost similar, germination rates (Fig. 3).
This indicates that a potent germination trigger may overcome a limited number of nutrient
receptors. To analyze whether these differences in spore germination characteristics resulted
from an early (stage1) germination event (Setlow, 2003), both types of spores were
germinated with Ca2+-DPA. This non-nutrient germinant can induce germination, while
bypassing the individual components (e.g. the Ger receptors) of the nutrient germination
pathway. Ca2+-DPA-induced germination showed equal rates and efficiencies with both types
of spores, indicating that the germination pathway after stage 1 is similar in spores originating
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from Y1 and Modified G medium (data not shown). This observation points towards a
difference in the first stage of germination, and based on the transcriptional analysis of all B.
cereus ATCC 14579 ger operons it is conceivable that the number of germination receptors is
lower in spores prepared on Modified G, resulting in reduced germination rates and
efficiencies.
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Germination of B. cereus wild-type spores produced in Y1 (closed symbols) and in

Figure 2.

Modified G (open symbols) medium. Spores were germinated with 1mM of L-alanine (circles), Lcysteine (squares) and L-threonine (triangles) respectively.
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Figure 3.

Germination of B. cereus wild-type spores produced on Y1 (closed symbols) and in

Modified G (open symbols) medium. Spores were germinated with a combination of 10 mM of Lalanine and 1 mM of inosine (circles), 1 mM inosine (squares) and 1 mM adenosine (triangles).
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Discussion
For spores originating from both media an obvious difference in germination response
was observed between amino acid (Fig. 2) and purine ribonucleoside (Fig. 3) induced
germination. For amino acid-induced germination, the germination rate might be affected
directly by the number of germination receptors in the spore. It has been described previously
that the level of ger operon transcription can affect germination characteristics. Overexpression of the gerA operon in B. subtilis, hereby elevating the levels of the GerA proteins,
resulted in a more rapid response for L-alanine induced germination (Cabrera-Martinez et al,
2003). Therefore, a lower number of germination receptors, as a result of sporulation in
Modified G, may result in a diminished germination rate.
For purine ribonucleoside induced germination (Fig. 3), low levels of expression of
the ger operons as measured in Modified G were shown to result in a prolonged lag phase
before germination started. Once started, the germination rates and efficiencies were only
slightly slower for the Modified G produced spores. As discussed previously, the amino acidand purine ribonucleoside-induced germination seems to proceed via partially different
pathways (Sogin et al, 1972; Hornstra et al, 2006). It is known that the integument and
exosporium of the spore harbors active enzymes, including inosine hydrolase that may
convert compounds added to the spore suspension, such as purine nucleotides into effective
germinants (Lawrence, 1955a; Lawrence 1955b; Redmond et al, 2004). Such enzymes may
play an essential role in purine ribonucleoside-induced germination, and the observed lag
phase may be caused by the time needed to convert adenosine or inosine into effective
concentrations of the actual germinant molecule(s). This resulting molecule might initiate
germination mediated by i.e. the GerI receptor, shown to be involved in the inosine and
adenosine response in B. cereus ATCC 14579 (Barlass et al, 2002; Hornstra et al, 2006). The
lower number of receptors present in spores originating from Modified G, requires a higher
concentration of the actual germinant molecule before germination proceeds. More time is
needed to produce a sufficient quantity of this molecule resulting in the observed prolonged
lag-time.
In the environment, sporulation conditions can be extremely diverse and properties of
the resulting spores may vary significantly, including germination efficiencies. This large
diversity in spore properties may add to the success of spore dispersal in foods and affect their
survival and outgrowth potential after imposition of food preservation technologies.
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Caco-2 cell initiated germination of Bacillus cereus ATCC 14579 spores; a key
role for germination receptors in pathogen-host interactions
Luc M. Hornstra, Lucas M. Wijnands, Willem M. de Vos, Ynte P. de Vries and Tjakko Abee
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Abstract
Endospores of Bacillus cereus ATCC 14579 germinate when they are exposed to
differentiated Caco-2 cells. Spores obtained from mutants lacking each of the seven
germination receptors were exposed to Caco-2 cells and their germination capacity was
compared to that observed in broth. Spores of the gerI mutant were severely affected in their
germination response upon exposure to Caco-2 cells, while spores of the gerL and the gerR
mutant germinated but with reduced rate. The germination response of spores of mutants with
a disrupted gerQ, gerG, gerK and gerS operon was similar to that of spores of the wild-type.
This shows involvement of the B. cereus ATCC 14579 germination receptors encoded by the
gerI, gerL and gerR operon in Caco-2 cell induced germination of spores. These findings
suggest that B. cereus spores contain receptors that are triggered by germinant molecules
encountered in the human intestine, adding new information to our understanding of the first
stage of B. cereus intestinal infections.
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Introduction
Bacillus cereus is a Gram-positive rod-shaped spore-forming food pathogen. Frequent
occurrence of this organism in the soil is the cause of its easy dissemination via raw
agricultural products into the food chain. B. cereus food-borne infections can be associated
with an emetic syndrome, induced by a heat stable emetic toxin and produced by growing
cells in food products, while a diarrhoeal syndrome and abdominal pain are the result of
enterotoxin-producing vegetatively growing cells in the small intestine (Granum, 2001;
Schoeni and Wong, 2005). Besides food-borne diseases, local and systemic infections
including endophthalmitis, endocarditis and wound infections have been attributed to B.
cereus (Drobniewski, 1993). While modern, mild food preservation techniques focus on
reducing the number of vegetative cells during processing, spores remain generally unaffected
by these treatments. Surviving spores are ingested during consumption and are able to pass
efficiently the acid environment of the stomach (Clavel et al., 2004) after which they enter the
human gastrointestinal tract (GIT). An intriguing question in this respect is what happens
upon their arrival in the GIT. The observation that mice excreted more Bacillus subtilis spores
in their feces then they had orally ingested (Hoa et al., 2001) indicates that germination,
multiplication and sporulation occurred in the mouse GIT. Indeed, B. subtilis spore
germination has been confirmed in the small intestine of mice (Casula and Cutting, 2002).
Moreover, Tam and co-workers (Tam et al., 2006) recently described germination, subsequent
growth and sporulation and hypothesized an intestinal life cycle of B. subtilis in mice. They
also suggested that natural B. subtilis gut isolates have adapted to the GIT as a natural habitat.
An intestinal life cycle has also been proposed for B. cereus, such that it can maintain a
symbiotic relationship with appropriate invertebrate hosts, while it exploits the human GIT
for pathogenesis (Jensen et al., 2003). However, up to now information about the existence of
an intestinal life cycle including spore germination of B. cereus in the human GIT is lacking.
Biological effects of B. cereus infections have been studied previously by coincubation with differentiated Caco-2 cells, which mimic the epithelial layer of the human
small intestine (Pinto et al., 1983). The exposure of Caco-2 cells to B. cereus cells or culture
supernatant demonstrates the destructive consequences for Caco-2 cells (Andersson et al.,
1998; Minnaard et al., 2001; Minnaard et al., 2004; Rowan et al., 2001). Moreover B. cereus
spores adhere to the Caco-2 cell monolayer and this contact seems to trigger germination of
the spores (Andersson et al., 1998).
Germination of Bacillus spores is generally initiated by specific signalling molecules,
called germinants, that are able to initiate germination by activation of the germination
receptors located in the inner membrane of the spore (Paidhungat and Setlow, 2002; Setlow,
2003; Moir, 2006). B. cereus ATCC 14579 contains seven different germination receptors
activated by amino acids, purine ribosides or a combination of the two (Hornstra et al.,2006).
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The amino acids L-alanine, L-cysteine and L-threonine and purine ribosides inosine and
adenosine initiate prompt germination mediated by the GerR receptor, while L-glutamine
initiates germination via the GerG receptor. Furthermore inosine, adenosine and the aromatic
amino acid phenyl-alanine initiate germination by interaction with GerI (Barlass et al., 2002;
Clements and Moir, 1998; Hornstra et al., 2006).
If the human GIT environment belongs to the natural habitat of B. cereus, it may well
be possible that spores contain germination receptors that are specifically activated in the GIT.
Host-induced germination has been described for B. anthracis spores that specifically
germinated within macrophages and which required the gene products of gerH and possibly
gerX (Guidi-Rontani et al., 1999; Weiner and Hanna, 2003). Germination in the appropriate
host environment is essential for establishing the first stage of anthrax infection. For B. cereus,
the diarrhoeal type of food-borne infection, caused by enterotoxin producing vegetative cells
in the GIT, might be the consequence of consumed spores, and their capability to respond to
this environment. The presence of specific germinant molecules in the GIT resulting in
initiation of germination of the B. cereus spores can then be considered as the primary stage
of B. cereus toxico-infection. In this communication, we describe Caco-2 cell induced
germination of spores of B. cereus ATCC 14579 and seven derived mutant strains, each
lacking one of the known germination receptors. We demonstrate for the first time the
involvement of specific germination receptors of B. cereus ATCC 14579 in Caco-2 cell
induced spore germination.

Materials and methods
Bacterial strains and media
The B. cereus ger mutant strains are derived from B. cereus ATCC 14579 type-strain
and constructed as described previously (Hornstra et al., 2006) and listed in Table 1. Spores
were produced on chemically defined Y1 sporulation medium as described previously
(Hornstra et al., 2005).
Culturing and preparation of differentiated Caco-2 cells
Caco-2 cells, obtained from ATCC (HTB-37, ATCC, USA), were cultured in DMEM
10% [Dulbecco’s Modified Eagle Medium (Gibco, 42430-025) supplemented with heatinactivated fetal calf serum (10% v/v, Integro b.v., the Netherlands), 5 ml 100x non-essential
amino acids (Gibco, 11140-035), 2 mM glutamine (Gibco 25030-024), and 0.05 mg ml-1
gentamycine (Gibco, 15750-037)]. Cells were collected every 7th day by washing the
monolayer twice with 0.022% disodium-EDTA (Acros, 14785) in phosphate buffered
physiological salt solution (PBS, 0.07M, pH 7.2) and trypsinising the cells using 50 ȝg/ml
trypsine (Gibco, 25050-014) in 0.022% di-Na-EDTA in PBS. Cells were seeded to a
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concentration of 1x106 cells in 10 ml DMEM 10% in 75 cm2 culture bottles (Costar 3376).
The bottles were incubated at 37ºC with 5% carbon dioxide. The culture medium was
refreshed every 4th day after passage of the cells.
After washing and trypsinization 1 ml of Caco2-cells from passage 25 to 45 were seeded in
12-well plates at a concentration of 1.6x105 cells ml-1 in DMEM 10%. Plates were incubated
at 37ºC with 5% carbon dioxide for 23 days before use in adhesion experiments. Three times
per seven days the medium in the wells was replaced by fresh medium.
Table 1.
Strains used in this study
___________________________________________________________________________
Strain
Relevant genotype
Observed germinant
Source or reference
___________________________________________________________________________
B. cereus
ATCC 14579 (wild type strain)
BGSC a
r
LH129 R
pMUTIN4::gerRC1 Ery
Ala, Cys, Thr, Ino, Ade
Hornstra et al. 2005
LH130 Q
pMUTIN4::gerQA1 Eryr
Ino
Hornstra et al. 2006
r
Glu
Hornstra et al. 2006
LH132 G
pMUTIN4::gerGA1 Ery
LH140 K
pMUTIN4::gerKA1 Eryr
-b
Hornstra et al. 2006
LH142 L
pMUTIN4::gerLB1 Eryr
-b
Hornstra et al. 2006
LH144 S
pMUTIN4::gerSA1 Eryr
-b
Hornstra et al. 2006
LH148 I
pMUTIN4::gerIA1 Eryr
Ino, Ade, Phen
Hornstra et al. 2006
___________________________________________________________________________
a
BGSC, Bacillus Genetic Stock Center
b
No germinant molecule has been identified for this receptor.
Germination assays
Prior to addition of the spores to the Caco-2 cells, the spores were washed with sterile
water and resuspended in experimental culture medium (ECM), i.e. DMEM 10% without
gentamycine and heat activated calf serum at an OD600 of 1.0. 40 ul of this spore suspension
was added to a well of the culture plate containing a monolayer of Caco-2 cells and
centrifuged for 1 min at 175g. The culture plates containing the Caco-2 cells and spores were
incubated for a period of 1 h and 2 h, respectively, at 37ºC with 5% carbon dioxide. After the
incubation, the Caco-2 cells were washed gently three times with ECM to remove the nonadhered B. cereus population. The adhered B. cereus population was harvested by release and
lysis of the Caco-2 cell monolayer through the addition of 1ml of 1% Triton X-100 (Merck,
Darmstadt) per well, after which the total lysate was collected. The total CFU of the B. cereus
population in the lysate was determined by enumeration on Trypton Soy Agar (TSA) plates,
while the number of ungerminated spores was determined by incubation of the lysate for 15
min at 80ºC prior to plating. To determine the adhesion of the spores to the culture well
surface, spores were added to culture plates only containing the DMEM 10% medium, but no
Caco-2 cells and released as described for plates containing Caco-2 cells. Enumeration of
spore suspension on TSB agar plates showed a slight underestimation of the actual spore
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number due to their hydrophobic characteristic. B. cereus spores were lost trough adhesion to
the surface during serial dilution. The results were verified by phase-contrast microscopic
observation. The data presented are the average of two independent representative
experiments.

Results
Adhesion of B. cereus spores to Caco-2 cells
Addition of B. cereus spores to Caco-2 cells and subsequent collective incubation
results in adhesion of spores to the Caco-2 cells, while another part of the population remains
planktonic. To determine the percentage of adhered spores, we enumerated the remaining B.
cereus population in the Caco-2 cell lysate. After 1 h of incubation followed by mild washing
of the Caco-2 cells, 5% of the initial number of spores had adhered to the Caco-2 cells (Fig. 1).
In the culture well containing only DMEM medium, adhesion was almost equal to wells
containing Caco-2 cells as 3% of the initial spore population had adhered to the culture well
surface. After 2 h of incubation the number of adhered spores was close to 1% for both
conditions. The spores show identical adhesion capacity to either the well containing the
Caco-2 cells or only the culture plate well surface. Furthermore it can be concluded that the
majority of the initial spore population does not adhere to the Caco-2 cell monolayer or to the
culture plate well surface, or adheres very loosely and is removed by the mild washing steps
applied before collection of the adhered B. cereus population. The Caco-2 cell lysis procedure
does not affect the viability of B. cereus cells.
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Figure 1.

The number of B. cereus CFUs that adhered to the Caco-2 cells after co-incubation for

1 and 2 h. The black bars represent adhesion to culture wells containing Caco-2 cells, while the grey
bars represent adhesion to culture wells without Caco-2 cells.
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Germination of spores of the wild-type strain in the adhered population
After 1 and 2 h of collective incubation, the Caco-2 cells with attached B. cereus
spores/cells were harvested by removal and lysis of the Caco-2 cells from the culture well.
This lysate contains the adhered B. cereus population, consisting of heat-resistant nongerminated spores, heat sensitive germinated spores during outgrowth and vegetative cells.
The percentage of spores present, as determined by enumeration on TSB agar after a heat
treatment of the lysate, was only 0.07 % indicating very efficient germination of the adhered
spores. The percentage of germination in the adhered population of spores added to culture
wells without Caco-2 cells was close to 50% (Fig. 2), based on enumeration on TSB agar
plates. The presence of the Caco-2 cells induced an efficient spore germination response, and
this response was immediate, as most of the spores had germinated within 1 h. After 2 h a
slight reduction in adherence was observed while the number of spores present in the adhered
population remained identical (Fig. 2).
As about 5% of the B. cereus population attached either to the Caco-2 cells or to the surface
of the culture well, we determined also the germination percentage of spores of the nonadhered planktonic population present in the culture well after 1 h of incubation with Caco-2
cells. The non-adhered population germinated efficiently and consisted of 1 % spores while
99% of the spores lost their heat resistance, indicating that they had germinated (data not
shown). The presence of Caco-2 cells induced germination for the majority of the spores,
although germination of adhered spores occurred with higher efficiency.
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Figure 2.

