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2 Chapter 1: General introduction and outline of the thesis

1.1 The Bacillus Genus

The Bacillus genus consists of Gram-positive, rod-shaped bacteria. Its bacteria
are ubiquitously present and inhabit water, soil and live on as well as inside plants
and animals (Jensen et al., 2003; Nicholson, 2002; Tam et al., 2006; Vilain et al.,
2006). Among all Bacillus species, B. subtilis is the most studied. It is the model
organism for Gram-positive bacteria. The genome of B. subtilis was one of the first
bacterial genomes to be sequenced. The organism exhibits natural competence
(incorporates exogenous DNA thus allowing for genetic modification) (Kunst et
al., 1997; Moszer, 1998). Bacillus forms endospores that enables it to survive
under unfavorable environmental conditions (Gould, 2006; Setlow, 2006; Setlow,
2003). The position of the endospore differs among different bacterial species. For
example bacteria having terminal, sub terminal, centrally placed endospores are
Clostridium tetani, Bacillus subtilis and Bacillus cereus respectively. Bacterial
spores are phase bright, oval, dormant, metabolically inactive, stress resistant
structures formed when the cells are exposed to unfavorable conditions. The
process through which they are formed is called sporulation.

1.2 Sporulation cycle

The process of spore formation has been studied in detail by using B. subtilis as
model organism. Fig. 1.1 shows the sporulation cycle in detail. It is divided into
seven different stages. The vegetative cells are considered to be in Stage 0. These
undergo an unequal cell division to form a small forespore (also known as the
prespore), which develops into the spore, and large mother cell, which is necessary
to sustain spore formation after which it ultimately lyses (programmed cell death).
The next phase, Stage I, is the condensation stage, where the two genomes of the
vegetative cell (post-asymmetric cell division) fuse to form a single axial filament
of chromatin. At Stage II a septum is formed by membrane invagination that takes
place at one pole of the mother cell. Soon after the division, distinct programs of
gene expression are initiated in the mother cell and forspore, which are directed
by sporulation-specific RNA polymerase σ factors, σF in the forespore and σE in
the mother cell. At Stage III, a protoplast is formed within the mother cell. After
division, the mother cell engulfs the forespore, resulting in the double membrane
enveloped spore structure. On completion of the engulfment, σG becomes active
in the forspore and σK in the mother cell (Fig. 1.2). Next, Stage IV is the
stage where the deposition of the primordial germ cell wall and cortex between
the membranes of the spore protoplast occurs (Errington, 2003). In Stage V
the spore coat deposition around the cortex takes place and at Stage VI the
"maturation" of the spore occurs, upon which the spore develops its characteristic
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resistance properties. Finally during Stage VII, the mother cell lyses and releases
the completed spore (Piggot et al., 2004; Stephens 1998). After the release,
the spore undergoes further maturation with a final increase in (thermal) stress
resistance (Abhyankar et al., 2014).

Figure 1.1: The sporulation cycle of spore-forming bacteria. (adapted
from Errington, 2003)

Figure 1.2: Gene regulation during sporulation. (adapted from Piggot and
Hilbert, 2004

1.3 Endospore structure and its resistance

The environmental resistance properties of spores are generally considered to be
due to their well-assembled structure. The spore is made up of different layers
i.e. exosporium, coat, cortex and core (Fig. 1.3). The exosporium is the outer
layer that lies on top of the spore coat (Driks, 1999; Henriques et al., 2007).
It is composed of a low-density network of glycosylated proteins. The network
is loosely attached to the outer coat. The exact function of the exosporium is,
however, not known (Driks, 1999; Henriques et al., 2007; Waller et al., 2004).
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This layer is optional and present in for example B. cereus but not in B. subtilis.
The spore coat is present around the outer membrane. It is made-up of proteins
and works like a sieve that excludes large molecules like lysozyme. The coat
contains enzymes that are involved in spore germination. Furthermore it allows
interaction with the surroundings of the spore (Driks, 1999; Henriques et al.,
2007). Underneath the spore coat lays the cortex, which consists of peptidoglycan.
Next follows the inner membrane which encloses the spore core (Takamatsu et al.,
2002). The inner membrane is made up of closely packed lipids that display far less
lateral mobility than lipids in the plasma membrane of vegetative cells (Cowan et
al., 2003). It is selectively permeable for small and large molecules (Setlow et al.,
1993; Cortezzo et al., 2004). It also contains germination receptor proteins, which
are important for the regulation of the start of the germination and outgrowth
process of spores.

Figure 1.3: Spore anatomy. (See text for the details)

The core is present beneath the cortex. It contains the chromosomal DNA,
which is saturated with α/β -type small acid-soluble spore proteins (SASPs)(5-
10%) (Raju et al., 2006). In dormant spores the SASPs provides the spore’s
resistance to heat and UV light but during germination and outgrowth, the SASPs
get degraded and generate amino acids which are subsequently used for protein
synthesis (Mason, et al., 1986; Setlow, 1987; Setlow, 1987). The core has a low
water content amounting to about 25-50% wet weight (Beaman et al., 1986).
Under optimal non-stress conditions the pH in the core has been reported to be
around 6.0-6.5 and hence to be slightly more acidic than vegetative cells (Magill,
et al., 1994; Setlow and Setlow, 1993; Van Beilen et al., 2013). The acidic nature
of the core is due to a large amount of pyridine-2,6-dicarboxylic acid or dipicolinic
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acid (DPA) present in the core which is synthesized in the mother cell (Setlow,
2007). This DPA chelates with divalent calcium ions in a 1:1 ratio. The chelation
in spores is merely in the solid phase as the DPA concentration is above its level of
water solubility (Ablett et al., 1999; Leuschner et al., 2001, 2000). The compound
stabilizes the DNA and protects it from heat and UV radiation by enhancing the
amount of spore photoproduct (SP) production (Setlow and Setlow, 1993; Setlow,
2006).

1.4 Spore germination and outgrowth

Spore germination is a process by which the dormant and stress resistant spore
wakes up and initiates vegetative cell growth. All of the components necessary to
facilitate germination are pre-packaged into the spore during sporulation. Figure
1.4 shows a schematic representation of different layers and elements that com-
prise the germination receptor system of Bacillus spores. Germination starts by
interaction of appropriate germinants such as amino acids and sugars with ger-
minant receptor proteins (Corfe et al., 1994b; Sammons et al., 1981; Zuberi et
al., 1987). The germinant receptor proteins are present at very low level (24-40
per spore) in inner membrane of B. subtilis spores. The germinants receptors are
encoded by tricistronic operons, which are composed of three subunits proteins
(A, B, and C, Fig. 4) (Paidhungat et al., 1999; Moir et al., 2002) and are under
the control of a σG promoter (Corfe et al., 1994a; Kemp et al., 1991). The “A”
subunit is composed of two parts, first part has five or six predicted membrane
spanning domains facing toward the core and second part has a large hydrophilic
N-terminal domain facing to the cortex. The “B” and “C” subunits include ten
predicted transmembrane domains and predicted lipoprotein signal sequence fac-
ing toward the cortex respectively. Thus the “B” subunit is know as an integral
membrane protein and “C” subunit is known as membrane anchored (Moir et al.,
2002; Zuberi et al., 1987). Although the exact roles of each of these proteins are
not well comprehended, it is likely that their mutual interaction(s) (Hudson et al.,
2001; Igarashi et al., 2005; Paidhungat et al., 2001) is (are) required for proper
functioning of the receptor complex as a whole.

To start the germination process, germinants must reach receptors in the inner
membrane of the spore by crossing the exosporium, coat, and cortex. The process
is not well understood. It is known from B. cereus and B. subtilis studies that the
germinant entry may be facilitated by GerP proteins (Behravan et al., 2000). The
germination process is divided into two different stages: stage I, early germination
and stage II, the actual germination stage (Fig. 1.5). In the early germination the
germinant receptors, located in the inner membrane of the spore, sense the pres-



6 Chapter 1: General introduction and outline of the thesis

ence of germinant in their environment. This event commits spores to germinate.
Ones germination is committed, it becomes irreversible and continues even after
removal of the germinants (Stewart et al., 1981; Yi et al., 2010). After this, the
release of monovalent cations such as H+, Na+ and K+ as well as divalent Ca2+

of dipicolinic acid (DPA) from the spore core occurs. Simultaneously the pH of
the core rises from 6.5 to 7.7 (Setlow et al., 2008; van Beilen et al., 2013).

Figure 1.4: Schematic diagram of spore layers and elements that com-
prise of the germination receptor system of textitBacillus spores (modi-
fied from Moir et al., 2002)

Due to partial rehydration and release of DPA, the heat resistance property of
the spores is reduced. In stage II, the degradation of cortex peptidoglycan by two
lytic enzymes called SleB and CwlJ takes place (Wuytack et al., 1998; Paidhungat
et al., 1999, 2001, 2002; Setlow, 2003). This allows further uptake of water, due to
which the core and inner membrane expand, dormancy breaks and hence enzyme
activity recommences (Christie, 2012). At this stage the spores are completely
germinated and become phase dark. On the one hand the germination process
is complex but on the other hand it is extremely efficient and rapid as 95% of
spores germinate within minutes in rich media. The spore can germinate in any
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of the three ways. One, the nutrient mediated germination where the germinants
come in contact with the germination receptors and hence activate them. Second,
the germination is independent of nutrient or germinant receptors. The dormant
spores sense peptidoglycan fragments that are released in the environment by
other bacteria in an asyet unknown way and thus stimulate germination (Shah et
al., 2008). The third is the non-nutrient route where germination occurs with the
help of surfactants, pressure or exogenous Ca-DPA. The exogenous Ca-DPA allow
spores to germinate by activating the lytic enzyme CwlJ, which in turn degrades
the peptidoglycan of the cortex.

Germination is an irreversible process in which physical and chemical prop-
erties of spores changes, such as release of Ca-DPA, loss of heat resistance, and
decrease in absorbance (Stewart et al., 1981; Yi et al., 2010b). Spore germination
can be measured indirectly by correlating the mentioned properties of germinat-
ing spores (Stewart et al., 1981; Yi et al., 2010b). The time-resolved analysis of
the mentioned properties of the spores is a frequently used to inspect germination
(Paidhungat et al., 2002). Other method could be used to analyze the germi-
nation mutants where genes involved in germination are mutated thus allowing
us to study different germination components of the spore with respect to spore
germination.

The germination process is followed by the outgrowth stage. This outgrowth
stage is also divided into two stages. In the first stage of outgrowth, the conversion
of 3-phosphoglycerate results in the generation of ATP. After ATP production the
second stage of outgrowth starts. In this stage the spore starts using extracellu-
lar nutrients and producing macromolecules needed to reconstitute biochemical
pathways, nutrient uptake, and the replication process. After approximately 30
min chromosomal replication is initiated. Due to the action of germination-specific
lytic enzymes (GSLEs) full rehydration of the spore occurs and activation of other
enzymes and more ATP production begins. During this process the degradation
of SASPs in the spore core and transcription of core DNA resume (Setlow, 2007).
In the outgrowth phase the RNA, protein, and DNA synthesis results in formation
of metabolically active vegetative cells.

The SASPs in the spore core responsible for maintaining DNA stability are
degraded, hence allowing transcription to resume (Setlow, 2007). The initiation
of RNA, protein, and DNA synthesis during outgrowth results in a newly formed,
metabolically active vegetative cell.
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Figure 1.5: Spore germination and outgrowth pathway in Bacillus spp.

1.5 Bacillus subtilis spores in the Food Industry

Food industries are concerned with spore forming bacteria such as Bacillus spp.
The organisms cause immense problems to the food industry because they are re-
sistant to many preservation processes that are commonly used in industry. This
allows spores and thus their parent vegetative cells to survive commonly applied
food processing and conservation methods. Thus food industries must invest huge
amounts in food quality control to reduce spore-related problems and ensure a mi-
crobiologically safe supply of high quality food products to consumers. Currently,
the food industry aims for less intense, more fit for purpose preservation methods.
These should fulfill consumer’s demands of healthy nutritious and natural food
products at the required microbiological stability levels.

It is known that dry and wet heat induce damage via different mechanisms.
On the one hand dry heat primarily causes DNA damage (Setlow, 2006), on
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the other hand wet heat causes protein denaturation in a rather nonspecific way
(Coleman et al., 2007). Similar to these two thermal treatments often preservation
strategies have different molecular bases. This characteristic has been exploited in
the application of what has been coined as ‘the hurdle preservation concept’. This
preservation technology generally consists of the combination of more than one
antimicrobial strategy such as the use of low concentrations of salt or acidification
with specific weak organic acids often along with the application of a mild heat
regime. The most naturally occurring and common weak organic acid used in
food industries are sorbic acid, propionic acid, lactic acid, and acetic acid (Beales,
2004; Theron et al., 2007). The antimicrobial activity of these acids in aqueous
solution is pH dependent, with the maximum effect occurring at low pH, where the
undissociated state of the acid is favoured (Piper et al., 2001). The undissociated
acid molecules are lipophilic and will penetrate plasma membranes, thus entering
the cells. Inside the cell the acid encounters an internal pH, which is nearly
neutral. As the pKa values of many weak acid preserving acids are between 4.2
and 4.9, inside the cells a rapid dissociation of acid molecules into charged protons
and anions takes place. These charged compounds cannot subsequently diffuse
back across the plasma membrane. As a result intracellular acidification of the cell
cytosol, resulting from the accumulation of protons, takes place and inhibits key
metabolic activities involved in glycolysis (Krebs, et al., 1983) thereby perturbing
the ATP yield of cellular metabolism (Van Beilen et al., 2014).

1.6 Heterogeneity in bacterial (spore) physiology during germination
and outgrowth

Conventional microbial culturing methods allow us to measure heterogeneity at
the population level, but the analyses average out the single cell effects. An ex-
ample of such data is the continuous measurement of the change in optical density
(OD) during the germination and outgrowth phase of bacterial spores. Hence dif-
ferent methods have been developed to study the heterogeneity at single cell level.
These methods include the use of Anopore filters, flow cytometry, laser tweezers
Raman microscopy, as well as differential interference contrast microscopy etc.
(Chen et al., 2006; den Besten et al., 2007, 2010; Smelt et al., 2008; Wang et al.,
2011).

Heterogeneity is not only evident in the germination phase but also in different
phases of spore outgrowth as well as the growth of vegetative cells (Pandey et al.,
2013; Stringer et al., 2011). Some spores are often called super dormant spores,
as they remain dormant when exposed to germinant or, in alternative, they start
germinating extremely slowly. Hence, potentially, such spores may ‘come back to
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life’ long after inactivation (preservation) treatments have been applied (Ghosh
et al., 2010, 2009; Chen et al., 2014). The generally agreed view is that the
cause of germination heterogeneity may be found in the number of receptors and
accessory germination proteins present in (super) dormant spores and the number
of cations available during sporulation (Ghosh et al., 2012; Chen et al., 2014). It is
believed that outgrowth heterogeneity may well be influenced by stresses incurred
during spore formation, for example the temperature at the time of sporulation
(Melly et al., 2002). In addition stress in the spore’s environment, for example a
thermal stress treatment, may influence the heterogeneity observed at this stage
of transition of a dormant spore to a vegetative cell (Smelt et al., 2008). Figure
1.6 exemplifies this by schematically indicating the effect of a thermal treatment
on a spore population.

Figure 1.6: Effect of heat treatment on spore, which generate subpopu-
lation of sub-lethally damage spores.

When a dormant spore population is treated with heat the single spores may
subsequently be divided into three subpopulations i.e. viable, damaged and dead
spores. The viable spores can germinate as fast as non-treated spores. The
damaged spore tends to germinate slower than the viable spore as most likely the
germination machinery is itself damaged. In addition outgrowth may be affected
as time may be needed to repair damage in the machinery that regulates DNA
duplication and general cellular metabolism (Smelt et al., 2008; Stringer et al.,
2011; Pandey et al., 2013). Clearly irreversibly damaged spores often do not even
germinate (Coleman et al., 2007). A higher level of stress tends to correlate with
an increased heterogeneity in spore behavior (e.g. Smelt et al., 2008).

In fact a heat treatment may have various effects on spores. It may, dependent
on its intensity, trigger activation, germination as well as destruction of dormant
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spores through a complex multistage process. In order to minimize or eliminate
food spoilage caused by the bacterial spore formers, it is very important to detect
and estimate the amount of viable spores in the food. Effective elimination of
spores is only possible once spore detection and inactivation systems are avail-
able. To develop such systems it is necessary to understand the molecular mech-
anisms behind the processes of germination and outgrowth as well as the stress
resistance properties of spores. Not much is known about the mechanisms that
operate during the germination and outgrowth phase. Keijser et al. (2007) have
shown in a population based transcriptome study prominent functional modules
in spore germination and outgrowth. Interestingly some of the modules contain
stress response genes which are transiently expressed during outgrowth even in
the abscence of the cognate stress. In this way spores may anticipate adverse en-
vironmental conditions. The vegetative cell (metabolically active form) is much
easier to kill than the dormant spore. Therefore, it would be advantageous to
deliberately drive spores in food into their vegetative form in order to facilitate
their inactivation with food preservation treatments. In practice this should be
done by triggering spores with germinants or physical treatments that allow their
‘rapid return to life’ through the process of germination and outgrowth. The
timing of this process is difficult to predict accurately as spores are generally seen
to germinate at different times and at different rates. There have been few re-
ports on spore germination at the single spore level. A study on the timing of
germination and outgrowth at the level of individual cells has shown that spore
outgrowth occurs up to 150 hrs. with or without a prior thermal treatment (Smelt
et al., 2008). For this study wild type thermally treated spores were sorted in-
dividually in 96 wells of micro titer plates and tested for (out) growth under
product-relevant conditions. The method gave clear insight in the heterogeneity
of the timing of outgrowth, but did not allow for the monitoring of the individual
successive developmental processes of spore germination, outgrowth to vegeta-
tive cells and subsequent cell divisions. These complex cell processes have been
traditionally studied at the population level. The studies have shown that sin-
gle cell heterogeneity is a widespread phenomenon in biology and have directed
the development of the single cell approaches. In this regard flow cytometry,
florescence in situ hybridization, microscopy etc. was deployed allowing mea-
surement of cell properties at individual level. Stringer et.al used phase-contrast
microscopy to determine the relation between different stages in germination and
subsequent outgrowth of spores from the an anaerobically growing non-proteolytic
Clostridium botulinum strain (Stringer et al., 2011). Their conclusion was that
the distribution of the times to germination as well as outgrowth and subsequent
growth, showed considerable variability. All stages contribute to the overall vari-
ability in the observed lag time with the time to germination and outgrowth being
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most affected by a thermal stress. The time to germination, spore emergence, cell
maturation and cell doubling were not correlated. In a relatively recent study
Veening et.al presented a method to mount Bacilli spp. on a microscope slide and
study their sporulation. The authors reported qualitative details on the growth
of vegetative cells (De Jong et al., 2011). However, no quantitative validation
of the growth performance of vegetative cells growth under the condition for live
imaging versus those prevailing in well aerated shake flask was performed. Huang
et al. (2007) showed that microfluidic Raman tweezers can be used of a variety
of Bacillus species and strains to measure levels of Ca-DPA in individual spores
in populations.

Phase-contrast microscopy allows us to observe at the single spore level the
process of germination by assessing the transition of spores from phase bright to
phase dark, their outgrowth by measuring the time interval between the phase
dark formation and the first cell division as well as vegetative cell divisions for
every individual cell of a population (Pandey et al., 2013; 2014). By using such
high-resolution single-cell analysis techniques in combination with time-lapse mi-
croscopy, quantitative image analysis and observation of the activity of fluorescent
reporter proteins is facilitated. This has enabled us and other researchers to make
a time resolved study of the expression and activity of various proteins in indi-
vidual cells and even bacterial spores (amongst others this thesis). In fact we can
analyze individual spores, study their molecular physiology and thus the mech-
anistic basis of the observed heterogeneity in spore behavior during germination
and outgrowth. In this way we provide a framework for future contemporary
studies aimed at further detailing the mechanistic basis of food preservation and
spoilage models targeting bacterial spores.

1.7 Thesis outline

In summary, bacterial spores are a major concern of the food industry. They are
omnipresent and hence occur frequently in food ingredients and raw materials.
Spores are highly resistant and thus escape the mild food processing regimes,
which allows the spores to survive in the final food products and in some cases in-
duces germination. This germinated spore then grows out and forms a vegetative
cell, which, of this occurs in food products, readily leads to food-spoilage. The
industries invest a huge amount in food quality control to reduce spore growth-
related problems and to fulfill the consumer’s demand of mild processed foods as
being natural and healthy. A thorough understanding of germination and out-
growth and heterogeneity is required. Such information might enable the design
of processes that efficiently eliminate viable spores from foods. This would lead to
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an extended shelf life of food products, a reduction of spoilage and better product
quality as well as restricted spore-mediated outbreaks. Moreover studying the
heterogeneity in germination and outgrowth under stress conditions may improve
the success of a hurdle preservation concept. Chapter 1 provides basic knowl-
edge about bacterial spore structures, sporulation, germination and outgrowth,
as well as the challenges for the food industry. Finally, the chapter briefly indi-
cates techniques that can be used to study heterogeneity either in germination
and/or outgrowth. Chapter 2 describes the in-house developed data analysis
tool “SporeTracker”. The tool was developed to allow for efficient accurate and
automated data processing from germination to outgrowth as well as doubling of
vegetative cells. Chapter 3 describes a novel closed air-containing chamber de-
veloped for live imaging. The efficiency of the chamber was checked by monitoring
the growth and division of B. subtilis vegetative cells, which was comparable to
those obtained in well-aerated shake flask cultures. Finally the chamber was used
to analyze Bacillus subtilis spore germination, outgrowth, as well as subsequent
vegetative growth. The influence of a heat stress of 85◦C for 10 min on germina-
tion, outgrowth, and subsequent vegetative growth was investigated in detail. In
Chapter 4, the effect of tea compounds: gallic acid, gallocatechin gallate, Teav-
igo (>90%epigallocatechin gallate), and theaflavin 3,3’-digallate on germination
and outgrowth of Bacillus subtili spores was quantitatively analyzed at single cell
resolution. The tested compounds had a significant effect on most stages of ger-
mination and outgrowth. Gallic acid most strongly reduced the ability to grow
out. Additionally, all compounds, in particular theaflavin 3,3’-digallate, clearly
affected the growth of emerging vegetative cells.

Chapter 5 describes the effect of sorbic acid, heat and combination of both
on germination and outgrowth of Bacillus subtilis spores, which was quantified
at, single cell resolution. Chapter 6 describes the Intracellular pH response to
weak acid stress in individual Bacillus subtilis vegetative cells by making use of
IpHluorin live-imaging. An improved version of the genetically encoded ratiomet-
ric, IpHluorin is used. This IpHluorin version, with an approximate 40% increase
in cell specific fluorescence intensity, was expressed from the native B. subtilis
promoter that is specifically active during vegetative growth on glucose (PptsG).
Dual wavelength excitation ratio imaging was set up and allowed us to resolve
the population data at single cell level. The weak organic acid food preservatives
sorbic acid and acetic acid caused concentration-dependent intracellular acidifica-
tion. In the presence of sorbic acid a decrease in the pHi and increase in generation
time of growing cells were observed. Similar effects were observed when cells were
stressed with acetic acid but at a higher concentration (25 mM). This shows that
sorbic acid (KS) lowers the pHi more effectively than acetic acid (KAc). Cells
with a lower pHi all showed a lower growth rate. Finally the Discussion, con-
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clusion remark and future perspectives are described in Chapter 7 followed by
summary of this research.
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Chapter 2: SporeTracker: An analysis tool to measure germination and

outgrowth at single cell resolution

2.1 Abstract

Bacillus spp. spores are problems for the food industry. They are relatively resistant
to the harsh preservation treatments used in the food industries. Bacterial spore ger-
mination and outgrowth are processes that tend to proceed heterogeneously within a
population. Such heterogeneity poses a significant challenge to studies aimed at un-
raveling the molecular mechanisms that govern germination and outgrowth.To mea-
sure the level of heterogeneity in the different phases of germination and outgrowth
of spores in a population, as well as to probe the intracellular pH of the emerging
cells, a semi-automated image analysis program was developed. We coined the pro-
gram as SporeTracker and its extension with ratiometric internal pH assessment as
Multichannel-SporeTracker. The program uses different important features of the free-
ware ObjectJ plugin for ImageJ that allows for a smooth running of the program. Here
we describe the features of SporeTracker such that a user can analyze his/her own
samples seamlessly.

