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Abstract
Bacterial spores pose the largest hurdle for the preservation of perishable food due to their extreme
resistance to processing steps. Conventionally, food industries apply intensive decontamination
processing steps, most commonly thermal processing, to inactivate bacterial spores. However, this is
not suitable for heat-sensitive products, ingredients, and materials. Moreover, the high thermal load
of treated products often leads to reduced quality concerning their organoleptic and nutritional
attributes. To meet consumer needs of fresher, minimally processed food products, food industries
and scientists have been searching for novel non-thermal, mild but efficient spore control strategies.
Among the emerging decontamination technologies, low energy electron beam (LEEB) and high
pressure (HP) technologies have shown high potential because of the reduced thermal-load and
improved quality retention of the treated foods. Therefore, in this research, these two non-thermal
processing technologies were investigated for their spore inactivation efficiency and mechanisms.
The results revealed that the inactivation efficiency of LEEB technology was in a comparable range to
that of the other ionizing irradiation technologies and was influenced by various factors, including
spore species and sporulation conditions. The mechanistic study revealed that DNA damage was one
of the causes of spore inactivation by LEEB and the investigation of a newly developed continuous
industrial LEEB system demonstrated a high potential to upscale LEEB processing for the
decontamination of low water activity food surfaces (e.g. for spices).
HP can inactivate bacterial spores by first triggering germination. The key limitation for the application
of HP-based germination-inactivation approaches is that spore germination is extremely
heterogeneous under HP. This research optimized and thoroughly validated the use of flow cytometry
to study spore germination behavior under HP. Results revealed four distinct responses of spores
under HP treatment at 150 MPa and 37°C. A protocol based on fluorescence-activated cell sorting was
further developed to isolate spores of different physiological states after HP treatment.
The methods developed in this study provide a foundation for future research on spore inactivation
using LEEB and heterogeneous spore behavior upon HP treatment. The outcome can further help the
development and implementation of LEEB and HP technologies as non-thermal, gentle spore control
approaches, which will help deliver safe and minimally processed foods to consumers in the future.

Zusammenfassung
Bakterielle Sporen sind aufgrund ihrer extremen Resistenz die größte Hürde für die Konservierung
verderblicher Lebensmittel. In der Lebensmittelindustrie werden häufig thermisch intensive Verfahren
eingesetzt, um eine Dekontamination zu ermöglichen. Wärmeempfindliche Produkte, Inhaltsstoffe
und Materialien erleiden dabei unerwünschte organoleptische und ernährungsphysiologische
Qualitätseinbussen. Um den Konsumentenbedürfnissen nach frischeren und minimal verarbeiteten
Lebensmitteln dennoch gerecht zu werden, sucht die Lebensmittelindustrie und die Wissenschaft
stetig nach neuartigen, milden und nicht-thermischen Alternativen zur effektiven Sporenkontrolle.
Besonders