The percentage of spores present in the adhered population of B. cereus ATCC 14579

after incubation with Caco-2 cells for 1 and 2 h. The black bars represent the number of remaining
spores in the presence of Caco-2 cells, while the grey bars represent the number of spores in wells
without Caco-2 cells.
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Finally we determined if DMEM medium, necessary for growth and cultivation of the
Caco-2 cells and containing sufficient nutrients for B. cereus cells to grow, was able to induce
germination of B. cereus spores. Microscopic observation showed < 5% germination after
incubation in DMEM medium for 1 h (data not shown).
Germination of spores of the germination receptor mutants in the adhered
population
After characterization of the response of spores of the wild-type strain, we determined the
germination response of spores of the mutant strains in the adhered population. Spores of
mutant strains, each lacking one of the seven known germination receptors (Table 1) were
incubated with Caco-2 cells in DMEM medium and in DMEM medium alone. First we
determined adhesion of the spores of the mutant strains during incubation either with or
without Caco-2 cells. After 1 h of incubation, the adhesion percentages of spores incubated
with Caco-2 cells observed were between 3 and 9% while the observed adhesion percentage
of spores added to the culture wells without Caco-2 cells were between 1 and 5% (data not
shown) indicating a slightly higher adhesion percentage in the culture wells containing the
Caco-2 cells. After 2 h of incubation, adhesion percentages decreased to between 1 and 3%
for both situations. These numbers are comparable to adhesion characteristics of spores of the
wild-type strain. Subsequently we determined the germination response of the adhered
population in conditions with and without Caco-2 cells. Germination percentages of the
adhered population of spores of the mutants incubated without Caco-2 cells were comparable
with spores of the wild-type strain, and more than 50% of the adhered population still
consisted of heat resistant spores for all strains when enumerated on TSB agar plates.
However, spores of the mutant strains differed strongly in their germination response when
incubated with the Caco-2 cells (Fig. 3). The strains with a disrupted gerQ, gerG, gerK or
gerS operon germinated efficiently when incubated in the presence of Caco-2 cells. The
percentage of spores present in the lysate after 1 h incubation for these strains was similar to
wild-type spores. For spores of the strain with a disrupted gerI operon no efficient
germination was observed as the adhered B. cereus population after 1 h of incubation
consisted of still 28% of spores, compared to only 0.07% of spores in the adhered wild-type
population. After 2 h of incubation of this mutant, this number decreased slightly to 24%
indicating also no efficient germination when the incubation period was extended.
Furthermore, germination of spores with a disrupted gerL operon and to a lesser extend that of
spores with a disrupted gerR operon, was hampered, as the collected Caco-2 lysate with the
adhered B. cereus population contained respectively 5% and 1% of spores. Germination
percentages of spores of gerR, gerL and gerI mutants were a factor 10, 60 and 400 lower,
respectively, when compared to wild-type spores. However, in LB broth or in a mixture of
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10mM L-alanine/1mM inosine no differences in germination response were observed for
spores of the mutants and wild-type (data not shown).

100
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WT no Caco-2
gerR spores
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Figure 3.

The percentage of spores present in the adhered population of B. cereus ATCC 14579

wild-type strain and the seven mutant strains after incubation with Caco-2 cells for 1 and 2 h. The bars
represent the percentage of remaining spores in the presence of Caco-2 cells for spores of the wildtype strain and the mutant strains with a disrupted gerR, gerL and gerI operon. Spores of the mutant
strains with a disrupted gerQ, gerG, gerK and gerS operon responded similar as spores of the wildtype strain and are omitted for clarity.

Discussion
Caco-2 cells induce efficient germination of spores of B. cereus ATCC 14579. Mutant
strains of B. cereus with a disrupted gerI, gerL or gerR operon showed a reduced germination
response to Caco-2 cells. This implies that one or more products excreted by Caco-2 cells are
able to induce germination mediated at least by one of these receptors. The germinant
specificity of the receptors encoded by B. cereus strain ATCC 14579 gerI, gerL and gerR has
been investigated before (Hornstra et al., 2006). The GerI receptor was demonstrated to be
involved in purine riboside induced germination and aromatic amino acid induced
germination. The current study revealed the spores lacking this receptor to have a strongly
reduced germination response, suggesting that the Caco-2 cells may release similar
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compound(s). A previous survey with a range of amino acids and purine ribosides did not
result in the identification of germinant molecules recognized by GerL, (Hornstra et al., 2006).
The reduced germination capacity displayed by spores lacking this receptor in combination
with Caco-2 cells indicates the release of one or more yet undiscovered germinant molecules
by these cells. GerR was shown to play a very prominent role in nutrient induced germination,
as gerR spores were severely hampered in their response to both amino acid and purine
ribosides when added as single germinant. However, when L-alanine and inosine were added
in concert, a strong germination response of this mutant was observed, even at low
concentrations (Hornstra et al., 2006). Caco-2 cell induced germination was 10 times less
efficient in the gerR mutant when compared to wild-type spores, indicating the involvement
of this receptor in Caco-2 cell mediated germination. As this receptor is known to be involved
in amino acid germination, the presence of amino acids the DMEM medium may act in
concert with Caco-2 cell released components, herewith enhancing this response. Synergistic
effects of groups of germinants have been described previously, mostly consisting of a
mixture of amino acids and purine ribonucleotides (Clements and Moir, 1998; Ireland and
Hanna, 2002; Hornstra et al., 2005).
Wijnands recently observed that the germination-inducing compound, which was
excreted by Caco-2 cells, was heat stable and insensitive to proteolytic activity (L.M.
Wijnands, personal communication). This is in favour of small molecules such as amino acids
and purine ribosides. Excretion of germinants by Caco-2 cells is also suggested by efficient
germination of spores in the non-adhered population observed in this study. The role of
adhesion for germination remains somewhat unclear. About 1 to 5% of the spores adhered to
the Caco-2 cells after 1h incubation, while the remaining population was not or very loosely
attached. Germination within the adhered population was about 10 times more efficient than
spores in suspension, and this could be the result of a higher concentration of excreted
germinant molecules in close proximity of the Caco-2 cell surface. However, it cannot be
excluded that adhesion itself can be stimulatory, mediated by currently unknown germination
pathways.
The fate of B. cereus spores in the intestinal tract has been described in several studies.
The behavior of B. cereus var. toyoi, a probiotic strain has been investigated in the GIT of
broiler chicken ands piglets, and both sporulation and germination was reported to occur in
the GIT (Jadamus et al., 2001). Furthermore, probiotic B. cereus strains were shown to persist
in the mouse GIT up to 15 days, in contrast with B. subtilis, B. clausii and B. pumilis, which
quickly passed the GIT (Duc et al., 2004). Wilcks and coworkers (Wilcks et al., 2006)
investigated the response on the administration of B. cereus F4433/73R spores, known to
cause food poisoning, to human-flora-associated rats. Here no clear germination response of
the spores could be determined, although it has been hypothesized that rodents are no suitable
model for studying B. cereus gut interactions (Bishop et al., 1999). However, non-
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germinating spores appear to cause significant changes of the intestinal microbiota of the rats
(Wilcks et al., 2006). The interaction of differentiated Caco-2 cells, which act as a model for
the human small intestine epithelium, with food-borne B. cereus isolates, has been studied by
exposing Caco-2 cells to vegetative B. cereus cells. B. cereus cells are able to secrete
compounds leading quickly to disruption of the F-actin network and necrosis of the Caco-2
cells (Minnaard et al., 2001; Minnaard et al., 2004). For germination of B. cereus spores,
adhesion does not seem to be an absolute requirement in vitro while the role of adhesion for
vegetative B. cereus cells exerting their pathogenic effects is not fully clear, although
attachment of the cells might facilitate the development of micro-environments with high
concentrations of biologically active factors (Minnaard et al., 2004). However, in vivo
adhesion might be necessary to assure concentrated delivery of either germinant molecules or
toxins during pathogenesis. Fig. 4 shows a proposed model for the commencal stage of B.
cereus initiated food infection, caused by the production of enterotoxins by vegetative cells in
the human intestine originating from ingested spores. Under favorable conditions the transfer
from spore to a vegetative cell can be accomplished within 1 h, while Minnaard and coworkers (Minnaard et al., 2004) observed that B. cereus cultures, grown for 3 h showed
pathogenic effects on the Caco-2 cells.
8-16 hours

Ingestion
Initiation germination

Illness
Release toxic factors

GerS
GerI

GerL

GerK

GerR
GerG

GerQ

Intestinal epithelial layer

Figure 4.

Germination

Intestinal epithelial layer

The initial phase of diarrhoeal food poisoning being the consequence of ingestion of B.

cereus spores present in the food product. Caco-2 cells release germinant molecules that initiate
germination of the spore by interaction with the GerI, GerL and/or GerR receptor in the innermembrane of the spore. The conditions in the GIT allow the germinated spore to accomplish
outgrowth and multiplication, after which the vegetative cells initiate the production of biologically
active factors that result in necrosis, apoptosis and destruction of the F-actin cytoskeleton of the
epithelial cells of the small intestine.
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Although the influence of conditions in the GIT on duration of the various stages
within this process are not known, it indicates that toxin production upon ingestion of
contaminated food can proceed fast, and this might be well in agreement with observed onset
time for the diarrhoeal syndrome of 8 to 16 h (Granum 2001; Schoeni and Wong, 2005).
Members of the B. cereus family exhibit a huge variation in adhesion capabilities,
germination response and temporal expression of toxin genes and other genes that play a role
in the prokaryote-eukaryote interaction. As suggested by Andersson, (Andersson et al., 1998)
adhesion might be important for virulence. The same may be trough for the germination
characteristics of B. cereus strain variants. All of these factors together may play a role in its
interactions within the human intestinal tract, and influence the pathogenicity/virulence level
of the strain. The presence of specific germination receptors in B. cereus that are triggered by
Caco-2 cells is a strong indication that the GIT can be considered as a natural environment for
B. cereus.
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Abstract
Adhered spores of Bacillus cereus represent a significant part of the surface-derived
contamination in processing equipment used in the dairy industry. As germinated spores lose
their resistance capacities instantaneously, efficient germination prior to a cleaning in place
treatment could aid to the disinfecting effect of such a treatment. Therefore, spores of B.
cereus ATCC 14579 and that of the environmental isolate B. cereus CMCC 3328 were
assessed for their germination behaviour when adhered to a stainless steel surface. A mixture
of L-alanine and inosine initiated germination of adhered spores efficiently, resulting in 3.2
decimal logarithms of germination. Notably, implementation of a germination-inducing step
prior to a representative cleaning in place procedure reduced the number of survivors with
over 3 decimal log units, while an alkali treatment alone, as part of the cleaning in place
procedure, did not show any effect on B. cereus spore viability. These results show that
implementation of a germination step enhances the disinfection effect of currently used
cleaning in place procedures.
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Introduction
Endospores of Bacillus cereus are regular inhabitants of the soil and their common
presence results inevitably in their dissemination by raw agricultural products into the food
chain. Once present, these spores are the source of B. cereus initiated food infections,
primarily because of their extraordinary resistance against common food preservation
techniques. The presence of heat resistant spores, not only from B. cereus but also from a
variety of Bacilli is an important cause of microbe related problems in the dairy industry
(Scheldeman et al., 2005). B. cereus, however, is frequently mentioned as spoilage organism
and in addition a potential source for food-borne infections (Andersson et al., 1995; Eneroth
et al., 2001; Notermans and Batt, 1998; te Giffel et al., 1996) that can produce various toxins
leading to emetic and diarrhoeal syndromes (Granum, 2001) while the existence of
psychrotolerant strains may result in spoilage even during cold storage (Anderson Borge et al.,
2001).
The hydrophobic characteristics of B. cereus spores result in firm adhesion to surfaces of
frequently used food processing materials like stainless steel (Faille et al., 2001; Faille et al.,
2002; Lelievre et al., 2001; Peng et al., 2001; Tauveron et al., 2006). Adhered cells and spores
can act as initiation stage for biofilms (Ryu and Beuchat, 2005), which can be a source of
cross-contamination by delivering a continuous basic load of spores in the product (Flint et al.,
2001). The number of spores present determines the shelf life of the product (Andersson et al.,
1995; te Giffel et al., 2002).
Rigorous cleaning-in-place (CIP) procedures have been introduced into the food industry to
clean and disinfect the surface of food processing lines, and this is adequate against vegetative
cells and residual contamination but spores are only slightly affected. CIP regimes frequently
involve a 60oC cleaning alkali wash, followed by an acid wash disinfection step (Bremer et al.,
2006), but a reduction of viable spores by only 40% has been reported (Andersson et al.,
1995). In addition, it has been reported that spores, either surface-attached or incorporated in
biofilms, exhibit increased resistance characteristics when compared to spores in suspension.
Spores attached to stainless steel have been shown to exhibit higher resistance against oxidant
disinfectants, a crucial procedure in the current CIP regimes (Faille et al., 2001), and also
enhanced heat resistance for adhered spores has been described (Simmonds et al., 2003).
These altered characteristics caused by adhesion enlarge the difficulties of spores in the
processing line.
Germination of spores results in immediate loss of the spore’s resistance capacities.
Implementation of an efficient germination step prior to sanitizing, resulting in germination of
adhered spores, would make these germinated spores susceptible to chemical cleaning
methods. This approach would lower the number of viable spores in the processing line,
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herewith decreasing the risk of cross contamination of the product and therefore contribute to
improved product quality, food safety and product shelf-life.
Spores in suspension differ in characteristics from adhered spores in heat resistance and
resistance to oxidation treatments (Faille et al., 2001; Simmonds et al., 2003), but it is not
known if adhesion influences germination capacity of the adhered spore population. In this
study we compared germination behaviour of adhered spores with spores in suspension, using
spores of B. cereus ATCC 14579 type strain and the food isolate B. cereus CMCC 3328.
Furthermore, we investigated the implementation of a controlled germination step prior to the
application of simulated CIP procedures.

Materials and methods
B. cereus strains and endospore preparation
B. cereus ATCC 14579 was obtained from BGSC (Bacillus Genetic Stock Center)
while B. cereus CMCC 3328, a natural food isolate was kindly provided by Unilever
Research and Development, Vlaardingen, the Netherlands. Both strains were routinely
cultured on Luria broth (Sambrook et al., 1989) medium at 30oC and 225 rpm. Spores were
prepared in Modified G medium (Kim and Goepfert, 1974) and harvested and repeatedly
washed as described previously (Hornstra et al., 2005). Spores were stored at 4oC in 1 mM
phosphate buffer pH7.4, 0.01% Tween 20 to prevent aggregation of the spores.
Adherance and removal of the spores
Spores were adhered to Stainless steel 304L. Pieces of 10x30x0.5 mm were cleaned
and disinfected in 2% alkaline detergent RBS35 (Chemical-Products R. Borghgreaf S.A.-N.V.,
Brussels, Belgium) for 15 min at 50oC, followed by a 5 min rinse with sterile water. Adhesion
was performed at 20oC in rotating 10 ml tubes by incubation of the stainless steel pieces for
1h in 5 ml saline spore suspension (0.145M NaCl) containing 107 spores/ml. After adhesion,
loosely attached spores were removed by 3 subsequent gentle washes with distilled water
after which the stainless steel pieces were used for germination and inactivation experiments.
Attached spores were removed by ultrasonic treatment as described by Faille (Faille et al.,
2002) with minor modifications. Fouled stainless steel pieces were incubated in 10ml 10 mM
phosphate buffer pH 7.4 containing 0.5% Tween 20 and subjected to ultrasonication (40 – 60
kHz) for 5 min. This procedure resulted in reproducible detachment of both dormant and
germinated spores. The ultrasonication procedure was used to determine the initial number of
adhered spores after adhesion.