Rachna Pandey and Norbert O.E. Vischer
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2.2 Introduction

Spores of Gram-positive bacteria such as Bacillus and Clostridium cause signif-
icant problems to the food industry. They are resistant to harsh preservation
processes that are commonly used in the food industry. Such resistance may al-
low the spores to subsequently germinate in processed food, thus causing food
spoilage and possibly food poisoning and food borne infectious diseases. It is well
known that the spore germination and outgrowth process is often very hetero-
geneous (Eijlander et al., 2011; Stringer et al., 2011; Barker et al., 2005). At
the population level, not all spores germinate and /or initiate outgrowth at the
same time, therefore it is difficult to predict accurately the timing of germination
and outgrowth to spoilage levels or levels of food safety concern. The germina-
tion heterogeneity occurs because not every spore within a dormant population
exhibits the same level of sensitivity toward applied germinants. Due to this, a
part of the spore population germinates rapidly, while another part (superdor-
mant spores) remains actually dormant when exposed to germinants (Ghosh et
al., 2009, 2010). It was hypothesized that the number of germinant receptors in
the dormant spore and the levels of cations available during sporulation play an
important role (Ghosh et al., 2012). However, Zhang et al. (2013) indicated that
this is likely not the primary cause of germination heterogeneity. Hence the cause
for the heterogeneity is still not fully understood. Furthermore, in addition to
germination-heterogeneity, there can also be considerable variability in lag period
between the different phases of outgrowth of germinating spores (Yi et al., 2010;
Stringer et al., 2005). The germination and outgrowth-heterogeneity complicates
the prediction of outgrowth behaviour especially when growth initiates from low
numbers of spores. A large number of factors can play a role in outgrowth het-
erogeneity, including both stresses during sporulation and stresses in the spore’s
immediate environment. For example, the temperature at the time of sporulation
plays an important role in the level of heat resistance of the dormant spore (Melly
et al., 2002; Condon et al., 1992), which in turn determines the survival rates of
a spore population under thermal processing conditions. Stress induced during
food processing can also have a significant impact on the performance of the out-
growing spore population. Smelt et al. (2008) showed that the germination and
outgrowth, measured as one event in a micro titer plate after single spore sorting
in individual wells using a fluorescence activated cell sorter, may occur until up
to 150 hrs. Outgrowth was assessed under product-relevant conditions, and the
method gave clear insight in the heterogeneity of the timing of outgrowth, which
was impaired by the thermal stress. The approach, however, did not allow the
monitoring of the individual successive developmental processes from spore ger-
mination, outgrowth to vegetative cells and subsequent cell divisions. In order to
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de-convolute and enhance our understanding in the process of spore germination
and outgrowth, live-imaging techniques are required. Moreover, the food industry
uses various weak-acid preservatives to prevent food spoilage. These weak-acids
have effects on the internal pH of the bacterial cell. Measurement of the internal
pH at single cell level may give a clue on metabolic activity and thereby provide
insight in survival strategies.

Here we describe a semi-automated program, called SporeTracker, which is
used as image analysis tool to resolve the population heterogeneity of the differ-
ent phases of spore germination and outgrowth at single cell level. In addition, we
describe the extension of SporeTracker to "Multichannel-SporeTracker", which al-
lows for a detailed calculation of the internal pH of green fluorescent protein that
is calculated by measuring the ratio of the emission intensities at 510 nm of IpHlu-
orin upon excitation at 390 and 470 nm respectively (E390/E470) and generation
time at single cell level. SporeTracker and its extension are used in chapter 3 to 6
of this thesis. They were developed in ObjectJ (http://simon.bio.uva.nl/objectJ),
which is a free plugin for ImageJ
(http://rsb.info.nih.gov/ij). A speciality of ObjectJ is that it integrates all rele-
vant components needed for the analysis of multiple images into a single project
file (with extension ".ojj"). These components include embedded macro com-
mands, marker types with specific names, a customised results table with live
statistics, and qualifiers for analysing subsets of a population. The image files
(movies) to be analysed must be in the same folder as the project file because
only their names are recorded in the project as "linked images", in order to keep
the project file small. The integrated concept allows for easy navigation between
images, plots and numerical results. This advantage would be lost if data were
exported and processed in an external spreadsheet program. The user interface
of ImageJ is extended by three ObjectJ-specific windows: Project Window,
ObjectJ Tools, and ObjectJ Results (Fig 2.1).

2.2.1 Project Window

The Project Window provides four panels for arranging and settings up the pa-
rameters of a project (Fig 2.1A): The first panel is the “Images” panel that
shows the movies that are to be analysed. Movies can be added via dragging and
dropping in the project window, where their names, together with metadata like
scaling and dimensions, are listed as “Linked Images”. A movie becomes visible
(opened) by a double-click. The second panel is the “Objects” panel that is used
to define the structure of an object for subsequent non-destructive marking. In
our case, an object contains information of the lifetime of a spore and its emerging
cell colony. Generally, an object accommodates a collection of different marker
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types called "items". For example, an object can hold several geometric param-
eters of a single cell that are displayed as differently colored markers, while the
cell-object still can be addressed as a single unit. The third panel, “Columns”
provides a control area where the desired set of numerical properties per object
can be defined and visualised in the ObjectJ results table. Basic properties, such
as the length of a line or the area of a polygon, are available as automatic results.
Results relying on more complex algorithms need to be handled and updated via
the macro language. The fourth panel, “Qualifiers” , is intended to apply cri-
teria to the ObjectJ results table in order to focus on a subset of the available
data. Objects that do not meet the criteria are visually greyed out both in the
images and in the results. They also are excluded from statistics, sorting, plots
and histograms.

2.2.2 ObjectJ Results

The ObjectJ Results window shows the ObjectJ specific results table, which is
saved as part of the project file (Fig 2.1B). It shows as many rows as there are
objects, and can contain any number of columns to hold user-defined object prop-
erties. For better organisation and visualisation, columns can have specific colors,
decimal digits, histogram settings, and can be visible or hidden. Similarly, col-
umn statistics can be shown or hidden. The concept of back-and-forth navigation
allows double-clicking a certain row in order to expose the corresponding marked
object in its image.

2.2.3 ObjectJ Tools

The ObjectJ Tools window provides a number of tools for manual marking, select-
ing, moving or deleting either entire object markers, or any one of the items. It
also lists the names of the item types in their specific colors, and can be activated
by a mouse click for subsequent manual or automatic marking. Using the features
of ObjectJ (described above) the SporeTracker program was developed.

2.2.4 SporeTracker

Phase-contrast images were recorded for a time resolved analysis of the complete
sequence of germination, outgrowth and subsequent cell division of the bacteria
emerging from the spores. SporeTracker is configured to measure the time to
start of germination, the germination time (duration of phase-bright to phase-
dark transition), the outgrowth time (from phase-dark to first division), burst
time (time when emerging bacteria shedds or remove their spore coat) as well as
generation time of vegetative bacteria emerging from the spores in any desired
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time range. For visual explanation of the various phases see Fig 3.2 in chapter 3
and work flow in Fig 2.3. The spores appeared as bright spots upon germination,
their microscopic appearance becomes phase-dark due to inversion in phase con-
trast. Thus the germination is indicated by the decrease in pixel intensity whereas
the growth of the bacteria is measured by the increase in area of the micro colony
with time. SporeTracker generates the corresponding plots and numerical output
from any number of movies. An important feature of SporeTracker is that the
growth plots can be recreated from the map at any time. These plots can then be
used as a navigation panel, showing live cell growth while the cursor is dragged
along the time axis of a plot. Further, a plot can be used for manually setting
“signs” which is to define a desired time window for calculating the growth rate.
The actual analysis is in practice performed in different steps (Fig 2.2).
(i) Mark spores in the first slice/frame: The spores are marked with a numbered
dot in the first frame of the movie. SporeTracker detects bright spots in the first
slice and sets blue “Bright” markers. Before marking, a command appears to ask
for threshold adjustment so that all bright spots are above the set threshold (ap-
pearing as red particles). (ii) Mark phase dark: Creates a circular area (radius 2
pixel) around each “Bright” marker and evaluates "intensity vs. time". Then a
“Dark” object marker (green) is set at the place where the gray value drops below
the set threshold. The data of the plots are stored in a map (Map.tif), which is
a 32-bit stack containing arrays of intensity versus time. The plots are derived
from the data in Map.tif, and are displayed as a stack of images called “Plots.tif”.
Two small magenta circles indicate the 90% to 10% positions of the drop range.
(iii) Measure growth: The program follows the area from phase-dark until the
end of the movie, or until the growing colony touches the edge or another colony.
Data are put into channel 2 of Map.tif, which is saved in the project folder. The
corresponding plot of area (log2) versus time is updated in the lower panel of
“Plots.tif”.
(iv) Show collective plots: This shows the stacks of plots that are located in the
project folder “Plots.tif”. The stack contains as many plots as there are marked
spores, plus one extra collective plot at the end. These plots can be used as nav-
igation panels, so one can browse with the Navigation tool "N" and follow the
image of the corresponding cell/colony in time.
We use the term “Sign” to mark a dedicated time point during cell growth.
(v) Set Burst sign [F4]: We used the “Burst” sign to mark the burst or shedding
of the spore coat after germination. To set a “Burst” sign, position the mouse
cursor above the time axis and hit the F4 key in the computer. A triangle will
be painted into the plot window and the corresponding time point is entered in
the results column “tBurst ”. If the cursor was positioned below the time line, any
“Burst” sign is removed.



2.2. Introduction 27

(vi) Set a Start sign [F5]: To set a “Start” sign, position the mouse cursor above
the time axis in the plot window and hit the F5 key in the computer. A triangle
will be painted into the plot window and the corresponding time point is entered
in the results column “t1”. If the cursor was positioned below the time line, any
“Start” sign is removed. The "Start" sign is used for defining the left border of
the time window that is used for evaluating the generation time (TD).
(vii) Set Stop sign [F6]: Similar to “Start” sign, the Stop sign is for defining the
right border of the time window used for evaluating the generation time (TD).
(viii) Fit Growth Plots: Performs linear regression curve fit on the log(area) data
inside the evaluation time window. If no “Start” sign was set, the evaluation win-
dow will be set automatically. It detects the straight end of the plot that conforms
to the desired fit quality (default: R2=0.99).

Figure 2.1: Screen shots of (A) the Project Window showing four panels
i.e. Images, Objects, Columns and Qualifiers. (B) ObjectJ Tool and (C)
ObjectJ commands of sporeTracker.

2.2.5 Multichannel-SporeTracker

The Multichannel-SporeTracker program is an extension of SporeTracker for ac-
curate pH measurements at the single cell level. It calculates the generation time
by calculating the growing (log2) area of cells with time, and in addition the ex-
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Figure 2.2: Screen shoots of macro commands of sporeTracker and multi
channel sporeTracker.

tension monitors the emission intensity (510 nm) of the green fluorescent protein
derivative IpHluorin, which is expressed in the cytoplasm of our bacteria of in-
terest, after excitation at two wavelengths (390 and 470 nm). The ratios of these
emission intensities, measured inside the contours derived from the phase con-
trast channel, were calculated and converted to pH values. This was done with
a calibration curve in which the emission intensities of IpHluorin after excitation
at 390 and 470 nm are calibrated to solution pH values. Thus the internal pH of
vegetative cells can be assessed as a function of their growth status and cultur-
ing time. Two pre-processing steps were necesseray before the described analysis
could be performed. First, a simple background subtraction in the fluorescence
images that was performed by subtracting the modal (most frequent) value. Sec-
ond, any lateral (x-y) misalignment of the fluorescent channels with respect to the
phase contrast channel was calculated and corrected for by appropriate transla-
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Figure 2.3: Workflow of sporeTracker for spores and vegetative cells.
See section 2.2.4 for details

tion. Figure 2.2 shows a snapshot of the ObjectJ menu that has macro commands
written for the Multichannel-SporeTracker extension. It has the extra command
“Show pH Calibration”, which is needed for the ratiometric pH measurement at
single cell level. “Subset of Plot” allows the researcher to make the different com-
binations of plots. For example ratio vs. growth or pH vs. growth whereas the
“Export Map as Table” allows to extract the numerical data from the different
plots such as growth plots, pH plots etc.

In this thesis, these programs were used for data analysis. SporeTracker was
used in chapters 3 to 5 for germination and outgrowth measurements at single
spore level. The Multichannel-SporeTracker, which is an extension of Spore-
Tracker was used in chapter 6 for internal pH measurement at single cell level.
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3.1 Abstract

Spore-forming bacteria are a special problem for the food industry as some of them
are able to survive preservation processes. Bacillus spp. spores can remain in a dor-
mant, stress resistant state for a long period of time. Vegetative cells are formed by
germination of spores followed by a more extended outgrowth phase. Spore ger-
mination and outgrowth progression are often very heterogeneous and therefore,
predictions of microbial stability of food products are exceedingly difficult. Mecha-
nistic details of the cause of this heterogeneity are necessary. In order to examine
spore heterogeneity we made a novel closed air-containing chamber for live imaging.
This chamber was used to analyze Bacillus subtilis spore germination, outgrowth,
as well as subsequent vegetative growth. Typically, we examined around 90 start-
ing spores/cells for 4 hours per experiment. Image analysis with the purposely-built
program “SporeTracker” allows for automated data processing from germination to
outgrowth and vegetative doubling. In order to check the efficiency of the chamber,
growth and division of B. subtilis vegetative cells were monitored. The observed gen-
eration times of vegetative cells were comparable to those obtained in well-aerated
shake flask cultures. The influence of a heat stress of 85◦C for 10 min on germination,
outgrowth, and subsequent vegetative growth was investigated in detail. Compared
to control samples fewer spores germinated (41.1% less) and fewer grew out (48.4%
less) after the treatment. The heat treatment had a significant influence on the aver-
age time to the start of germination (increased) and the distribution and average of
the duration of germination itself (increased). However, the distribution and the mean
outgrowth time and the generation time of vegetative cells, emerging from untreated
and thermally injured spores, were similar.

Published: Rachna Pandey, Alex Ter Beek, Norbert O.E. Vischer,
Jan P.P.M. Smelt, Stanley Brul, Erik M.M. Manders, PlosOne, (2013)
doi:10.1371/journal.pone.0058972, Supplementary material can be found at
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0058972#s5
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3.2 Introduction

Spore-forming bacteria are an aggravating problem for the food industry and pub-
lic health. For example, spores of Gram-positive bacteria such as Bacillus and
Clostridium cause food spoilage and food borne diseases (Ghosh et al., 2009; Horn-
stra et al., 2009; Mori 2003). The metabolically dormant spores are extremely
resistant to environmental stresses (Magge et al., 2008; Setlow 2006). Some may
even survive harsh preservation treatments that are commonly used in some of the
industrial processes. In contrast, the metabolically active form of the bacterium,
the vegetative cell, is much easier to kill than the dormant spore. Therefore, it
would be advantageous to deliberately drive spores in food into their vegetative
form in order to facilitate their inactivation with relatively mild food preservation
treatments. In practice this should be done by triggering spores with germinants
or physical treatments that allow their ‘rapid return to life’ through the process of
germination and outgrowth (Setlow, 2003). However, the timing of this process is
difficult to predict accurately as spores are generally seen to germinate at different
times and at different rates. Consequently, this heterogeneity makes predictions
of microbial stability of food products exceedingly challenging (Hornstra 2009;
Eijlander et al., 2011). To get to a better understanding of heterogeneous ger-
mination and outgrowth, time-resolved single spore studies are essential. There
have been few reports on spore germination at the single spore level. Using a
combination of Raman tweezers and differential interference contrast microscopy,
the labs of Peter Setlow and Yong-qing Li have investigated germination and coin-
ciding release of Ca2+-dipicholinic acid (CaDPA) of individual spores of different
Bacillus species Wang et al., 2011; Zhang et atl, 2010; Zhang 2011). They ob-
served that both the time to the start of CaDPA release (start of germination)
and the time period of CaDPA release (germination speed) increased in wet-heat-
treated spores. Although the germination process was analyzed in great detail,
subsequent outgrowth and vegetative growth were not investigated.

A study in which both non-treated as well as thermally treated wild-type
Bacillus subtilis spores were sorted individually in 96-wells of micro titer plates
after which individual wells were monitored over time for vegetative growth under
product-relevant conditions showed significant heterogeneity (Smelt et al., 2008).
Whilst the timing of germination, the germination duration itself, the time to
first vegetative doubling, as well as the initial generation times could not be
analyzed separately in this study, the method gave clear insight in the resulting
heterogeneity of the sum of the individual phases. In order to de-convolute the
process in these individual elements and thus enhance our mechanistic insight in
the regulation of spore ‘awakening’, live imaging techniques are required. Here
we describe the development of such a system.
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Phase-contrast microscopy allows us to observe at the single spore level the
process of germination by assessing the transition of spores from phase-bright to
phase-dark, their outgrowth by measuring the time interval between the phase-
dark formation and the first cell division, as well as vegetative cell divisions for
every individual cell of a population. Stringer et al. (2005) (Stringer et al., 2009;
Stringer et al., 2011) used phase-contrast microscopy to determine the relation
between different stages in germination and subsequent outgrowth of spores from
the anaerobically growing nonproteolytic Clostridium botulinum strain. Their
conclusion was that the distribution of the times to germination as well as out-
growth and subsequent growth, showed considerable increased variability. All
stages contribute to the overall variability in the observed lag-time with the time
to germination being most affected by a thermal stress. In a recent study, de Jong
et al. (2011) presented a method to mount cells from the aerobic spore former
Bacillus subtilis on a microscope slide and study their sporulation. The authors
reported only qualitative details on the growth of vegetative cells. Although, in
principle their method could be used to study the dynamics of growth and di-
vision of vegetative cells as well as germination and outgrowth of spores, their
paper did not address these interesting aspects. In addition, no quantitative vali-
dation of vegetative cell growth under the condition for live imaging versus those
prevailing in well-aerated shake flasks was performed. In this paper, we propose a
novel phase-contrast microscopy chamber that allows us to study at the individual
cell level the real time dynamics of spore germination, outgrowth, and vegetative
growth of aerobically growing. This closed air-containing chamber can optionally
be combined with fluorescence microscopy. The efficiency of our chamber was
assessed by measuring generation times of vegetative B. subtilis cells growing in
the chamber and comparing the values to those obtained for cultures growing in
conventional well-aerated shake flasks. Spore germination and outgrowth after
applying a wet- heat stress of 10 min 85◦C was also assessed in the proposed
chamber. Additionally, we present an image analysis tool, called “SporeTracker”,
for a detailed (semi-automated) analysis of spore germination, outgrowth, and
vegetative growth. This work builds on preliminary experiments (Ter Beek et
al., 2011) that we now elaborated in full describing all technologies including the
development of SporeTracker and the analysis of a specific thermal stress condi-
tion. The heat treatment significantly delayed the average start of germination
and significantly increased the average time of germination itself. However, the
outgrowth time and the generation time of vegetative cells, emerging from un-
treated and thermally injured spores, did not seem to be significantly affected.
We demonstrate that our closed air-containing chamber and image analysis tool is
suitable for the quantification of heterogeneous spore germination and outgrowth
of aerobic B. subtilis.
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3.3 Materials and Methods

3.3.1 Strain and Growth, Sporulation, and Germination Conditions

The strain used in this study was B. subtilis 168 laboratory wild- type strain
1A700 (trpC2 ). Exponentially growing cells were prepared from a single colony
in shake flasks in either undefined rich media: tryptic soy broth (TSB) and Luria-
Bertani (LB), or in a defined minimal medium as described previously (Kort et
al., 2005). The defined minimal medium was buffered with 3-(N-morpholino)
propanesulfonic acid (MOPS) to pH 7.4 (hereafter referred to as MOPS medium).
As carbon and nitrogen-sources, 10 mM glucose and 10 mM NH4Cl were used.
The optical density at 600 nm (OD600) was assessed in time to check whether
the cells were in the exponential phase. Cells in the early exponential growth
phase (OD600= 0.2) were used for shake flask and time-lapse microscopy experi-
ments (see below). The growth rate of liquid cultures grown in shake flasks was
calculated by measuring the OD600 in time from three biological independent ex-
periments. Spores were prepared in defined MOPS medium and harvested as
described recently (Abhyankar et al., 2011). Sporulation was induced by glu-
cose exhaustion and allowed for 96 h during which its efficiency was followed
using phase-contrast microscopy. The harvested spore crop contained 99.9% of
phase-bright spores and were stored in distilled water at 4◦C. All spores used
for germination and outgrowth experiments were first heat-activated in distilled
water for 30 min at 70◦C. Germination and outgrowth of heat-activated spores
was triggered in MOPS medium supplemented with 10 mM L-asparagine, 10 mM
glucose, 1 mM fructose, and 1 mM potassium chloride (AGFK). Wet-heat inac-
tivation of spores was assessed using the screw-cap tube method used by Kort
et al. (2005). In short, a 1 ml (heat-activated) spore suspension was injected
with a Hamilton syringe into a preheated metal screw-cap tube containing 9.0 ml
of distilled water. The tube was heated by immersing it completely in a glyc-
erol bath (85◦C for 10 min). After 10 min the tube was immediately transferred
to ice/water. Heat-inactivated and untreated spore suspensions were used for
time-lapse microscopy as described below.

3.3.2 Slide Preparation

A closed air-containing chamber, shown in Figure 3.1, was prepared by attaching
a 65 ml volume Gene Frame® (1.5X1.6 cm, Thermo Scientific) to a standard
microscope slide. A thin (∼160 µm), semisolid matrix pad (1X1 cm) with differ-
ent concentrations of growth medium was made by adding 1% agarose (Sigma-
Aldrich) to the medium in a 1:1 ratio and spreading the final solution onto a
siliconized glass cover-slip (24X32 mm, Thermo Scientific). Exponentially grow-
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ing vegeta- tive cells or spores (1µl) were loaded onto the pad and then the pad
was transferred upside down onto another glass cover slip (18X18 mm, Thermo
Scientific). This glass cover slip was placed on the Gene Frame® and pressure
was applied on the cover slip along the Gene Frame® for complete sealing. The
resulting chamber was used for time-lapse microscopy.

3.3.3 Time-lapse Microscopy

Time-lapse series were made by making use of a temperature-controlled boxed
incubation system for live imaging set at 37◦C and observing the specimens with
a 100X/1.3 plane Apochromatic objective (Axiovert-200 Zeiss, Jena, Germany).
Images were taken by a CoolSnap HQ CCD camera (Roper Scientific), using
Metamorph software 6.1 (Molecular Devices). Phase-contrast time-lapse series
were recorded at a sample frequency of 1 frame per 30 s or 1min for 4 to 5.5 h,
depending on the experiment. Maximally 9 different fields of view were recorded
in parallel per experiment. In each field of view, on average 12 isolated vegetative
cells or spores were identified and followed in time. This resulted in approximately
90 cells/spores at the start of imaging per experiment being analyzed. Three bio-
logical replicates and maximally nine technical replicates (recorded fields of view
on one slide) were performed for each condition.