vielversprechend

im

nicht-thermisch

Bereich

sind

hier

die

niedrig-energie

Elektronenstrahlenbehandlung (engl.: low-energy electron beam treatment, LEEB) sowie
Hochdruckbehandlung (engl.: high pressure, HP). In dieser Forschungsarbeit wurden deswegen diese
beiden Technologien auf ihre Effizienz und den Mechanismus ihrer Sporeninaktivierung untersucht.
In dieser Arbeit konnte gezeigt werden, dass die LEEB Technologie ähnliche Sporeninaktivierungsraten
erreicht, wie andere ionisierende Bestrahlungstechnologien. Verschiedene Faktoren, wie die
Variabilität der Spezies sowie der Sporulationsbedingungen, zeigten dabei den grössten Einfluss auf
die Inaktivierungsraten. Eine Untersuchung zur Wirkungsweise von LEEB Strahlung zeigte auf, dass
DNS-Schäden eine der Ursachen für die Inaktivierung darstellt. Die Skalierung auf ein industrielles
LEEB-System für die kontinuierliche Dekontaminierung von Lebensmitteloberflächen mit geringer
Wasseraktivität (z.B. Gewürze) konnte das grosse Zukunftspotential dieser Technologie aufzeigen.
Der Fokus der HP Forschungsarbeit lag auf dem Keimungs-Inaktivierungs Konzept. Nach einem
Keimschritt verlieren die Sporen ihre Resistenz und sind somit auch empfindlich auf milde
Inaktivierungsprozesse. Die größte Hürde für die Anwendung von HP-basierten KeimungsInaktivierungs-Ansätzen besteht darin, dass Sporen unter HP extrem heterogen oder teilweise gar
nicht keimen. Diese Arbeit optimierte und validierte die Durchflusszytometrie als analytische Methode
für die Untersuchung von hochdruckbehandelten Sporen. Die Ergebnisse bestätigen die heterogene
Keimung und zeigten im zweiten Teil der Untersuchung, dass Sporen bei 150 MPa und 37°C in vier
separate Reaktionswege eingeteilt werden können. Ebenso wurde die fluoreszensaktivierte
Zellsortierung weiterentwickelt, um Sporen verschiedener physiologischer Zustände nach einer HPBehandlung zu separieren.
Die in dieser Arbeit entwickelten Methoden bilden eine solide Grundlage für zukünftige
Forschungsarbeiten zur Sporeninaktivierung durch LEEB sowie zu heterogener Keimung bakterieller
Sporen während oder nach einer HP-Behandlung. Die Ergebnisse dieser Forschungsarbeit können zur
Weiterentwicklung und Implementierung der LEEB- und HP-Technologie als schonende Alternativen
zur Sporenkontrolle in Lebensmittel beitragen.
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Introduction
1. Spore-forming bacteria and their significance in food industry
Spore-forming bacteria, mainly represented by the genera Bacillus, Geobacillus and Clostridium, are
ubiquitous in nature. Consequently, they inevitably enter the food chain and can cause food spoilage
and food-borne illnesses, leading to economic losses and increased public health risks (Setlow and
Johnson, 2007; Wells-Bennik et al., 2016). The main food spoilage-associated spore-forming bacteria
includes various species, such as Geobacillus stearothermophilus, Bacillus coagulans, Bacillus subtilis,
Clostridium sporogenes, Clostridium butyricum (Oomes et al., 2007). Major pathogenic spore-forming
bacteria that cause food-borne diseases include Bacillus cereus (diarrheal or emetic toxins), Clostridium
perfringens and Clostridium botulinum (Scallan et al., 2011). The omnipresence of the spore-forming
bacteria and its spoilage and pathogenic potential make them a priority to control in food production
(Carlin et al., 2000; Choma et al., 2000).
However, the control of spore-forming bacteria in food industry has been proven difficult because they
can exist in two morphologies: vegetative cell and dormant spore. When the surviving conditions
become unfavorable, spore-forming bacteria can form spores as survival vehicles. Those spores are
metabolically dormant (Gould and Hurst, 1969) and possess extreme resistance towards harsh
conditions such as heat, desiccation and physical stress (Nicholson et al., 2000; Setlow, 2003; Setlow,
2006; Abee et al., 2011; Zhang et al., 2018). Notably, the dormant and robust nature of spores enables
them to survive many of the currently applied food preservation methods, like pasteurization, drying
and radiation (Zhang et al., 2018). Once conditions turn favorable again, spores could germinate and
grow out to become actively dividing vegetative cells and make food products unsuitable and/or
unsafe for consumption. In addition, spores are highly hydrophobic, which would support their
attachment to stainless steel and other processing equipment thus increase their survivability in
cleaning procedures (Andersson et al., 1995; Setlow, 2006), leading to a continuous source of
recontamination of products. All these properties of spores render them notoriously difficult to control
or eradicate in food products (Andersson et al., 1995).

2. Life cycle of spore-forming bacteria
The first step to win a battle is to understand the opponent. Therefore, knowledge of the life cycle of
the spore-forming bacteria will be an important basis to develop gentle spore control strategies. The
following paragraphs provide an overview of the life cycle of the spore-formers based on knowledge
on Bacillus spores. The major morphology changes occurring during different stages of the spore life
cycle and the causes behind it are discussed. Figure 1 gives an overview of the life cycle and there are
two important transforming processes for spore-forming bacteria: sporulation and germination.
1

Figure 1. The life cycle of Bacillus subtilis spores. The sizes of the layers are not drawn proportional
(McKenney et al., 2013)

2.1 Sporulation
Spore-formers can undergo a process called sporulation in response to unfavorable environments,
such as low water activity, unfavorable pH and temperature levels or nutrient depletion (Driks, 2002;
Setlow, 2006). This time- and energy-intensive sporulation process takes 8-10 h for B. subtilis and is
considered to be the last attempt at survival (de Hoon et al., 2010). During the process, the spore
duplicates its DNA and undergoes an asymmetrical cell division (Veening, Murray, and Errington 2009).
The process of sporulation can be generally divided into seven stages. Stage 0 and I are represented
by growing vegetative cells that form two nucleotides that align in an axial filament. Entering stage II,
a septum is developed and the sporulating cell divide asymmetrically. This results in the formation of
two unequal cellular compartments, of which the smaller one is termed as forespore compartment
and the larger one mother cell. In stage III, a phagocytosis- like process leads to the complete
engulfment of the forespore, which is now surrounded by a double membrane. The transition to the
next stage is characterized by significant changes in the forespore core region including a decrease in
volume and pH, the onset of dehydration, and synthesis of small acid soluble proteins (SASPs). In stage
IV, the germ cell wall (essentially identical peptidoglycan structure compared to growing cells) and the
cortex (similar components but unique peptidoglycan structure) are formed between the inner and
the outer forespore membranes. During stage V, proteinaceous coat layers are further developed and
2

the forespore acquires further chemical and part of its γ-radiation resistance, accompanied by further
dehydration. Maturation of the spore represents stage VI of sporulation. This stage is characterized by
the accumulation of pyridine-2,6- dicarboxylic acid (dipicolinic acid, DPA) in the spore core, which
decreases the water content of the forespore to its final level. The dehydration of the forespore is
crucial to its metabolic dormancy and causes increased refractivity resulting in the typical phase-bright
appearance of spores when examined by phase-contrast microscopy. The permeability of the inner
spore membrane decreases, which impedes the access of substances to the spore interior. The
formation of spore outermost layers (coat and exosporium) is also completed in this stage. Finally, in
stage VII of sporulation, the mother cell lyses and the mature spore is released (Eichenberger et al.,
2004; Piggot and Hilbert, 2004; Setlow, 2007; 2013).
2.2 Spores: structure and resistance
When the sporulation process is complete, a multilayered, resistant spore is formed. In general, spores
commonly resist temperatures more than 40°C higher compared to their vegetative state (Setlow,
2007). Wet heat treatment, generally higher than 100°C, is usually needed to inactivate spores in food
products (Storz and Hengge, 2010). The multilayer structure of spores largely contributes to its
resistance to adverse conditions (Gould, 1970a; Riesenman and Nicholson, 2000; Henriques and
Moran, 2007; Plomp et al., 2014). Starting from inside, the spore central core is surrounded by the
inner membrane, the germ cell wall, the cortex, the outer membrane, the spore coat and for some
species, including B. cereus, the exosporium (see Figure 2). The composition and function of the
relevant structures of spores are discussed below:

Figure 2. Structure of a completed spore. Graph modified from Setlow et al. (2017). The layers are not
drawn to scale.
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2.2.1 Spore core:
The spore core contains DNA, ribosomes and enzymes that are required for later metabolism
reactivation. It generally has much lower (25 to 50% of wet weight) water content compared to
germinated cells and growing cells (80% of wet weight) (Setlow, 2013; 2014b). This dehydrated state
of dormant spores has been linked to the spore dormancy and heat resistance (Beaman et al., 1982;
Melly et al., 2002a; Setlow, 2003). In addition to the low water content, the core also has a relatively
low pH compared to vegetative cells. The reduced pH, which rises again during germination, was
reported to regulate the activity of the enzymes and contribute to the metabolic dormancy of spores
(Setlow and Setlow, 1980; Magill et al., 1994).
The spore core also has a high deposit of DPA, mainly present as a 1:1 chelate with Ca2+. DPA consists
5 – 20% of the dry weight of the core and plays an important role in spore robustness (Setlow and
Johnson, 2007). This is because Ca2+-DPA accumulation contributes largely to water content reduction
of the core, thus indirectly influencing spore dormancy and wet heat resistance (Lechowich and Ordal,
1962; Paidhungat et al., 2000). In addition to abundant Ca chelate with DPA, spores also have higher
Mn and Cu contents, and the increased mineral content of spores was also reported to be involved in
spore resistance (Curran et al., 1943).
In addition, the spore chromosome is saturated with a kind of protein termed small, acid-soluble
proteins (SASPs). SASPs are synthesized during sporulation and account for approx. 10% of the total
spore protein (Setlow and Johnson, 2007). B. subtilis spores contain a large amount of α-/β-type SASPs,
which can bind to double-stranded DNA (Setlow et al., 1992). SASPs protect spore DNA from different
types of damages, such as UV radiation or heat, cleavage by hydroxyl radicals and digestion by DNase
(Setlow, 1988; Mohr et al., 1991; Setlow, 1992).
2.2.2 Inner membrane:
The first layer surrounding the spore core is the inner membrane. It is formed very early in sporulation
and it is a functional membrane with phospholipid content similar to that of growing cells (Cowan et
al., 2004). The inner membrane serves as an extremely strong permeability barrier for almost all
molecules and therefore confers spore resistance to damaging chemicals (Nicholson et al., 2000;
Cortezzo and Setlow, 2005). In addition, the inner membrane is the place where germination relevant
proteins are located, e.g. germinant receptors and SpoVA proteins, indicating its importance for spore
germination (Hudson et al., 2001; Setlow, 2003; Li et al., 2012). Hence, the inner membrane most likely
plays a key role in spore resistance and spore germination.
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2.2.3 Germ cell wall:
Bacterial spores have two layers of peptidoglycan wall. The inner layer is the germ cell wall, which is
believed to have a similar structure to that of the vegetative cells. Following the spore germination,
the germ cell wall serves as the initial cell wall and is possibly a template for the synthesis of vegetative
peptidoglycan (Tipper and Linnett, 1976; Meador-Parton and Popham, 2000).
2.2.4 Cortex:
The outer layer of the peptidoglycan wall is a thick layer called the spore cortex. It serves as a retaining
structure and it is crucial for the establishment and maintenance of spore core dehydration and
dormancy (Henriques and Moran, 2000; Popham, 2002). It is composed of the same sugar constituents
and amino acids as the vegetative cell wall peptidoglycan with a chemically distinct structure (Lenz,
2017). It has a reduced degree of cross-linking and this has been suggested to contribute to the
flexibility of this layer, which might play a role in the attainment and maintenance of core dehydration
(Lewis et al., 1960).
2.2.5 Outer membrane:
The spore outer membrane is formed early in sporulation and serves as an assembly site of cortex
and coat structures (Ramamurthi et al., 2006). The outer member seems to not have a great effect
on spore resistance to heat, radiation or some chemicals (Nicholson et al., 2000; Setlow et al., 2000;
Leggett et al., 2012).
2.2.6 Coat:
The spore coat is a multilayered proteinaceous shell with four distinct layers: a basement layer closely
opposed to the membrane, the inner coat, outer coat and crust. The spore coat was reported to
contribute to the extreme physical and chemical stress resistance of spores (Driks, 2003). It is also
crucial for maintaining spore dormancy as spores with incomplete coats are unstable and germinate
readily and uncontrolled (Jenkinson et al., 1981). In addition to that, the spore coat also mediates
proper recognition and access of nutrients to specific germinant receptors and harbors enzymes that
are needed to degrade spore peptidoglycan during germination (Lambert and Popham, 2008).
2.2.7 Exosporium:
Not all spore species have an exosporium as the outermost structure of the spore. While the
exosporium presents particularly in B. cereus group (Charlton et al., 1999), it may be absent or reduced
in many other species, including B. subtilis (Waller et al., 2004; Leggett et al., 2012). Studies of B. cereus
showed that the exosporium is composed principally of protein, followed by carbohydrates and lipids
(Matz et al., 1970; Beaman et al., 1971). The exact function of exosporium is not clear but it has been
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suggested that its adherent and hydrophobic properties might be involved in the pathogenicity of
some spore species (Koshikawa et al., 1989; Bowen et al., 2002).
2.3 Germination
Although spores are metabolically dormant, they can still continuously monitor their external
environment. Upon sensing favorable conditions, spores will rapidly end dormancy, start to germinate,
and grow out to vegetative cells. Germinated spores revive back to life but at the same time lose their
extreme resistance.
2.3.1 Germination stimuli and germination-involved proteins
The environmental signals that trigger germination are called germination stimuli, including nutrient
and non-nutrient triggers. Common nutrient germinants include a wide variety of amino acids, e.g. Lalanine and sugars, glucose and fructose. These signals might indicate the availability of nutrients to
spores, thus can induce the germination of them. On the other side, some non-nutrient signals can
also induce a germination response, such as exogenous Ca2+-DPA, dodecylamine, cortex fragments and
high pressure (Reineke et al., 2013).
The important germination apparatus together with their functions and their location in spores are
shown in Figure 3. (Abee et al., 2011). A number of proteins involved in spore germination, such as
GRs, cortex-lytic enzymes (CLEs) and SpoVA are introduced in the following paragraph.