95

Chapter 6
Germination experiments
Spores were germinated both in suspension and when adhered to a stainless steel
surface. Germination was performed in germination buffer (10 mM Tris-HCl pH 7.4, 10 mM
NaCl) with a mixture of L-alanine and inosine as germinant. L-alanine and inosine were
dissolved in sterile water as 1 M or 0.1 M stock solutions respectively, filter sterilized and
stored at 4oC in the dark for a maximum of 1 month. Germination was ended by three
subsequent centrifugation/resuspension steps in sterile water for spores in suspension, while
adhered spores were washed by three short incubations of the stainless steel chip in sterile
water. The adhered population was removed and after serial dilution enumerated on LB plates.
To determine the number of spores in the detached population, a part of the collected
population was heated for 15 min at 80oC to kill germinated spores and subsequently
enumerated on LB plates after serial dilution. Germination was calculated as log10(N0/N) with
N0 representing the count of the initial spore suspension and N representing the spore count
after germination and heat treatment. Germination experiments were performed in duplicate
on two independently grown spore batches.

Results
Adhesion and removal of spores to stainless steel chips
After incubation of the stainless steel chips with a suspension containing 107 spores/ml,
efficient adhesion of the spores occurred as observed by microscopic observation (data not
shown). The removal procedure resulted reproducibly in the removal of 105 spores/cm2,
determined from the spores present in the removal fluid. Microscopic observation showed a
minor but uncounted number of the spores remaining attached to the stainless steel surface
after the removal procedure (not shown). Increasing the concentration of spores during
adhesion did not result in an increase in the number of detached spores, indicating that the
concentration of 107 spores/ml is excessive for spore adhesion. Furthermore, detachment of
the spores could not be improved further by an increase of the sonication time (raised
stepwise to 60 min) or by raising the concentration of Tween 20 from 0.5% to 2% (data not
shown).
Exposure of the adhered spores to germinant molecules L-alanine and inosine did not
alter the number of spores (spores and germinated spores) in the removal fluid. This result
indicates that germinated spores remained attached to the surface, at least during the time of
the germination assay. The lack of nutrients in the germination buffer possibly prevented the
spore’s complete outgrowth to a vegetative cell, leaving the spores in an intermediate
germination state. Although vegetative cells exhibit a much lower adherence (Wiencek et al.,
1990), it is possible that under these conditions the germinated spores retain adherence
capacities similar to non-germinated spores after losing their heat resistance.
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Comparison of germination properties of adhered spores with spores in
suspension
For B. cereus, a range of germinant molecules have been described, and a mixture of
L-alanine and inosine is regarded as one of the strongest germinant mixtures for spores of B.
cereus (Barlass et al., 2002; Clements and Moir, 1998; Hornstra et al., 2005) To monitor the
effect of germination on B. cereus spores, either adhered or in suspension, we chose to
germinate under optimal conditions using a mixture of 50 mM L-alanine/5 mM inosine at
30oC. In suspension, spores of both strains germinated efficiently upon exposure to this Lalanine/inosine mixture. For B. cereus ATCC 14579 2.6 decimal log of the population had
germinated while spores of the natural isolate CMCC3328 showed 3.2 decimal log
germination within 60 min. When spores of B. cereus ATCC 14579 were attached by
adhesion to stainless steel, similar germination efficiencies were observed, indicating no
difference in germination behavior for spores in suspension (Fig. 1).
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1,0

0,5

0,0

No germinant
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B. cereus ATCC 14579

Figure 1.

No germinant

50 mM L-ala
5 mM ino

B. cereus CMCC 3328

Germination of B. cereus ATCC 14579 spores in suspension (black bars) and attached

to stainless steel (grey bars), and of B. cereus CMCC 3328 spores in suspension. Germination of
adhered spores and spores in suspension was initiated with a mixture of 50 mM L-alanine /5 mM
inosine for both strains at 30oC for 60 min. N0 represents the number of spores present in the initial
spore population, while N represents the number of spores present after the germination treatment. The
bars represent mean values of duplicate experiments on two independently grown spore batches ±
standard deviation.
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For possible implementation in a dairy cleaning regime, germination under suboptimal conditions and reduced times would be preferred. Therefore, we tried to germinate
adhered spores under several conditions that can be considered as less optimal. First, a lower
germination temperature was examined. Lowering the germination temperature to 10oC
resulted in 1.1 log unit germination in 60 min. (Fig. 2). Secondly, shortening of the incubation
time was analyzed, and it was observed that 5 minutes germination under optimal conditions
resulted in almost 2 log unit germination, indicating that the majority of the population
germinated within this short time-frame (Fig. 2).

3,5

3,0

log (N0/N)

2,5

2,0

1,5

1,0

0,5

0,0

No germinant
30oC
60 min

Figure 2.

50 mM L-ala
5 mM ino
30oC
5 min

50 mM L-ala
5 mM ino
30oC
60 min

50 mM L-ala
5 mM ino
10oC
60 min

Germination of B. cereus ATCC 14579 spores adhered to stainless steel under various

suboptimal conditions. Germination was initiated with a mixture of 50 mM L-alanine/5 mM inosine.
The bars represent mean values of duplicate experiments on two independently grown spore batches ±
standard deviation.

Finally, we tested the germination response of spores with ultra high temperature (UHT)
treated milk as germinant as microscopic observation indicated that milk at 30oC can induce
moderate germination of the B. cereus spores we used (data not shown). However, incubation
of spores in milk at 10oC did not result in any germination of the spores (data not shown).
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The effect of implementation of a germination step prior to a simulated CIP
procedure
To monitor the effect of a germination step prior to a CIP procedure we simulated the
first stage of the CIP procedure in the lab. Current CIP regimes as described by Bremer
(Bremer et al., 2006) consist of an alkali/ high temperature incubation to inactivate microbial
contamination followed by an acid wash disinfection stage. Incubation of spores for 15 min in
0.5 M NaOH at 60oC did not result in any killing of the spores as has been described before
by Langsrud and co-workers (Langsrud et al., 2000). The implementation of a germination
step prior to the alkali treatment showed an obvious effect on germinated attached spores (Fig.
3). Germinated spores were effectively killed by either the alkali treatment or heat incubation,
resulting in a 3 log reduction for B. cereus ATCC 14579 spores and a 4 log reduction for
spores of B. cereus CMCC 3328.
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No germinant
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The number of killed B. cereus spores after an alkali treatment applied on adhered

non-germinated spores and on adhered spores that were first exposed to L-alanine/inosine germinant
mixture. The black bars represent spores of B. cereus ATCC 14579, while the grey bars represent
spores of B. cereus CMCC 3328. The last column shows the effect of a heat treatment instead of an
alkali treatment to kill germinated spores on spores of B. cereus ATCC 14579. The bars represent
mean values of duplicate experiments on two independently grown spore batches ± standard deviation.
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Discussion
Bacterial spores respond differently on environmental triggers when they are adhered
to a surface (Faille et al., 2001; Simmonds et al., 2003). This situation is most relevant when
spores have to be removed or inactivated from the surface of processing equipment using CIP
regimes. In this study, we have investigated the germination response of adhered spores and
examined germination as an additional strategy to improve current CIP procedures.
Spores adhered to stainless steel showed identical germination efficiency and behavior,
when compared to spores in suspension. This provides opportunities for the development of
new strategies to inactivate B. cereus spores more efficiently in processing equipment by the
implementation of a germination step prior to sanitizing. However, the presence of B. cereus
biofilms (Peng et al., 2002), probably including imbedded spores, may reduce the
susceptibility of the spores for germinant molecules. Furthermore, spores of a broad range of
Bacilli can be isolated from milk and its processing environment (Scheldeman et al., 2005)
and these may show large variation in germination capacity, but specific knowledge about
their germination properties is lacking. For further implementation in current CIP procedures
it will be required to improve germination with focus on achieving higher germination
efficiency whereas obtaining a germination effect on a broad range of Bacilli spores would be
crucial. Optimization of the germination mixture by addition of a specific range of
germination inducing molecules and optimized conditions could improve germination of
spores of Bacilli in general.
Residual raw or processed milk could probably act as a starting point for development
of an optimal germination mixture, although milk alone as germinant would probably not be
sufficiently efficient. However, specifically pasteurized milk contains germination-inducing
molecules (Wilkinson and Davies, 1974), probably free amino acids, and addition of
germinants that act synergistically with germination inducing molecules already present in
milk would enhance the germination response significantly. Then, only low concentrations of
germinant molecules have to be added to profit from the synergistic germination effect,
similarly described before for milk in combination with high pressure-induced germination
(van Opstal et al., 2004).
The implementation of a germination step before CIP is expected to reduce the
number of spores in the processing line, although a fraction of spores will remain recalcitrant
against germinant molecules. It is not known under which conditions these apparently highly
dormant spores germinate but it is feasible to assume that these spores also remain
ungerminated in the nutrient-rich environment of the food product herewith actually not
posing any threat for food spoilage and safety. Spores responding promptly on germination
triggers may be potentially spores that can respond quickly on the nutrient rich environment
of pasteurized food products.
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Implementation of a germination-inducing step in current CIP may help to reduce the number
of spores attached to processing equipment surfaces with an additional 3 to 4 log units. The
lower amount of spores would, subsequently, result in lower cross contamination of spores in
the food products and therefore being beneficial for food safety and shelf life.
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Abstract
Bacilli and Clostridia are known for their capability to form spores to escape
conditions that impede growth of the vegetative cell. Under appropriate environmental
conditions, spores germinate and grow out to vegetative cells. Crucial in the initiation of
germination are the inner-membrane located germination receptors in the spore, encoded by
tricistronic ger operons, which monitor if conditions surrounding the spore permit vegetative
growth. Here we report the computational analysis of ger operons present in genomes in
current databases. Ger operons were found mainly in the genomes Bacillus and Clostridium,
but also in other species such as Thermoanareobacter, Symbiobacterium, Moorella,
Geobacillus and Desulfobacterium. Clustering of each of the three proteins encoded by ger
operons resulted in similarly branched trees for each of these proteins, indicating that the
three genes of an operon have co-evolved. Furthermore, members of the B. cereus group
showed clustering of the ger operons within eight distinct groups. The reported nutrient
specificity of the receptors within a group was compared in order to identify common
germinants. Despite extensive sequence homology within most of the defined groups,
germinant specificity of the Ger receptors can differ substantially. The relevance of our
findings for Ger receptor specificity and functioning is discussed.
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Introduction
Micro-organisms have developed a broad variety of strategies to survive conditions
that impede growth or division of the vegetative cell, often caused by a depletion of nutrients.
Probably the most succesfull survival strategy is the development of an endospore, which is
highly resistant to a variety of harsh conditions. Endospores, found almost anywhere on earth,
are dormant and are able to survive for an almost indefinite period of time without loss of
viability (Nicholson et al, 2000; Nicholson, 2002). The spore structural layers and compounds
serve as a capsule with the purpose to protect the genome safely stored in the core of the spore.
Not all bacteria are capable of developing endospores, but especially Gram-positive bacteria
of the genera Bacillus and Clostridium are known for their capacity to form spores in a
process called sporulation (Piggot and Hilbert, 2004; Piggot and Losick, 2002).
The formidable resistance capacities of spores are on the other hand the main reason
of significant problems when strict high hygienic standards are required, like in the food
industry. As both Bacilli and Clostridia are common soil-borne organisms, cells and spores
are able to simply enter the food production chain, and especially spores survive current
preservation techniques and are very difficult to destroy or remove from there. The presence
of pathogenic and spoilage strains amongst Bacilli and Clostridia makes it of utmost
importance to control presence and prevent outgrowth of surviving spores upon food
processing to ensure safe food products even after a period of storage.
Survival of the organism is not only dependent on the characteristics of the spore to cope with
adverse conditions, but also determining the moment of spore outgrowth by a process called
germination is of critical importance. A crucial role herein is attributed to germination (Ger)
receptors, which are located in the inner-membrane of the spore, and play a key role in
determining the moment of germination. These receptors are able to monitor nutrients in close
proximity of the spore and determine if this environment is sufficiently suitable for growth.
Activation of these receptors, probably by allosteric binding of certain nutrient molecules
(Wolgamott and Durham, 1971), called germinants, can be considered as the first step in
germination.
Germination receptors are encoded by tricistronic ger operons, expressed in the fore
spore during the last stage of sporulation. The three gene products designated A, B and C
protein, are all necessary in forming a functional receptor (Moir, 1990). The A and B proteins
are integral membrane proteins associated with the inner-membrane, while the C protein is a
predicted lipoprotein anchored to the outer surface of the membrane (Moir, 2005; Setlow,
2003). The encoded B protein of ger operons shares homology with the amino
acid/polyamine/organocation (APC) superfamily. Members of this large family transport
amino acids and/or their derivatives, but no transport function has been proven for the B
proteins of ger operons (Jack et al, 2000). The gerA operon of B. subtilis was the first
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described germination operon and it has been reported to be involved in the L-alanine
germination response of B. subtilis spores (Zuberi et al, 1987). Two other B. subtilis operons,
designated gerB and gerK, encode receptors which initiated germination after exposure to a
mixture of Asparagine, Glucose, Fructose, and potassium (AGFK response) (Corfe et al, 1994;
Irie et al, 1996). Spores of B. cereus 569 germinate when they are exposed to L-alanine or
inosine, solely or in combination. The gerL operon is involved in the L-alanine response,
while gerQ mediates the inosine response and gerI is involved in both L-alanine and inosine
response (Barlass et al, 2002; Clements and Moir, 1998). The genome of B. cereus ATCC
14579 harbours 7 ger operons and these operons are all expressed during sporulation
(Hornstra et al, 2006a). In this strain, the gerR operon-encoded receptor plays a dominant role
in germination, as it is involved in germination by several amino acids and purine ribosides.
The GerG receptor is involved in L-glutamine germination, while GerI is involved in purine
riboside and aromatic amino acid-initiated germination (Hornstra et al, 2006b). Germination
of spores of B. anthracis with single germinants has been reported, as B. anthracis spores
germinate after exposure to L-alanine at concentrations above 10 mM (Ireland and Hanna,
2002) or to inosine (Baillie et al, 2005), but generally B. anthracis spores require
combinations of germinants for optimal germination (Fisher and Hanna 2005; Ireland and
Hanna, 2002). The chromosome of B. anthracis Sterne contains 6 ger operons, while a
seventh operon gerX is located on the pX01 plasmid. The gerL and gerK operon both are
involved in the L-alanine response, although probably by partially different mechanisms
(Fisher and Hanna 2005). GerS and gerH (gerI in B. cereus) have been shown to be involved
in the response mediated by various combinations of amino acids and inosine (Ireland and
Hanna, 2002; Weiner et al, 2003). GerX has been confirmed to play a role in virulence in an
animal model of infection (Guidi-Rontani et al, 1999) and activation of the germination
receptor(s) can be considered as the first stage of anthrax infection although cognate
germinant molecules are not yet known. For Clostridia a range of germinant molecules have
been described, frequently similar to germinant molecules that initiate germination in Bacilli
(Plowman and Peck, 2002). As no ger mutant strains have been described to date, the nutrient
specificity of individual Ger receptors within the Clostridia family is not known.
In this study, we have investigated the Ger family of proteins encoded in bacterial
genomes and grouped these by using tree-building algorithms. This comprehensive
phylogenetic overview provides functional descriptions to identify possible similarities for
cognate ligands of homologous Ger receptor families and information about phylogenetic
relationships within the family of ger operons.
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Methods
Bioinformatics analysis
Sequence information was obtained from the NCBI bacterial genome database
(ftp://ftp.ncbi.nih.gov/genomes/) and the ERGO database (Overbeek et al, 2003). The ERGO
gene nomenclature was used; conversions to NCBI nomenclature is provided in
supplementary data S1. Genome context was visualized with the ERGO Bioinformatics Suite
(http://ergo.integratedgenomics.com/ERGO). Multiple alignments were created using Muscle
(Edgar, 2004). Protein family trees were made with LOFT (Rene van der Heijden, personal
communication).
Proteins encoded by ger operons were searched for iteratively in the NCBI and ERGO
databases using BLASTP (Altschul, 1990), starting with the A, B and C proteins encoded by a
ger operon of B. subtilis as seeds. When one of the three genes of an operon was not
identified this way, we used gene context to search for the missing gene. In several cases, the
correct CDSs were only found after making corrections for missed ORFs, incorrect start
codons, frame shifts, etc. Potential transcription factor binding regions on the DNA (i.e.
operators) were searched automatically in a selected set of upstream regions (200 to 300 bases)
using MEME (Bailey et al, 2006).