Figure 3.1: Schematic picture of the top and side view of the designed
closed air-containing chamber for live cell imaging. A chamber was prepared
by attaching a Gene Frame®to a standard microscope slide and cover slip. A
thin, semisolid matrix pad (160 µm) of 1% agarose-medium was made. The pad
was loaded with exponentially growing vegetative cells or heat-activated spores. The
cover slip was placed in upside down position onto the Gene Frame®(See Materials
and Methods for details).
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3.3.4 Analysis with SporeTracker

The phase-contrast microscope recorded the complete sequence of spore germina-
tion, outgrowth and cell divisions of bacteria emerging from spores. B. subtilis
spores appeared as bright spots. As they germinated, their microscopic appear-
ance became phase- dark. To follow the germination and outgrowth process, and
subsequent cell division in time, the decrease in pixel intensity and increase in
area were analyzed, respectively. To that end,“SporeTracker”,
http://simon.bio.uva.nl/objectj/examples/ sporetracker/SporeTracker.htm. was
developed. This macro runs in combination with ObjectJ, http://simon.bio.uva.nl/
objectj., which is a plugin for ImageJ, http://rsb.info.nih.gov/ij..
SporeTracker is configured to measure the time to start of germination, the ger-
mination time itself (duration of phase- bright to phase-dark transition), the out-
growth time (from phase-dark to first division), as well as growth rates of vege-
tative bacteria emerging from the spores in any desired time frame; the program
generates the corresponding plots (Figure 3.2) and numerical output from any
number of movies. An important feature of Spore-Tracker is that the growth
plots can be used as a navigation panel, enabling live playback and exposing the
corresponding cell or colony while the cursor is dragged across a graphics plot.
An additional event that was thus noted was the identification of a ‘jump-like’ in-
crease in area during outgrowth, which was usually shown to coincide with either
the burst of the cell out of the spore coat (Figure 3.2) or loss of the coat.

The analysis is performed in three steps that can directly be invoked from the
menu. In the first step, the program automatically detects all phase-bright spores
in frame 1 (t=0) and marks them with non-destructive colored markers. The
researcher is free to change the threshold used to detect phase-bright spores and/or
to exclude any misjudged objects, manually. In the second step, the marked spores
are followed in time to detect any bright-to-dark transition indicating germination,
placing a second marker into the corresponding time frame. Germinating spores
were marked whenever the intensity of their center region fell below the initially
set threshold. The researcher is free to set a suitable threshold based on the
microscopical observations. All resulting intensity vs. time plots are stacked into
a single file, plus one extra frame holding the superimposition of all plots for quick
overview. The difference between settled intensities before and after transition is
defined as the ‘drop’ range, and the time needed to drop from 90% to 10% of the
entire drop range is used to characterize the transition speed. We define this event
as the germination event, generally presumed to cover the uptake of water and
expulsion of dipicolinic acid (Setlow, 2003). In the third step, the macro finds the
contour of the (out)growing cell/colony in each frame and measures the area in
time. All resulting log2(area) vs. time plots are stacked into a single file, plus one
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extra frame holding the superimposition of all plots for quick overview, similarly
as for the intensity vs. time plots. The outgrowth time is determined by marking
manually the time of first division minus the time of the end of germination.
The growth rate function of SporeTracker is used to calculate generation times
of each (emerging) cell growing into a microcolony from curve fits within time
windows that are defined manually. Generation times were calculated using the
time window from time of first division until the end of the linear part of the
log2(area) vs. time plot. At the time where a cell/colony would touch either
another cell/colony or the image boundary, the measurement is stopped. Spore-
Tracker runs in combination with plugin ObjectJ that maintains an integrated
spreadsheet-like table that holds linked parameters such as time point and speed
of germination as well as growth parameters. Columns in the table can be used
for sorting, qualifying and statistical analysis, while rows are actively linked to
the cell markers and allow back-and-forth navigation. Manual inspection using
the navigation panel is needed to confirm the results.

All separate stages of development from dormant spores to dividing vegetative
cells of control spores were compared with those of stressed spores and fitted
according to the most appropriate distributions, which were either normal or
log normal (data not shown). Differences in variance were tested with F-tests.
Depending on the results of the F-tests the appropriate t-tests were performed
to test differences in the average. The images from experiments with vegetative
cells as a starting point were analyzed to calculate their generation times by
using the growth function of SporeTracker as explained above. First, single cells
were each marked manually with a single object marker and their contour (area)
was measured in time. Next, the generation times of single cells growing into
microcolonies were calculated by fitting the linear part of the generated log2(area)
vs. time plots.

3.4 Results

3.4.1 Design and Validation of a Novel Closed air-containing Chamber for Live Cell
Imaging of Exponentially Growing Cells under Aerobic Conditions

To ensure unbiased growth conditions in which oxygen limitation does not im-
pede optimal growth, we have designed a novel closed air-containing chamber in
where the cells/spores are sandwiched between an agarose-medium pad and glass
coverslip. This cast has to fulfill four essential criteria: (i) oxygen availability
should be sufficient and the distance between the oxygen compartment and the
cells should be as short as possible, (ii) sufficient cell culture medium should be
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Figure 3.2: Dual plot showing spore germination and outgrowth of one
heat-activated B. subtilis 1A700 spore as analyzed with SporeTracker.
Above: Phase-bright to phase-dark transition, marked with a small circle at 90%
(start of germination) and 10% (end of germination) of the entire (pixel) intensity
drop range (brightness). Below: various snapshots at different stages of germi-
nation and outgrowth. The exponential growth phase (appearing linear in the log2
transformed plot of the measured area) is used to calculate the generation time. The
burst of the cell out of the spore coat is accompanied by a relative short and signifi-
cant increase in area (marked by the green circle). In SporeTracker, the cursor can
be dragged across such a plot to observe live the various phases of spore germination
and outgrowth and subsequent growth of the corresponding cell.

available, (iii) water from the culture medium should not evaporate to ensure
stable osmolality, and (iv) the cells have to grow in a monolayer, be immobilized
and close to the cover glass. Figure 1 shows the schematic picture of the top and
side view of the chamber that satisfies all above-mentioned criteria. Cells/spores
are sandwiched between the glass coverslip and a thin (160 µm) agarose-medium
pad to ensure immobilization and sufficient culture medium (criteria i and ii).
A spacer (Gene Frame®) between the glass coverslip and the glass slide forms a
small closed compartment filled with air preventing evaporation of water from the
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agarose- medium pad (criteria iii and iv). The here-described chamber allowed
long term time-lapse imaging with phase-contrast microscopy.

To validate the efficiency of the closed air-containing chamber, the generation
time of an aerobic bacterium (B. subtilis 1A700 vegetative cells) monitored by
phase-contrast microscopy was compared with the generation time of the same
cells grown in well-aerated shake flasks (Table 3.1). The time series of vegetative
cells were made using 2 type of different culture media that are frequently used
in microbiological research: (i) complex, undefined culture medium (TSB and
LB), which are often used in microbiological research, including spore germina-
tion and out- growth experiments (Smelt et al., 2008; Keijser et al., 2007), and (ii)
defined minimal medium (MOPS-buffered) frequently used in molecular physio-
logical characterization experiments (Kort et al., 2005; Hu et al., 1999; Neidhardt
et al., 1974; Ter Beek et al., 2008). Figure 3.3A, 3.3B, and 3.3C show the phase-
contrast still images of the first 90 min from the time series of 481 images (4 h) of
growing B. subtilis vegetative cells in TSB, LB, and MOPS medium, respectively
(see Movie S1, S2, and S3). To be able to observe clear cell division in complex
medium, the medium was diluted to 2.5% of its original standard concentration
(Fig. 3.3A and 3.3B). At higher concentrations of complex medium the cells grow
as filaments and no clear division was observed (data not shown). Compared to
2.5% complex medium, cells grown on 100% minimal MOPS medium were much
shorter (Fig. 3.3C). In order to facilitate the image analysis process for the calcu-
lation of generation times a program (macro) was written. This program defines
an image analysis process in ObjectJ, a plugin for ImageJ. This analysis routine is
part of our purposely-developed program “SporeTracker”and measures the area of
the growing cells in time (see Materials and Methods). The generation time mea-
surements of single cells grown into micro- colonies under the microscope and of
cells grown in shake flasks were compared (Table 1). The results clearly show that
the average generation times of single vegetative cells growing into microcolonies
in rich undefined media are in good agreement with the generation times obtained
in well-aerated shake flasks. The average generation times of cells grown under
the microscope on complex TSB and LB media were 23.8±2.0 min and 23.6±3.2
min, respectively. These are comparable to the generation times obtained for B.
subtilis cells grown in shake flasks (22.2±1.1 min for TSB and 21.6±0.9 min for
LB). Noticeably, for cells cultured under the microscope on 100% MOPS medium
a longer average generation time was measured (68.9± 4.3 min) as compared to
the generation time measured in shake flasks (54.4±0.6 min). Overall, our results
indicate that the novel closed air-containing chamber allows undisturbed growth
of the aerobic bacterium during time-lapse observation and the purposely-built
automated program allows accurate measurements of generation times of single
aerobically growing B. subtilis cells.
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3.4.2 Live Cell Imaging and Quantitative Analysis of Heterogeneous Spore Germi-
nation and Outgrowth

In this study we quantitatively analyze heterogeneity in the time to start of
germination, the germination time itself, the outgrowth time, and the time of
subsequent cell divisions of B. subtilis spores. As concluded above, the closed
air-containing chamber is good for the study of dynamics of aerobic bacteria.
Although spore germination does not require oxygen, it is a prerequisite for out-
growth and subsequent cell division. In our experiments we spotted 1 ml of a
solution of heat-activated (99.9.%) phase-bright spores of B. subtilis 1A700 (at a
concentration allowing for on average 12 isolated spores per microscopic view) in
the above-mentioned chamber and subsequently performed phase-contrast time-
lapse microscopy (see Movie S4). Heat-activation of spores (70◦C for 30 min) was
performed to enhance the initiation of germination, thereby decreasing the degree
of heterogeneity, and to kill any remaining cells. Figure 3.4 shows still images of
the first 5 h of germinating and outgrowing spores of B. subtilis 1A700 in defined
MOPS medium, supplemented with germination triggers 10 mM L-asparagine, 10
mM glucose, 1 mM fructose, and 1 mM potassium chloride (AGFK). The mix-
ture of AGFK is commonly used to induce germination via germination receptors
GerB and GerK (Eijlander et al., 2011; Setlow 2003, 2006 ). Three scenarios were
envisaged for subsequent events: (i) spores germinate (become phase-dark) and
grow out with time, (ii) spores germinate (become phase-dark), but do not grow
out, and (iii) spores remain dormant, meaning that they do not germinate for
long time periods even though they are triggered by germinants (super dormant
spores). Heterogeneity in spore germination and outgrowth is clearly observed
(Fig. 3.4). The spore marked in the square (Fig. 3.4A) becomes phase-dark
(Fig. 3.4B), grows out and forms a microcolony within 5 h (Fig. 3.4F). The spore
marked in the circle (Fig. 3.4A) germinates (Fig. 3.4B) but does not grow out
within the time frame of the experiment (Fig. 3.4F). The spore marked in the
triangle (Fig. 3.4A) remains phase-bright through- out the 5 h of the experiment
(Fig. 3.4F).

To easily quantify the time of the different stages of germination and out-
growth, and subsequent cell divisions, we developed an in- house semi-automated
macro SporeTracker (see Materials and Methods). The germination macro detects
the germination step by measuring the decrease in pixel intensity of the spore core
and gives brightness vs. time profile (Fig. 3.2). Outgrowth and subsequent veg-
etative growth was measured by measuring in time the increase in the number
of pixels with an intensity above background, i.e. measuring the increase in area
occupied by outgrowing spores and vegetative cells, respectively (Fig. 3.2). The
obtained results from SporeTracker are discussed below and all individual data
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can be found in Table S1.

Table 3.1: Mean generation time of B. subtilis 1A700 vegetative cells
grown under the microscope and in shake flasks in different mediaa.

Medium Concentration Mean generation time
Microscopeb Shakeflask(n = 3)c

TSB 2.5% 23.8±2.0(n = 97) 22.2±1.1
LB 2.5% 23.6±3.2(n = 91) 21.6±0.9

MOPS 100% 68.9±4.3(n = 115) 54.4±0.6

aMean generation time is give including the standard deviation.
bGeneration times from individual starting vegetative cells growing into microcolonies under
the microscope were calculated using SporeTracker (see materials and methods for
detail).The amount of individual starting cells analyzed and gathered from three independent
biological replicated is given in brackets.
camount of individual biological replicates is given in brackets.

3.4.3 Effect of a Thermal Stress on Spore Germination and Outgrowth

In order to test our system we assessed the effect of an environmental stress on
spore germination and outgrowth. The stress chosen was a thermal pasteuriza-
tion step, a preservation treatment that is regularly used in the food industry
to inactivate vegetative cells. To assess the effect of heat on germination and
outgrowth of B. subtilis 1A700 spores, heat-activated phase-bright spores were
wet-heat-stressed for 10 min at 85◦C. The stressed spores were then mounted
in the developed chamber and their development was followed over time (see
Fig. 3.5 and Movie S5). Heat-treated spores were still able to germinate and
grow out (Fig. 3.5F), however compared to non-heat-stressed spores, relatively
fewer spores seemed to germinate within the time frame of the experiment (Fig.
3.4F and 3.5F). Indeed, when all individual data are taken together (Fig. 3.6),
only 52.9% of heat-stressed spores germinated, while 94.0% of non-stressed spores
germinated. Additionally, also fewer spores (36.3% vs. 84.7%) grew out when ex-
posed to the thermal stress (Fig. 3.6). The different phases of germination,
outgrowth, and subsequent vegetative growth were analyzed in detail with Spore-
Tracker. The results show that the heat-treatment caused a significant difference
(P,0.05) in the average time and the distribution (variance) to the start of germi-
nation (Table 3.2, and Fig. 3.7A). The average germination speed (time needed
to go from a phase-bright to a phase-dark state) was also significantly delayed
(P, 0.05), however the variance of the distribution of the individual germination
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spores was not different (Table 3.2, and Fig. 3.7B). The average initiation of
germination in heat-treated spores was delayed by 19 min, and the speed of ger-
mination was slowed down by almost 2 min. Although stressed spores seemed
to need on average almost 10 min more to grow, this difference was not signifi-
cant (Table 3.2, and Fig. 3.7C). No significant difference was found in the mean
doubling time and variance after development to vegetative cells between control
and heat-treated spores (Table 3.2, and Fig. 3.7D). Overall, heat-treated spores
germinate and grow out less when compared to control spores (Fig. 3.6).
Our analysis further revealed that heat-stressed spores that do germinate are af-
fected in the starting time and duration (both delayed) of the germination process
(Table 3.2, and Fig. 3.7A and 3.7B). However, outgrowth and subsequent vege-
tative cell division does not seem to be significantly affected (Table 3.2, and Fig.
3.7C and 3.7D).

Figure 3.3: Time-resolved images showing growth and division of B.
subtilis 1A700 vegetative cells using different media. Exponentially growing
cells were spotted on 2.5% complex medium (TSB and LB shown in panel A and B,
respectively) and 100% defined minimal (MOPS-buffered) medium (C), and followed
in time using phase-contrast microscopy.
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Figure 3.4: Time-resolved images showing heterogeneous germination
and outgrowth of B. subtilis 1A700 spores on minimal medium. Heat-
activated spores (70◦C for 30 min) were spotted on 100% defined minimal (MOPS-
buffered) medium including AGFK and followed in time using phase-contrast mi-
croscopy. The spore marked in the square (Panel A) becomes phase-dark (germi-
nates) within 60 min (Panel B), grows out, and forms a microcolony (Panel F).
The spore marked in the circle (Panel A) becomes phase-dark (Panel B) but does
not grow out within 5 hours (Panel F). The spore marked in the triangle (Panel A)
remains phase-bright throughout the experiment (Panel F).
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Figure 3.5: .Time-resolved images of germination and outgrowth of heat-
treated B. subtilis 1A700 spores. Heat-activated spores (70◦C for 30 min) were
heat-treated for 10 min at 85◦C and spotted on 100% defined minimal (MOPS-
buffered) medium including AGFK and followed in time using phase-contrast mi-
croscopy for 5 hours (Panels A till F).

Table 3.2: Mean values and standard deviation of different stages of
germination and outgrowth of untreated and wet-heat-treated individual
B. subtilis spores a.

Mean±SDb Treatment
None Heat-treatment

(85◦C/10 min)
Start of germination (min) 63±56(n = 171) 82±68(n = 152)∗

Germination time(min 3.5±0.9(n = 171) 53±1.7(n = 151)∗†
Outgrowth time(min) 254±34(n = 72) 263±34(n = 19)
Generation time(min) 62±14(n = 87) 62±13(n = 20)

aSpores of B. subtilis 1A700 were heat-treated or not, then heat-activated and ger-
minated in defined minimal (MOPS-buffered)medium including AGFK, and various
germination and out-growth parameters of individual spores were calculated as de-
scribed in the Materials and methods.
b Mean time of different stages is given including the standard deviation. The amount
of spores/cells analysed from each stage and gathered from three independent bio-
logical repicates is given in brackets. The asterisk indicates that the mean of the
distributions between the stress and control experiment are significantly different (t-
test, P<0.05). The Daggers indicates that the variance of the distributions between
the stress and control experiment are significantly different (F-test,P<0.05).
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Figure 3.6: Heat-treated spores show a decrease in the overall number of
spores that are able to germinate and grow out within 5 hours. Movies
of heat (85◦C for 10 min) and un-treated spores (see Fig. 3.4 and 3.5 for details)
were analyzed with SporeTracker and the spores were scored (by additional manual
inspection) for their ability to germinate and grow out. The total number of spores
assessed in the control and stress condition was 218 and 325, respectively.

3.5 Discussion

Our newly made closed air-containing chamber described in this paper has proven
to be very useful for the observation of growth of single cells of aerobic bacteria
and for germination and outgrowth of individual spores. Figure 1 shows the closed
chamber, which is made by using a spacer (Gene Frame®). The chamber meets
four important criteria for good growth of bacteria and outgrowth of spores. One
important criterion is to minimize the evaporation of water from the medium
pad at 37◦C, thereby maintaining the osmotic balance in the chamber. While
the experiments discussed lasted on average around 5 h we have incubated in a
preliminary test, the chamber with cells for up to 24 h and observed no drying
of the agarose pad with cells (data not shown). Another important criterion of
the closed chamber is to ensure sufficient oxygen (air) needed for the growth and
outgrowth of bacteria and spores. The oxygen diffuses from the space in the
chamber into the pad towards bacterial cells and spores, while these are being
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Figure 3.7: Analysis of individual spores with SporeTracker shows that
germination and outgrowth times of heat-treated spores are affected.
Movies of heat-(85◦C for 10 min) and un-treated spores (see Fig. 3.4 and 3.5 for
details) were analyzed with SporeTracker. Frequency distributions of heat-treated
and control spores were calculated and are shown in red (outline) and green (solid),
respectively. Depicted are the frequency distributions of (A) the time to the start
of germination, (B) the germination time, (C) the outgrowth time, and (D) the
generation time of the outgrowing cells into a microcolony.

observed through the microscope. The third criterion is that the cells or spores
are sandwiched between the agarose-medium pad and glass cover slip. This im-
mobilizes the spores/cells on the pad so that they remain in focus throughout
the experiment while recording the images and can germinate and grow(out), in
monolayer form. Experiments with vegetative cells showed that identical growth
rates could be obtained under the microscope as in well-aerated shake flasks when
grown in complex media (TSB, LB) (Table 3.1). Only in minimal defined MOPS
medium a slightly longer generation time was calculated. The reason for this ob-
served difference is until now unclear. The transition from liquid cultures to agar
plates of Escherichia coli cells grown in rich medium has been described to cause
a stress (Cuny et al., 2007). Perhaps the transition for the cells taken from the
pre-culture (grown in shake flasks) to solid medium under the microscope is more
stressful when the cells are grown on minimal medium instead of on rich media.
This is also exemplified by the relative bigger standard deviation for the average
generation time for cells grown on MOPS medium (Table 3.1). Our experiments
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with vegetative B. subtilis cells showed that the cells have larger sizes when grown
in complex medium compared to the defined minimal (MOPS-buffered) medium
(Fig. 3.3). Noticeable too was the observation that higher amount of nutrients
present in the complex media lead to fast increase in cell biomass but not a similar
increase in cell division (data not shown). As a result, long chains of undivided B.
subtilis cells (filaments) were formed. This is a common phenomenon when cells
are grown in complex solid medium. Therefore, a lower percentage (2.5%) of the
original complex medium concentration was used to obtain clear division of cells
under the microscope. Weart et al. (2007) showed that the nutrients dissolved in
the culture medium have a strong influence on cell size through their influence on
glycolipid biosynthesis. Information on the nutrient concentration is sensed most
in that process and stimulates cells to grow in size until the appropriate mass is
reached. Weart and Levin suggested that high growth rate delays the tubulin-
like FtsZ assembly, the FtsZ ring formation, and subsequent cytokinesis (Weart
et al., 2007; Romberg et al., 2003), thereby delaying the division. High nutrient
levels hence result in a delayed cell division. B. subtilis spores are ubiquitously
present in foods, and since they may survive preservation treatments and grow
out in end- products, efforts are being made to eliminate or inactivate spores
of these bacteria from foods. Moist heat (85◦C for 10 min) is routinely used in
industry for inactivation in food products of vegetative cells and often leads to
spore injury (Smelt et al., 2008). Hence, before and/or during outgrowth spores
must first undergo repair of damage. Both protein denaturation and enzyme in-
activation have been associated with spore inactivation by wet heat (Wang et al.,
2011; Coleman et al., 2010; Warth et al., 1980). Our presented results of wet-
heat-treated spores are in line with the observations of Li and co-workers (Wang
et al., 2011) for germination of different Bacillus species, and of Stringer et al.
(2009)(Stringer et al., 2011) for germination of C. botulinum (Table 3.2, and Fig.
3.7). Time to start of germination and germination time were both affected (de-
layed). Outgrowth and subsequent vegetative growth from cells emerging from
heat-treated spores was not significantly changed in terms of the average and
frequency distribution. Inflicted damage caused by the heat treatment is likely
repaired during and/or before outgrowth, in where the spore becomes metaboli-
cally active. Although Stringer et al. (2009)(Stringer et al., 2011) observed in C.
botulinum that outgrowth is affected, the heat treatment mainly extended ger-
mination and they conclude that damage was quickly repaired and not evident
by the time the outgrowing cells started to double. Noteworthy, when compared
to the other investigated processes, the largest variation in the average (standard
deviation) is observed in the time to start of germination (Table 3.2). This might
indicate that heterogeneity within the population is intrinsically most apparent in
the time to start of germination, e.g. due to differences in the amount of germi-
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nation receptors per spore, rather than in the subsequent stages of germination,
outgrowth, and vegetative growth. This reasoning is in line with observations,
and their interpretation, reported by Zhang et al. (2010). The newly devel-
oped program SporeTracker, with its incorporated macros for analyses, allowed
for a comprehensive and efficient data analysis. The relevance of our analysis for
microbiological risk assessment of foods is significant as it is likely that spores
that have turned phase-dark are more likely to become metabolically active and
successfully repair damage. Modeling risk of food borne bacterial spores in the
context of food safety as well as spoilage is highly topical (Brul et al., 2012).
To calculate the growth rates of emerging cells from spores and vegetative cells
growing into monolayer-microcolonies SporeTracker determines the increase in
area over time. Total cell mass of the two-dimensionally growing microcolonies
was assumed to be proportional to area including inner gaps, which is only cor-
rect for large colonies. However, we felt we could apply this method already after
the first cell division, as the exponential curve fit remained typically better than
R=0.99. A disadvantage of determining the growth rate by this method is that
not the growth rate of each individual cell within the microcolony is determined,
but the average growth rate of the cells from the microcolony as a whole, ei-
ther started as a single vegetative cell or as a cell emerging from a single spore.
Importantly, we calculated in a few randomly picked experiments also growth
rates using manually determined cell-lengths of individual cells. These rates were
highly similar to the ones obtained by applying SporeTracker (data not shown).
In conclusion, with the use of single-cell analysis techniques we can enhance the
mechanistic basis of food preservation and spoilage models targeting bacterial
spores. The above-mentioned closed air-containing chamber and image analysis
method can be used for assessing the effect of different stresses, e.g. different acids
and temperature stresses on different stages of germination and outgrowth of the
bacteria. Currently we are extending our analyses to include the ratiometric as-
sessment of the dynamics of the internal pH of spores and resulting vegetative
cells using pHluorin (Miesenböck et al., 1998). In addition, we aim at developing
a micro-fluidics system that should allow for the change of growth media while
observing the spore population. Such developments should provide the means to
study the effect and dynamics of the response of B. subtilis spores and cells at the
single cell level, upon exposure to e.g. the common weak acid preservative sorbic
acid.
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4.1 Abstract

Tea is one of the most widely consumed beverages in the world and known for its
antimicrobial activity against many microorganisms. Preliminary studies have shown
that tea polyphenols can inhibit the growth of a wide range of Gram-positive bacteria.
However, the effect of these compounds on germination and outgrowth of bacterial
spores is unclear. Spore-forming bacteria are an aggravating problem for the food
industry due to spore formation and their subsequent returning to vegetative state
during food storage, thus posing spoilage and food safety challenges. Here we anal-
ysed the effect of tea compounds: gallic acid, gallocatechin gallate, Teavigo (>90%
epigallocatechin gallate), and theaflavin 3,3’-digallate on spore germination and out-
growth and subsequent growth of vegetative cells of Bacillus subtilis. To quantitatively
analyse the effect of these compounds, live cell images were tracked from single
phase-bright spores up to microcolony formation and analysed with the automated
image analysis tool “SporeTracker”. In general, the tested compounds had a sig-
nificant effect on most stages of germination and outgrowth. However, germination
efficiency (ability of spores to become phase-dark) was not affected. Gallic acid most
strongly reduced the ability to grow out. Additionally, all compounds, in particular
theaflavin 3,3’-digallate, clearly affected the growth of emerging vegetative cells.