Figure 3. Important germination apparatus and their location in spores. Abbreviations: IM, spore
inner membrane; OM, spore outer membrane (Abee et al., 2011).
Germination receptors (GRs)
GRs are thought to be synthesized in the forespore compartment of the developing spore and located
at the spore inner membrane. They are present in low numbers and the genes encoding GRs vary
between different spore-formers, which is a major reason for differences in germination requirements.
B. subtilis has three types of GRs, GerA, GerB and GerK, which are encoded by the gerA, gerB and gerK
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operons (Moir et al., 2002; Paidhungat et al., 2002). GerA is activated by L-alanine alone, while GerB
and GerK are both required for the germination with AGFK (a specific mixture of L-asparagine, Dglucose, D-fructose and potassium ions) (Setlow, 2003; Black et al., 2005a). Additionally, multiple GRs
can respond cooperatively to germinant(s).
The exact mechanism of GR activation and the signal transduction after their activation are still not
well understood, even in the well-characterized model organism, namely B. subtilis. The GerD protein
is suggested to be involved in signal transduction from activated GRs to proteins involved in the
subsequent germination process (Paredes-Sabja et al., 2011; Chen et al., 2014).
Cortex lytic enzymes (CLEs)
CLEs are responsible to degrade the spore cortex, which removes the physical constraint of the spore
core and allows the spore to take up more water and expand the core, thus completing spore
germination (Setlow, 2014a). There are two major CLEs in Bacillus species, namely CwlJ and SleB
(Ishikawa et al., 1998; Atrih and Foster, 2001; Lambert and Popham, 2008; Heffron et al., 2009).
SpoVA
Proteins encoded by the spoVA operon are involved in the uptake of Ca2+-DPA during sporulation (Li
et al., 2012). Further studies suggested that they are also involved in the release of Ca2+-DPA during
germination, perhaps as components of a DPA channel, in some Bacillus species (Vepachedu and
Setlow, 2007; Paredes-Sabja et al., 2011).
2.3.2 Germination pathways
Different types of germination stimuli trigger spores to germinate through different germination
pathways. Depends on whether GRs are involved in the germination process, it can be divided into
GR-dependent germination and GR-independent germination.
GR-dependent germination
Nutrient(s) trigger spore germination in a GR-dependent manner. Previous studies showed that
mutants lacking the GRs germinate only very little with nutrient(s) trigger (Paidhungat and Setlow,
2000; Gupta et al., 2013). The typical process of GR- dependent germination of Bacillus contains two
stages, followed by spore outgrowth if the conditions are right. This process is showed in Figure 4. In
general, the presence of nutrient(s) activates the GRs located in the inner membrane of spores. This
leads to the commitment of spores to germination and once the spores are committed, the
germination is irreversible, meaning spores will continue germination even when the germination
stimulus is removed. Afterward, the monovalent cations, mainly K+, Na+ and H+, will be released, the
spore pH will increase from approximately 6.5 to 7.7 (Lenz and Vogel, 2015). Following that, the large
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depot of Ca2+-DPA, which is present in the spore core, is also released. The rapid loss of Ca2+-DPA marks
the beginning of partial core rehydration, which leads to a decreased spore wet-heat resistance. The
release of Ca2+-DPA will activate cortex lytic enzymes, which will hydrolyze the cortex peptidoglycan
(Setlow et al., 2001). The spore core will expand, and spores will lose most of their resistance and
eventually, the SASP will degrade and the spore coat will be discarded (Setlow, 2003; Abee et al., 2011).