Results
The presence of ger operons in micro-organims
We investigated more than 300 complete and some dozens of incomplete genomes
present in the databases and could identify 120 ger operon homologs in 28 different
organisms (Table 1). The majority of the operons were located on the chromosome but
occasionally ger operons were plasmid based. The number of ger operons present within the
genome of a strain varies from 1 to 7, although due to frame shift mutations, not all may result
in a functional receptor. Of the 28 organisms with ger operons, 17 were members of the
Bacillus family, while 5 belong to Clostridia (Note that genome of Clostridium difficile does
not contain ger operon sequences). In addition ger operons could be identified in close
relatives of Bacilli, including Oceanobacillus iheyensis and Geobacillus kaustophilus, but
also in strains that did not show any obvious relation with Bacilli or Clostridia.
Thermoanaerobacter tengcongensis, a rod-shaped, anaerobic, gram-negative thermophilic
eubacterium contained two ger operons and many genes involved in sporulation. Despite
these characteristics, spore formation in culture has not been observed so far (Bao et al, 2006).
Symbiobacterium thermophilum on the other hand is able to form spores, and belongs to an
unknown taxon in the Gram-positive bacterial cluster. This bacterium is characterized by
growth dependence on microbial commensalism, and grows only when co-cultured with
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Bacillus sp. strain S (Ueda et al, 2004). Moorella thermoacetica is a mesophilic anaerobic
bacterium, related to the group of Clostridia. Desulfitobacterium hafniense DCB-2, a Grampositive bacterium containing 5 ger operons, does not show an obvious relation to Bacilli or
Clostridia, but is able to form spores. Interest in this bacterium rose because of its capability
of dechlorinating both aromatic and alkyl chlorinated compounds, including very problematic
pollutants (Nonaka et al, 2006). The presence of ger operons in these latter organisms shows
that spore formation is not limited to the Bacillus and Clostridium families, and is utilized by
more prokaryotes to survive under difficult conditions.
Table 1:
List of organisms of which the genome contains ger operon clusters
__________________________________________________________________________
Organism
Strain
Number of clusters
__________________________________________________________________________
Bacillus
subtilis
168
BS
5
halodurans
C-125
HD
6
cereus
ZK
BCU
6
cereus-plasmid
ZK
1
cereus
ATCC14579
ZC
7
cereus
ATCC10987
BCR
6
cereus*
569
AAK/AAD
3
stearothermophilus* 10
BE
2
anthracis
Ames
BAN
6
anthracis
Sterne
BAR
6
anthracis
Ames 0581
BAH
6
anthracis-plasmid pX01
1
megaterium*
BI
1
clausii
KSM-K16
BCA
6
thuringiensis*
ATCC35646
BTH
5
thuringiensis
ser konk 97-27
BTR
7
licheniformis*
DSM13
BLH
3
licheniformis
ATCC14580
BLC
3
weihenstephanensis* KBAB4
BWE
6
Oceanobacillus
iheyensis
HTE831
OIH
4
Clostridium
acetobutylicum
ATCC824D
CA
3
acetobutylicum-plas. ATCC824D
CA
1
botulinum*
ATCC3502
CB
3
tetani
E88
CTT
4
perfringens
13
CPE
1
thermocellum*
ATCC27405
CTH
2
difficile
630
DF
0
Thermoanaerobacter tengcongensis
MB4T
THT
2
Symbiobacterium
thermophilum
IAM14863
STR
3
Moorella
thermoacetica
MTE
3
Geobacillus
kaustophilus*
HTA426
GKA
3
Desulfobacterium
hafniense*
DCB-2
DHA
5
* unfinished genomes_____________________________________________________
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Phylogenetic analysis of the ger operons
Cluster analysis was performed separately with the A-, B-, and C protein amino acid
sequences. Similarity between amino acid sequences from the A-proteins showed to be higher
than similarity between sequences of the B-proteins, while the C-protein sequences showed
lowest mutual similarity (data not shown). In Figure 1, the phylogenetic relationship of the
amino acid sequences of the A proteins encoded by ger operons is shown. Specifically,
members of the B. cereus sensu lato group (comprising of B. cereus, B. anthracis, Bacillus
thuringiensis, Bacillus mycoides, Bacillus pseudomycoides, and Bacillus weihenstephanensis)
clustered in very distinct groups, and therefore ger operons of B. cereus ATCC 14579
represent the operons of other members of the B. cereus group.
Ger operons in Bacilli
All Bacillus genomes investigated so far contain ger operons varying in number from
3 to 7. Most operons are located on the chromosome, although some B. anthracis and B.
cereus strains contain a plasmid that harbours one of the ger operons. Cluster analysis was
performed separately with the A-, B-, and C protein amino acid sequences. Despite different
levels in sequence similarity, phylogenetic trees constructed from the A, B or C proteins did
not show significant mutual differences, as is shown for operons of the B. cereus group
proteins. The phylogenetic tree based on the amino acid sequence of the A-protein is shown in
Fig. 2A. (For the phylogenetic trees of the B- and C-protein see supplementary data in S1, Fig.
2B and Fig. 2C). This shows that the genes encoding for the A, B or C proteins do not
interchange between operons. Moreover, the order of genes encoding the A, B and C proteins
can differ, but is generally consistent within subbranches of the tree. This suggests that the
genes co-evolve within an operon and therefore that the gene products are likely to interact.
Ger operons in members of the Bacillus cereus group
Especially ger operons of members of the B. cereus group showed clustering in
distinct groups. In this analysis the ger operons of 9 genomes of the B. cereus group (three of
B. cereus, three of B. anthracis, two of B. thuringiensis and one B. weihenstephanesis), and
the gerI, gerL and gerQ operons of strain B. cereus 569, were compared. These ger operons
clustered in eight distinct groups (Fig. 2A) as was described before (Hornstra 2006b). Five
groups, representing the Ger receptors of the gerI group (occasionally designated gerH), the
gerR group (B. anthracis gerY), the gerL group, the gerK group and the gerS group were
represented in all analysed members of the B. cereus group. The gerQ, gerX and gerG (also
named gerA and gerB) operons were found only in some of the members of the B. cereus
group.
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B. cer.

gerR ala, cys, threo
ino, adeno

B. cer.
gerQ
B. cer. 569 gerQ

ino
ino

B. cer.
gerI ino, phen-ala
B. cer. 569 gerI ino
B. ant.
gerH ino, arom. aa

Figure 1.

B. ant.

gerS

arom. aa

B. ant.

gerK

ala

B. ant.

gerX

virulence

B. cer. 569 gerL
B. ant.
gerL

ala
ala

B. sub.

gerA

ala

B. sub.

gerB

AGFK

B. sub.

gerK

AGFK

Genetic relationship between the 120 ger operons found in the genomes of 28

organisms, based on the sequence of the A protein of the tricistronic ger operons. The letters in the
names in this figure represent the organism (see Table 1), followed by the ORF number and a ger
operon name (when given). Shaded branches contain mainly Clostridia and other non-Bacillus
proteins. Boxed ger operons represent groups of organisms. Boxed operons designated BLC represent
proteins of the genomes of B. licheniformis DSM13 and B. licheniformis ATCC14580, and boxed
operons designated ZC and BCR represent the proteins of the entire B. cereus sensu lato group of
organisms (detailed in Figure 2). The gene order within the operons in subgroups is indicated by ABC,
ACB etc. The panels on the right indicate the nutrient specificity of the receptors of B. cereus ATCC
14579 (B. cer.), B. cereus 569 (B. cer 569.), B. anthracis Sterne (B. ant.) and B. subtilis 168 (B. sub.).
ala L-alanine, cys L-cysteine, threo L-threonine, ino inosine, ade adenosine, phen-ala L-phenyl-alanine,
arom aa aromatic amino acids, AGFK asparagine glucose fructose potassium.
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Figure 2A.

Genetic relationship between the ger operons found in the genomes of members of the

B. cereus sensu lato group, based on the sequence of the A protein of the tricistronic ger operons.
Boxed operons designated BAN represent proteins of the genomes of B. anthracis Sterne, B. anthracis
Ames and B. anthracis Ames 0581. Ger operon group names are added on the right.
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Within the gerI group, with operons designated gerI or gerH, three mutant strains with
a disrupted operon of the gerI group have been described. B. cereus 569::gerI showed reduced
L-alanine-initiated germination but almost abolished inosine germination (Clements and Moir,
1998). Involvement in inosine-initiated germination has been described also for B. cereus
ATCC 14579::gerI. In this strain however, the GerI receptor showed involvement in aromatic
acid induced germination as L-phenyl-alanine (with inosine as co-germinant) initiated
germination (Hornstra 2006b). The lack of response to aromatic amino acids was also shown
for B. anthracis Sterne::gerH. Based on these observations, the GerI/GerH group of receptors
can be associated with a general germination response to inosine and responses to (aromatic)
amino acids. The fact that gerI/H operons are present in all ten investigated strains of the B.
cereus group, and that none of the gerI/H operons are disturbed by frame shifts might indicate
an important role for this receptor. Remarkably all GerI/H A-proteins contain unusual long Nterminal repeat sequences of which the function is unknown. It has been suggested that these
domains do play a role in linking the GerIA-protein to some other protein of the germination
apparatus (Clements en Moir, 1998).
Although the operons of the gerR group, designated gerR or gerY, are present in all of
the members of the B. cereus group, it is expected that not all encode a functional receptor.
Frame shifts occur in this operon in all B. anthracis strains, and in B. cereus ATCC 10987.
Despite this, the gerY locus is moderately expressed during sporulation in B. anthracis Sterne
but no phenotype could be attributed to this operon (Fisher and Hanna, 2005; Liu et al, 2004).
This operon certainly results in a functional receptor for B. cereus ATCC 14579, where
disruption of the gerR operon showed dramatic alterations in germination properties. Spores
lacking this receptor did not germinate by addidtion of L-alanine, L- threonine or L-cysteine
while also the germination upon addition of inosine and adenosine was abolished.
Nevertheless these spores germinated normally with combinations of amino acids and purine
ribosides. So far, no other strains lacking this receptor have been investigated for nutrient
specificity of the receptor.
The receptors within the gerL group can be associated with the response to L-alanine,
a very common germinant molecule for many spore formers. B. cereus 569::gerL showed a
strongly reduced L-alanine initiated germination rate when this receptor was absent (Barlass
et al, 2002). Remarkably B. cereus ATCC 14579::gerL was not hampered in the germination
response to L-alanine when this operon was disrupted. Spores of B. anthracis sterne::gerL,
showed a germination defect when L-alanine was used as cogerminant, while also L-serine
and L-valine were apparently able to activate this receptor, but only in the presence of inosine
as cogerminant. No frame shifts were observed in the gerL group operon sequences.
For the gerK group of receptors, a survey with a range of amino acids did not identify
any nutrient specificity for B. cereus ATCC 14579::gerK. B. anthracis Sterne::gerK spores
showed involvement of this receptor for the L-alanine-induced response although L-proline
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and L-methionine in combination with cogerminants also require this receptor (Fisher and
Hanna, 2005).
The GerS receptor was reported to be involved in the response to aromatic amino
acids acids as cogerminants with L-alanine and inosine, as studied with strain B. anthracis
Sterne::gerS (Ireland and Hanna, 2002). In B. cereus ATCC 14579 lacking the GerS receptor,
no cognate germinant molecules could be identified in a survey with amino acids and purine
ribosides. Only the genome of B. weihenstephanensis contains two gerS type operons.
Operons clustered within the gerG group, (also designated gerA or gerB) were
observed to be present in 6 of the 10 strains of the B. cereus group. B. cereus ATCC
14579::gerG spores showed hampered germination after exposure to L-glutamine. Lglutamine-initiated germination has not been described before and seems to be mediated by a
different pathway when compared to the gerR amino acid induced germination pathway.
Although present in B. anthracis Sterne (designated gerA) this operon is disrupted by frame
shifts and seems to be not expressed during sporulation (Fisher and Hanna, 2005)
An even less abundant group are the gerQ operons, of which the receptor has been
shown to be involved in inosine-initiated germination (Clements and Moir, 1998) for B.
cereus 569::gerQ and B. cereus ATCC 14579::gerQ (Hornstra et al, 2006b). This operon is
not present in B. cereus ZK and B. cereus 10987, nor in one of the B. anthracis strains, but is
present in B. thuringiensis. Furthermore, orthologs of the gerQ operon can be found outside
the B. cereus group, as B. halodurans C-125 and B. clausii KSM-K16 each contain two
copies of the gerQ operon.
The gerX operon is located on the B. anthracis pX01 plasmid of and plays a crucial
role in B. anthracis pathogenesis by initiating germination in the macrophage (Guidi-Rontani
et al, 1999), but the exact germinant molecules remain to be elucidated. An ortholog of gerX
was found in B. cereus ATCC 10987 although here it was chromosomally located. This
operon was also found outside the B. cereus group, as an ortholog of gerX was identified on
the chromosome of Geobacillus kaustophilis HTA-426. Finally B. cereus ZK contains a
plasmid harbouring an ortholog of the (non-transcribed) B. subtilis gerK operon.
This analysis shows that ger operons of the B. cereus group clustered in eight distinct
groups, with a few operons showing close relationship outside this group (gerQ, gerX, and the
gerK operon of the B. cereus ZK plasmid). The three operons resulting in inosine-sensing
receptors (gerR, Q and I) cluster relatively close together. Furthermore the three B. anthracis
strains showed an almost identical set of six ger operons, with disruptions in operons of the
gerG and gerR group. The presence of pX01 adds a seventh operon, gerX.
By using MEME, we have investigated regions 100 bp upstream of each operon of
each of the defined ger groups. We could not identify any obvious conserved regulatory
sequence in these regions (data not shown).
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Ger operons of Bacilli not belonging to the B. cereus sensu lato group
In contrast to the very distinct groups within ger operons of the B. cereus group, the
ger operons of the remaining bacilli strains showed a more scattered pattern (Fig. 1). Within
this group, the cognate germinant molecule(s) has been identified only from three B. subtilis
ger operons, making assumptions concerning germinant specificity impossible.
Several sub-groups could be identified. The three operons of both B. licheniformis
DSM13 and B. licheniformis ATCC 14580 strains were identical, and are orthologous to the
operons of gerA, gerK and a non-functional copy of gerB of B. subtilis 168. The nutrient
specificity of the Ger receptors of B. subtilis has been studied in detail, with gerA encoding a
receptor being responsive to L-alanine and L-Valine. The GerB and GerK receptor both
respond to a mixture of L-asparagine, glucose, fructose and potassium ions (AGFK response)
(Atluri et al, 2006). L-alanine initiates germination in B. licheniformis (Halmann and Keynan,
1962), but it is not known which receptor is responsible for this, although GerA might be an
obvious candidate. The two operons of the unfinished genome of B. stearothermophilus 10
are orthologs of two operons of the also thermophilic Geobacillus kaustophilus, and a close
relationship has been described for these organisms (Nazina et al, 2001). A relationship to a
lesser extent exists among B. halodurans C-125 and B. clausii KSM-K16, as from the 6 ger
operons they both contain, 3 cluster close together in the analysis and both harbour two gerQ
operon copies.
Ger operons present in the genomes of Clostridia
Germination of Clostridium spores has not been investigated in great detail, and
mutant strains lacking ger operons have not been described. The number of ger operons
present in the Clostridia strains investigated here varies from 0 to 4, while one of the C.
acetobyticum ger operons is located on a plasmid. Surprisingly, no ger operons were
identified in the genome of C. difficile and it is not clear how spores of this organism
germinate. The ger operons of the Clostridia species cluster in a few distinct groups, but
congruence within the groups is low (Fig.1). None of the Clostridia strains contains a close
homolog of a ger operon of one of the Bacillus strains. The ger operon present on the C.
acetobutylicum plasmid is related to a ger operon of Desulfobacterium hafniense DCB-2. This
operon contains 4 genes of which two encode B proteins, ordered BACB.
Ger operons in bacteria not belonging to Clostridia and Bacilli
Beside bacteria of the genus Bacillus and Clostridium other bacteria contain genes for
sporulation and germination, thereby suggesting that they are able to form spores under
specific conditions. Ger operons of M. thermoacetica, related to Clostridia, cluster together
with Clostrium ger operons. Moreover, T. tengcongensis and D. hafniense contain ger
operons that cluster with Clostridia, although the latter contains a Bacillus gerX related

113

Chapter 7
operon. S. thermophilum and O. iheyensis contain ger operons that show association with
Clostridium and Bacillus.