Published: Rachna Pandey, Alexander Ter Beek, Norbert O. E. Vischer, Jan
P.P.M. Smelt, Robèr Kemperman, Erik M.M. Manders, Stanley Brul, Food Microbiol-
ogy, (2014) doi:10.1016/j.fm.2014.03.006. Supplementary materials can be found at
http://www.sciencedirect.com/science/article/pii/S0740002014000598
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4.2 Introduction

Tea (Camellia sinensis) is one of the most widely consumed non-alcoholic bever-
ages in the world. Its complex composition includes carbohydrates, amino acids,
proteins, alkaloids (caffeine, theophylline and theobromine), volatile compounds,
polyphenols, minerals, and trace elements (Bansal et al., 2013). Polyphenols,
particularly flavonoids, are the bioactive compounds associated with tea that are
considered to provide several health benefits, such as reduction of cholesterol and
obesity, as well as protection against cardiovascular disease and cancer (Dulf et
al., 2012; Khan and Mukhtar, 2007). The flavan-3-ols are the common flavonoids
in tea. On the basis of their degree of polymerization flavan-3-ols are divided
into three subclasses, i.e. monomers, dimers, and oligomers. The monomers in-
clude catechin compounds such as catechin, gallocatechin, gallocatechin gallate,
epicatechin, and epigallocatechin-3-gallate. The dimers comprise of theaflavins
such as theaflavin, theaflavin-3-gallate, and theaflavin-3,3’-digallate, whereas the
oligomers includes tannin derivatives of unknown structure (Bansal et al., 2013).

A major class of bioactive compounds of green tea is formed by the cate-
chins. They act as powerful antioxidants and are well known to be safe for human
consumption (Friedman, 2007). Hence this class of compounds has been part
of people’s diet for long time and is expected to have additional applications in
the food industry. Studies have been published on the beneficial effects of green
tea on human health (Nakayama et al., 2011; Yen and Chen, 1995). Usually,
green tea contains about 30-50 mg/L of catechins, i.e. about 10% of the tea dry
weight (Shigemune et al., 2012). Green tea extracts are also sold as nutraceuti-
cals, i.e. health-promoting dietary supplements (Lai and Roy, 2004). An example
is commercially available Teavigo, which is composed of epigallocatechin-3-gallate
(>90%), other cathechins (5%) and caffeine (<0.1%). Catechins are also known
for their antimicrobial activity against many microorganisms. Study has shown
that the catechins have stronger antibacterial effects on Gram-positive bacte-
ria than Gram-negative bacteria (Nakayama et al., 2008). The vegetative state
of spore forming bacteria is also affected by catechins (Friedman et al., 2006;
Nakayama et al., 2008). Hara-Kudo et al. showed that tea polyphenols have an-
tibacterial effects on Clostridium spores, however no effect was observed
in Bacillus cereus spores (Hara-Kudo et al., 2005). A detailed analysis of the
effects of these compounds on the time-to-start of germination, germination time
itself, and time to first division (outgrowth of bacterial spores) is not available.

Bacillus subtilis is an aggravating problem for the food industry as they form
dormant and stress resistant spores. If such spores survive preservation treat-
ments their germination and outgrowth allows them to return to the vegetative
state during food storage. Such events may thus lead to food spoilage (Ghosh
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and Setlow, 2009; Hornstra et al., 2009; Moir, 2003). To get to a better under-
standing of the effect of antimicrobial compounds on germination and outgrowth
inhibition we have recently reported on a novel tool to analyse the heterogeneity
in spore germination and outgrowth inhibition at the single spore level (Pandey
et al., 2013). Here our studies were aimed at a quantitative analysis of the ef-
fect of four different characteristic tea compounds on germination and outgrowth
of B. subtilis 1A700 spores at single cell resolution using live cell imaging. The
tea compounds were first screened by assessing their antimicrobial effect at the
population level in microtiter plates using optical density measurements. We
tested the catechins (flavan-3-ol monomer): gallocatechin gallate, and Teavigo
(>90% epigallocatechin-3-gallate) and one type of theaflavin (flavan-3-ol dimer):
theaflavin 3,3’-digallate. In addition we tested the effect of gallic acid, which
is a phenolic weak acid (pKa of 4.5) that is found in tea leaves both as a free
compound and as a component (gallate) of many flavan-3-ols.

4.3 Materials and methods

4.3.1 Strain and spore preparation

Spores of B. subtilis 168 laboratory wild-type strain 1A700 (trpC2) were used
throughout the study. Spores were prepared in a defined minimal medium buffered
to 7.4 with 3-(N-morpholino) propanesulfonic acid (MOPS) and harvested as de-
scribed before (Abhyankar et al., 2011; Kort et al., 2005). The harvested spore
crop contained more than 99.9% of phase-bright spores and was stored in distilled
water at 4◦C.

4.3.2 Tea compounds and germination conditions

Gallic acid monohydrate, (-)-gallocatechin gallate, Teavigo (>90% (-)-epigallo
catechin gallate), and theaflavin 3,3’-digallate were obtained from Sigma-Aldrich.
The spores used for germination and outgrowth experiments were first heat-
activated in distilled water for 30 min at 70◦C. Germination and outgrowth of
heat-activated spores was triggered in defined minimal (MOPS-buffered) medium
(pH 7.4) supplemented with 10 mM L-asparagine, 10 mM glucose, 1 mM fruc-
tose, and 1 mM potassium chloride (AGFK). To test the inhibitory effect of
different tea compounds, heat-activated spores were transferred to a microtiter
plate reader (MultiSkan FC, Thermo Fisher Scientific) containing defined minimal
medium (pH 7.4), supplemented with AGFK and different concentrations of tea
compounds. Microtiter plates were incubated at 37◦C and the optical density at
600 nm (OD600) was measured every 5 min for 16 hours under rigorous shaking.
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The following concentrations were tested: 15, 30, 60, 120 µM gallic acid and 2.5,
5, 10, 20, 40 µM gallocatechin gallate, Teavigo, and theaflavin 3,3’-digallate. Per
condition four technical replicates (wells in one microtiter plate) were used and
two different plate experiments were performed with one and the same spore crop.

4.3.3 Microscope-slide preparation and time-lapse microscopy

A closed air-containing chamber developed by us recently was used for phase-
contrast image acquisition (Pandey et al., 2013). In brief, a cast was prepared
by attaching a Gene Frame® to a standard microscope slide and cover slip. A
thin, semisolid matrix pad (160 µm) of 1% agarose-medium was made on a cover
slip. Defined minimal (MOPS-buffered) medium (pH 7.4), supplemented with
AGFK and containing no or different concentrations of tea compounds was used.
The following compounds were tested: 120 µM gallic acid, 40 µM gallocatechin
gallate, 40 µM Teavigo, and 40 µM theaflavin 3,3’-digallate. The pad was loaded
with 1 µl heat-activated (70◦C for 30 min) spores of OD600 7.9 and the cover slip
(containing the pad) was placed in upside down position onto the Gene Frame®.
The resulting chamber was used for time-lapse microscopy.

Time-lapse images were acquired by using a temperature-controlled boxed
incubation system set at 37◦C. The specimens were observed with 100X /1.3
plane Apochromatic objective (Axiovert-200 Zeiss, Jena, Germany) and images
were taken by a CoolSnap HQ CCD camera (Roper Scientific) using Metamorph
software 6.1 (Molecular Devices). Phase-contrast time-lapse series were recorded
at a sample frequency of 1 frame per 1 min for 8-10 hours. Maximally 9 different
fields of view were recorded in parallel per experiment and in each field of view,
on average 10 spores were identified and followed in time. This resulted in the
analysis of approximately 90 spores from the start of each imaging experiment.
Three different microscopy experiments for each stress condition and five for the
control condition, with maximally nine technical replicates (recorded fields of view
on one slide), were performed with one and the same spore crop.

4.3.4 Image analysis with SporeTracker

The phase-contrast microscope recorded the complete sequence of spore ger-
mination, outgrowth and cell divisions of bacteria emerging from spores. In
their dormant state B. subtilis spores appeared as bright spots. As the spores
germinated, their microscopic appearance became phase-dark. To follow the
germination and outgrowth process, and subsequent cell division in time, the
decrease in pixel intensity and increase in surface area were analysed, respec-
tively. To measure these parameters the image analysis tool “SporeTracker”,
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<http://simon.bio.uva.nl/objectj/examples/sporetracker/
SporeTracker.htm>, was developed (Pandey et al., 2013). This macro runs in
combination with ObjectJ, <http://simon.bio.uva.nl/objectj>, which is a plugin
for ImageJ <http://rsb.info.nih.gov/ij>. SporeTracker is configured to measure
the time-to-start of germination, germination time (duration of phase-bright to
phase-dark transition), the outgrowth time (duration from phase-dark to first
division), as well as the generation time of vegetative cells emerging from the
spores in any desired time frame. During outgrowth the emerging cell bursts
out of the germinated spore and sheds its spore coat. Additionally, the “burst
or shedding time” was introduced in SporeTracker and is defined as the duration
from the phase-dark stage of the spores until the time of burst or shedding of the
spore coat. The program generates the corresponding plots and numerical output
from any number of movies. Our recent article describes SporeTracker in detail
(Pandey et al., 2013).

All separate stages of development from dormant spores to dividing vegeta-
tive cells of control spores were compared with those of spores germinated in the
presence of tea compounds and fitted according to the most appropriate distri-
butions, which were log normal for the time-to-start of germination and normal
for the other stages (data not shown). All data of the stress experiments were
compared with the control conditions and differences in variance were tested with
F-tests. Depending on the results of the F-tests (significant difference in variance
when P<0.01) the appropriate t-tests (equal or unequal variance) were performed
to test differences in the mean.

4.4 Results

4.4.1 Effect of different tea compounds on germination, outgrowth, and subse-
quent vegetative growth of B. subtilis spores at the population level

Different concentrations of four tea compounds (gallic acid, gallocatechin gallate,
Teavigo, and theaflavin 3,3’-digallate) were screened in a microtiter plate reader
by measuring the OD600 of germinating and outgrowing spores in time. Fig.
4.1 displays different stages of germination, outgrowth of spores, and subsequent
growth and death of vegetative cells (confirmed by microscopy and counts of
colony forming units (data not shown)) in the absence and presence of various
concentrations of the four different tea compounds. These morphological stages of
germination and (out)growth have been analysed microscopically ((Keijser et al.,
2007) and coincides with our live imaging data (see further on). Spore germination
starts with the interaction of germinants with germinant receptors such as GerA,
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GerB and GerC (Setlow, 2003). During this process partial rehydration and
subsequent swelling of the spore core occur. Due to rehydration of the spore core
the refractive index of the germinating spore (OD600) drops. This initial small
drop in refractive index of the spore suspension with time can be seen within the
first 1 hour of the experiment. However, due to the low starting OD600 of 0.04
(which corresponds to an OD600 of 0.2 in a 1-cm-path-length spectrophotometer)
that we used, the drop is not that pronounced in the graphs of Fig. 4.1. After
germination, the bursting of the spore coat and the subsequent emergence of the
vegetative cell takes place (outgrowth). In the control condition this can be seen
as an approximate horizontal line at the lowered OD600 within the time frame of 1
to 3 hours. Finally, the OD600 becomes proportional to the number of vegetative
cells, which can be observed within the time frame of 3 to 8 hours, depending on
the conditions tested. The decline/death phase appears due to nutrient limitation
and can be seen in the time frame of 10 to 16 hours for the control condition.

Incubating B. subtilis spores in the presence of different concentrations of the
four tested tea compounds did not reveal any apparent differences in germination
behaviour when compared to the control condition (Fig. 4.1). This suggested
that the selected tea compounds have no clear effect on spore germination. How-
ever, gallocatechin gallate, Teavigo, and theaflavin 3,3’-digallate did clearly cause
more extended outgrowth phases with higher concentrations (Fig. 4.1B, 4.1C,
and 4.1D). Additionally, the maximum growth rate of vegetative cells emerging
from spores was increasingly affected (decreased) with higher concentrations of
gallocatechin gallate, Teavigo, and theaflavin 3,3’-digallate. Gallic acid concen-
trations up to 60 µM did not have a clear effect on germination, outgrowth, and
subsequent vegetative growth of B. subtilis spores (Fig. 4.1A). Although a higher
end-concentration (120 µM) of gallic acid was tested, the high absorbance of
the chemical itself (yellow colour in solution) disturbed the OD600 measurements
severely (data not shown). However, visual inspection of the microtiter plates af-
ter 16 hours of incubation did reveal (out)growth inhibition of the spores caused
by 120 µM gallic acid when compared to the control. To confirm if the inhibitory
effect was due to an antimicrobial effect of the tea compounds and not merely
because of a change in pH by adding the tea compounds, the pH of the cultures
was measured. No changes in pH were observed when spores were incubated in
defined minimal medium (buffered to pH 7.4 with 80 mM MOPS) and in the
presence of the selected tea compounds (data not shown). The results presented
here are in line with previous observations, which showed that polyphenols, and
especially catechins, inhibit the growth of vegetative cells and not germination of
spores of Bacillus species (Friedman et al., 2006; Hara-Kudo et al., 2005; Shige-
mune et al., 2012).
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Figure 4.1: Inhibitory effect of different tea compounds on the germina-
tion, outgrowth, and subsequent vegetative growth of B. subtilis 1A700
spores as measured in microtiter plates. Heat-activated spores (70◦C for 30
min) were cultivated in defined minimal (MOPS-buffered) medium (pH 7.4) includ-
ing AGFK and supplemented with various concentrations of gallic acid, gallocat-
echin gallate, Teavigo, and theaflavin 3,3’-digallate (panels AeD). The OD600 was
measured every 5 min for 16 h. Error bars indicate the standard deviation of four
technical replicates. Measurements of once every 30 min were shown after 5 h for
clarity reasons.

OD600 readings from cultures reflect the result of the sum of the individuals in
the whole population. In such studies it cannot be easily observed whether spe-
cific phases of germination and outgrowth are affected, and more importantly, how
homo-/heterogeneously the outgrowing spores respond to a given stress. There-
fore, we aimed at studying spore germination and outgrowth in more detail at the
single spore level for those inhibitory concentrations that showed a clear effect of
the tea compound on either of these processes (discussed below).
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4.4.2 Effect of different tea compounds on germination, outgrowth, and subse-
quent vegetative growth at single cell resolution

Using live cell imaging we assessed the effect of the selected tea compounds on
germination, outgrowth, and subsequent vegetative growth of B. subtilis at the
single spore level. The aim was to choose a concentration of each tea compound,
which showed a clear effect on the life cycle of B. subtilis from germination to
(out)growth (Fig. 4.1). Time-lapse microscopy was performed for 8 hours for
control conditions and 10 hours for stress conditions (see Fig. 4.2 and Movies
S1-S5 of the Supplementary Data). Spores were able to germinate and grow
out in presence of the tea compounds. Heterogeneity in spore germination and
outgrowth is clearly observed in all, including control, conditions (Fig. 4.2).
Not all spores germinate or grow out within the time frame of the experiment.
Vegetative growth (∼number of cells per microcolony) seems to be affected by
at least gallocatechin gallate and theaflavin 3,3’-digallate (Fig. 4.2). When all
individual data are taken together, the germination efficiencies of stressed spores
with tea compounds (ranging from 94.1% to 96.7%) was comparable to that of
unstressed spores (95.1%) ( Fig. 4.3). The ability of spores to grow out was
affected when spores were stressed with tea compounds. Fig. 4.3 shows that,
compared to unstressed spores (82.1% outgrowth efficiency), 120 µM gallic acid
(56.5%) had the largest effect whereas 40 µM Teavigo (80.9%) had the least effect
on the ability to grow out.

The different phases of germination, outgrowth, and subsequent vegetative
growth of stressed and unstressed spores were analysed in detail with Spore-
Tracker. The obtained results from all individual data can be found in Table S1
of the Supplementary Data. Interestingly, the results showed that 120 µM gallic
acid caused a significant effect (P<0.01) on the mean time and the variance of
the time-to-start of germination (Table 1, and Fig. 4.4). Gallocatechin gallate,
Teavigo, and theaflavin 3,3’-digallate stress caused no effect on the mean time,
but showed a significant effect on the variance of time-to-start of germination
(P<0.01). The germination time itself was hardly affected by the four compounds
(see Table 4.1 and Fig. S1 of the Supplementary Data). The variance of the ger-
mination time was only affected by Teavigo. Compared to the control (4.4±1.0
min), gallic acid, Teavigo and theaflavin 3,3’-digallate did cause a small, but sig-
nificant reduction in the mean germination time (4.0±1.0, 4.0±0.8 and 4.0±0.9
min, respectively). At this point we have no explanation why these compounds
would enhance the rate of germination. Both the burst/shedding time and the
time of outgrowth were clearly affected by all four tea compounds (see Table 4.1,
Fig. 4.5 and Fig. S2 of the Supplementary Data). All compounds significantly
extended the mean time needed for the spores to grow out (P<0.01). The spores
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Figure 4.2: Time-resolved images showing germination and outgrowth
of B. subtilis 1A700 spores in the presence of different tea compounds.
Heat-activated spores (70◦C for 30 min) were spotted on defined minimal (MOPS-
buffered) medium (pH 7.4) including AGFK and supplemented without (control) (A)
or with 120 µM gallic acid (B), 40 µM gallocatechin gallate (C), 40 µM Teavigo
(D), and 40 µM Theaflavin 3,3’-digallate (E). Germination and outgrowth was
followed in time using phase-contrast microscopy for 8-10 h.
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Figure 4.3: Effect of different tea compounds on the ability to germinate
and grow out. Movies of spores germinated in the presence and absence of tea
compounds (see Fig. 4.2 for details) were analysed with SporeTracker and the spores
were scored (by additional manual inspection) for their ability to germinate and grow
out. The total number of spores assessed in the control and stress conditions was
486, 264, 277, 426 and 286, respectively.

stressed with gallic acid, gallocatechin gallate, Teavigo, theaflavin 3,3’-digallate
needed on average 87.0 min, 49.2 min, 28.8 min, and 68.0 min, respectively more
time to grow out (Table 1). The variance of the burst/shedding time and time
of outgrowth were also significantly increased by gallic acid, gallocatechin gal-
late, and Teavigo, however not by theaflavin 3,3’-digallate. Finally, significant
differences were found for the mean doubling time and variance after develop-
ment to vegetative cells between cells exposed to the tea compounds and control
incubations (see Table 4.1 and Fig. 4.6).

In line with the microtiter plate results (Fig. 4.1) and previously published
data (Friedman et al., 2006; Hara-Kudo et al., 2005; Shigemune et al., 2012)
the analysis of data of individual germinating spores with SporeTracker revealed
a strong effect of the tea compounds on the outgrowth of spores and doubling
times of vegetative cells (Table 1). Not reported before, the time-to-start of
germination and the germination time itself are also significantly affected by the
tea compounds, but compared to the effects on vegetative cells, to a relative
lesser extent. Gallic acid is here an exception as it delayed the average start of
germination with more than a factor 2 (Table 1).
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Figure 4.4: Analysis of time-to-start of germination of individual spores
germinated in the presence of different tea compounds. Movies of heat-
activated spores germinated without and with gallic acid (A), gallocatechin gallate
(B), Teavigo (C), and theaflavin 3,3’-digallate (D) (see Fig. 4.2 for details) were
analysed with SporeTracker. Frequency distributions of time-to-start of germination
of spores in the presence and absence of different tea compounds were calculated and
are shown in red (outline) and green (solid), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

4.5 Discussion

B. subtilis spores are universally present in foods; they may survive preservation
treatments and grow out in end products leading to food spoilage. Hence efforts
are being made to eliminate or inactivate these bacterial spores from foods. Ger-
mination and outgrowth of spores ensures their return to vegetative cells, thus
posing spoilage and food safety challenges for the food industry. Tea compounds
may retard both these processes. In order to check the antimicrobial effect of
tea components we have studied four different tea compounds, namely gallic acid,
gallocatechin gallate, Teavigo, and theaflavin 3,3’-digallate with regard to their
effect on germination, outgrowth, and subsequent vegetative growth of B. sub-
tilis spores in detail. The performed experiments with populations in microtiter
plates clearly revealed an inhibitory effect of the tested tea compounds on the



66

Chapter 4: Quantitative analysis of the effect of specific tea compounds
on germination and outgrowth of Bacillus subtilis spores at single cell

resolution

Figure 4.5: Analysis of outgrowth times of individual spores germinated
in the presence of different tea compounds. Movies of heat-activated spores
germinated without and with gallic acid (A), gallocatechin gallate (B), Teavigo (C),
and theaflavin 3,3’-digallate (D) (see Fig. 4.2 for details) were analysed with Spore-
Tracker. Frequency distributions of outgrowth times of spores in the presence and
absence of different tea compounds were calculated and are shown in red (outline)
and green (solid), respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.

outgrowth of spores and doubling times of emerging vegetative cells (Fig. 4.1),
corroborating previously reported data (Friedman et al., 2006; Hara-Kudo et al.,
2005; Shigemune et al., 2012).