Figure 4. Events of GR-dependent spore germination. Graph modified from Setlow (2003).
GR-independent germination
In addition to germination via activation of GRs, some germination stimuli can trigger germination
independent of GRs. For example, exogenous Ca2+-DPA can directly activate the cortex lytic enzymes
resulting in cortex hydrolysis and germination for some species (Setlow, 2003). Cationic surfactants
such as dodecylamine can also trigger spore germination, most likely by causing Ca2+-DPA release
(Setlow et al., 2003; Vepachedu and Setlow, 2007). The release of Ca2+-DPA then triggers the
subsequent germination process similar to the GR-mediated pathway.
Interestingly, depending on the applied pressure levels, high pressure can trigger spore germination
through both GR-dependent and GR-independent pathways (Paidhungat et al., 2002; Reineke et al.,
2011a; Sevenich and Mathys, 2018).
2.3.3 Germination capacity and its influencing factors
The germination capacity of a spore population consists of two different aspects. One aspect is how
fast they germinate, namely the germination rate/speed. The second aspect is how many of them
germinate upon the germination stimuli, namely the percentage of germinated spores in a population,
or germination efficiency. Various factors can influence the germination capacity of a spore population.
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First, spores from different species have distinct germination behaviors. Some species are generally
easier to germinate compared to others. The nutrients that trigger the germination of one species are
not necessarily able to trigger another (Wuytack et al., 2000; Ghosh and Setlow, 2009; Ghosh et al.,
2012). Therefore, it is important to consider the differences in the germination ability of different
species when translating research data on model organisms into industrial applications, as target
species in the products might be different.
Second, some pretreatments of the spores can promote spore germination both on its rate and
efficiency (Keynan et al., 1964; Keynan, 1969). Studies revealed that a short sublethal heat treatment
(10-60 min) within a temperature range of 60-80°C before applying germination stimuli could increase
the nutrient germination efficiency and speed (Martin and Blackwood, 1972; Lovdal et al., 2011;
Setlow, 2013). Third, the sporulation conditions such as temperature, pH, salinity, water content and
sporulation temperature also influence spore germination properties with nutrients and high-pressure
(Melly et al., 2002b; Nguyen Thi Minh et al., 2011). Finally, the germination triggers/conditions
influence the spore germination behavior largely. For nutrient germination, nutrient selection,
concentration, temperature and treatment time influence the germination efficiency (Ghosh and
Setlow, 2010). For high pressure germination, the buffer of the spore suspension, the pressure level,
the treatment temperature and holding time were reported to influence the germination behavior
(Wuytack et al., 1998; Reineke et al., 2012).
Notably, even when spores of the same population are exposed to the same germination stimuli, the
germination capacity within a population is highly heterogeneous (Chen et al., 2006; Gould, 2006;
Eijlander et al., 2011; Stringer et al., 2011; Setlow et al., 2012). It was found that most of the spores
can germinate rapidly after exposure to germinant stimuli, but a subpopulation remains dormant or
germinates extremely slowly (Gould, 1970b; 2006; Ghosh and Setlow, 2009; Zhang et al., 2010; Lovdal
et al., 2011; Rodriguez-Palacios and LeJeune, 2011). This subpopulation is referred to as superdormant
(SD) spores and this heterogeneous germination behavior is most likely a population survival strategy.
By not germinating all at the same time, they reduce the risk of complete eradication of the population
upon rapid environmental changes (Setlow et al., 2017). This strategy is on one hand fascinating and
evolutionarily smart for spores to survive, but on the other hand, poses severe challenges to the
industries that try to inactivate bacterial spores by first germinating them. As mentioned, spores lose
their extreme resistance upon germination, thus become easier to inactivate with a milder follow-up
inactivation step. This approach is so-called germination-inactivation strategy and will be discussed in
detail in section 3.3 Spore inactivation by high pressure. With the increased awareness of the
importance and limitation of this SD subpopulation, more and more research shifted the focus from
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characterizing germination behavior of the whole spore population to this SD subpopulation or to a
single-cell level in recent decades (Ghosh and Setlow, 2009; Wei et al., 2010; Setlow et al., 2012).
2.3.4 Methods and tools to study germination heterogeneity
Several methods have been developed previously for studying spore germination based on
physiological changes that occur during germination. For example, spores lose their refractivity during
germination. Based on this, a phase-contrast microscope can be used to exam spore germination as
they will turn phase-dark (germinated) from phase-bright (dormant). Spores also lose their heat
resistance after germination. Based on this, plate count with and without heat treatment can be used
to assess the spore germination efficiency within a population. Moreover, measuring Ca2+-DPA release
can also be used to monitor spore germination (Zernike, 1955; Hashimoto et al., 1969; Wuytack et al.,
1998; Reineke et al., 2011b; Kong et al., 2014; Setlow, 2014a). However, most of these classical
methods have low throughput and the obtained information only reflects the germination capacity of
the whole population without considering heterogeneity within the population. These methods are
therefore not ideal for studying heterogeneous spore germination. In order to obtain information
concerning germination heterogeneity within a population, researchers have investigated other
techniques to study germination on a single-cell level, e.g. by controlled dilution, Raman spectroscopy
or flow cytometry (FCM) (Margosch et al., 2004; Chen et al., 2006; Zhang et al., 2012; Pandey et al.,
2013; van Melis et al., 2014; Trunet et al., 2017). Among them, FCM is a powerful technology that
allows rapid determination of the structural and physiological status of individual spores from a
heterogeneous population (Mathys et al., 2007; Wells-Bennik et al., 2016).
In FCM, spores with and without fluorescent markers are aligned in a fluid stream and pass through
the focus of multiple laser beams one by one. The scattered and fluorescent light resulting from every
single cell is collected and analyzed to obtain relevant information, which can be used to differentiate
their physiological states. Beyond single-cell analysis, FCM also offers further advantages when
coupled with a cell sorter. It can be used to isolate interesting targets on a single-cell level for further
investigation (Ambriz-Avina et al., 2014; Karava et al., 2019). By combining with suitable dyes, FCM can
be used to differentiate spores at different physiological states at a single-cell level.
In general, through decades of investigations, researchers gathered much relevant information
regarding the life cycle and important properties of spore-forming bacteria, which laid a solid
foundation for future research on developing milder spore control strategies.