Discussion
In this work we describe the analysis of the ger family of operons encoding for
germination receptors located in the inner-membrane of the spore. Beside presence of these
operons in all currently sequenced Bacilli and Clostridia except C. difficile, ger operons were
identified in the sequenced genomes of bacteria not being classified as Bacillus or
Clostridium. Our computational analysis showed the relationships between the amino acid
sequence of the A proteins of ger operons. High congruence was observed only for members
of the B. cereus group, which is in line with the previously reported close genetic relationship
of this highly homogeneous subdivision within the genus Bacillus (Daffonchio et al, 2000;
Helgason et al, 2000).
Multiplication and distribution of ger operons is likely to result from early duplication
events, after which strain-specific adaptation occurred. The occasional presence of ger
operons on a plasmid, known as highly mobile genetic elements, could indicate horizontal
transfer of these operons to diverse recipients.
All ger operons identified so far encode the A, B and C proteins, and the gene order
seems not to be of importance as orders other than A-B-C frequently occur (Fig. 1). The
presence of all three genes however, has been proven to be necessary, as lack of one of the
proteins leads to a non-functional receptor (Moir and Smith, 1990). Apparently proteins
encoded by other ger operons are unable to compensate, indicating that the three gene
products of a single operon are required for the function of that particular receptor.
Additionally, during evolution no exchange occurs among genes of operons, as has been
shown by comparison of the phylogenetic trees of the A, B and C proteins, and this suggests
that genes within an operon have co-evolved. Therefore the gene products are likely to be
dependent on each other and to interact, as has been suggested before (Moir et al, 2002).
The number of ger operons varies significantly among species and strains, with a relative low
number of operons in the genus Clostridium. Generally the numbers of ger operons present in
genomes of members of the B. cereus group is 6 or 7. Occasionally frame shifts occur and
these receptors are predicted to be non-functional. It is not known whether these disrupted
operons are able to contribute to the germination apparatus, perhaps by the delivery of some
receptor-like gene products, as one of these operons (gerY) at least is transcribed in B.
anthracis during sporulation (Bergman et al, 2006; Liu et al, 2004). In B. cereus ATCC 14579,
all seven ger operons are transcribed, conceivably leading to seven types of functional Ger
receptors (Hornstra 2006a). Other spore-formers apparently germinate perfectly while
possessing a lower number of Ger receptors. The reason behind this variation is not known,
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but might be related to the symbiotic and/or pathogenic relationships with other organisms.
Members of the B. cereus group may exhibit various life styles in different environments,
including the intestinal tract of insects and mammals and the colonization of plant roots
(Jensen et al, 2003; Nicholson, 2002). This implies that various environments can be
considered optimal for growth and proliferation. In that case the spore has to respond to
different environments with initiation of germination. Hence a broad set of receptors, as
observed in members of this group may be necessary to respond to exactly appropriate but
diverse conditions. The monomorphic nature of B. anthracis compared to other members of
the B. cereus group (Hill et al, 2004; Priest et al, 2004; Read et al, 2003), suggests
specialisation of B. anthracis for a very specific biological niche. This may result in the loss
or adaptations of operons encoding for receptors not required anymore in this specific
situation resulting in frames-shifts or other adaptation in superfluous ger operons.
To date a number of ger operon mutants have been constructed within the B. cereus
group, resulting in the identification of several Ger receptor cognate germinant molecules.
Although the number of ger operon mutant strains is still limited, it allows us to compare
germinant molecules of Ger receptors within each of the eight defined groups. Despite very
high mutual amino acid similarity within a group (e.g. 94% in the gerL group), the nutrient
specificity of the Ger receptors within such a group shows considerable variation. It is
remarkable to observe that B. cereus 569 GerL responds to L-alanine, while B. cereus ATCC
14579 GerL does not. L-alanine however is capable of initiating germination not only via
receptors of the groups of gerL (B. cereus 569 and B. anthracis sterne), but also via gerK (B.
anthracis sterne), gerR (B. cereus ATCC 14579) and gerI (B. cereus 569). Therefore, Lalanine is able to activate receptors of other paralog groups which do not share high similarity
with GerL. Similarly, the receptors in the groups of gerI (B. cereus ATCC 14579, and B.
anthracis Sterne), gerQ (B. cereus 569 and B. cereus ATCC 14579) and gerR (B. cereus
ATCC 14579) show redundancy in inosine-initiated germination. Apparently Ger receptors of
other groups can respond to a specific germinant molecule, while on the other hand the
response of receptors in one group differs significantly, e.g. the gerL group. This apparent
redundancy might be explained by preference receptors for certain environmental conditions,
like pH and temperature (Barlass et al, 2002), or by delivering a different germination
response (Fisher and Hanna, 2005).
Concerning the substantial variation in nutrient specificity for a single receptor group, we can
put forward several hypotheses. First, subtle differences like point mutations in the amino
acid sequence of the Ger receptor are sufficient to elicit a significant shift in nutrient
specificity (Atluri et al, 2006; Moir and Smith, 1990; Paidhungat and Setlow; 1999). Secondly,
the presence of specific Ger receptors may influence the way other receptors respond to
nutrients. An example might be the presence of the very dominant GerR receptor in B. cereus
ATCC 14579, involved in many amino acid and purine riboside responses, while other Ger
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receptors seem to show a more diminished response in this strain (like gerL). Thirdly:
sporulation conditions including medium composition have marked influences on germination
properties of the resulting spores (Hornstra et al, 2006a; Raso et al, 1998; Warren en Gould,
1968). This makes the comparison of germination data of various studies rather complicated
and restricts homology-based predictions concerning the appropriate germinant molecule.
The ger operons of Clostridia clustered in a few distinct groups within the ger operons
of Bacilli and other organisms, and are therefore not expected to be structurally different from
operons of other organisms. Remarkably, C. difficile does not contain any ger operon related
sequence, and perhaps C. difficile uses an alternative unknown germination strategy. Then,
other Clostridia may also exploit this currently unknown pathway.
The nomenclature of ger operons is confusing and inconsistent, and it would make
future research more transparent if ger operons were designated more consistently. Homology
based division into groups as described here could be a first step to a more universal
designation.
The presence of many ger operon sequences, including organisms other than Bacilli
and Clostridia, suggest that spore formation and germination can be considered as amore
universal survival strategy. Germination receptors play a crucial role in determining the
conditions in which the germinating premature cell has to survive. Specifically activation of
the receptor and subsequent downstream processes like signal transduction are far from
understood. The construction of new ger mutants lacking one or more receptors together with
the discovery of new germinant molecules probably originating from the bacterium’s natural
environment(s) is needed to reveal more information about the triggers needed to awake the
dormant spore.
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Figure 2B.

Genetic relationship between the ger operons found in the genomes of members of the

B. cereus sensu lato group, based on the sequence of the B protein of the tricistronic ger operons.
Boxed operons designated BAN represent proteins of the genomes of B. anthracis Sterne, B. anthracis
Ames and B. anthracis Ames 0581.
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Figure 2C.

Genetic relationship between the ger operons found in the genomes of members of the

B. cereus sensu lato group, based on the sequence of the C protein of the tricistronic ger operons.
Boxed operons designated BAN represent proteins of the genomes of B. anthracis Sterne, B. anthracis
Ames and B. anthracis Ames 0581.
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Table 1.
ERGO
BAH05455
BAH05456
BAH05457
BAN00326
BAN00327
BAN00328
BAN02834
BAN02835
BAN02836
BAN03018
BAN03019
BAN03640
BAN03641
BAN03642
BAN03857
BAN03931
BAN03932
BAN03933
BCA00649
BCA01986
BCA02004
BCA03471
BCA03683
BCA03813
BCR00698
BCR00699
BCR00701
BCR00775
BCR00776
BCR00777
BCR00822
BCR00824
BCR02728
BCR02729
BCR02730
BCR03558_9
BCR03560
BCR03561
BCR04839
BCR04840
BCR04841
BCU00531
BCU00532
BCU00533
BCU00606
BCU00607
BCU00608
BCU00649
BCU00650
BCU00651

122

Conversion table ERGO gene nomenclature to NCBI nomenclature
genbank
YP_016487
YP_016488
YP_016489
NP_847178
NP_847179
NP_847180
NP_843166
NP_843165
NP_843164
NP_843285
NP_843286
NP_843235
NP_843236
NP_843237
NP_845469
NP_845901
NP_845902
NP_845903
YP_174157
YP_175499
YP_175517
YP_176985
YP_177197
YP_177329
NP_977026
NP_977027
NP_977029
NP_977103
NP_977104
NP_977105
NP_977150
NP_977152
NP_979056
NP_979057
NP_979058
NP_979886
NP_979888
NP_979889
NP_981167
NP_981168
NP_981169
YP_082150
YP_082151
YP_082152
YP_082225
YP_082226
YP_082227
YP_082268
YP_082269
YP_082270

ERGO
BCU02819
BCU02820
BCU02821
BCU03249
BCU03250
BCU03251
BCU04440
BCU04441
BCU04442
BI00107
BLC00408
BLC02059
BLC03302
BS00371
BS00779
BS01775
BS03300
BS03575
BTH04434
BTH04435
BTH04436
BTH04586
BTH04588
BTH04589
BTH05251
BTH05253
BTH05254
BTH05680
BTH05682
BTH05683
BTH05864
BTH05865
BTH05866
BTR00531
BTR00532
BTR00533
BTR00605
BTR00606
BTR00607
BTR00660
BTR00661
BTR00662
BTR02850
BTR02851
BTR02852
BTR02866
BTR02867
BTR02868
BTR03294
BTR03295

genbank
YP_084438
YP_084439
YP_084440
YP_084868
YP_084869
YP_084870
YP_086059
YP_086060
YP_086061
AAB61393
YP_077690
YP_079341
YP_080584
BAA09002
BAA22290
CAB13659
CAA11748
AAA22466
ZP_00741639
ZP_00741638
ZP_00741637
ZP_00741793
ZP_00741795
ZP_00741796
ZP_00742046
ZP_00742045
ZP_00742044
ZP_00739500
ZP_00739501
ZP_00739502
ZP_00740567
ZP_00740566
ZP_00740565
YP_034891
YP_034892
YP_034893
YP_034965
YP_034966
YP_034967
YP_035020
YP_035021
YP_035022
YP_037210
YP_037211
YP_037212
YP_037226
YP_037227
YP_037228
YP_037654
YP_037655

Ger operons in prokaryotes
Conversion table ERGO gene nomenclature to NCBI nomenclature (continued)
ERGO
BTR03296
BTR04418
BTR04419
BTR04420
BWE01429
BWE01430
BWE01431
BWE01813
BWE01814
BWE01815
BWE02621
BWE02622
BWE02623
BWE03305
BWE03306
BWE03307
BWE05374
BWE05375
BWE05376
BWE05755
BWE05756
BWE05757
CA00395
CA01055
CA01400
CA01584
CPE00672
CTH01306
CTH01705
CTT00213
CTT01590
CTT01880
CTT02199
DHA03725
DHA04025
DHA04841
DHA05024
DHA06900
GKA01014
GKA01659
GKA01666
HD00076
HD05022
HD05377
HD05517
HD05841
HD06078
MTE01079
MTE01119
MTE01620

genbank
YP_037656
YP_038778
YP_038779
YP_038780
ZP_01186223
ZP_01186224
ZP_01186225
ZP_01186500
ZP_01186501
ZP_01186502
ZP_01185621
ZP_01185622
ZP_01185623
ZP_01184714
ZP_01184715
ZP_01184716
ZP_01182805
ZP_01182806
ZP_01182807
ZP_01182583
ZP_01182584
ZP_01182585
NP_149184
NP_349893
NP_347234
NP_347281
NP_561564
YP_001038462
YP_001037095
AAO34928
AAO36305
AAO36595
AAO36914
ZP_01372763
ZP_01370405
ZP_01372939
ZP_01371730
ZP_01369150
YP_146825
YP_147470
YP_147477
NP_242855
NP_241966
NP_242322
NP_242463
NP_242800
NP_243054
ABC20338
ABC19328
ABC19771

ERGO
OIH00483
OIH00694
OIH01096
OIH02768
STR01642
STR02106
STR02452
THT02201
THT02362
ZC01832
ZC01833
ZC02468
ZC03030
ZC03031
ZC04487
ZC04488
ZC04490
ZC04499
ZC04500
ZC04503
ZC04556
ZC04557
ZC04560
ZC04947
ZC04948
ZC05046
ZC05053
ZC07864
ZC08140
ZC10850

genbank
NP_691404
NP_691615
NP_692017
NP_693690
YP_075471
YP_075935
YP_076281
NP_623914
NP_624075
NP_833308
NP_833307
NP_833306
NP_830518
NP_830517
NP_830574
NP_830573
NP_830572
NP_832842
NP_832840
NP_832841
NP_834435
NP_834437
NP_834436
NP_832853
NP_832854
NP_830451
NP_830450
AAK70461
NP_830449
YP_084440

123

124

Chapter 8
Summary, concluding remarks and future perspectives

125

Chapter 8

Introduction
The presence of B. cereus spores in food products resulting in food borne illnesses and
food spoilage can be considered as a biological hazard. Despite continuous efforts to develop
strategies that kill spores effectively without adverse effects on food components, this has not
been achieved so far (Brul et al, 2006). Potential approaches to kill spores could include
prevention of germination, as the spore particle itself is not harmful, or stimulation of
germination, as this transfers the resistant spore to the vulnerable vegetative cell. However
important gaps in our understanding of germination processes of Bacilli including B. cereus
remain to be filled and specifically the mechanisms involved in initial stages of germination
remain unclear (Moir, 2006). Food preservation strategies applied these days are based mainly
on empirically developed protocols and long-term experience. Lack of precise knowledge
prevents the development of directed and focused strategies to inactivate spores. Therefore
new information about specific mechanistic processes during spore germination and
outgrowth could provide new insights that could aid to the development of innovative spore
inactivation and control protocols.
In this thesis, we have described the investigation of germination of Bacillus spores,
using B. cereus ATCC 14579 as model organism, as B. cereus is an important food spoilageand pathogenic micro-organism. This final chapter summarizes the main results of this
research. In addition, we discuss possible applications of the results and provide suggestions
for future research.