Since spore germination and outgrowth progression are often very heteroge-
neous it is exceedingly challenging to make predictions of microbial stability of
food products. Due to this heterogeneity it is difficult to pinpoint which phases
of germination and outgrowth are specifically affected by each tea compound.
Therefore it is necessary to analyse the behaviour of single spores/cells to quan-
tify the effect and degree of heterogeneity on each life cycle phase. The closed
air-containing chamber described in our recent article, has proven to be very
useful for the observation of growth of aerobic bacteria and germination and out-
growth of individual spores (Pandey et al., 2013). The newly developed program
“SporeTracker”, with its incorporated macros, allowed for comprehensive and effi-
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Figure 4.6: Analysis of generation times of cells emerging from individ-
ual spores germinated in the presence of different tea compounds. Movies
of heat-activated spores germinated without and with gallic acid (A), gallocatechin
gallate (B), Teavigo (C), and theaflavin 3,3’-digallate (D) (see Fig. 4.2 for details)
were analysed with SporeTracker. Frequency distributions of generation times of
cells emerging from individual spores in the presence and absence of different tea
compounds were calculated and are shown in red (outline) and green (solid), re-
spectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.

cient data analyses, which include time-to-start of germination, germination time,
burst or shedding time, time of outgrowth and generation time during microcolony
formation.

The variability between experiments of the same condition (stress and control)
was comparable. For instance, the coefficient of variation for the germination time
varied between 0.21 and 0.25 in the control condition (five experiments) and be-
tween 0.20 and 0.26 for gallocatechin gallate-stressed spores (three experiments).
Consequently, we did not find a significant difference for the germination time
of gallocatechin gallate-treated spores when compared to untreated spores (Table
1). The outgrowth and subsequent vegetative growth of cells emerging from tea
compound-stressed spores were significantly affected. The coefficient of variation
for the generation time of cells growing in the presence of gallocatechin gallate
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(0.13-0.18) was relatively higher than for the control condition (0.06-0.12). Our re-
sults clearly suggest that the tea compounds have effect on vegetative cells (Table
1). The previous studies indicate that catechins in tea may pass through the cell
wall, which is mainly composed of peptidoglycan (Vollmer et al., 2008) and bind
through hydrophobic interactions to the lipid bilayer (Ajiya et al., 2002; Caturla,
2003; Kajiya et al., 2008). This affinity for the lipid bilayer is characterized by
a number of factors such as the number of hydroxyl groups on the B-ring, the
presence of a galloyl moiety, which is located on the surface of the lipid bilayers,
and the stereochemical structure of the each catechin (Kajiya et al., 2008, 2004;
Kumazawa et al., 2004). Finally, a recently published article indicates the mode
of action of gallic acid against pathogenic bacteria (Borges et al., 2013). It showed
that the compound led to irreversible changes in membrane properties through
effects on membrane hydrophobicity, decrease of negative surface charge, and the
occurrence of local ruptures as well as pore formation with consequent leakage
of essential intracellular constituents (Borges et al., 2013). Theaflavins play an
important role as antioxidants, however at high dosage, theaflavins were shown
to be inhibitors of the ATP synthase and Complex I (NADH dehydrogenases) of
the respiratory chain of Escherichia coli (Li et al., 2012). Interestingly, we found
that the time-to-start of germination was affected by gallic acid (Table 1). Since
gallic acid (3,4,5-trihydroxybenzoic acid) is a weak acid (pKa of 4.5) its mode of
action might also involve lowering the intracellular pH and disturb the build-up
of a proton gradient in the germinating spore (Ter Beek and Brul, 2010). For
instance, Van Melis and co-workers showed that sorbic acid delays the germina-
tion and outgrowth of B. cereus spores (van Melis et al., 2011). However, very
limited data is available on the antimicrobial activity of gallic acid as a ‘classi-
cal’ weak organic acid. In addition, we speculate that gallic acid might interfere
with the interaction of germinant receptors, which are needed for the initiation of
germination. Further experiments are needed to evaluate these hypotheses.

In conclusion, the evaluated tea compounds have strong effects on the out-
growth and generation time of vegetative cells after their emergence from the
spores. It supports the idea that flavonoids found in tea have an effect on the
membrane and membrane constituents. Our results are in line with and corrob-
orate previously reported studies and extend the data to the level of single spore
analyses, thus facilitating the assessment of the heterogeneity in the response of
Bacillus spores to the presence of antimicrobial flavonoids present in tea. Hence,
this study can be directed toward possible application of tea compound as food
preservatives. A new and interesting observation is that germination, especially
the time-to-start of germination by gallic acid, is also somehow affected. For
future work linking the single spore analysis data to molecular stress physiology,
DNA microarray analysis can be performed on spores germinating in the presence
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of the antimicrobial compounds studied here. Microarray data can lead to the
identification of suitable stress response related genes that may be used for the
generation of fluorescent reporter proteins that can be engineered into B. subtilis
wild-type strains. Such strains will be instrumental in identifying the fraction and
importance of the population switching on the particular stress response (degree
of heterogeneity).
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5.1 Abstract

Bacillus subtilis spores are a problem for the food industry they are able to survive
preservation processes. The spores often reside in food products, where their inher-
ent protection against various treatments causes food spoilage. Sorbic acid is widely
used as a weak acid preservative in the food industry. Its effect on spore germination
and outgrowth has gained limited attention. Therefore, the effects of 3 mM sorbic acid,
heat-treatment at 85◦C for 10 min and a combination of both stresses on germination
and outgrowth of Bacillus subtilis 1A700 spores were analyzed at single spore level.
A closed air-containing chamber developed by Pandey et al. was used to quantify
the effects of the stresses on spore germination, outgrowth and subsequent vegeta-
tive growth phase of B. subtilis. SporeTracker is used here as an image analysis tool
to quantify the time to start of germination, germination time, outgrowth (time from
phase dark to first division), burst time (the time point at which a clear break in the
spore coat occurs), as well as doubling time of vegetative cells. The heat-treatment of
the spore population resulted in a germination efficiency of 46.8% and an outgrowth
efficiency of 32.9%. In the presence of 3 mM sorbic acid, the germination and out-
growth efficiency was 93.3% and 80.4% respectively whereas the combined heat and
sorbic acid stress led to germination and outgrowth efficiencies of 52.7% and 27.0%
respectively. The heat treatment clearly primarily affected the germination process,
while sorbic acid had an affect on the outgrowth and generation time.

Manuscript in preparation: Rachna Pandey, Gerard Pieper, Alex Ter Beek, J.P.P. Smelt,
Norbert O.E. Vischer, Erik M.M. Manders, Stanley Brul: Supplementary materials are
available upon request at the department of Molecular Biology & Microbial Food Safety, contact
s.brul@uva.nl
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5.2 Introduction

Spore-forming bacteria are a problem for the food industry as they may survive
many food preservation processes. Their spores can remain in a dormant, stress
resistant state for a long period of time. Spores originate from soil and are ubiq-
uitously present in for instance fresh vegetables, milk as well as ingredients for
processed foods such as herbs and spices or dairy products. Clearly, their inherent
protection against various antimicrobial treatments poses problems for microbio-
logical food stability. The possible germination of such bacterial spores present in
food products eventually causes food spoilage. Microbiological stability of food
products is therefore highly dependent on the successful inactivation of bacte-
rial spores. To that end the food industry is in search of innovative preservation
techniques, which produce microbiologically safe, stable, nutritious, tasty and
economically affordable foods. Complete thermal inactivation of microorganisms
in food products has become less popular, primarily due to the negative effects
on food quality and flavour (Hornstra et al., 2009; Leistner et al., 1995). Com-
binations of different preservation treatments (hurdles) are thus used in order to
achieve multitarget, often synergistic, effects thus leading to milder, but still fully
reliable, food preservation strategies.

Weak organic acids, such as sorbic acid and acetic acid, are commonly used
preservatives and are often combined with thermal treatments (Ter Beek et al.,
2010). These milder preservation treatments tend to fulfill customer demands
whilst ensuring microbiological stability. In order to expand their scope, insight
into effects at single cell level is highly desirable as genetically homogeneous popu-
lations often respond heterogeneously to antimicrobial treatments. Such data are
very important for the development of optimized predictions of bacterial growth
in food products. For sorbic acid, it is known that due to its moderately lipophilic
nature it can diffuse into and over the membrane. Inside the membrane, sorbic
acid can perturb normal membrane function, while in the cytosol the compound
can cause a decrease in pH and therefore affect normal cellular function (Ter Beek
et al., 2010). This provides a mechanistic hypothesis for the effects seen in veg-
etative cells. Unfortunately, it is still not clear if there is an effect of sorbic acid
on spore germination and outgrowth. However, at the population level Van Melis
et al. (2011) showed that at higher concentrations of sorbic acid, a reduction in
the drop of OD600 nm was seen for Bacillus cereus spores germinating in the pres-
ence of the weak organic acid versus those germinating in its absence. Hence this
indicates a delay in germination caused by the weak acids as food preservative.

It is known that dry and wet heat induces damage via different mechanisms.
On the one hand dry heat primarily causes DNA damage (Setlow, 2006), whereas
on the other hand wet heat causes protein denaturation in a nonspecific way,
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as was found using Raman spectroscopic techniques (Coleman et al., 2007). It
was shown by Pandey et al. (2013) that heat treatment delays time to start of
germination and increases the germination time, i.e. the time from phase bright
to phase dark. However, there was no effect on both outgrowth and generation
time of vegetative cells that emerged from the spores.

Sorbic acid is a known potent inhibitor of vegetative growth of bacterial cells
(Ter Beek et al., 2010). Therefore we expect that spores germinating in sorbic
acid containing medium will mostly be affected in outgrowth even though the
data of Van Melis suggest that also germination might be perturbed. The ef-
fect of heat will be most likely on the germination phases (chapter 3). Hence a
longer and more heterogeneous time to start of germination as well as germination
time may be expected. Because heat and sorbic acid have a different molecular
basis for their antimicrobial effect, their combination might result in synergistic
antimicrobial action. Prediction of bacterial growth can be complicated by the
natural heterogeneity that bacteria exhibit, especially if they are present in low
numbers. This heterogeneity occurs for example in the lag time between intro-
duction of the spores to the germinants and the moment germination is initiated.
This lag time can have great variation and is for example dependant on which
germinant is used and at what concentration (Zhang et al., 2010). Germination
is largely dependent on the amount of germination receptors present in the inner
membrane of the spore. On average, spores with higher levels of germination re-
ceptors germinate faster, though this is the primary cause for heterogeneity often
in start of germination (Zhang et al., 2013). The outgrowth can also be quite
heterogeneously distributed. Stringer et al. (2005) described the analysis of ger-
mination and outgrowth of Clostridium botulinum using single cell microscopy.
Previous research found that heterogeneity in spore germination and outgrowth
could be increased by treatment with common preservation strategies. While,
for example, a mild heat shock reduces heterogeneity in lag times of B. subtilis
spores (Smelt et al., 2008)., more severe heat treatments increase heterogeneity
and average duration of lag times both in B. subtilis and C. botulinum (Smelt et
al., 2008; Stringer et al., 2011). At the population level, increased heterogeneity
is observed in the outgrowth phase of Bacillus cereus spores when they are ger-
minated in the presence of 0.75 mM undissociated sorbic acid (den Besten et al.,
2012). This was tested by a time resolved measurment of the change in optical
density over time in microtitre plates. However, measurements of lag-time in a
micro-titre plate encompass the germination, outgrowth and vegetative growth
phase. Therefore they do not provide information either about variation within
each of these phases, nor about heterogeneity in behaviour of individual spores
within the population. The heterogeneity of the different germination and out-
growth phases of C. botulinum at single cell level was studied by Stringer et al.
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(2005) as mentioned above showed that there is no correlation between the dura-
tion of each of the different phases. The authors concluded that it is not possible
to use time to start of germination as a prediction for the duration of later phases
(Stringer et al., 2005).

In this chapter the three different stresses i.e. heat stress (85◦C for 10 min),
sorbic acid stress (3 mM) and a combination of heat (85◦C for 10 min) and sorbic
acid (3 mM) were studied for their effect on the different stages of spore germi-
nation and outgrowth. The analysis of the germination and outgrowth behaviour
of spores at single spore level will provide better insight in the population het-
erogeneity and mode of action of common preservation methods on spore forming
bacteria.

5.3 Materials and Methods

5.3.1 Strain, media, and germination conditions

Spores of B. subtilis 168 laboratory wild-type strain 1A700 (trpC2 ) were used
throughout the study. The spore crops were prepared in a defined minimal
medium buffered with 3-(N-morpholino) propanesulfonic acid (MOPS) to pH 7.4
and harvested as described before (Kort et al., 2005). After harvest spores were
stored in distilled water at 4◦C. The stored crops typically contained more than
99.9% of phase-bright spores. The harvested spores were first heat-activated
in distilled water for 30 min at 70◦C. For sorbic acid stress experiments, the
heat-activated spores were subsequently allowed to germinate on defined minimal
medium buffered with 80 mM of 2-(N-morpholino) ethanesulfonic acid (MES)
at pH 6.4, supplemented with 10 mM L-asparagine, 10 mM D-glucose, 1 mM
D-fructose and 1 mM potassium chloride (AGFK) as germinants. The experi-
ments were performed in the closed-air containing chamber described by Pandey
et al. (2013). For heat stress, the spores were heat-treated (see below) and then
(out)grown in defined minimal medium. For combined stress, the spores were first
heat-treated after heat-activation and then thermally treated spores were allowed
to germinate and grow out in sorbic acid containing minimal medium.

5.3.2 Heat treatment

Wet heat treatment was applied using the screw-cap tube method described by
Kort et al. (2005) which in brief is as follows. A metal screw-cap tube containing 9
ml of sterile water was preheated in a glycerol bath at 85◦C. Then a heat activated
spore suspension (1 ml) was injected with a 1 ml Hamilton syringe into the metal
screw-cap tube and the suspension was heated at 85◦C for 10 min and transfered
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it on ice-water. The heat-treated spore suspension was pelleted down at 4000 rpm
for 15 min at 4◦C and resuspended in sterile water. These heat-treated spores
were then used for stress experiments in time-lapse microscopy.

5.3.3 Microscope-slide preparation and time-lapse microscopy

A closed air-containing chamber developed by Pandey et al. (2013) was used for
phase-contrast image acquisition. In brief, a cast was prepared by attaching a
Gene Frame® to a standard microscope slide and cover slip. A thin, semisolid
matrix pad (160 µm) of 1% agarose-medium was mounted on a cover slip. The pad
contained defined minimal (MES-buffered) medium (pH 6.4), supplemented with
AGFK and was loaded with heat-activated and/or heat treated spores. Then the
cover slip (containing the pad) was placed upside down onto the Gene Frame®.
The resulting chamber was used for time-lapse microscopy. Cells were observed
with a 100X/1.3 plane apochromatic objective (Axiovert-200 Zeiss, Jena, Ger-
many). Images were captured with a CoolSnap HQ CCD camera (Roper Scien-
tific) connected to Metamorph software 6.1 (Molecular Devices). The following
conditions were tested: control (no stress), sorbic acid (3 mM), heat (85◦C for 10
min) and combination of both stresses. Two biological replicates and at least four
technical replicats were performed for each stress. Maximally 9 different fields of
view were recorded in parallel per experiment. Phase-contrast time-lapse series
were recorded at a sample frequency of one frame per min for 8-10 hours for con-
trol and sorbic acid stress whereas 15 hours observation time was chosen for heat
stress experiments. This resulted in the analysis of approximately 70-100 spores
from the start of each imaging experiment.

5.3.4 Data analysis with SporeTracker

To follow the germination and outgrowth process, and subsequent cell division in
time, the decrease in pixel intensity and increase in surface area were analysed,
respectively. To measure these parameters the image analysis tool “SporeTracker”,
<http://simon.bio.uva.nl/objectj/examples/sporetracker/SporeTracker.htm>,
was developed by Pandey et al. (2013) and used in chapter 3 and 4. This macro
runs in combination with ObjectJ, <http://simon.bio.uva.nl/objectj>, which is
a plugin for ImageJ<http://rsb.info.nih.gov/ij>. SporeTracker is configured to
measure the time to start of germination, germination time (duration of phase-
bright to phase-dark transition), the outgrowth time which includes duration from
phase-dark to first division and burst time (loss of the coat) to first division, as
well as generation time of vegetative cells emerging from the spores in any desired
time frame. The program generates the corresponding plots and numerical output
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from any number of movies. The different stages of development from dormant
spores to dividing vegetative cells in the presence of stress (sorbic acid, heat-
treated spore and combination of both) condition were compared with those of
spores germinated in control condition. A fit was made according to the most
appropriate distributions, which were log normal for the start of germination and
normal for the other stages (data not shown). Differences in variance were tested
with F-tests. Depending on the results of the F-tests the appropriate either t-tests
or Welch’s t-test (t-test with unequal variances) were performed to test differences
in the average. Germination and outgrowth efficiencies were tested with the χ2

test. For all statistical tests, a significance level of 0.01 was used. According
to Pandey et al. (2013) time to start of germination is log normally distributed
whereas other stages are normally distributed.

5.4 Results

The effect of sorbic acid, heat and a combination of both stresses was assessed on
germination and outgrowth of B. subtilis 1A700 spores. The spores were allowed
to germinate and grow out on agarose pads containing defined minimal medium
buffered with MES at pH 6.4. For heat stress, the spores were heated at 85◦C
for 10 min in a glycerol bath and were mounted on the developed cast. For
sorbic acid stress as well as the combined stress exposure, the heat-activated and
heat-treated spores respectively, were mounted on the developed cast with the
agarose pad containing the required amount of sorbic acid. Of all incubations
the spore germination and outgrowth profile was next followed over time. Figure
5.1 shows the still images of five different time points within a time frame of
8 hours for the control (only defined minimal medium buffered with MES at
pH 6.4), 3 mM sorbic acid, heat and the combination of both (Supplementary
movies S1,S2,S3,S4). Qualitatively the result can be summarized as follows. In
the control incubations most spores had already germinated after 120 min. After
240 min, the spores had already progressed through the outgrowth phase and
vegetative growth phase had begun. In the presence of 3 mM sorbic acid stress,
the germination process was similar to germination in the control condition, after
120 min most spores had germinated. However after 480 min, the micro colonies
of cells were much smaller than in the control condition. This indicates the sorbic
acid has an effect on outgrowth and/or vegetative cells. For heat stress, it is
clearly observed that after 240 min a high number of spores are phase bright,
which indicate the effect of heat on germination. This is similar for the combined
stresses, the spores stay phase bright for a longer period of time, but after 480
min the micro colonies are smaller as well.
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Figure 5.1: Time-resolved images showing heterogeneous germination
and outgrowth of B. subtilis 1A700 spore in control and stress condi-
tions. Heat-activated (70◦C for 30 min) and/or heat-treated spores (85◦C for 10
min) were spotted on defined minimal (MOPS-buffered) medium with or without
sorbic acid and followed in time using phase-contrast microscopy.

5.4.1 Quantitative analysis of germination and outgrowth efficiency

The effect of different stresses on the germination and outgrowth of B. subtilis
1A700 spores was assessed by SporeTracker. The germination and outgrowth ef-
ficiency, i.e. germinated, non-germinated spores and germinated and outgrown
as well as germinated but non-outgrown spores were compared for the control
and different stress treatments. The heat-activated spores were either directly
or after the described thermal inactivation treatment mounted on the developed
cast with or without sorbic acid in the agarose pad and followed for germina-
tion and outgrowth behavior over time (see Fig. 5.2 and Supplementary movies
S1,S2,S3,S4). The control and 3 mM sorbic acid experiments were continued for
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8 hours, whereas heat treatment experiments were continued for 15 hours. Figure
5.2 shows the germination and outgrowth efficiency of un-treared spores (control)
and heat, sorbic acid and combined stress on spores. Of the spores exposed to
control conditions, the germination and outgrowth efficiency is 94.1% and 88.6%
(83,3% of total) respectively. For spores germinating in the presence of 3 mM
sorbic acid stress the germination and outgrowth efficiency is 93.3% and 86.2%
(80.4% of total) respectively. This means that in both control and 3 mM sorbic
acid stress, about 6% of the spores did not grow out. Instead, these spores stayed
phase dark for the rest of the movie. In heat-treated spores, the germination effi-
ciency is 48.2% however the outgrowth efficiency is 67.3% (33.1% of total). Thus
there is a significant decrease in the germination and outgrowth efficiency as com-
pared to control. In combined stress (heat treated spores grown in 3 mM sorbic
acid) the germination efficiency is 53.7%, which is similar to the heat-treated
spores. But the outgrowth efficiency is only 51.3% (27.0% of total; p < 0.001),
which is lower than the heat-treated spores. Generally, the heat treatment (85◦C
for 10 min) greatly reduced the germination efficiency of B. subtilis spores. Weak
acid stress in the form of 3 mM sorbic acid had no influence on both germination
and outgrowth efficiency, however heat-treated spores germinating in the presence
of 3 mM sorbic acid showed an even more decreased outgrowth efficiency than
heat treatment alone, indicating a synergistic effect of sorbic acid and heat.

5.4.2 Germination heterogeneity

In phase contrast microscopy, spore germination is divided in two phases, the time
to start of germination and the germination time. The time to start of germination
was characterised by the time when the spore starts to become phase dark. The
germination time is defined as the time required by the spore to transform from
phase bright to phase dark. This occurs by the rapid release of CaDPA and uptake
of water, which causes a steep decrease in the spore’s phase contrast intensity. In
our study we could not analyse the germination time for all spores as at the first
point of image acquisition 50% of the spores had already germinated during the
time required for sample preparation.

Figure 5.3 shows the time to start of germination of the spores. Spores sub-
jected to sorbic acid stress, the mean and variance of the time to start of ger-
mination is unaffected. In heat stressed spores, the mean is affected but not the
variance whereas upon exposure to combined stress, the mean and variance both
are affected (Table 5.1). Figure 5.4 shows the effect of different stresses on the
germination time of the spores. As observed previously (Pandey et al., 2013), the
heat treatment (85◦C for 10 min) significantly delayed the germination time by
about half a minute (Fig. 5.4; Table 5.1). In the presence of 3 mM sorbic acid an,
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Figure 5.2: Quantitative analysis of germination and outgrowth effi-
ciency of heat, sorbic acid and combined stress on spores. Result show a
decrease in the overall number of spores that are able to germinate and grow out
within 8 and 15 hours. Movies of un-treated, heat-treated (85◦C for 10 min), sorbic
acid stressed and combined stressed spores were analyzed with SporeTracker and the
spores were scored for their ability to germinate and grow out. The total number of
spores assessed in the control and stress condition was 288 (control), 373 (3 mM
KS-treated spores), 238 (heat-treated spores), and 366 (heat + 3 mM KS-treated
spores) respectively. Asterisks indicate significance difference (χ2, p<0.01).

albeit minor, trend towards faster germination was observed (Fig. 5.4B, Table
5.1).

The variance in germination time of heat and sorbic acid treated spore popu-
lation is not significantly different from the control. The spores subjected to the
combined stress have a significantly wider variation than the 3 mM sorbic acid
stressed spores (Fig. 5.4B).