3. Development of milder spore control strategies
Despite the efforts so far, the most applied approach to eliminate spores at the current state is still
thermal sterilization. This intensive treatment can inactivate bacterial spores but it at the same time
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largely compromises the quality of the food products. For example, the heat sterilization process can
induce changes in flavor and texture and decrease the nutritional value of foods because many
micronutrients are not heat stable. In recent decades, the consumer-driven trend for mildly processed
foods has become increasingly popular (Havelaar et al., 2010). While such milder processed foods
contain better preserved organoleptic and nutritional attributes, they may also enhance the survival
of spore-forming bacteria. When the harmful spore-forming bacteria are not eradicated during food
processing, the products need to have additional hurdles to prevent the germination and proliferation
of those spores. The often-applied hurdles are manipulation of product pH, food additives or
refrigeration. Even with the combination of additional hurdles, the final food products often still have
a rather short shelf life. For example, the pasteurized milk needs to be transported and stored at
refrigerator temperature and be consumed within often a week. This is the same for many minimally
processed ready to eat food products. The dependence of a functional cooling chain and limited shelf
life pose on one hand big challenges for supply chain logistics and constraints for target markets. For
example, it will be challenging for markets far away from production site or markets that do not have
access to a functional cooling chain. On the other hand, a cooling chain is often energy-intensive, which
creates an additional environmental burden.
Therefore, scientists and the industry are continually looking for other milder but effective spore
control strategies other than thermal sterilization. In this research, we aim at investigating different
processing technologies that on one hand effectively inactivate bacterial spores. This could ensure safe
and shelf-stable products without additional requirements for cooling chains, which will protect
consumer health, reduce food waste and environmental burden. On the other hand, this processing
should be gentle and minimizing quality loss. This will meet the consumer needs and preserve the
original organoleptic and nutritional attributes of the foods. Two promising gentle, non-thermal spore
control strategies that will be focused on this research are low energy electron beam (LEEB) and high
pressure (HP) technologies. They are suitable for different types of products: while LEEB is suitable for
surface decontamination, HP predominantly treats packed products. They also inactivate bacterial
spores in different manners, which will be discussed in detail later in section 3.2 and 3.3.
3.1 Spore-formers in focus
The focus of spore-forming bacteria in the high pressure research lies mainly on B. subtilis, while in the
LEEB research besides B. subtilis, Geobacillus stearothermophilus and B. pumilus were used.
3.1.1 Bacillus subtilis
B. subtilis is a Gram-positive, aerobic, rod-shaped, non-pathogenic, mesophilic spore-forming
bacterium, which has been isolated from a variety of soils. In the past decades, B. subtilis served as a
model organism for mechanistic research of spore-forming bacteria. One of the advantages of using B.
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subtilis in this research is that this model organism is wildly used in spore studies, which builds up a
profound understanding of this strain and makes it easier to compare the outcome to other spore
research (Harwood and Archibald, 1990). Another advantage of using the model organism is that
various isogenic mutants of this strain are available, which made the mechanistic investigation of
germination and inactivation possible.

Since the basic components of the spore germination

machinery are conserved between various Bacillus species (Paredes-Sabja et al., 2011; Setlow, 2013),
the obtained results from the model organisms could help largely to understand the basic mechanisms
for spore formers, at least for spores of Bacillales.
3.1.2 Bacillus pumilus
B. pumilus is a Gram-positive, aerobic, psychrotolerant spore-forming bacterium commonly found in soil. B.
pumilus is similar to other Bacillus species such as B. subtilis, B. megaterium, and B. cereus but it forms
much smaller spores than most other Bacillus (Bradley and Franklin, 1958). B. pumilus poses a big challenge
for chilled products, e.g. chilled dairy products, due to its ability to survive in low temperature (Samapundo
et al., 2014). B. pumilus spores generally show high resistance to environmental stresses, including UV light
exposure, irradiation, desiccation, and the presence of oxidizers such as hydrogen peroxide (Kempf et al.,
2005).