Summary of the results
Germination of B. cereus ATCC 14579 spores, nutrient specificity of the Ger
receptors
The genome of B. cereus ATCC 14579 contains seven ger operons (Ivanova et al,
2003). These seven operons could potentially result in seven different types of Ger receptors,
each with a unique nutrient specificity. The systematic disruption of each of these seven ger
operons, as described in chapter 2 and 3, enables the investigation of the phenotypes of the
spores after the loss of one type of receptor. A survey with a range of amino acids and purine
ribosides revealed novel germination phenotypes for a number of the B. cereus ATCC 14579
ger mutants. A surprisingly prominent role was found for the gerR encoded receptor, which
plays a role in almost all amino acid- and purine riboside-initiated responses and was
furthermore a main player in the germination response in food products as tested in i.e. rice
and meat broth. The L-glutamine-initiated response was the only amino acid not mediated by
GerR but by GerG, and was distinct from other amino acid responses in that increasing the Lglutamine concentration did not result in an enhanced germination rate. Three receptors
showed involvement in the inosine response encoded by gerR, gerQ and gerI, although the
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effects of disrupting these operons were relatively minor (Fig. 4 in chapter 3). Mutants
lacking one of these receptors showed a slightly reduced rate when germinated with 1 mM
inosine. Moreover gerI and gerR mutants a showed a mildly increased lag phase, but all three
mutants were able to complete germination within 60 min. At 0.1 mM inosine, gerR spores
were not able to complete germination, while gerQ and gerI spores germinated normally.
Moreover, germination can be stimulated in specific environments, as has been shown
for B. anthracis spores of which germination is stimulated by elevated levels of O2- molecules,
thereby mimicking conditions that are encountered in macrophages upon invasion (Baillie et
al, 2005). B. cereus spores and cells are frequent inhabitants of the human gastrointestinal
tract, where enterotoxins produced during vegetative growth of B. cereus cells are causing the
diarrhoeal syndrome. It is conceivable that these vegetative cells originate from spores that,
contrary to cells, easily survive stomach passage, and subsequently germinate in the human
gastrointestinal tract. It has been shown before that Caco-2 cells, cells that mimic human
epithelial cells in the small intestine, are able to induce germination of B. cereus spores, and
that B. cereus cells subsequently devastate the Caco-2 cells by excreted virulence factors
(Andersson et al, 1998). In chapter 5, we describe the exposure of spores of the range of ger
mutants to Caco-2 cells to find out if the Ger receptors show involvement in Caco-2 cell
induced germination. Exposure of spores of the wild-type strain to Caco-2 cells initiated a
quick germination response, so did 4 out of the 7 mutants. However, spores lacking the GerR,
GerL or GerI receptor showed diminished germination upon exposure, while in particular
spores lacking GerI were strongly inhibited (chapter 5). Therefore, Caco-2 cell mediated
germination does proceed at least partly via GerI, and to a lesser extend via gerL and gerR.
Furthermore, spores lacking GerI showed normal germination behaviour in nutrient broth and
in foods.
The germination phenotypes of spores of the ger mutants are summarized in table 1.
Expression levels of ger operons during sporulation
The use of pMUTIN4 for disruption of the ger operons permits determination of the
expression levels of these operons, using the lacZ reporter gene, of which the expression is
driven by the endogenous ger operon promoter sequence (Vagner et al, 1998). Transcriptional
activity of the seven ger operon promoters was measured during sporulation on two
sporulation media, with an obvious variation in nutrient content. When sporulated in Y1
medium, a nutrient rich chemically defined medium, the transcription levels of the ger
operons were on average 3.5 times higher than when sporulated in Modified G, a medium
containing a lower amount of nutrients (chapter 4). It was shown that Y1 spores, showing a
higher expression of the ger operons also exhibited an enhanced germination capacity when
compared to spores prepared on Modified G. Although higher ger operon expression levels
are no direct evidence for a higher number of receptors in the spore, it is in combination with
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increased germination response a credible assumption for this result. Moreover, it urges the
importance of defined sporulation conditions when germination characteristics of spores are
being compared. Furthermore, it reveals that the history of the spore has striking influences on
spore properties. Therefore, spores of natural isolates, frequently isolated from food products
and conceivably sporulated in different environments, may show mutual difference in
germination properties.
Observed germination phenotype of the mutant strains with a disrupted ger
operon by insertion of the pMUTIN4 plasmid.
_________________________________________________________________________
Spores showed inhibited or reduced germination in:
_____________________________________________________________
Disrupted
operon
Amino acid a
Purine ribosides
Other
_________________________________________________________________________
gerR
L-alanine
Inosine
Caco-2 cells
L-cysteine
Adenosine
Meat broth
L-threonine
Cooked rice
gerQ
Inosine
Table 1

gerG

L-glutamine

gerK
gerL

Caco-2 cells

gerS
gerI

Phenyl-alanineb

Inosine

Caco-2 cells

a

amino acids tested at concentration of 1 mM
only in combination with subgerminal concentration of inosine
________________________________________________________________________
b

Germination of B. cereus spores adhered to stainless steel
Spores of B. cereus strains have, due to their hydrophobic exterior, a strong tendency
to attach to stainless steel and other materials that are frequently being used in the food
industry. Moreover, adhesion changes spore properties including an increase of some
resistance capacities (Faille et al, 2001; Simmonds et al, 2003). To eradicate microbiological
contamination, the use of cleaning in place (CIP) protocols has become the standard in
sanitizing and disinfecting food processing equipment. Although these protocols are generally
sufficient to kill microorganisms, CIP treatments are less successful in reducing the number of
spores, leaving a significant amount of viable spores on the surface. The implementation of a
germination step, prior to a CIP procedure, would theoretically lower the number of viable
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spores after the CIP treatment, as each germinated spore has lost its resistance capacities and
will be killed by the CIP treatment.
Because it was unknown if adhered spores do show similar germination characteristics
than spores in suspension, germination of these adhered spores was compared with spores in
suspension under identical germination conditions. It was shown that adhered spores showed
identical germination properties when compared to spores in suspension (chapter 6). This
information was used to develop an improved CIP procedure consisting of an additional
germination step before the CIP procedure. An L-alanine/inosine germinant mixture
germinated about 3 log units of the attached spores, and these germinated spores were indeed
killed in a mimicked CIP procedure. This information can be used to develop strategies to
lower the number of spores present in processing equipment currently in use by the food
industry.
Genome-scale in-silico analysis of ger operons in spore-forming bacteria
In chapter 7, we enlarge our focus to the group of spore forming bacteria and report
the computational analysis of ger operons present in more than 300 microbial genomes in the
genome databases. As expected, these operons are predominantly present in members of the
genus Bacillus and Clostridium, but were also detected in the genome of organisms not
directly related to these species like Thermoanaerobacter, Desulfitobacterium,
Symbiobacterium and Moorella. Specifically ger operons of members of the B. cereus group
showed high similarity and their ger operons could be divided in eight distinct groups. Within
each of these groups, one or more ger mutants have been described, allowing a comparison of
the phenotypes of these mutants and a maybe premature conclusion about germinant
molecules of a group. Generally, it was difficult to identify common germinant molecules for
a group. For the gerI group, however, some similarity within germinant molecules of B.
cereus and B. anthracis could be identified. It is obvious that studying more ger operon
mutants is essential before a proper definition of the nutrient specificity of a certain group of
receptors can be given. The construction of a phylogenetic tree with each of the protein
sequences derived from the tricistronic operons revealed essentially similar trees, indicating
that the genes within an operon have co-evolved as “integral units” and therefore their gene
products are likely to interact. Finally, specifically, ger operons of B. anthracis showed very
high similarity, and this is in agreement with previous observations describing a very high
genome similarity between B. anthracis strains (Daffonchio et al, 2006; Hill et al, 2004).
B. cereus ATCC 14579 ORF RZC02247, a hypothetical protein involved in
germination?
By transposon mutagenesis, using the pTV32Ts plasmid containing the Tn917
transposon as described in Chapter 2, a germination mutant was recovered after enrichment
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for mutants with a defect in inosine-initiated germination. One of the mutants showed a
strongly delayed inosine-initiated germination phenotype, but also an inhibited L-alanineinitiated germination phenotype. Moreover, spores of this mutant showed a severely delayed
germination response upon addition of a combination of nutrients like an L-alanine/inosine
mixture. Ca2+DPA on the other hand initiated normal germination indicating that the protein
encoded by the disrupted gene is somehow involved in the nutrient induced germination
pathway. Inverse PCR revealed that the Tn917 transposon had disrupted a monocistronic gene
(ORF RZC02247) encoding a hypothetical protein of 143 amino acids. A similar protein
could not be found in the genome of B. subtilis, but was highly conserved in other members
of the B. cereus group, and this could indicate an important function for this protein in
members of this group (Fig. 1). The observed germination defect sole affecting the nutrient
initiated germination response may point towards a disorder downstream of the germination
receptors, and may therefore be involved in signal evaluation or transduction. Alternatively,
the protein might be part of the spore layers surrounding the core, and lack of this protein
could have changed the composition of these layers, herewith reducing the accessibility of the
spore for germinant molecules. To further investigate this protein, we have tried to inactivate
the gene, while another strategy was to neutralize the gene defect by complementation.
Because of the limited length (429bp), inactivation of this gene using pMUTIN4 plasmid can
be expected to be difficult, and indeed we were not able to collect clones containing a
disrupted gene. Unfortunately, our attempts to complement this mutation were not successful
either. Therefore the role of this protein in germination remains to be elucidated.

RZC02247
RBAT01952
RBTH05065

MCAGLLAQLPDEPQEPKEPKPAVSLDQEFSINATIYSARAWLSNDDTFAQDIWKATQFASASHAGKSIFPVGSVKII
MCAGLLAHLPDEPQEPKEPKPAVSLDQEFSINATIYSARAWLSNDDTFAQDIWKATQFASASHAGKSIFPVGSVKII
MCAGLLAQLPDEPQEPKEPKPALSLDQEFSINATIYSARAWLSNDDTFAQDIWKATQFASASHAGKSIFPVGSVKIL
*******:**************:*****************************************************:

RZC02247
RBAT01952
RBTH05065

NFSDDTITVTASPESDHALKIVVPPHSEAALTSGPLSHIQASTSGGSSKVTFLFHIFFSRDPGPAK
NFSDDTITVTASPESDHALKIVVPPHSEAALTSGPLSHIQASTSGGSSKVTFLFHIFFSRDPGSDK
NFSDDTITVTASPESDHALKIVVPPHSEAALTSGPLSHIQASTSGGSSKVTFLFHIFFSRDPGSDK
***************************************************************. *

Figure 1.

Comparison of the amino acid sequence of B. cereus ORF RZC02247 with a similar

protein in B. anthracis A2012 (RBAT) and in B. thuringiensis israelensis ATCC-35646 (RBTH). The
amino acid sequences were obtained from Integrated Genomics (www.ergo-light.com)
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Germination of B. cereus ATCC 14579 spores, remaining questions and
a preliminary germination model
Amino acid induced germination
When considering nutrient induced germination of B. cereus spores, it is evident that
amino acid-induced germination differs in many aspects from purine riboside-induced
germination. The neutrally charged to slightly hydrophobic amino acids L-alanine, L-cysteine
and L-threonine were capable of initiating germination as single germinant. The rate of
germination is related to the concentration of the amino acid (chapter 2, Woese et al, 1958),
probably directly reflecting the number of binding or activation events to the appropriate
receptor, which is the GerR receptor in case of B. cereus ATCC 14579. Therefore these
germinants seem to complete germination via a relatively straightforward mechanism (Fig.
2A). L-alanine initiated germination can be effectively inhibited by D-alanine, most likely
competing for the same binding place on the receptor (Moir and Smith, 1990). In our
experiments the addition of sole D-alanine resulted in germination after a significant lag
phase (data not shown), and this is likely the result of the conversion of D-alanine to Lalanine by alanine racemase, an enzyme present and active in the spore (Gould, 1966).
Furthermore, it has been observed before that L-cysteine (and L-glycine) reduces the Lalanine initiated germination rate (Warren en Gould, 1968) and that these germinants
apparently also compete for the same binding place. It is not known if D-alanine inhibits Lcysteine- and L-threonine-induced germination and it might be interesting to study this in
more detail.
L-glutamine-initiated germination was different from other amino acid responses in
that its germination rate was slow compared to the other amino acids and did not significantly
increase when the L-glutamine concentration was raised. This response bypasses the GerR
receptor, as spores lacking this receptor germinated like wild-type spores. The slow response
might indicate the involvement of an enzymatic conversion of L-glutamine, before it can act
on the receptor. A possible candidate could be amidophosphoribosyltransferase, of which the
gene is present in the genome of B. cereus ATCC 14579. It has not been investigated if the
enzyme is present in the B. cereus spore but the encoding gene has been shown to be
WUDQVFULEHGODWHLQVSRUXODWLRQ ıK ) in Clostridium (Bettegowda et al, 2006). It is not known if
addition of D-alanine influences the L-glutamine response.
Nothing is currently known about the output signal of a “triggered” Ger receptor, but
this could be different (in potency) for each receptor. A less powerful output signal of the
GerG receptor, compared to the GerR receptor, would result in a diminished germination
response, but these subsequent steps in germination are far from understood. The other
surveyed amino acids did not deliver a clear germination response, as examined at 1 mM
concentrations but they may initiate germination if tested at higher concentrations.
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Amino acid-induced germination

A

L-alanine
L-cysteine
L-threonine

L-glutamine

Concentration
determines
germination rate

Enzymatic conversion ?

Inhibition by D-alanine

GerR

GerG
gerD?

gerD?

spoVA?

spoVA?

germination

germination

B

inner
membrane

Purine riboside-induced germination
Limited influence of concentration
on germination rate

inosine
adenosine

Inhibition by K+ ions
Enzymatic conversion ?

GerR
gerD?
spoVA?
gerN

germination

Figure 2.

GerQ

GerI
gerD?

spoVA?
gerN

germination

inner
membrane

gerD?
spoVA?
gerN

germination

A schematic overview of the germination pathway of B. cereus ATCC 14579 spores,

induced by amino acids (A) or purine ribosides (B). The width of the arrow under the receptor
indicates possible variation in potency of the output signal. The gene product of gerD is involved in
nutrient-induced germination for B. subtilis (Moir and Smith, 1990; Pelczar et al, 2007) and a similar
gene is also present in B. cereus, but its function has not been experimentally verified. Gene products
of the SpoVA operon might interact with the Ger receptors (Atluri et al, 2006). Three receptors can

132

Summary, concluding remarks and future perspectives
sense purine ribosides. The construction of ger mutant strains by disruption of one of the ger operons
does leave two purine riboside sensing receptors intact. Therefore this picture reflects the response of
spores containing purine sensing combinations of GerR/GerQ, GerR/GerI and GerQ/GerI. The role of
gerD in purine riboside-induced germination is unknown, while the protein encoded by gerN is
involved in purine riboside-induced germination by an unknown way (Thackray et al, 2001).