In conclusion, the germination phases of the spores were primarily affected
by the heat treatment as the heat stressed spores took longer time to initiate
germination and the generation time is delayed by half a minute. Sorbic acid has
no effect on both the time to start of germination and germination time.
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Figure 5.3: Analysis of individual spores with SporeTracker. The time to
start of germination is not affected by the presence of sorbic acid. Heat treatment
does delay the germination onset. The spore population subjected to a combined
treatment of sorbic acid and 10 minutes 85◦C behaves similarly to those subjected
to only the thermal treatment. Movies of un-treated, heat-treated (85◦C for 10 min),
sorbic acid and combined stressed spores (see Fig. 5.1 for details) were analyzed with
SporeTracker. Frequency distributions of control, heat-treated, sorbic acid stress and
combination of both stresses on spores were calculated and are shown in black bars.
The total number of spores assessed in the control, heat-treated spore, sorbic acid,
and combination of both the stress were 223, 99, 285 and 146 respectively. The time
resolution of the bins is 20 minutes and the first bin also contains those spores that
had already germinated before the first observation time point

5.4.3 Outgrowth heterogeneity

The phase between the end of germination and the first cell division is termed as
outgrowth. In this phase the spore restarts its metabolism, repairs DNA damage
and resume vegetative growth. The thermal treatment had no effect on spore’s
outgrowth. In heat stressed spores, the mean outgrowth time was unaffected while
its variation was increased. A small number of cells are characterised by a longer
outgrowth time. 3 mM sorbic acid significantly increased the mean and variation
of the outgrowth phase (Fig. 5.5, Table 5.1). The combined stress (heat and 3
mM sorbic acid) showed a strong effect on outgrowth as it significantly broadened
the distribution (population heterogeneity).
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Figure 5.4: Analysis of individual spores with SporeTracker shows that
germination time of bacteria treated with heat, sorbic acid and combined
stress are affected. Movies of un-treated heat-treated (85◦C for 10 min), sorbic
acid stressed and combined spores (see Fig. 5.1 for details) were analyzed with
SporeTracker. Frequency distributions and average of germination time of bacteria
in control, heat-treated, sorbic acid stress and combination of both stresses were
calculated and are shown in A and B. Asterisks indicate a significant difference in
the population (P<0.001)

Outgrowth time can be further divided. During the outgrowth phase the
shedding of the spore coat and emergence of vegetative cells is observed. This
process requires the hydrolysis of the spore cortex peptidoglycan by cortex lytic
enzymes and the breakdown of the spore coat (Sabja et al., 2011). Sometimes a
jump is observed in graphs of the OD600 plot generated by SporeTracker (Pandey
et al., 2013). This indicates the bursting of the spores (emergence from the coat)
generally, but not always, coupled to the removal of coat remnants. On occasion
the coat was not completely separated into two different halves, which led to the
ends of the outgrowing cell being stuck in the non-separated halves and therefore
growing in a circular way. It must be noted that this break/burst may not always
be observed which is likely dependent on the position of the spore to the lens. In
summary, the outgrowth time was further sub-divided in to two different phases.
First, the time from the end of germination to the burst time and secondly the
time from the spore coat burst to the first cell division.

All stresses prolonged the time of end of germination to the time point of spore
burst. Sorbic acid (3 mM) and heat stress (85◦C for 10 min) prolonged the mean
duration, while both the stresses had no effect on the variation (Table 5.1). The
combined stresses had an synergistic effect on the time of the end of germination
to the burst time, increasing both the mean and its variation more than either
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Figure 5.5: Analysis of individual spores with SporeTracker with re-
spect to their outgrowth time. Compared to control spores, the thermally treated
spores, spores germinating in the presence of sorbic acid as well as those subjected
to a combined treatment are all affected. Heat has no effect on the mean but does in-
crease the heterogeneity. Movies of un-treated heat-treated (85◦C for 10 min), sorbic
acid stressed and spores subjected to a combined treatment (see Fig. 5.1 for details)
were analyzed with SporeTracker. Frequency distributions of their outgrowth time
were calculated and are shown in black bars. The total number of spores assessed
was 142, 67, 168 and 94 respectively.

of the stresses on their own (Table 5.1). This differs for the time of burst time
to the first cell division. Here 3 mM sorbic acid and the combined thermal and
sorbic acid stress increased the time of spore burst to the first cell division (Table
5.1). All stresses caused significant increase in the variation of time of burst time
to the first cell division. It should be noted that an increase in time from the end
of germination to the burst time and the time from the burst time to the first cell
division under sorbic acid stress might have been expected, because they are both
part of the outgrowth phase which was overall prolonged with 3 mM sorbic acid.

An interesting observation in the control condition is that there is no correla-
tion between the time from the end of germination to the burst time and the time
from the burst time to the first cell division (Fig. 5.6; R2=0.046). This means that
an increase in time from the end of germination to the burst time does not mean
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a similar increase in time from the burst time to the first cell division. Thus, an
increase in either of the phases does not automatically have to lead to an increase
in the time of outgrowth. The small but significant increase in time from the
end of germination to the burst time by heat stress could therefore be masked by
shorter durations of burst time to the first cell division and cannot be seen in a
longer outgrowth duration.

In conclusion, the 3 mM sorbic acid stress has increased mean and variation of
time of outgrowth. Heat stress did not increase the mean of the time of outgrowth
but showed an increased effect on the variation. Similarly, the combined stress as
compared to 3 mM sorbic acid did not alter the mean time of outgrowth, but the
variation has increased within the population. All stresses increase the time from
the end of germination to the burst time, with a synergistic effect between heat
and 3 mM sorbic acid. The effect of the different stress on the burst time to the
first cell division is more similar to the time of outgrowth, as only 3 mM sorbic
acid caused a significant increase in the time of this phase.

5.4.4 Generation time heterogeneity

After the outgrowth phase the cell resumes normal growth. SporeTracker calcu-
lates the generation time by measuring the increase in surface area of the micro
colonies. The spores in control conditions showed a generation time of 52.37±7.11
min. Heat stress did not increase the mean of the generation time significantly
(Fig. 5.7. Table 5.1) however its variation was rendered significantly different.
In the presence of 3 mM sorbic acid and under a combined stress regime, the
generation time was significantly increased by 50% with a difference in both its
mean and variation (Fig. 5.7; Table 5.1). The generation time appears to be
the least affected by the heat stress as it did not affect the average generation
time. Indeed, the shapes of the distributions of the generation time of the control
and heat treatment were very similar and those of the 3 mM sorbic acid exposed
as well as spores exposed to a combined heat and sorbic acid stress are similar.
On the other hand, both 3 mM sorbic acid and the combined stress showed an
increase in the average generation time.

5.5 Discussion

In this study phase contrast microscopy was used to analyse the effect of sorbic
acid and/or heat stress on the germination, outgrowth and vegetative growth of
B. subtilis spores at single spore level. This method allowed us to assess the
impact of the stress on the various phases of spore ‘awakening’ i.e. germination
and outgrowth phases. We thus analysed the time to start of germination, the
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Figure 5.6: Correlation between time to end of germination to burst
time and time from burst time to first cell division (Tcd1). Analysis of
individual spores with SporeTracker shows that there is no correlation between time
to end of germination to burst time and time from burst time to first cell division
(Tcd1) for spores germinating under control conditions. Movies of the un-treated
spores (see Fig. 1 for details) were analyzed with SporeTracker. An R2 value of
0.046 was found (n=107).

germination time, the outgrowth time, which contained the time from the end of
germination until the burst time and the time from spore burst until the first cell
division, and finally the generation time. In addition to determining the average
timing we could measure the level of heterogeneity for each. Heat treatment
(85◦C for 10 min) largely affected the germination phases of B. subtilis spores.
The thermal stress reduced the germination and outgrowth efficiency whereas it
increased the time to start of germination and the germination time. 3 mM sorbic
acid mostly affected the outgrowth and generation time of emerging vegetative
cells, increasing both the mean duration and the heterogeneity in these phases.

At the molecular level, germination is a three steps process. Adequate levels of
functional proteins are a prerequisite in the spore (Setlow, 2003). The first step is
the recognition of germinants by their corresponding germination receptors. The
second step is the release of CaDPA, for which the SpoVA protein is needed. This
process starts with an initial slow release of CaDPA, thereby activating cortex
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Figure 5.7: Analysis of individual spores with SporeTracker shows that
generation time of cells subjected to heat, sorbic acid and combined
stress regimes are affected. Movies of un-treated heat-treated (85◦C for 10
min), sorbic acid stressed spores and spores subjected to a dal stress regime (see
Fig. 1 for details) were analyzed with SporeTracker. Frequency distributions of the
generation times measured were calculated and are shown in four different bars.
Asterisks indicate a significant difference in the population (P<0.001)

lytic enzyme CwlJ, which is sensitive to either exogenous or endogenous CaDPA.
Hydrolysis of cortex peptidoglycan by CwlJ in turn triggers fast CaDPA release
and a drop in spore intensity(OD600nm) (Kong et al., 2010; Sabja et al., 2011).
Third is the further hydrolysis of the cortex by cortex lytic enzymes CwlJ and
SleB (Setlow, 2003). Heat may well induce the denaturation of (some of) these
proteins needed for germination. In this way the thermal treatment with wet-heat
may cause both a reduction in germination efficiency and for those spores that
do germinate in the time to germination start. First of all, heat treatment could
reduce the amount of functional germination receptors in the inner membrane.
This would lead to an increase in the time to start of germination (Stewart et
al., 2012; Zhang et al., 2013; Smelt et al., 2008; Wang et al., 2011). Due to the
random aspect of heat inactivation, an increase in heterogeneity of the observed
times to start of germination might also emerge.
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Interestingly, in our study, such increase in heterogeneity in the heat-treated
spore population was not observed. The reason for this might be technical rather
than biological. Cells growing out of heat-treated spores grow normally. This
means that over duration of 15 hours often the field of view was completely over-
grown with vegetative cells, making it impossible to determine the germination of
a lot of late germinating spores. This makes the distribution appear more homo-
geneous. Therefore, for better analyses the effect of heat treatment on the time
to germination over longer time periods one could include for instance chloram-
phenicol in the medium to stop outgrowth and further vegetative growth. The
antibiotic has no effect on the germination event itself (Smelt et al., 2008).

The increase in germination time could be explained by increased denatura-
tion of either the SpoVA protein, which is an important component of the CaDPA
channels or the cortex lytic enzyme CwlJ. Previously it was shown that the over-
expression of SpoVA did not decrease the time required for the fast drop in optical
intensity under phase contrast microscopy due to CaDPA release (Wang et al.,
2011). However, a decrease in duration of the initial slower CaDPA release was
observed, thus decreasing the overall germination time. In the current study no
distinction was made between different parts of germination as described in pre-
vious publications of the combined groups of Setlow and Li (Zhang et al., 2010;
Wang et.al., 2011; Wang et.al., 2011), but germination was considered to be the
overall time between the steady intensities before and after germination. It could
therefore very well be possible that a decrease in functional SpoVA could reduce
the overall germination time and thus be in line with these observations. Finally
it was previously shown that spores without the gene coding for the spore cortext
lytic enzyme CwlJ have a slower germination phase as well (Wang et al., 2011).
Therefore, reduction of functional SpoVA and CwlJ caused by heat-treatment
could account for the increase in germination time.

In this study, the 3 mM sorbic acid stress has no effect on the germination or
outgrowth efficiency, as well as on the germination process. This is in contrast
with previous results published by van Melis et al. (Van Melis et al., 2011).
At the population level, Van Melis et al. showed that at higher concentrations
of sorbic acid, a slower drop in OD600nm was seen after introduction of Bacillus
cereus spores to germinants. Thus, van Melis et al. concluded that sorbic acid
has an effect on germination. It should be noted though that they used higher
concentrations of protonated sorbic acid (HSA) than was used here. Here, 3 mM
sorbic acid stress did have a large influence on the duration of the outgrowth phase
and generation time. This might help in explaining sorbic acid effects seen at the
population level by for example den Besten et al. (den Besten et al., 2012), who
showed an increase in heterogeneity in time until detection in microtitre plates
with B. cereus upon germination in 0.75 mM HSA. This increase in heterogeneity
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is thus likely caused solely by the effect of sorbic acid on (out)growing cells, and
not by any effect on the germination itself.

In most cases, the germination or outgrowth phase was affected by either of
the treatments. Under a combined stress regime, the effect of either treatment
was generally seen. For example, the combination of heat and 3 mM sorbic acid
did increase the average and the variance of the duration of the outgrowth phase.
This was not significantly different from the increased time of outgrowth caused
by the 3 mM sorbic acid stress on the one hand and the increase in variance
caused by only the heat treatment on the other hand (Fig. 5.5). This effect
can be explained better by using the coefficient of variation as a measure of in-
crease in heterogeneity. Though heat treatment increased the absolute variation
compared to control and the combined treatment increased the absolute varia-
tion compared to the 3 mM sorbic acid stress. In both cases the coefficient of
variation was increased with a similar factor. Therefore synergy is not very obvi-
ous. A true indication for synergy would have been for instance an extra increase
in outgrowth duration in the combination treatment or an extra increase in its
heterogeneity. For three of the germination and (out)growth phases it was found
that the coefficient of variation was similarly increased by the heat and combined
treatments. This was the case for the outgrowth time, the time of burst until the
first cell division and the generation time of vegetative cells. All three have in
common that they were primarily affected by sorbic acid (Table 5.1). Synergism
between heat and sorbic acid was found in the data on outgrowth efficiency (Fig.
5.2). It was observed for the time from the end of germination to the spore burst
time. Here the additional presence of sorbic acid decreased the percentage of
outgrown spores more than heat-treatment alone. In both control and sorbic acid
stressed conditions about 6% of the germinated spores did not grow out. Failure
in initiating early outgrowth processes (Keijser et al., 2007) or breakdown of the
spore coat, thereby preventing elongation, are possible options. Transcriptome
analysis of germinating and outgrowing spores has shown that processes related
to outgrowth take place at a slower rate under sorbic acid stress. No mechanistic
data is available about the effect of heat on early outgrowth processes, though the
initial increase could be explained by the cell repairing damage received during
heat treatment. Because sorbic acid causes early outgrowth processes to slow
down, it can be expected that the repair of heat induced damage under sorbic
acid stress would take longer as well. However, the data presented here does not
give clear information about whether the weak acid stress causes the cell to cope
worse with heat induced damage, or whether heat damage causes the cell to cope
worse with the weak organic acid preservative stress. It is likely that both of
the synergistic effects observed here are intertwined, as both decreased outgrowth
efficiency and increased the time from the end of germination to the spore burst
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time point indicate that the cell has trouble with the initiation and execution of
early outgrowth processes.

Future research should focus on elucidating the molecular effects of combined
preservative methods on germinating and outgrowing spores. To gain more insight
in the ‘dynamic range’ of the stresses used in this study, increasing concentrations
of sorbic acid, stress temperatures, thermal treatment times or combinations of
heat and weak organic acid stress should be studied to see in what measure the
effects seen here increase with increased stress levels. Spores in food products are
under constant stress of a combination of different preservative systems such as
weak acids i.e. acetic acid, sorbic acid and other/or preservatives. It is therefore
very relevant to quantify the effects of a preservation regime in which a physical
(thermal) stress is combined with preservative stresses at the level of single spores
with respect to their germination and outgrowth behaviour. This provides rele-
vant information about the heterogeneity in different phases of germination and
outgrowth of spores, which leads to a better understanding of the behaviour of
bacterial spore formers and should steer the development of growth model rele-
vant to food products. An important parameter is a GFP resolved measurement
after internal pH as direct method to investigate whether heat treatment causes
the outgrowing cells to cope worse with sorbic acid stress. This can be done
with fluorescence microscopy using a pH sensitive green fluorescent protein called
pHluorin (Miesenböck et al., 1998). Expression of this protein in the spore al-
lows ratiometric pHi assessment thus facilitating a time resolved measurement of
the internal pH during different stages of germination and outgrowth. The de-
velopment of single cell pHi measurements is presented and discussed in chapter
6.
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6.1 Abstract

To monitor the intracellular pH (pHi) of Bacillus subtilis cells during its growth phase,
an improved version of the genetically encoded ratiometric pHluorin (IpHluorin) was
used. The new version of IpHluorin showed an approximate 40% increase in fluores-
cence intensity per cell. The gene encoding IpHluorin which was expressed from the
native B. subtilis promoter and specifically active during vegetative growth on glucose
(PptsG). Ratio imaging was set up and allowed us to resolve the population data at
single cell level. A calibration curve comparing the fluorescence ratio with pH was
obtained at an external pH range of 5.0 to 8.5 with uncouplers that breakdown the
transmembrane pH difference. B. subtilis cells were stressed with 3 mM sorbic acid
(KS) and 25 mM acetic acid (KAc) in a chemically defined medium (MOPS). In the
presence of sorbic acid a decrease in pHi and increase in generation time of growing
cells were observed. Similar effects were observed when cells were stressed with
acetic acid but at a higher concentration (25 mM). This shows that sorbic acid (KS)
lowers the pHi more effectively than acetic acid (KAc). Cells with a lower pHi all
showed a lower growth rate.

Manuscript in preparation: Rachna Pandey, Norbert O.E. Vischer, Jan P.P.M. Smelt, Win-
nok H. De Vos, Alex Ter Beek, Stanley Brul, Erik M.M. Manders; Supplementary materials
are available upon request at the department of Molecular Biology & Microbial Food Safety,
contact s.brul@uva.nl
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6.2 Introduction

The food industry uses different preservation techniques to ensure that manu-
factured foods remain safe and unspoiled for long periods of time. Weak acids
such as sorbic acid, acetic, lactic and benzoic acid are commonly used as food
preservative in the food industry. These molecules inhibit the outgrowth of both
bacterial and fungal cells (Krebs et al., 1983). Sorbic acid and its salts inhibit
the growth of various bacteria, including sporeformers, at various stages of their
life cycle (germination, outgrowth and cell division)(Sofos et al., 1986). The weak
acids inhibit the growth of microorganisms in a number of ways such as mem-
brane disruption, inhibition of essential metabolic reactions (Bracey et al., 1998;
Krebs et al., 1983), stress on intracellular pH homeostasis and the accumulation
of toxic anions ( Bracey et al., 1998; Eklund 1985). Studies by Holyoak et al.
(1996) and Bracey et al. (1998) showed that in yeast the inhibitory action of
weak acid preservatives could be an energetically expensive stress response. The
attempts to restore homeostasis resulting in a drop of available energy pools for
growth and other essential metabolic functions. In nature, microorganisms have
evolved different resistance mechanism to combat the weak organic acid effect.
For example Saccharomyces cerevisiae have an efflux system, presumably mem-
brane localized, that removes accumulated anions from inside the cell (Henriques
et al., 1997; Piper et al.,1998).

Microbes have evolved to grow within a particular range of pHi. The pHi affects
many biological activities such as enzyme activity, reaction rates, protein stability
and structure of different molecules such as nucleic acids. Many intracellular
enzymes show optimal activity and stability in a narrow pH range near neutrality.
Shioi et al., (1980) has shown that during optimal growth conditions the Bacillus
subtilis cell maintains its cytoplasmic pH within the range of 7.4-7.8. Van Beilen
and Brul recently (2013) corroborated this data. Thus the intracellular pH of the
bacteria is very important to ensure optimal growth. This pH effect is explored
by the food industry for food preservation.

Sorbic and acetic acids are common preservatives that are known to permeate
over the plasma membrane in their undissociated form. Inside they encounter
near neutral pH values and dissociate during pHi down. The pHi of the cells can
be measured by various methods such as 31P NMR, fluorescent dyes (carboxyfluo-
rescein, carboxyfluorescein diacetate, and succinimidyl ester) and the distribution
of radiolabeled membrane-permiable weak-acids (Ugurbil et al., 1978; Bulthuis et
al., 1993; Magill et al., 1994; Breeuwer et al., 1996; Leuschner et al., 2000). The
advantage of these methods is that they do not require genetic modification. In
the case of fluorescent dyes, single cell measurements are possible (Slonczewski et
al., 2009). The disadvantage of using weak organic acid dyes is that they may
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themselves alter the pHi. The disadvantage of the 31P NMR and radiolabeled
compounds are that they require extensive cell handling and high cell density,
which also disturbs the cell’s physiology. Fluorescent proteins (green fluorescent
protein (GFP) derivatives) are another important way for measurement of the in-
ternal pH of the bacterial cell. GFP extracted from jellyfish (Aequorea victoria)
is widely used as a noninvasive fluorescent marker for gene expression, protein
localization, and intracellular protein targeting (Gerdes et al., 1996; Cubitt et al.,
1995). A modified version of GFP sensitive to pH is called ratiometric pHluorin
(Miesenböck et al., 1998). This ratiometric pHluorin uses the cell’s protein biosyn-
thesis apparatus to produce the fluorescent probe and therefore does not require
artificial staining procedures, which could affect cell physiology. The importance
of this modified ratiometric GFP is that it allows direct, fast, and localized pH
measurements. It has been successfully used our laboratory in S. cerevisiae (Orij
et al., 2011; Ullah et al., 2012) and more recently in B. subtilis (Martinez II et al.,
2012; Van Beilen and Brul, 2013; Ter Beek et al., 2014). IpHluorin has been used
to probe the cytosolic and organellar pH (mitochondria and Golgi apparatuses)
of S. cerevisiae. In several studies, pHluorin have been used to describe the cell’s
response to various growth conditions, glucose pulses, respiratory chain inhibitors
and other treatments (Martinez-Munoz et al., 2008; Orij et al., 2009).

In this paper, an improved version of ratiometric pHluorin (IpHluorin) was
used to study the effect of sorbic and acetic acid on the pHi of individual B.
subtilis cells using live-imaging. We also present an image analysis tool, called
“Multichannel-SporeTracker” (semi-automated). It calculates the internal pH
(based on the ratio of the intensities of the two wavelengths at 390 and 470
nm that has emission at 510 nm) and generation time of exponentially growing
B. subtilis PptsG-IpHluorin vegetative cells.

6.3 Materials and Methods

6.3.1 Growth conditions

To monitor the internal pH (pHi) of the exponentially growing B. subtilis cell
for a long period of time, the B. subtilis PptsG-IpHluorin (trp2C; amyE3’ spcR
PptsG-IpHluorin amyE5’) construct was used (Van Beilen and Brul, 2013). This
construct consists of the pHluorin gene (Miesenböck et al., 1998), which was in-
serted after the first 24 bp of comGA adjacent to the promoter PptsG. This encodes
the glucose-specific enzyme called phosphotransferase system II, which allows the
expression of IpHluorin in vegetative cells growing on glucose containing medium.
The B. subtilis 168 laboratory wild-type strain PB2 and B. subtilis PptsG-IpHluorin
were grown exponentially in Luria Broth (LB) at 37◦C, under continuous agitation
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at 200 rpm. The exponentially growing cells were re-inoculated in minimal defined
NKDM medium buffered with 80 mM MOPS (3-(N-morpholino) propanesulfonic
acid) as described previously (Kort et al., 2005) to pH 7.4. Hereafter referred
to as MOPS medium. The MOPS medium contained 50 µg/ml spectinomycin,
and cells were grown until exponential phase at 37◦C, under continuous agitation
at 200 rpm. The optical density at 600 nm (OD600) was measured in time to
check whether the cells were in the exponential phase. Cells in the early exponen-
tial growth phase (OD600=0.2) were used for time-lapse microscopy experiments
(see below). In stress experiments, 3 mM sorbic acid (KS) and 25 mM acetic
acid (KAc) at pH 6.4 were used to test for their effect on the growth and pHi of
exponentially growing bacteria.