3.1.3 Geobacillus stearothermophilus
G. stearothermophilus is a Gram-positive, aerobic, thermophilic, spore-forming bacterium, which can
be found in hot springs and soil (Nazina et al., 2001). The genus Geobacillus belongs to the same family
as the genus Bacillus and it was previously classified as Bacillus stearothermophilus. However, a
taxonomy study led to a transfer of Bacillus stearothermophilus and some closely related Bacilli into a
newly created genus named Geobacillus (Nazina et al., 2001). G. stearothermophilus grows within a
temperature range of 30 to 75°C and can cause spoilage in food products. It is highly resistant to wet
heat and is commonly used as a biological indicator for sterilization validation studies and periodic
check of sterilization cycles.
3.2 Spore inactivation by low energy electron beam
In order to meet consumers’ demands for minimally processed food products that are safe and
additive-free (Gould, 1996), food industries and scientists have been continuously searching for novel
non-thermal spore control strategies that better preserve the freshness and nutritional value of the
food products. Among the emerging decontamination technologies, low energy electron beam (LEEB)
and high energy electron beam (HEEB) has proved to be an effective bacterial inactivation technology
with minimal influence on food quality (Radomyski et al., 1994; Hayashi et al., 1997; De Lara et al.,
2002; Arthur et al., 2005).
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3.2.1 Low energy electron beam
The electron beam (EB) is an emerging, non-thermal decontamination technology. Together with X
and γ-rays, it belongs to the group of ionizing radiation (Urgiles et al., 2007). Different to photon-based
X-rays and γ rays, LEEB is particle-based ionizing radiation. Depending on the kinetic energy of the
electrons, an EB can be distinguished as either a high-energy EB (HEEB) (>300 keV) or LEEB (≤300 keV)
(ISO/ASTM 51818, 2009; Tallentire et al., 2010). In a LEEB unit, the electrons are generated by running
an electrical current along wolfram filaments and are then accelerated in a vacuum chamber. At the
end of the chamber, the electrons leave the vacuum chamber by flying through a thin titanium foil and
continue to hit the target (see Figure 5).

Figure 5. Illustration of a low energy electron beam lamp. Graph adapted from Comet Group (2012).
The emerging EB technology has many advantages over other ionizing irradiation technologies and
conventional decontamination technologies. Generally, EB is an environmentally friendly technology
as it is water- and chemical-free and the energy is used efficiently (Farkas, 1998). Compared to
radiation with γ-ray, EB technology does not use radioactive sources (Jaczynski and Park, 2003; Black
and Jaczynski, 2006). γ-ray are emitted during the radioactive decay of nuclei and the common sources
are Co-60 or Cs-167. Due to the dependence on radioactive decay, γ-ray cannot be stopped when not
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used. Compared to that, EB can be tuned for the desired intensity and can be switched on or off
instantly since the electrons are generated electronically, which increases the control and flexibility of
the application of this technology (Urgiles et al., 2007). Moreover, while applying a high dose of gamma
rays may take a long time due to the low dose rate, the same dose can be applied in a shorter time
with EB (Silindir and Ozer, 2009; Fan et al., 2017).
Compared to HEEB, LEEB has lower penetration depth (see Figure 6). This is because when an
accelerated electron leaves the vacuum chamber, it gradually loses its kinetic energy due to collision
with other molecules or atoms. The eventual penetration depth is dependent on the kinetic energy of
the electrons and the density of the treated material. The higher the kinetic energy and the lower the
density of the target, the deeper the electrons can penetrate (Urgiles et al., 2007). Secondary electrons
might be created during the collision and this ionization cascade continues and generates an electron
cloud. This electron cloud contains electrons flying to different directions, which can be seen as
beneficial as they could enter pores and crevices, leading to a shadowless treatment of an uneven
surface (Bugaev et al., 1994).