Purine riboside induced germination
Purine ribonucleosides are common but not universal germinants for many Bacillus species
(Foerster and Foster, 1966). Spores of model organism B. subtilis do not germinate with
purine ribosides, probably therefore this germination route is less studied. However, this route
differs in several important aspects from amino acid-induced germination and four typical
characteristics are being discussed:
1.
Inosine as single germinant is capable of efficient germination of wild-type spores, but
the germination rate is influenced only within a limited concentration range (chapter 2). 1 mM
and above induce maximal germination, while below 0.1 mM the germination rate diminishes
significantly and at 0.01mM no germination occurs. Surprisingly, spores of the gerR mutant
even showed a reduced germination rate when exposed to 10mM of inosine compared to
exposure to 1mM (chapter 2, fig. 3). Here, a higher inosine concentration even reduces the
germination rate and we do not have an explanation for this observation.
2.
Potassium ions have been shown to strongly inhibit the inosine-induced germination
response (Clements and Moir, 1998; Rode and Foster, 1962; Shibata et al, 1978; data not
shown). How potassium ions inhibit inosine-induced germination is not known, but these ions
probably alter the conformation of the receptor binding site, resulting in less or no activation
of the receptor.
3.
In several germination experiments initiated by purine ribosides, a lag phase has been
observed before the spores started to loose their refractility (chapter 2, Fig. 3; chapter 4, Fig.
3). Functional enzymes which are present in the outer layers of the dormant spore may play a
role in germination by acting on amino acids and purine ribosides, although data concerning
this topic are scarce and inconsistent. For example, the spore coat associated alanine racemase
converts L-alanine to the germination inhibitor D-alanine (Kanda-Nambu et al, 2000 and
references therein). Indeed, in our experiments the addition of sole D-alanine finally resulted
in germination, but after a significant lag phase, likely the result of the time needed for
conversion of D-alanine to L-alanine by alanine racemase (data not shown). It has been
reported that spore enzymes convert adenosine (Gould, 1968; Lawrence, 1955; Powell and
Hunter, 1955) while inosine hydrolase, present in the exosporium of B. anthracis (Redmond
et al, 2004) may act on inosine and probably these enzymes convert purine ribosides to the
genuine germinant. Observed lag times of germination might be caused by the time that is
needed to convert purine ribosides to the actual germinant molecules.
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4.
A mutant with a disrupted gerN gene, encoding a NaH-antiporter, does not germinate
in inosine but germinated normally in L-alanine. The involvement of this protein is reported
to be very early in germination, as the spores did not loose their heat resistance, and is
therefore possibly directly involved in signal transduction of the purine riboside sensing Ger
receptors (Thackray et al, 2001).
In our work we found three receptors involved in the purine riboside-initiated
germination (Fig. 2B). The presence of three purine riboside-sensing Ger receptors in B.
cereus ATCC 14579 spores implies that disruption of one operon leaves two purine riboside
sensing receptors intact. Probably therefore, none of the three ger mutants involved in purine
riboside germination showed complete inhibition of germination at concentrations of 1 mM
inosine. At lower inosine concentrations (<0.1mM), spores lacking GerR did not germinate
and the GerI and GerQ receptor where apparently not able to take over the inosine-induced
germination response (chapter 2 and chapter 3, Fig 3). Therefore, the GerR receptor is
possibly most sensitive to inosine, or this receptor delivers a stronger output signal.
To summarize, many aspects of purine riboside-induced germination are unclear. To
unravel the purine riboside response in more detail, mutants lacking two or all three purine
riboside sensing types of receptors are required, while probably the addition of specific
blockers of the inosine initiated pathway, as recently described (Akoachere et al, 2007), could
also aid to a better understanding of this important germination pathway present in spores of
members of the B. cereus group.
The combined response of amino acids and purine ribosides
It has been observed frequently that the combination of amino acids and purine
ribosides elicits the most powerful germination response. The mechanism behind this
observation however, is not understood (Barlass et al, 2002; Clements and Moir, 1998; Fisher
et al, 2005; Ireland and Hanna, 2002; Preston and Douthit, 1988; Weiner et al, 2003). In our
study, we observed the stimulating effect of the addition of a subgerminal concentration of
inosine to single- and combinations of amino acids.
A combination of amino acids, consisting of glycine, valine, leucine and isoleucine,
each present in a concentration of 1 mM, germinated only about 20% of the wild-type spores
within 60 min, but addition of 0.01 mM inosine to this combination increased germination to
50% germination in 60 m (chapter 3, compare wild-type spores of column GVLI of Fig. 1
with Fig. 5). Although the amino acids were not investigated separately, it has been reported
before that leucine initiates slow germination of B. cereus spores (Warren en Gould, 1968).
When considering addition of subgerminal concentration of inosine to single amino
acids, we studied three of these responses in more detail. The L-alanine-, L-glutamine and Lphenyl-alanine induced germination responses were all three significantly enhanced by
addition of inosine. In case of the combination of L-phenyl-alanine/inosine, both molecules
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were acting on the GerI receptor (Fig. 3) (chapter 3, Fig. 6A). Perhaps these germinants
occupy different binding places on the receptor, or binding of one of these molecules causes a
change of conformation of the receptor resulting in a more effective response as a result of
binding of the other. L-phenyl-alanine is the most hydrophobic amino acid, but apparently
this amino acid is able to traverse the spore layers and reach GerI in the inner-membrane of
the spore.

Amino acid+purine riboside-induced germination
Amino acid and purine riboside acting on one receptor
L-phenyl-alanine + inosine

Enzymatic conversion ? Enzymatic conversion ?

GerI
gerD?

inner
membrane

spoVA?
gerN
germination
Figure 3.

The L-phenyl-alanine/inosine-induced germination pathway of B. cereus ATCC

14579 spores, mediated by a single receptor.

For L-glutamine-induced germination, the inosine enhancement was mediated by GerI,
as loss of this receptor stopped stimulation of the L-glutamine response (chapter 3, Fig. 6B).
Both GerG and GerI are required for this combination of germinants (see below) and
cooperation of Ger operons has been described for germination responses of other Bacilli
(Atluri et al, 2006 and references therein).
The combination of L-alanine and inosine showed the strongest germination response.
The GerR receptor showed prominent involvement in the response of single L-alanine and
single inosine, and spores lacking GerR did not germinate in 100 mM of L-alanine or 0.1 mM
of inosine. Surprisingly, these spores germinated like wild-type spores in a mixture containing
only 0.1 mM L-alanine and 0.01 mM inosine. When 0.001 mM inosine was added as
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cogerminant, these spores did not germinate, but the other mutant strains and wild-type spores
germinated, although their germination rate was slow. Therefore, the GerR receptor shows
involvement, but only at very low concentrations. Remarkably, although the GerR receptor is
of crucial importance for germination with single L-alanine or single inosine, the combined
response of L-alanine and inosine is largely independent of GerR or any of the other Ger
receptors and it is therefore not known which (combination of) receptor(s) senses this
response. Probably this L-alanine/inosine combination can activate most of the Ger receptors,
and missing one of them does not influence germination significantly, or this combination is
somehow capable of stimulating germination by another mechanism.
To summarize, the addition of subgerminal inosine stimulates L-glutamine- and Lphenyl-alanine-induced germination, and this stimulation is mediated by GerI. Furthermore, it
stimulates L-alanine-induced germination, but not by GerI. For L-alanine-induced
germination, GerR is involved only at very low inosine concentrations, but germination at
concentrations above that proceed by an unknown mechanism.
These observations raise the question of how these Ger receptors actually function,
specifically if the spore has to process the germination response of two or more receptors,
which is in B. cereus the case for the L-glutamine/inosine-initiated response mediated by
GerG and GerI . If the two receptors physically interact, the receptor complex might generate
a combined output signal, and depending of the strength of this signal, germination will be
initiated (Fig. 4A). So far, the existence of complexes of Ger receptors has not been proven.
Alternatively, Ger receptors could be present as single units in the inner membrane of the
spore. Then, the activation of two or more distantly located Ger receptors leads somehow to
germination. In this case, the spore has to determine the strength of the summed output
signals from the various Ger receptors scattered somewhere in the inner-membrane (Fig. 4B).
A protein system capable of collecting and transducing these signals and evaluating this
summed response in order to decide whether to germinate or not might exist but has not been
identified yet. Because spores of B. cereus ATCC 14579 contain almost certainly seven
functional receptors, the need for such an evaluation system is conceivable, specifically when
spores have to respond with germination to more than one condition that can represent a
suitable life environment for B. cereus cells (Jensen et al, 2003). Furthermore, B. anthracis
spores germinate almost exclusively with combinations of amino acids and purine ribosides
and may need a system to evaluate the input signals from the set of receptors. A similar
germination evaluation system has been proposed for B. subtilis as well (Atluri et al, 2006). If
spore germination proceeds according this latter model, then germination mainly initiated by
a single receptor is likely to use this signal evaluation model as well. With the current
information however, we can not exclusively decide between these models.
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Figure 4.

The amino acid/purine riboside-induced germination pathway of B. cereus ATCC

14579 spores, mediated by two (or more) receptors. A. Ger receptors physically interact and are
located in a complex. Both receptors are activated, GerG by L-glutamine and GerI by inosine, and
they deliver one combined germination output signal. B. The summed output signal of activated Ger
receptors results in germination of the spore after first being collected and evaluated by an unknown
protein (complex).
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For several genes and operons (gerD, gerN, the SpoVA operon and the B. cereus
hypothetical protein RZC02247), involvement in the germination pathway has been shown,
but their function is unknown, and they may be involved in the signal perception- and transfer
of the Ger receptors. (Vepachedu and Setlow, 2005; Atluri et al, 2006; Pelczar et al, 2007).
Furthermore, GerI is involved in many inosine enhanced responses, and this is the
only receptor of which the A-component contains an unusual long N-terminal repeat
(Clements and Moir, 1998). This repeat is present in all investigated B. cereus sensu lato
genomes, and in none of these genomes the gerI operon is disrupted by frame shifts. This
could indicate an important role or an additional function for this receptor, possibly
specifically being involved in the combined amino acid/purine riboside initiated-response.

Practical applications of the research presented in this thesis
The omnipresence of bacterial spores in the environment results inevitably in the
presence of spores in ingredients of food. The resistance capacities of these spores force the
industry to apply rigorous food preservation methods while on the other hand consumers and
industry favour mildly processed food. Mild processing increases the quality of the food
products and offers additional economical and environmental benefits for the industry as mild
processing frequently requires less energy input. Currently used food preservation methods in
combination with strict setting of shelf life ensure safe food products, but the presence of
spores of natural isolates, having broad variety in (heat) resistance properties, prevents the use
of mild preservation techniques. Spore germination plays a key role in the first stage of foodborne infection and spoilage, as it initiates the transfer from a dormant spore, which survived
the food preservation stage, to the vegetative cell. Molecules in the food product initiate the
spore to germinate, possibly in combination with the thermal treatment acting as a heat
activation step. Prevention of germination is one way to intervene, but no universal foodgrade spore germination inhibitors or conditions have been described so far. Another strategy
could involve promotion of spore germination before application of the food preservation
method, as the spore looses its resistance capacities during germination (Gould et al, 1968).
For both methods described above, mechanistic knowledge of spore germination processes is
of key importance to facilitate the development of new preservation strategies that inhibit or
promote specific germination processes.
The research described in this thesis contributes to the understanding of germination of
specifically B. cereus, although many aspects may be valid for other spore-forming organisms.
Knowledge of germination triggers may help to develop strategies to promote controlled
germination of which a proof of principle has been described in chapter 6. These data can act
as a starting point for the development of better germination regimes, universally applicable
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for bacterial spores in order to promote spore germination before the application of food
preservation techniques that kill the germinated spores.
Furthermore, the elucidation of cognate germinant molecules for the set of B. cereus
Ger receptors in combination with the in silico analysis contributes to the understanding of
Ger receptors and germination triggers for all members of the B. cereus group. This could be
of specific benefit for understanding of spore germination of the closely related B. anthracis,
which is currently profoundly investigated because of the abuse of these spores for terrorattacks.
The identification of Ger receptors being involved in the germination response
initiated by the exposure to Caco-2 cells reveals new information about the behaviour of
spores upon ingestion by humans, and the apparent interaction that exists between spores and
epithelial cells of the human gastrointestinal tract. It supplies information about
commencement of the first stage of the diarrhoeal syndrome, although the actual signalling
molecules still have to be defined. The fact that spores are being equipped with receptors that
sense signals in this environment may aid to the currently relevant discussion about the
ecological environment(s) that may be occupied by members of the B. cereus family (Jensen
et al, 2003).
The spore itself is a dormant and therefore harmless particle, but germination of the
spore transfers it to the hazardous vegetative cell while instantaneously losing its resistance
characteristics. It is easy to imagine that increased control of this process will be of benefit for
all situations where bacterial spores and their resulting vegetative cells pose a risk.
Fundamental spore research focussing on the elucidation of key processes during germination
is of paramount importance in the development of a solid directed and comprehensive
strategy to either promote controlled germination or prevent germination of bacterial spores.