6.3.2 Slide preparation and its settings for fluorescent time-lapse imaging

A closed air-containing chamber (Pandey et al., 2013) was used for time-lapse flu-
orescence microscopy. The chamber was prepared by attaching a Gene Frame®
to a standard microscope slide and cover slip. In this chamber a thin (160 µm),
semisolid matrix pad of 1% agarose-medium was made. The pad was loaded with
exponentially growing vegetative cells (1µl). Time-lapse series were made by
making use of a temperature-controlled boxed incubation system for live imaging
set at 37◦C. The specimens were observed with a 100X/1.3 plane apochromatic
objective (Axiovert-200 Zeiss, Jena, Germany), a GFP filter set (Chroma) for exci-
tation at 390 nm and 470 nm and a 510 LP-filter for fluorescence emission. Images
were taken by a CoolSnap HQ CCD camera (Roper Scientific), using Metamorph
software 6.1 (Molecular Devices). For control experiments, the time-lapse series
of phase-contrast and fluorescence images were recorded at a sample frequency of
1 frame per 10 min for 5 hours and for stress experiments the cells were imaged
for 10 hours (also 1 frame per 10 min).Two biological replicates and 15-30 techni-
cal replicates (recorded fields of view on one slide) were recorded in parallel per
experiment. In every field of view (technical replicate) 2-8 vegetative cells were
identified and followed in time. This resulted in the analysis of approximately
30-60 vegetative cells from the start of each imaging experiment per biological
replicates.

6.3.3 Phototoxicity measurements

Phototoxicity is a detrimental phenomenon in life-cell imaging, which occurs upon
repeated exposure of fluorescently labeled cells to intense light. In order to check
the effect of phototoxicity on vegetative cells, exponentially growing B. subtilis
PB2 and B. subtilis PptsG-IpHluorin cells (grown in MOPS medium) were repet-
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itively exposed to excitation light of two different wavelengths (390 nm and 470
nm) with an exposure time of 100 ms and 30 ms, respectively for a period of 5
h with time a interval of 5 min and 10 min. The generation times of the cells
were calculated with multichannel-SporeTracker over a period of 5 h. The total
number of cells assessed for B. subtilis PB2 cells grown in absence of fluorescent
light was 107 and for B. subtilis PptsG-IpHluorin cells in the absence and presence
of fluorescent light was 164, 77, and 92 respectively. The effect of phototoxicity on
the cells was regarded as negligible when the there was no measurable cell death.

6.3.4 Calibration of pHi

B. subtilis PptsG-IpHluorin cells were grown to exponential phase in MOPS medium
to pH 7.4 containing 50 µg/ml spectinomycin. At OD600nm=0.4 the cells were cen-
trifuged (4000 rpm; 10 min) and re-suspended in phosphate-citrate buffers (0.1 M
citrate and 0.2 M K2HPO4) with pH values ranging from 5.5 to 8.5. The cells were
then permeabilized with vallinomycin (1µl) and nigericin (1µl) (Breeuwer et al.,
1996). This treatment makes pores in the cell membrane and therefore, allows
equilibrating on the intracellular pH with the externally set pH. Subsequently,
cells in phosphate-citrate buffer of different pH (5.5 to 8.5) were transferred to
agarose pads of the corresponding pH value and in closed air-containing cham-
bers. For each pH, fluorescence images were recorded and around 200 cells were
analyzed with Multichannel-SporeTracker to construct a calibration curve. This
curve represents the relationship between the ratio of the 510 nm emission inten-
sities of IpHluorin upon excitation at respectively 390 and 470 nm (E390/E470)
and the pHi. The curve was fitted with a Henderson-Hasselbalch equation, which
describes the relation between the ratio of the intensity of wavelengths (E390/E470)
and pHi. It took the form as: E390/E470=(10(pH−pKa))/(10(pH−pKa)+1)X(b+a).
The performance of the model is shown in Figure 6.3 and parameter and its es-
timated value are pKa=7.18, b=1.61 and a=0.66. The curve could also be fitted
with a sigmoid equation of the same of pH = B*log(((A-D)/(ratio-D))-1)+C,
with:A = 0.67, B = 0.42, C = 7.2, D = 2.25.

6.3.5 pHi measurements in a microcolony and in single cells within a microcolony

For pHi measurements two data analysis tools were used: one for analysis at the
microcolony level and another for analysis at the single cell level. “Multichannel-
SporeTracker” <http://simon.bio.uva.nl/objectj/examples/sporetracker/Spore
Tracker.htm>, was developed for pHi measurements at the microcolony level. This
program runs in combination with ObjectJ, (http://simon.bio.uva.nl/objectj/),
which is a plugin for ImageJ (http://imagej.nih.gov/ij/). It calculates the gener-
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ation time by calculating the growing area (log2) of cells with time and thepHi of
vegetative cells as a function of time. pHi measurements are based on the ratio
of the fluorescence emission at 510 nm after exitation at 390 nm and 490 nm
respectively (E390/E470). To calculation the pHi and generation time of the cell,
the cell’s IpHluorin intensity was probed for a fluorescent channel. The fluores-
cence images were aligned with the corresponding phase contrast images in time.
Before measuring the fluorescence intensity of the cells, the background of the
fluorescent images was made to nearly zero by subtracting the mode value per
frame throughout the movie. The mode value is the pixel intensity number, which
is repeated for maximum number of time while calculating the background of the
fluorescent images. The fluorescence intensities of IpHluorin expressing cells were
measured by making a region of interest around the cells. The E390/E470 of IpHlu-
orin expressing cells was calculated. By correlating the ratio with the calibration
cure (mentioned below) the pHi of the cell was determined. After obtaining the
data from the Multichannel SporeTracker, differences in variance were tested with
F-tests. Depending on the results of the F-tests the appropriate t-tests were per-
formed to test differences in the average.

For pHi measurements at the single cell level the Fiji plugin ColiMetrics.ijm
was used (http://fiji.sc and www.limid.ugent.be/downloads). In brief, bacteria
were first segmented on the DIC channel by maxima finding and conditional region
growing on the inverted images, using a noise tolerance of 4%, object size range
in between 50 and 500 pixels and circularity in between 0.15 and 0.80. After
refining the segmented objects, the regions of interest delineating the bacteria
were used to measure the signal intensities in the two fluorescence channels (390
and 470). 390/470 intensity ratio’s were calculated and represented in the form of
intensity-normalized ratio images, i.e. HSV images in which the Hue represents
the ratio of both fluorescence channels and the Value the product of both channels
as described before (Back et al., 2012 ). To convert ratios to pH, a calibration
curve was established in which bacteria were grown in media of fixed pH (see
below).

6.4 Results

In order to ensure the unbiased growth of aerobic bacteria, a closed air-containing
chamber (Pandey et al., 2013) was used. In this chamber cells were sandwiched be-
tween the glass coverslip and a thin (160 µm) agarose-medium pad to ensure their
immobilization in the presence of sufficient culture medium and enough oxygen
for undisturbed growth. The automated program “Multichannel-SporeTracker”
allows accurate measurements of the intensity of IpHluorin in the cell, calculates
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the ratio (E390/E470) of IpHluorin and deduces the pHi and the generation time of
the vegetative cells growing into a microcolony in any desired time frame (Figure
6.1).

6.4.1 Phototoxicity measurements

The phototoxicity is an important problem in fluorescence live-cell imaging. It
often occurs upon repeated exposure of fluorescently labeled cells to light, which is
induced to excite the fluorophores. In their excited state, fluorescent molecules are
inclined to react with molecular oxygen to produce free radicals that can damage
cellular components compromissing cell vitality. In order to measure phototoxicity
in the bacterial cells, B. subtilis wild-type strain PB2 and IpHluorin expressing
strain PptsG-IpHluorin were grown in an air-containing chamber on MOPS medium
to pH 6.4 for 5 h and 10 h, respectively. During growth the cells were exposed to
light of two wavelengths (390 nm and 470 nm, for 100 and 30 ms, respectively) with
5 min or 10 min intervals between fluorescence measurements. The generation
time of exponentially growing cells was calculated by using the Multichannel-
SporeTracker. Figure 6.2 shows the effect of 390 nm and 470 nm excitation light
on B. subtilis PptsG-IpHluorin cells. The cells grown in the presence of light of the
two wavelengths, 390 nm at 100 ms and 470 nm at 30 ms) with either 5 min or
10 min interval, have similar generation times 115.71±3.27 min and 114.44±21.07
min respectively. The generation times of B. subtilis cells grown in the absence
of excitation light were (92.36±13.63 min). Noteworthy, cell-death has not been
observed within the time frame of the experiment using either 5 or 10 min exposure
intervals (data not shown). The generation time of wild-type B. subtilis PB2 cells
grown in absence of excitation light (92.93±12.73 min) is similar to the generation
time of the IpHluorin expression cells grown in the absence of excitation light
(92.36±13.63 min). Therefore we conclude that IpHlorin expresion is not harmful
to the cells. Although an increase in generation time was seen when IpHluorin
expressing cells were exposed to excitation light, the effect was not lethal and we
conclude that our settings are acceptable for long term (10 h) pHi live-imaging
experiments.

6.4.2 Calibration of pHi measurements in B. subtilis cells at single cell resolution

Population level studies on cytoplasmic pH measurement account for average val-
ues (Kitko et al., 2009), therefore overseeing the individual cell heterogeneity in a
population. Moreover the single-cell response is important because every bacte-
rial cell behaves differently in growth and division, resulting in a physiologically
diverse population. The ability to maintain pH homeostasis is an important pa-
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Figure 6.1: Multichannel-SporeTracker output for pHi measurements in
growing B. subtilis cells. Shown here are collective plots of 4 individual starting
cells measured every 5 min for 5 hours. Bottom to top: Log2(area of cells); pixel
intensity (for spore germination, the column is blank as only vegetative cell were
analysed); fluorescence intensities measured at 510 nm when excited at 390 and 470
nm, respectively; ratio of the excitation wavelength (390 and 470 nm) of fluorescence
intensities and pHi.
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Figure 6.2: The effect of fluorescent light (excitation at 390 nm and
470 nm and emission at 510 nm) on B. subtilis PptsG-IpHluorin. Movies
of B. subtilis PB2 cells grown in absence of fluorescent light and B. subtilis PptsG-
IpHluorin cells in absence and presence of fluorescent excitation light (390 and 470
nm) with time interval of either 5 min or 10 min were made during 5 h. The data
was analysed for generation time by Multichannel-SporeTracker. The total number
of cells assessed for B. subtilis PB2 cells grown in absence of fluorescent light was
107 and for B. subtilis PptsG-IpHluorin cells in absence and presence of fluorescent
light was 164 (5 min, in absence of light), 77 (10 min, in presence of light), and 92
(5 min, in presence of light).

rameter in this regards (Stewart et al., 2005). Therefore to measure the internal
pH within B. subtilis PptsG-IpHluorin cells a calibration curve was developed using
fluorescent microscopy (Figure 6.3). Fluorescence intensity ratios of ∼ 200 cells
per externally set pH were calculated in permeabilized B. subtilis PptsG-IpHluorin
cells. The data was fitted to a Henderson-Hasselbalch equation as given in mate-
rials and methods.

6.4.3 Effect of sorbic and acetic acids on pHi and growth of growing B. subtilis
vegetative cells

Weak acids are frequently used as preservative in the food industry. Sorbic and
acetic acid have effects on bacterial cells. Sorbic acid is lipophilic whereas acetic
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Figure 6.3: Calibration curve of B. subtilis PptsG-IpHluorin, which de-
scribes the relation between the ratio of the intensity after exitatiob at
390 and 470 nm respectively (E390/E470) and pHi. The B. subtilis PptsG-
IpHluorin cells were permeabilized using nigericin and valinomycin and immobilized
on an agarose slide with set pH values ranging from 5.5 to 8.5. The cell fluorescence
emission intensities were measured and the ratio (E390/E470) were plotted against
pHi. At least 200 cells were measured per data point. Error bars indicate the stan-
dard deviation. The squares represent meaured data points and the black line gives
the fit according to the Henderson-Hasselbalch equation.

acid is hydrophilic in nature even though both have a similar pKa (4.76). Here
the effect of 3 mM sorbic acid and 25 mM acetic acid on vegetative cells was stud-
ied at single cell level. Growth rate of B. subtilis cells is on average reduced by
30% under these conditions (Ter Beek, A., 2009). B. subtilis PptsG-IpHluorin cells
were grown on defined minimal medium containing 3 mM sorbic acid and 25 mM
acetic acid (stress) as well as without the acid stress (control) for either 10 h or 5 h
respectively and the fluorescence was recorded at using 10 min intervals between
fluorescence measurements, at 100 and 30 ms exposure times respectively. Figure
6.4 shows the effect of sorbic and acetic acid on the pHi and generation time of B.
subtilis PptsG-IpHluorin vegetative cells. In sorbic acid stressed cells, the internal
pH decreased from 7.1 to 6.7 (Figure 6.4A, Table 6.1) and the generation time
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increased significantly (Figure 6.4B, Table 6.1). In 25 mM acetic acid stressed
cells, a similar decrease in internal pH and increase in generation time was ob-
served (Figure 6.4C and 6.4D, Table 6.1). The average pHi of cells grown on
defined minimal medium with and without 3 mM sorbic, 25 mM acidic acid stress
and unstressed cells cultured under the microscope were 6.78± 0.14, 6.76±0.11
and 7.10±0.17, respectively. Intrestingly there is no significant difference in pHi

and generation time of the cell grown in sorbic acid (3 mM) as compared to cells
stressed with acetic acid (25 mM)(Table 6.1. Figure 6.5). This shows that these
concentration of both sorbic and acetic acids reduce the pHi and the growth rate
to a similar level. Thus this result corroborates that the sorbic acid is a more
effective preservative. The pHi can be a good indication of the health status of
the bacteria. Orij et al., (2011) and van Belein and Brul, (2013) showed that in
population level the growth rate and pHi can be correlated. Van Belein and Brul,
(2013) in microiter plate experiment showed that high pHi (∼8) correlates with
high growth rates whereas cells with low pHi display low growth rates.

We observed an increase in fluorescence of IpHluorin in exponentially growing
cells likely due to constant production of the fluorescent protein (data not shown).
In order to facilitate the image analysis process for the calculation of pHi of
single cells within a microcolony a program (macro) was written. This program
defines an image analysis process in Fiji, a plugin for ImageJ (see Materials and
Methods). The macro calculates the pHi of the cells and is visually represented by
a color-code. Figure 6.6 shows a ratiometric HSV representation of two images of
growth and division of B. subtilis PptsG-IpHluorin vegetative cells in the presence
(stress) and absence (control) of sorbic and acetic acid (see Movie S1, S2, and
S3). Panel A shows the control and panel B and C show the sorbic and acetic
acid stress condition respectively. In the control condition the cells appeared blue,
which indicates (color bar) that these cells have a higher a pHi. In contrast in
sorbic and acetic acid stress conditions, the cells appeared in pink color which
indicates that they have lower pHi than the control (Figure 6.6). There is some
heterogeneity in the intensity of the IpHluorin amongst the observed cells despite
of the fact that IpHluorin is present in genome of the B. subtilis cells. Since
there is no indication for a different glucose avalibility to the cells, difference in
PptsG-IpHluorin expression are the likely caused by stochastic effect.

6.4.4 Discussion

Here we deployed a derivative of green fluorescent protein (GFP), IpHluorin, to
probe at single cell level the intracellular pH of Bacillus subtilis cells. The GFP
(green fluorescent protein) from the jellyfish Aequorea victoria is highly fluorescent
and stable under many assay conditions (Cubitt et al., 1995). Studies on its
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Figure 6.4: Analysis of B. subtilis PptsG-IpHluorin vegetative cells grow-
ing into microcolonies with Multichannel-SporeTracker shows that pHi

and generation time of sorbic acid and acetic acid-treated are affected.
Movies of sorbic acid (3 mM) and acetic acid (25 mM) and un-treated cells were
analyzed with Multichannel-SporeTracker for 5 hrs for control and 10 hrs for sor-
bic acid and acetic acid stressed cells. Frequency distributions of sorbic acid and
acetic acid-stressed (Black) and un-stressed cells (control, white) were calculated.
Depicted are the frequency distributions of (A and C) the pHi after sorbic acid and
acetic acid stress respectively, (B and D) the generation time of B. subtilis PptsG-
IpHluorin cells under sorbic acid and acetic acid stress in a microcolony. pHi and
generation time for both the stress were compared with un-stressed cell (control).
The total number of spores assessed for pHi in sorbic acid, acetic acid and control
were 205, 131 and 151, whereas for generation time, total number of cells in sorbic
acid, acetic acid and control were 109, 122 and 145 respectively.

expression in heterologous systems made it a unique reporter gene (Chalfie et al.,
1994.). The advantage of GFP is that its expression has a low toxicity to cells and
is known not to interfere with normal cellular function. Moreover, GFP is easily
detectable and quantifiable by fluorescence microscopy and FACS analysis (Cheng
et al., 1996.). Noticeably, GFP requires molecular oxygen to form the protein’s
fluorophores (Heim et al., 1994). Thus this is a disadvantage of GFP in biological
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Figure 6.5: Growth rate vs. pHi of B. subtilis PptsG-IpHluorin cells grow-
ing into microcolonies in un-stressed and cell stressed with sorbic acid
and acetic acid. Movies of cells stressed with sorbic acid (3 mM) and acetic
acid (25 mM) and un-treated cells were analyzed for pHi and generation time with
Multichannel-SporeTracker. The pHi of B. subtilis PptsG-IpHluorin cells was plot-
ted against the growth rate. Cells with a lower pHi, set with 3mM sorbic acid or
25 mM acetic acid, all showed a lower growth rate.The squares represent meaured
data points and the black line gives the fit according to the Henderson-Hasselbalch
equation.

systems where oxygen is limiting such as in the study of Clostridium spp. Here we
used the expression of IpHluorin, Bacillus optimized pH sensitive GFP derivative
that allows ratiometrical probing of the internal pH of Bacillus cells (Van Beilen
and Brul, 2013). Ratiometric IpHluorin is a GFP variant that displays a bimodal
excitation spectrum with peaks at 390 and 470 nm and an emission maximum
at 510 nm. Upon acidification, IpHluorin emission upon excitation at 390nm
decreases with a corresponding increase in the emission upon excitation at 470 nm.
Phototoxicity often occurs upon repeated exposure of fluorescently labeled cells to
light from high-intensity arc-discharge lamps. In their excited state, fluorophores
of GFPs tend to react with molecular oxygen to produce free radicals called
reactive oxygen species (ROS). The ROS react with oxidizable components in
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Figure 6.6: Time-resolved (I) phase contrast and (II) fluorescent im-
ages showing growth and division of B. subtilis PptsG-IpHluorin vegeta-
tive cells in absence (control) and presence of sorbic acid (3 mM) and
acetic acid (25 mM). Exponentially growing cells were spotted on minimal de-
fined medium to pH 6.4 with and without sorbic and acetic acids. Control shown
in panel A and sorbic and acetic acid stressed cells are shown in panel B and C,
respectively. The cells are followed in time using fluorescent microscopy and ana-
lyzed by a macro written in Fiji (see Materials and Methods). The color code pHi

scale is shown at the bottom of the image.
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the cells, such as proteins, nucleic acids and lipids thereby damaging subcellular
structures of cells (Wright et al., 2002; Jakubowski et al., 1997; Foyer et al., 1994)
often compromising cell vitality and viability (Vrouenraets et al., 2003; Dixit et
al., 2003; Martin et al., 2005; Heim et al.,1999). Such ROS-mediated phototoxicity
is mainly dependent on photochemical properties of the fluorophores (Sugden et
al., 2004) and the dose of excitation light (Foyer et al., 1994). To minimize the
phototoxicity, the dose of the excitation-light can be minimized. This decrease of
excitation-light causes a reduced fluorescence signal, which obviously negatively
influences the image quality of the fluorescent microscope by decreasing the signal
to noise ratio (S/N) (Sheppard et al., 1995). Thus the quest is always to find the
proper balance between light dose and cell viability. The closed air-containing
chamber described in chapter 3 (Pandey et al., 2013) was used for fluorescent
microscopy. In this chamber cells were sandwiched between a glass coverslip and a
thin (160 µm) agarose-medium pad to ensure their immobilization and the supply
of sufficient culture medium and enough oxygen for unperturbed growth. Pandey
et al. (2013) showed that in this chamber the generation time of the bacteria
was in good agreement with the generation time of cells grown in a well aerated
shake flask. This shows that the developed chamber is well suited for the study
of growth dynamics of aerobic bacteria. The automated programs multichannel-
sporetracker allowed for an effective data analysis. The program measures the
pHi, a crucial cellular parameter involved in growth physiology, by ratiometric
fluorescence measurement of IpHluorin emission at 510 nm after excitation at 390
and 470 nm respectively. This as well as the generation time of the exponentially
growing vegetative cells can be determined in any desired time frame. The data is
relevant for the food industry as it gives information about the effect of different
preservatives on the intracellular pH at single cell level thereby allowing it to be
linked to a stochastic analysis of bacterial growth in cellular populations. Such
analysis is useful for the food industry in their risk assessment procedures for
microbiological food stability.

Weak acids are naturally occurring preservatives that are commercially used in
the food industry. They extend shelf life of food products by inhibiting microbial
growth. The widely accepted theory of weak acid preservative action suggests
inhibition of growth through lowering of the internal pH (pHi). According to the
theory undissociated acid molecules pass readily through the plasma membrane
by diffusion. In the cytoplasm (pH 7.0) the acid molecules dissociate into charged
anions and protons. These cannot pass across the lipid membrane and hence
accumulate in the cytoplasm, lowering there the internal pH (pHi) of the cell.
The acidification of the cytoplasm in turn inhibits metabolism. A recent study
by van Beilen et al. (2014, in press) shows that sorbic acid has an ability to act
as a classical uncoupler, transporting protons over the membrane whereas acetic
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acid, which is less lipophilic, does so to a much lesser extent. This is corroborated
by the fact that sorbic acid has a greater effect on the membrane potential, while
acetic acid only carries bulk volume protons across the membrane until a steady
state is reached. Direct measurement of the internal pH may be used as a proxy
for cellular metabolism and thereby provide rapid insight in survival strategies
at the single cell level. In this study we analysed the effect of sorbic and acetic
acid on vegetative cells grown in defined minimal medium. At low concentration
of sorbic acid, the pHi decreases with increase in generation time. Similar results
were obtained from the analysis of acetic acid treated cells, albeit at higher acid
concentrations. Clearly distribution of generation times widened.