Future directions of spore research
Spore research for more than a century has revealed many of the secrets that are
enclosed in the dormant structure of the spore. A tremendous amount of work has resulted in
a huge body of literature covering many important aspects of the spore. It is therefore
surprising that some of the very crucial characteristics of the spore remain a mystery until
today. One of the most important areas that have not been elucidated is related to the
mechanisms behind the wet heat resistance of the spore (Gould, 2006; Newsome et al, 2003;
Setlow, 2006). This is even more remarkable because thermal food preservation techniques
are by far the most important to date. The exact type of damage to the spore caused by this socalled “wet heat” is unknown. Specifically the status of the water in the core is unclear, and it
has been suggested by different publications to be freely movable, or bound to core molecules
or to be in a glassy state (Cowan et al, 2003; Newsome et al, 2003; de Vries, 2006). Certainly,
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the core environment provides a stable milieu for bio molecules, and a better understanding of
this environment will aid to a better understanding of the damage caused by heat. Concerning
germination there are still a lot of knowledge gaps that need to be filled. It is not known how
the germination receptors are being activated and how subsequent steps upon this activation
proceed. Is the Ger receptor signal being collected and is there a threshold “value” that needs
to be passed before germination proceeds? (Atluri et al, 2006; Moir, 2006). Finally, the innermembrane might play a crucial role in the initial germination stage as suspected damage to
the inner membrane seems to kill the spore not directly, but shortly after initiation of
germination (Paul et al, 2006).
Finally an area of increasing interest covers the ecological environment of many
spore-forming organisms, as a better understanding of the conditions that initiate spore
formation and spore germination in its natural environment can contribute significantly to a
better understanding of the spore characteristics and ultimate differences among strains (Keim
et al, 2006).
Moreover, spore research covers new areas, trying to exploit bacterial spores and their
typical characteristics. These areas, not directly related to Bacillus cereus spores and
subsequent food safety aspects, and therefore not the scope of this thesis, offer interesting new
insights in various aspects of bacterial spores. A promising development includes spore based
oral vaccines. These vaccines consist of spores displaying antigens on their outer surface, and
are far more stable than vaccines currently used (Duc et al, 2007). Finally, Bacillus spores
have been used for a long period as probiotics for humans and animals showing beneficial
health effects. With the current limitation of antibiotics as supplements in animal feeds,
spores of Bacillus strains demonstrating probiotic effects may function as an alternative for
antibiotics in animal feeds (for recent comprehensive overviews see: Ricca, Henriques and
Cutting 2004; Hong et al, 2005).
Despite the tremendous amount of spore research, various crucial fundamental
questions have to be answered. The answers can be of direct value for the food industry, and
contribute to improved food preservation and safety. The astonishing properties of bacterial
spores, the combination of challenging fundamental research with frequently direct applied
value, and the newly emerging applications make spore research one of the most attractive
areas in current microbiology.
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Samenvatting
Bacillus cereus is een in de natuur algemeen voorkomende bacterie, en is frequent
aanwezig op onbehandelde voedselproducten. Omdat deze bacterie bij de mens
verantwoordelijk is voor voedselvergiftiging en infectie en tevens een belangrijke veroorzaker
is van voedselbederf, moet aanwezigheid van B. cereus zoveel mogelijk vermeden worden.
Door middel van gebruikmaking van standaard voedsel-conserveringstechnieken zoals bijv.
pasteurisatie is deze bacterie vrij gemakkelijk af te doden. Dat B. cereus desondanks toch
voor grote problemen zorgt, komt voornamelijk door de zeer resistente sporen die deze
bacterie kan produceren. Deze sporen overleven de meeste conserveringsprocessen en
ontkiemen vervolgens in het behandelde voedingsproduct, waarna ze zich vermeerderen.
Sporen zijn voor de bacterie een manier om moeilijke omstandigheden te overleven, zoals een
gebrek aan voedingsstoffen in zijn omgeving. In dat geval wordt tijdens een strikt gereguleerd
differentiatieproces, genaamd sporulatie, één spore geproduceerd in de vegetatieve cel.
Tijdens sporulatie worden de verschillende beschermende lagen van de spore geconstrueerd,
terwijl in de kern het DNA wordt beschermd door middel van verzadiging met specificieke
eiwitten. Tevens verlaagt de spore de waterhoeveelheid in de kern waardoor een zeer stabiele
omgeving ontstaat voor biomoleculen. Als de spore gereed is lyseert de moedercel, waarna de
spore vrijkomt in de omgeving. De spore zelf is niet metabolisch actief en heeft dus ook geen
energie nodig. De unieke constructie van de spore is verantwoordelijk voor zijn resistentie
eigenschappen waaronder een zeer goede bescherming tegen hitte, straling, droogte,
chemicaliën etc. Dit zorgt ervoor dat een spore extreem lang levensvatbaar kan blijven onder
zeer uiteenlopende omstandigheden. Echter, de “slapende” spore kan niet groeien en zich niet
vermenigvuldigen. Hiervoor moet de spore ontkiemen en weer uitgroeien tot een actieve cel,
waarna deze zich weer kan delen. Het is voor de spore cruciaal om the ontkiemen in condities
waarin uitgroei kan plaatsvinden en dit betekent dat er voedingsstoffen aanwezig moeten zijn
in de directe omgeving van de spore. Hoewel de spore in een soort van slapende toestand
verkeert, kan deze toch permanent de “nutriëntenstatus” van zijn omgeving bepalen. Hiervoor
is de spore uitgerust met specifieke sensoren, kiemingsreceptoren genaamd. Deze receptoren,
aanwezig in het binnenmembraan van de spore, worden geactiveerd door specifieke
nutriënten, vaak suikers of aminozuren en wanneer deze aanwezig zijn in de juiste
samenstelling en concentratie, initieert de spore via de kiemingsreceptoren het
ontkiemingproces. Tijdens dit proces worden de beschermende lagen om de spore gereguleerd
afgebroken, het waterniveau in de spore wordt verhoogd, het DNA komt weer beschikbaar
voor transcriptie en dit resulteert uiteindelijk in een normale groeiende en delende bacteriële
cel.
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Het ontkiemingproces biedt in potentie verschillende aangrijpingspunten om sporen in
onze voedingsketen beter te kunnen controleren. Omdat de spore zelf niet schadelijk is, maar
pas een probleem wordt na ontkieming en uitgroei, zou het volledig blokkeren van
ontkieming van sporen in voedingsmiddelen een mogelijkheid kunnen zijn om de sporen te
controleren. Het gecontroleerd ontkiemen van sporen in onbehandelde voedingsproducten,
zodat deze ontkiemde (niet meer resistente) sporen gemakkelijk kunnen worden gedood door
gebruik van milde conserveringstechnieken is ook een veel geopperde mogelijkheid.
Vanwege een veelvoud van redenen worden deze methoden echter niet toegepast, en het
gebrek aan fundamentele kennis op het gebied van bacteriële sporenontkieming staat een
gestructureerde ontwikkeling van nieuwe technieken ter bestrijding van sporen in de weg. Dit
proefschrift beschrijft de ontkieming van sporen van de soort Bacillus waarbij de
voedselpathogene B. cereus als model organisme is gekozen.
Het genoom van B. cereus bevat 7 ger operon sequenties en deze kunnen in potentie
coderen voor 7 verschillende types kiemingreceptoren. Activatie van één of meerdere
kiemingsreceptoren resulteert in ontkieming van de spore. Welke nutriënten ontkieming
initiëren is grotendeels onbekend en het is tevens onbekend welke receptor ze daarvoor
activeren. In hoofdstuk 2 en 3 wordt dit nader onderzocht door de constructie van mutant
sporen, waarin één van de zeven kiemingsreceptoren is geïnactiveerd. Door de ontkieming te
induceren met een reeks van aminozuren en purine ribosides en de ontkiemingrespons te
vergelijken met niet veranderde sporen, is inzicht verkregen in de specificiteit van de receptor.
Op deze wijze werd duidelijk dat de GerR receptor een prominente rol speelt in nagenoeg alle
aminozuur en purine riboside geïnduceerde ontkieming. De aminozuren L-cysteïne, Lthreonine en L-alanine en de purine ribosides inosine en adenosine gebruikten deze receptor
voor ontkieming. De GerG receptor werd geactiveerd door het aminozuur L-glutamine, en
deze response week in kinetiek af van de gerR gereguleerde response. GerI, GerQ en GerR
bleken alle drie een rol spelen in inosine en adenosine geïnduceerde ontkieming, en vertonen
dus een duidelijke overlapping in nutriënt specificiteit. Een combinatie van een aminozuur en
inosine geeft de meest sterke ontkiemingstrigger en het bleek dat hierbij de GerI receptor een
belangrijke rol speelde.
In hoofdstuk 4 wordt aangetoond dat condities gedurende sporulatie, de fase waarin de spore
wordt gevormd, van grote invloed zijn op de uiteindelijke eigenschappen van de spore.
Sporulatie in een medium met een laag gehalte aan voedingsstoffen had relatief lage
expressieniveaus van de ger operons tot gevolg, terwijl sporulatie in een rijker medium in een
veel hogere expressie van de ger operon genen resulteerde. De sporen gevormd in het rijkere
medium bleken tevens sneller te ontkiemen en dit zou het gevolg kunnen zijn van een groter
aantal kiemingsreceptoren in de spore.
De aanwezigheid van sporen in voedingsproducten heeft tot gevolg dat deze
onbedoeld worden geconsumeerd en zo de aanleiding zijn van voedselinfectie. In hoofdstuk 5
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hebben we nader gekeken naar hoe ontkieming een rol zou kunnen spelen bij de ontwikkeling
van een voedselinfectie in het menselijke lichaam. Dit is gedaan door gebruik te maken van
Caco-2 cellen, cellen die de epitheelcellen in de menselijke dunne darm nabootsen. Wanneer
B. cereus sporen in contact worden gebracht met Caco-2 cellen, dan ontkiemen de sporen en
de GerI receptor speelt hierin een belangrijke rol. B. cereus cellen produceren vervolgens
toxines die in staat zijn om de Caco-2 cellen te beschadigen. De aanwezigheid in de dunne
darm van “trigger” moleculen die ontkieming induceren, is mogelijk de eerste fase in het
ontstaan van in deze voedselinfectie, waarna vegetatief groeiende cellen toxines produceren
die resulteren in het ziektebeeld.
In de voedingsindustrie, voornamelijk de zuivelindustrie, vormen sporen een probleem,
omdat ze de procedures overleven die worden gebruikt om procesinstallaties te reiniging en
desinfecteren. Deze sporen zijn vaak gehecht aan het oppervlak en zijn een constante
contaminatiebron. In hoofdstuk 6 is beschreven hoe sporen, die door adhesie aan oppervlakten
zijn gehecht, tot ontkieming kunnen worden gebracht. Deze ontkiemde sporen zijn door het
verlies van hun resistentie-eigenschappen nu wel vatbaar voor de gebruikelijke reinigings- en
desinfecteertechnieken. In een nagebootst reinigingsproces bleek het toepassen van een
ontkiemingstap voor aanvang van de reinigingsprocedure te resulteren in duidelijke afname
van het aantal levensvatbare sporen.
In hoofdstuk 7 is door middel van een in silico analyse binnen alle bekende microbiële
genomen gezocht naar ger operonen. Zoals verwacht werden deze veelvuldig gevonden in de
genomen van de soort Bacillus en Clostridium, maar ger operon sequenties werden ook
aangetroffen in een aantal organismen die niet tot deze families behoren. Verder kon uit deze
analyse worden afgeleid, dat de genen van ger operonen niet onderling uitwisselen, waardoor
het zeer waarschijnlijk is dat de eiwitten gecodeerd door de genen van een operon een
onderlinge interactie aangaan en gezamenlijk de ontkiemingreceptor vormen.
De resultaten beschreven in dit proefschrift dragen bij aan een beter begrip van
ontkieming van bacteriële sporen in het algemeen en B. cereus in het bijzonder. Deze kennis
kan worden gebruikt voor de ontwikkeling van nieuwe milde voedselconserveringstechnieken waarmee tevens effectief het aantal levensvatbare sporen in
voedingsproducten kan worden teruggedrongen. Uiteindelijk zal dit resulteren in een
verbeterde voedselveiligheid terwijl het bederf van voedselproducten significant kan worden
teruggedrongen.
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Nawoord
Toen zich in 2000 de kans voordeed om met een promotieonderzoek te beginnen,
hoefde ik daar niet al te lang over na te denken. Als research-analist bij Keygene had ik het
weliswaar erg naar mijn zin, en mocht samenwerken met fijne collega’s. Toch was mij
duidelijk geworden dat ik me wetenschappelijk verder wilde ontwikkelen en verdiepen, en
een promotieonderzoek was eigenlijk de enige juiste keus. Daarom begon ik in februari 2001
met mijn promotieonderzoek bij het WCFS, gedetacheerd op het ATO, op het voor mij
nieuwe vakgebied van de levensmiddelenmicrobiologie.
Dat dit heeft geresulteerd in dit proefschrift is tevens de verdienste van een groot
aantal mensen van wie ik er een aantal graag in het bijzonder wil noemen. Als eerste wil ik
beide promotoren van dit onderzoek bedanken. Tjakko, je was vanaf het begin betrokken bij
mijn onderzoek, en wist er op cruciale momenten richting aan te geven. Ook bij de vertaalslag
van ruwe resultaten naar een artikel was je input onmisbaar. Ik heb onze samenwerking
bijzonder gewaardeerd. Willem, het was altijd prettig om resultaten, experimenten en plannen
met jou te kunnen bespreken, en daarna weer verder te kunnen aan de hand van de vele
suggesties en ideeën. Allebei heel erg bedankt voor jullie essentiële bijdrage. Marjon, de basis
van dit project is door jou gelegd. Het was jammer dat ons zo vroeg in het project moest
verlaten, maar je bijdragen aan de eerste fase van het project zijn er niet minder om. Kwan,
your efforts resulted in interesting new germination mutants. Thank you for your good work,
and the delicious cakes! Verantwoordelijk voor een prettige werksfeer waren mijn directe
collega’s bij het ATO, in het bijzonder Peter, Renata, Monique, Erik, Robert, Irene, Jannie en
Ineke. Speciaal wil ik hier Emil en Patrick bedanken voor de zeer prettige samenwerking, wat
heeft geresulteerd in hoofdstuk 6. Ik ben blij dat jullie paranimf willen zijn. Tevens wil ik Roy
bedanken voor alle hulp, veelal achter de schermen. Natuurlijk vergeet ik lotgenoot Ynte niet,
en heb ik bijzondere herinneringen overgehouden aan onze gesprekken over vaak
verbazingwekkend onrelevante onderwerpen. Dat we daarnaast ook nog prima konden
samenwerken aan bijna hetzelfde onderzoek leek bijna een prettige bijkomstigheid. Ynte
bedankt, ik kijk er met zeer veel plezier op terug!
Ook de WCFS collega’s wil ik bedanken voor de vele gezellige en leerzame
momenten tijdens één van de vele WCFS uitjes. Natuurlijk B. cereus lotgenoten Willem,
Menno, Janneke en Marcel T, bedankt voor de fijne samenwerking! Ook Marcel Zwietering
wil ik bedanken voor zijn vele goede suggesties en discussies over de experimenten. De basis
voor hoofdstuk 5 werd gedeeltelijk buiten de deur gelegd samen met Luc Wijnands bij het
RIVM te Bilthoven. Luc, bedankt voor de gastvrije ontvangst en de plezierige samenwerking.
Ook de WCFS collega’s bij het CMBI te Nijmegen hebben een belangrijke bijdrage geleverd
aan het bioinformatica gedeelte van dit proefschrift zoals beschreven in hoofdstuk 7.
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Voornamelijk dankzij Roland Siezen en Bernadet Renckens is dit hoofdstuk geworden zoals
het nu is.
Ook buiten de werksfeer hebben velen direct of indirect een bijdrage geleverd aan het
gereedkomen van dit onderzoek. Natuurlijk mijn familie en schoonfamilie die zich misschien
hebben afgevraagd wat ik precies aan het doen was, maar desondanks toch altijd weer met
met veel interesse informeerden naar hoe het ging. Speciaal mijn ouders kan ik niet genoeg
bedanken. Pa en Ma, jullie bijdrage in de vorm van jullie altijd aanwezige interesse en
onvoorwaardelijke steun op allerlei manieren was absoluut onmisbaar. Dit gaf mij altijd weer
een duw in de goede richting en energie om weer verder te gaan. De laatste woorden zijn voor
Odette en kleine Estelle. Lieve Odette, het was soms een opoffering voor ons beiden, als ik
weer eens hiermee bezig was. Jouw bijdrage is niet in woorden uit te drukken, en zonder jouw
was het zeker niet gelukt. Estelle, jouw vrolijkheid geeft altijd weer energie bij alles wat we
doen. Ik ben dolblij met jullie, en kijk samen met jullie vol vertrouwen uit naar de toekomst.

152

Curriculum vitae
Lucas Marinus Hornstra werd geboren op 17 april 1968 te Velp. Na het behalen van
zijn HLO-diploma, richting moleculaire biologie/biochemie, aan de Technische Hogeschool
te Enschede, begon hij in 1993 als research-analist bij het toenmalige ATO in Wageningen.
Het moleculair-biologisch georiënteerde project waar hij aan meewerkte had tot doel het
vinden van stress-markers voor potplanten. In 1997 werd de overstap gemaakt naar Keygene
N.V. te Wageningen, waar hij een vaste betrekking had als research-analist. Hier werkte hij
onder andere aan de ontwikkeling van nieuwe technologieën en binnen diverse genomics
projecten. In februari 2001 begon hij aan zijn promotieonderzoek, vallende onder het WCFS
en hij werd gedetacheerd bij het ATO (later A&F, Agrotechnology and Food Innovations).
Hier werkte hij 4 dagen per week aan zijn promotieonderzoek, terwijl hij 1 dag per week
assisteerde bij de implementatie van moleculair-biologische detectie technieken binnen de
microbiologieafdeling van de groep “Food Preservation and Safety”. Na het aflopen van zijn
AIO contract in januari 2005 begon hij als post-doctoral researcher bij de Universiteit van
Amsterdam onder leiding van Prof. Stanley Brul op het project “Genomics voor
levensmiddelen”. In het kader van het NWO/CASIMIR programma heeft hij een
projectvoorstel geschreven getiteld: “Repair mechanisms in bacterial spores”. Dit project is in
2005 gehonoreerd door NWO en sinds april 2006 werkt hij als post-doctoral researcher op dit
project, dat wordt uitgevoerd bij de Universiteit van Amsterdam en bij Unilever Research &
Development te Vlaardingen.

153

Cover design: Rob Hornstra
Printed by:

154

Ponsen & Looijen BV, Wageningen