In conclusion, the single-cell analysis techniques can enhance the mechanistic
basis of food preservation affecting the bacterial growth. The closed air-containing
chamber and image analysis tool can be used to study the effect of different
stresses, on internal pH and growth rate of vegetative cells. Future experiments
involve the study of higher concentration of sorbic and acetic acid as well as other
weak-acids such as lactic and benzoic acid for effects on the internal pH and
explore the quantitative effect on growth rate of B. subtilis. The analyses can
be extended to the ratiometric assessment of the dynamics of the internal pH of
spores during germination and outgrowth and resulting vegetative cells growth.
It will allow us to point out the phase where the weak acids have maximum effect
and also could provide key information about the timing of weak organic acid
action when it enters in individual germinating/outgrowing spores. This infor-
mation can be coupled to risk management of unwanted growth of bacteria in
food and hence can help in combating the spoilage of food products in the food
industry. Eventually for instance a micro-fluidics variant of the system could be
used to perform live-imaging. This would allow researchers to change the growth
media during experiments and to monitor the subsequent dynamics of spore ger-
mination and outgrowth as well as vegetative growth. Thus such experiments
should provide ways to deconvolute the population data with respect to effects
of different consecutive or combined stresses on the germination and (out)growth
efficiency of B. subtilis spores.
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Miesenböck, G., De Angelis, D. A. and Rothman, J. E. (1998). Visualizing



6.4. Results 115

secretion and synaptic transmission with pH-sensitive green fluorescent proteins.
Nature 394, 192-195.10.1038/28190.doi:10.1038/28190
Orij, R., Brul, S and Smit, G.J. (2011). Intracellular pH is a tightly con-
trolled signal in yeast. Biochimica et Biophysica Acta 1810(10), 933-944. doi:
10.1016/j.bbagen.2011.03.011
Orij, R., Postmus, J., Ter Beek, A., Brul, S. and Smits, G.J. (2009). In vivo
measurement of cytosolic and mitochondrial pH using a pH-sensitive GFP deriva-
tive in Saccharomyces cerevisiae reveals a relation between intracellular pH and
growth. Microbiology (UK) 155(1) 268-278. doi:10.1099/mic.0.022038-0.
Pandey, R., Ter Beek, A., Vischer, N. O. E., Smelt, J., Brul, S. and Manders,
E. M. M. (2013). Live cell imaging of germination and outgrowth of individ-
ual Bacillus subtilis spores; the effect of heat stress quantitatively analyzed with
SporeTracker. PLoS ONE 8:e58972. doi: 10.1371/journal.pone.0058972
Piper, P., Mahe, Y., Thompson, S., Pandjaitan, R., Holyoak, C., Egner, R.,
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7.1 Discussion

The food industry experiences huge economic losses due to food spoilage caused
by spores that may survive under food preservation conditions. Hence efforts are
being made to eliminate or inactivate these bacterial spores in foods. Complete
thermal inactivation of microorganisms in food products has become less popular
due to the adverse effects on food quality and flavour (Hornstra et al., 2009;
Leistner et al., 1995). To fulfil the consumers demand and safety of the food
product “hurdles preservation” is needed that controls the outgrowth of these
bacteria in food. The spore germination and outgrowth progression are often
very heterogeneous. Heterogeneity makes it difficult to pinpoint which phases
of germination and outgrowth are specifically affected upon a given preservation
treatment. Therefore it is necessary to analyse the behaviour of single spores/cells
to quantify the effect and degree of heterogeneity in each phase of the spore’s life
cycle. In order to examine the heterogeneity at spore germination and outgrowth
level, single cell analysis is a preferred method. The studies described in this
thesis are to assess the impact of weak organic acids (sorbic acid and acetic acid),
natural compounds (focussed on tea compounds) and heat on germination and
(out)growth of B. subtilis spores and cells at the single cell level. The project
focused on three main aspects; (1) To develop an image analysis tools for the
measurement of germination and outgrowth of spores as well as the internal pH
of the cells at single spore/cell level; (2) To develop a closed air-contaning chamber
for actual experimentation with aerobic bacterial spore formers; (3) To study the
inhibitory effect of weak organic acid, heat and tea compounds on different phases
of germination and outgrowth of the spores as well as the effect of sorbic acid and
acetic acid on the internal pH of B. subtilis cells at single cell level.

Chapter 2 describes the analysis tools (SporeTracker and Multichannel-
SporeTracker) that were used in chapter 3 to chapter 6 for the analysis of
different phases of germination and outgrowth of spores and internal pH mea-
surement of cell at single spore/cell level. Chapter 3 describes the design of an
air-contaning chamber that is used for growth of aerobic bacteria and the anal-
ysis of the germination and outgrowth of its spores. The chamber has sufficient
oxygen as well as sufficient cell culture medium to maintain optimal growth con-
ditions of aerobic bacteria during at least 24 h of culture. In this chamber the
cells/spores are sandwiched between an agarose-medium pad and a glass cover-
slip. This chamber was used as basic slide preparation method for all live-imaging
microscopy experiments presented in this thesis. This chapter also highlights the
heterogeneity in growth behaviour when un-treated spores were germinated and
cultured in minimal defined medium.
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Weak-acids are commonly used natural preservatives in the food industry.
Sorbic acid is used as a preservative, well known to inhibit the growth of different
microorganisms including bacteria, yeast and fungi. The compound is lipophilic in
nature and can diffuse into and over the membrane. Inside the membrane, sorbic
acid can upset normal membrane functions of the cell, while in the cytosol the
compound can cause a decrease in pH and therefore also in this way affect normal
cellular function. Its effect on spore germination and outgrowth has not been
studied well and thus gained limited attention. In this thesis, chapter 5 describes
the study of the effect of sorbic acid on germination and outgrowth of Bacillus
subtilis 1A700 spores at single spore level using phase contrast microscopy. This
provides a frame work for future studies of the effects seen in vegetative cells. In
this study the spores were stressed with 3 mM sorbic acid (final concentrations)
at pH 6.4. The results showed that sorbic acid primarily affected the outgrowth
and generation time of the bacteria emerging from spores. Besides sorbic acid, the
effect of heat (85◦C/10min) and combined stresses of heat and sorbic acid were
also analysed. By using Raman spectroscopic techniques Coleman et al., (2007)
showed that wet heat causes protein denaturation in a nonspecific way. From
our results it is concluded that the heat stress primarily affected the germination
process. This is corroborated by the results described in chapter 3. There the
data shows that the heat treatment delays the time to start of germination and
increases the germination time, i.e. the time from phase bright to phase dark.
However, there was no effect on both outgrowth and generation time of vegetative
cells that emerged from the spores. The combination of both a thermal treatment
and sorbic acid showed a synergistic effect as it further reduced the number of
germinating spores, reduced the outgrowth rate and increased the time from end of
germination until the burst time. an important objective for the future will be to
extend the possible incubation times without compromissiing the physicochmical
characteristics of the incubation chamber(see furtheron)

Ter Beek et al., (2008) showed that in the cytosol sorbic acid could cause a
decrease in pH and therefore affect normal cellular function. In order to study
this effect in single cells chapter 6 describes the study of the effect of weak
acids on the intracellular pH dynamics in Bacillus subtilisvegetative cells using
the set-up described in chapter 3. In this study, an improved version of the
genetically encoded ratiometric, IpHluorin was used along with live-imaging. The
protein was expressed from the native B. subtilis promoter that is specifically
active during vegetative growth on glucose (PptsG). Dual wavelength excitation
ratio imaging was set up and allowed us to resolve the population data at single cell
level. Weak organic acid such as sorbic acid and acetic acid caused concentration-
dependent intracellular acidification. The result illustrates that sorbic and acetic
acid both lower the internal pH of the cell compared to the control condition.
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Interestingly, more acetic acid is needed to decrease the internal pH of the cell
than sorbic acid. To make the system suitable for monitoring spore germination
pH dynamics, expression of IpHluorin from spore specific promotores such as
sspE may be prefered. Van Beilen et al., (2013) have shown the feasibility of such
approach.

The antimicrobial effect of plant extracts has been used for many applica-
tions such as pharmaceuticals and to some extends in food preservation. The
effect of tea plant extracts on germination, outgrowth and growth of vegetative
cells emerging from spores was tested. Tea is already known for long for its an-
timicrobial activity against many microorganisms. Studies have shown that tea
polyphenols can inhibit the growth of a wide range of Gram-positive bacteria.
Still, the effect of these compounds on germination and outgrowth of bacterial
spores has gained limited attention. In this regard chapter 4 describes at sin-
gle spore resolution level a study of the effect of selected tea compounds on B.
subtilis spore germination and outgrowth. We tested gallocatechin gallate and
Teavigo (>90% epigallocatechin-3-gallate) which is a type of catechin (flavan-3-ol
monomer), theaflavin 3,3’-digallate, a type of theaflavin (flavan-3-ol dimer), and
gallic acid which is a phenolic weak acid with pKa of 4.5. We concluded from
the results that in general, the tested compounds had a significant effect on most
stages of germination and outgrowth. However, germination efficiency (ability of
the spores to take up water and become phase dark) was not affected. Gallic acid
most strongly reduced the ability to grow out. Additionally, all compounds, in
particular theaflavin 3,3’-digallate, clearly affected the growth of emerging vege-
tative cells.

7.2 Future perspectives

Bacteria exibit natural heterogeneity that complicates the prediction of bacterial
growth, especially if they are present in low numbers. In the case of bacterial spore
formers heterogeneous behaviour is evident in the germination and/or outgrowth
phase of the bacterial spores. Den Besten et al. (2012) showed in microtiter plate
experiments (population level) that the heterogeneity increases during the out-
growth phase of Bacillus cereus spores when they are germinated in the presence
of 0.75 mM undissociated sorbic acid. However, this measurement includes the
germination, outgrowth and vegetative growth phase and thus does not provide
information about variation within each of these phases, or about heterogeneity
in behaviour of individual spores within the population. The analysis of the ger-
mination and outgrowth behaviour of spores at single spore level should provide
better insight in the individual spore/cell behaviour underlying the observations
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made on the population as a whole. It also will provide information on the query
whether any correlation exists between the duration of each of the different phases.
It may for instance be that the lag time before the spores are triggered to ger-
minate (using the glucose, frutose, potassium, amino acids as germinants) varies
greatly as it depends on the type and concentration of germinant (Zhang et al.,
2010). In addition the efficiency of the germination process itself is thought to
depend on the amount of germination receptors present in the inner membrane of
the spore. On average, spores with higher levels of germination receptors germi-
nate faster, though this is not the primary cause for heterogeneity observed at the
start of germination (Zhang et al., 2013). Furthermore, the outgrowth phase that
commences after spore germination can also be quite heterogeneous. Smelt et al.,
(2008) performed experiments in microtiter plates and showed that outgrowth of
spore occurred even after 150 hrs. Stringer et al., (2005) described the analysis
of germination and outgrowth of Clostridium botulinum at single cell level (using
microscopy). Previous research showed that the common preservation strategies
increase the heterogeneity in spore germination and outgrowth. While, for ex-
ample a mild heat activation treatment reduces heterogeneity in lag times of B.
subtilis spores (Smelt et al., 2008), more severe heat treatments increase hetero-
geneity and average duration of lag times both in B. subtilis and C. botulinum
(Smelt et al., 2008; Stringer et al., 2011).

The results described in this thesis link phenotypic observations of B. subtilis
spore germination and outgrowth under weak-acid (sorbic and acetic acid), natu-
ral compounds and heat stress at the single cell/spore level. This provides more
detailed insight in the impact of these stresses on germination and (out)growth
heterogeneity of B. subtilis spores. In addition we also checked B. cereus spores
at single cell level. The data are of similar quality allowing us to dissect the pro-
cess of spore germination and outgrowth into its underlying basic cellular events
(data not shown). The thesis describes the use of an air-contaning chamber for
growth of aerobic bacteria and spores under microscope condition. Its efficiency
was tested for a maximum of 10 hrs. The future challenge would be to use the
chamber for a long period of time (24 hrs. or more). This is necessary to ap-
proach more real life realistic time frames. After all, the food industry uses long
preservation times.

Finally, we can extend our finding by translating the current knowledge to
different strains and species including anaerobic Clostridia. This would quantify
and give information on the diversity in stress response and in turn may contribute
to improved prediction of outgrowth under preservation stress.

In the food industry the bacteria in food-processing environments come across
more than one effect simultaneously such as heat and acid. But many studies on
heterogeneity in spore germination and outgrowth have focused on the effect of
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single stresses such as either heat or acid (Smelt et al., 2008; Stringer et al., 2005;
Wang et al., 2011). Thus in chapter 5, we quantified the effect of preservation
stress (heat) combined with a second preservative stress (sorbic acid) at single
spore level with respect to the germination and outgrowth phases of the spores.
Besides the sorbic acid other weak organic acid preservatives such as acetic and
lactic acid are used by the food industry to preserve the food. Thus future research
at this level of stress resolution ought to focus broader on the use of different
weak organic acid preservatives such as acetic acid and lactic acid along with
an analysis of effects of varying the concentrations of acid. Besides this, the
thermal stress, time-temperature combination or combinations of heat and weak
organic acid stress can be explored. Important and additional challenges are
to extend the analysis of the heterogeneity in germination and outgrowth under
mild preservation stress, to more complex environments such as those present in
an actual food product.

An internal pH measurement over time can be a direct method to investigate
the physiological state of individual cells or germinating spores when stress is
applied. This can be done with fluorescence microscopy using the pH sensitive
green fluorescent protein pHluorin (Miesenböck et al.,1998). pHluorin expres-
sion in the cells allows single cell live-imaging ratiometric pHi assessment thus
facilitating a time resolved measurement of the internal pH during growth of bac-
teria. Chapter 6 describes the study of the effect of sorbic and acetic acid on
the internal pH of growing B. subtilis cells using fluorescence microscopy. Simi-
lar approaches can be used for the measurement of the internal pH behavior in
spores during different stages of germination and outgrowth. Preliminary popu-
lation based data have been reported in Van Beilen and Brul (2013). Such single
cell live-imaging approaches will give relevant information about the heterogene-
ity in different phases of germination and outgrowth of spores, which leads to a
better understanding of the behaviour of microorganisms in food products and
should facilitate the development of more accurate models for bacterial growth
under preservative stress as well as allow appropriate combinations of preserva-
tion strategies to be optimized. Thus contributing to improved microbial food
stability and food safety (McMeekin et al., 2010). This knowledge can also be
extended to other bacterial groups such as Clostridium spp. However, GFP needs
oxygen for the maturation of its chromophore composed of threonine, tyrosine and
glycine. Hence GFP cannot be used in anaerobic bacteria but another fluorescent
protein called flavin-binding fluorescent protein (FbFPs) could be used instead.
It is a recently developed new class of genetically encoded probes that have small
size and do not require oxygen for maturation of their fluorophores (Cui et al.,
2012; Drepper et al., 2007). The fluorescent microscope set-up for live-imaging
that we developed here has as limitation that due to the fully closed nature of the
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incubation environment it prevents the long term monitoring of germination and
outgrowth that is needed for analyses that aim at approaching real-life conditions
of food preservation. The use of microfluidics (Ducret et al., 2009) might be an
avenue that could offer a way to face this challenge. Such tool should allow for
the study of the dynamic behaviour of cells/spores exposed to changing environ-
mental conditions of interest to the industry. In conclusion, the study of the effect
of sorbic acid, heat and the combination of both stresses and tea compounds at
single spore and cell level described in this thesis provide better insight in the
population heterogeneity and mode of action of common preservation methods
on single spore forming bacteria. Thereby the results obtained in this thesis con-
tribute to improve or design new preservation concepts of microbial food stability
and food safety.
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Summary

Bacterial spores are metabolically dormant and are extremely resistant to envi-
ronmental stresses for long periods of time. In favorable condition, germination
and outgrowth initiates vegetative cell growth. Bacterial spores are ubiquitously
present in fresh vegetables, milk as well as ingredients for processed foods such
as herbs and spices or dairy products. Spores of Gram-positive bacteria such as
Bacillus and Clostridium cause huge economic losses to the food industry. In
food products spores survive under food preservation conditions and subsequent
germination and outgrowth eventually causes food spoilage. Hence efforts are
being made to eliminate or inactivate these bacterial spores in foods. In this re-
gard food industry uses different preservation methods such as thermal-treatment,
weak acids, antimicrobial compounds etc. Complete thermal inactivation of mi-
croorganisms in food products has become less popular due to the adverse effects
on food quality and flavour. To fulfill the consumer’s demand whilst maintaining
safety of food products the “hurdle preservation” approach is favoured to control
the outgrowth of these bacteria in foods. The spore germination and outgrowth
is often very heterogeneous. Heterogeneity makes it difficult to pinpoint which
phases of germination and outgrowth are specifically affected upon a given preser-
vation treatment. Therefore, the work presented in the thesis was focused on to
the development of an image analysis tools for the measurement of germination
and outgrowth of spores as well as the internal pH of the cells at single spore/cell
level, which is described in detail in chapter 2 and chapter 6. Chapter 6
also describes the effect of sorbic acid and acetic acid on the internal pH of p B.
subtilis cells at single cell level. Chapter 3, chapter 4, chapter 5, chapter
6 focused on the establishment of a system to analyze the behaviour of single
spores and bacillus cells in order to quantify the degree of heterogeneity in each
phase of the spore’s life cycle, upon exposure to specific tea compounds, sorbic
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and acetic acids, heat treatments as well as combinations of heat and sorbic acids.
Chapter 3 also describes the design of an air-contaning chamber for actual ex-
perimentation with the aerobic bacteria as well as an image analysis tools for
the quantification of the various phases of germination and outgrowth of spores
and the behavior of their internal pH during these phases. Hence, the presented
studies of live-imaging of B. subtilis spore germination and outgrowth, contribute
to new insight with respect to improve or design new preservation concepts of
microbial food stability and food safety.
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Samenvatting

Bacteriële sporen zijn metabool inactieve bacteriële structuren en zijn zeer re-
sistent tegen kortdurende maar ook veelal langdurige omgevingsstress. Onder
gunstige omgevingscondities qua nutriëntconcentratie en temperatuur vindt kiem-
ing plaats en initieert uitgroei van de sporen de vegetatieve celgroei. Bacteriële
sporen zijn alom aanwezig in verse groenten, melk en ingrediënten voor geproceste
(behandelde)voedingsmiddelen zoals kruiden en specerijen of zuivelproducten.
In voedingsproducten overlevende sporen kunnen na kieming en uitgroei uitein-
delijk voedselbederf en ziekte veroorzaken. Daardoor kunnen Bacilli en Clostridia
enorme economische verliezen voor de voedingsindustrie veroorzaken en hebben
ze tevens een significante impact op de volksgezondheid. Vandaar dat de in-
dustrie zich inspant om deze sporen te elimineren of te inactiveren door gebruik
te maken van verschillende conserveringsmethoden zoals thermische behandeling,
zwakke zuren, antimicrobiële verbindingen etc. Compleet thermische inactivatie
van micro-organismen in voedingsmiddelen is minder populair geworden als gevolg
van de negatieve effecten op de kwaliteit van het voedsel eten en de smaak van
de producten. Bacteriële sporen kieming en uitgroei zijn vaak zeer heterogeen.
Heterogeniteit bemoeilijkt het vaststelen van de precieze kiemings en uitgroeifase
waarop conserverende strategieën invloed hebben. Daarom hebben we ons in het
hier gepresenteerde werk gericht op het opzetten van een analyse methode om
het gedrag van enkele sporen / cellen te analyseren teneinde het effect van ene
gegeven behandeling en de mate van heterogeniteit in de respons te kwantifi-
ceren voor iedere fase van de levenscyclus van Bacillus subtilis sporen. De exper-
imenten werden uitgevoerd in aanwezigheid van theecomponenten, sorbinezuur,
azijnzuur, en met een oog op de zogenaamde âĂŸhorde conserveringsstrategieâĂŹ
aan sporen die werden blootgesteld aan een hitte behandeling in combinatie met
het toevoegen van sorbinezuur aan het kweekmedium. Daarnaast is een systeem
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opgezet om het gedrag van de intracellulaire pH(zuurgraad) op enkelcelniveau te
kunnen bepalen.

Hoofdstuk 2 beschrijft in detail de workflow van het imageanalysesysteem
"SporeTracker" en de uitbreiding ervan, “multikanaal SporeTracker”, bedoeld voor
analyse van de dynamiek van de intracellulaire pH van enkele sporen/cellen. Deze
analyse-instrumenten werden gebruikt in hoofdstuk 3 en hoofdstuk 6 voor de
analyse van de verschillende fasen van de kieming en uitgroei van de sporen en
vegetatieve cellen. Hoofdstuk 3 beschrijft het ontwerp van een lucht bevattende
observatiekamer, geschikt voor continue microscopische analyse van de (uit)groei
van sporen en aërobe bacteriën. Een belangrijk kenmerk van deze kamer is dat
er voldoende zuurstof en celkweekmedium is om optimale groeiomstandigheden
van aërobe Bacilli te waarborgen. Dit hoofdstuk belicht ook de heterogeniteit
in groeigedrag wanneer onbehandelde sporen werden ontkiemd en gekweekt in
minimaal kweekmedium met een gedefinieerde hoeveelheid nutriÃńnten.

Thee (Camellia sinensis) is een van de meest geconsumeerde niet-alcoholische
dranken in de wereld. Studies hebben aangetoond dat theepolyfenolen de groei
van diverse Gram-positieve bacteriÃńn kan remmen. Het effect van deze verbindin-
gen op ontkieming en uitgroei van bacteriesporen heeft tot nog toe weinig aan-
dacht heeft gekregen. Hoofdstuk 4 beschrijft de kwantitatieve analyse van het
effect van specifieke theeverbindingen op ontkieming en uitgroei van Bacillus sub-
tilis sporen op enkel-cel resolutie. De studie gaf een beter begrip van het effect
van de antimicrobiële in thee voorkomende stoffen gallocatechine gallaat, Teav-
igo (> 90% epigallocatechine-3-gallaat), theaflavin 3,3’- digallate en galluszuur,
op sporenontkieming en uitgroei. De geteste verbindingen hadden een significant
effect op de meeste stadia van de kieming en uitgroei. Galluszuur had het sterk-
ste effect op het vermogen tot uitgroei. De kiemingsefficiëntie (vermogen van de
sporen om water op te nemen, correlerend met de fase-helder naar fase-donker
overgang) werd niet beïnvloed. Bovendien beïnvloedden alle verbindingen, met
name theaflavin 3,3 ’digallate duidelijk de groei van nieuwe vegetatieve cellen.

Zwakke zuren worden gewoonlijk gebruikt als, veelal natuurlijke, conserveer-
middelen in de voedingsindustrie. Sorbinezuur is bekend om de groeiremmende
effecten op verschillende micro-organismen waaronder bacteriën, gisten en schim-
mels. Hoofdstuk 5 beschrijft de studie van het effect van de aanwezigheid van
sorbinezuur (3 mM), de blootstelling aan warmte (85◦C/10 min) en de combinatie
van beide op ontkieming en uitgroei van Bacillus subtilis sporen op enkel-cel res-
olutie. De geteste concentratie van sorbinezuur (3 mM) heeft in de eerste plaats
invloed op de uitgroei en generatietijd van de bacteriën die uit sporen ontstaan.
De hittestress beïnvloedt vooral het kiemingsproces. De blootstelling verlengt de
tijd tot het begin van de kieming en verlengt de kiemingstijd zelf. Het laatste
wil zeggen dat de tijd die het duurt om van fase-helder tot fase-donker te komen
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langer wordt. Er was echter geen effect op zowel uitgroei als generatietijd van
de vegetatieve cellen die uit de sporen ontstonden. De combinatie van zowel een
thermische behandeling en sorbinezuur gaf een synergistisch antimicrobieel effect.

Hoofdstuk 6 beschrijft de studie van het effect van zwakke zuren op de intra-
cellulaire pH dynamica in vegetatieve cellen van Bacillus subtilis. In deze studie
werd een verbeterde versie van de, genetisch gecodeerde, ratiometrische IpHluo-
rin (afgeleid van GFP) gebruikt samen met live-imaging. Zwak organisch zuur
zoals sorbinezuur en azijnzuur veroorzaakte concentratieafhankelijke intracellu-
laire verlaging van de intracellulaire pH die correleerde met een verlaging van de
groeisnelheid. Interessant is dat er meer azijnzuur nodig was om de interne pH
van de cel te verminderen dan sorbinezuur.

De gepresenteerde studies van beeldvorming van Bacillus subtilis sporen kiem-
ing en uitgroei geven een unieke toolbox die nu zal kunnen dragen tot het verkri-
jgen van nieuwe inzichten met betrekking tot het verbeteren of ontwerpen van
nieuwe conserveringsconcepten teneinde beter kwaliteit voeding mogelijk te maken
bij het behoud van de gewenste microbiële stabiliteit van ons voedsel.
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