Figure 6. Low energy electron penetration depth in water independence of the initial kinetic energy
of the electrons. Graph adapted from COMET Group (2015)
The LEEB deposits electrons close to the surface where microorganisms are present, making it a highly
efficient surface decontamination technology (Urgiles et al., 2007). At the same time, the productprocess interactions occur mainly on the surface, resulting in less impact on food quality (Hayashi,
1998; De Lara et al., 2002; Kikuchi et al., 2003). For example, research suggested LEEB could achieve
microbial decontamination of seeds without influencing their germination (Trinetta et al., 2011; Fan et
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al., 2017). Due to the low penetration depth, less shielding is needed to stop the electron and protect
the working area, which makes LEEB easily implementable in existing processing lines (Bugaev et al.,
1994; Hayashi, 1998; Chalise et al., 2007).
On the other side, the penetration depth of electrons with low kinetic energy is limited to a micrometer
scale, which means it is important to understand the distribution of bacterial contaminants in the
treated products. For foods that have contaminations that reach deep into the food matrix, the
electrons might have difficulties reaching and inactivate those bacterial contaminates. Therefore, it is
important to understand whether the desired dose could be applied to those contaminants that hide
deeper. A potential limitation on the LEEB technology application is that LEEB is classified as irradiation,
which leads to limited consumer acceptance. However, the consumer acceptance for this
decontamination technology is increasing as consumers and food industries recognize that irradiation
can be an effective alternative to chemical additives to preserve foods (DeRuiter and Dwyer, 2002;
Sabharwal, 2013).
3.2.2 Biological effect of LEEB
LEEB can inactivate vegetative cells and spores through direct and indirect effects (see Figure 7). The
direct effect is caused by the energy transfer of electrons to the target molecules. For example, DNA,
enzymes, and membrane proteins. The target molecules might be damaged due to disintegration. It
has been suggested that induced DNA damage is the main mechanism responsible for microbial
inactivation by direct effects (Tahergorabi et al., 2012). Indirect effects are caused when electrons
ionize water molecules or oxygen molecules, leading to the generation of different reactive species.
For example, the electrons can react with the water molecules and oxygen, generating highly reactive
radicals, such as hydroxyl radicals (HO·), hydrogen peroxide and superoxide ions (O2·-), which can
damage the cell (Repine et al., 1981; Nikjoo et al., 2002; Tahergorabi et al., 2012; Lung et al., 2015;
Hertwig et al., 2018). Radicals formed from water are especially efficient in damaging the bacteria,
therefore, it is suggested that free water is a major influencing factor for the inactivation effectiveness
of LEEB (Silindir and Ozer, 2009).
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Figure 7. Damaging effect of accelerated electrons on DNA strands. (a) Direct ionization effect by an
electron. (b) Indirect electron effect, whereby water molecules are ionized, which leads to the
generation of reactive oxygen species. In a second step, those reactive molecules ionize the
biomolecules. Graph adapted from Krieger (2016).
3.2.3 Potential inactivation mechanism of LEEB
The precise inactivation mechanism by LEEB is not clear, but it has been suggested to be similar to
other ionizing radiations. Since ionizing radiations generally cause inactivation by inducing different
kinds of DNA damages, EB treatments might induce similar damages (Hutchinson, 1985; Goodhead,
1994; Moeller et al., 2008b).
For example, LEEB might impair the sugar/phosphor bonds of DNA, which can evoke breakage of the
longitudinal joints, leading to single-strand break (SSB) or double-strand break (DSB). SSB are
happening more often than DSB, and damage is called DSB only when the distance between two SSB
in two strands is within 10 base pairs (bp). Moreover, LEEB might also cause base modifications, which
can induce structural changes in the DNA double helix. The bases’ altered chemical structure leads to
base mismatch and faulty cross-linking (Krieger, 2012). Base modifications, which lead to conformation
changes in the DNA double helix, resulting in bulky-lesions. These kinds of errors are called bulky
lesions and they can lead to a stop in DNA replication. Non-bulky lesions, i.e. lesions without
conformation change, can also happen, which can hinder DNA replication or lead to mutations with a
normal replication process (Lenhart et al., 2012). Furthermore, a spore specific DNA damage, the socalled spore photoproduct (SP), which is an intrastrand thymine dimer, might also be produced in spore
DNA during EB treatments (Slieman et al., 2000; Moeller et al., 2008b). In the end, DNA crosslinking,
including DNA-DNA crosslinking or DNA-protein crosslinking, can also occur under high doses of
radiation (Krieger, 2012). Different DNA damages can be seen in Figure 8.
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Figure 8. Illustration of different DNA damages. (a): base mismatch, (b): base deletion, (c): base
dimers, (d): base cross-links, (e): single-strand break, (f): straight double-strand break, (g): diagonal
double-strand break. (a-d) are base defects (Krieger, 2012).
3.2.4 Potential DNA repair mechanisms for spores to survive under LEEB treatment
Note that due to the metabolic dormancy of spores, damages would only be repaired when spores
germinate and restart metabolic activities during outgrowth (Setlow, 1995; 2007; Leggett et al., 2012;
Setlow, 2014b). There are different repair mechanisms in spores that can be activated and repair the
potential damages induced by LEEB treatment.
Homologous recombination and non-homologous end joining
Homologous recombination (HR) and non-homologous end joining (NHEJ) can take place to repair DNA
DSB. These two mechanisms are important for spore survival because a DNA break can hinder the
transcription, leading to cell death. This is always the case for unrepaired DSB, whereas unrepaired SSB
does not necessarily lead to the death of the cell. However, transcription mistakes or genome
rearrangements occur (Moeller et al., 2008a; Alonso et al., 2013; Vlašić et al., 2013). Therefore, the
repair of DSB is of paramount importance. HR and NHEJ are two ways of repairing DSB. HR is a highly
accurate and conserved repair mechanism (Shuman and Glickman, 2007; Vlašić et al., 2013), HR is
RecA-dependent (Lenhart et al., 2012) and use a homologous DNA template to repair the broken
double strand. Because of this, HR only works during DNA replication (Moeller et al., 2007; Vlašić et
al., 2013). In contrast to HR, NHEJ is a specialized DSB repair mechanism that does not require a
homologous template. It is the predominant repair mechanism during the cell-cycle stage, where only
one copy of the genome is available (Lenhart et al., 2012; Vlašić et al., 2013). It was shown that NHEJ
in bacteria was mediated by two main proteins called Ku and LigD. The fidelity of NHEJ is low and some
nucleotides might be lost (Fleck and Nielsen, 2004; Lenhart et al., 2012). However, because it does not
need a homologous template, it is a preferred pathway when only one copy of the genome is available
(Shuman and Glickman, 2007; Ayora et al., 2011; Lenhart et al., 2012).
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Base excision repair and nucleotide excision repair
Excision repair can take place to repair the base modification and SSB. Two excision repair mechanisms
are known: nucleotide excision repair (NER) and base excision repair (BER). NER is an important DNA
repair mechanism with a high-fidelity pathway (Friedberg et al., 2005; Alonso et al., 2013). It does not
recognize single base modification but recognizes errors due to structural changes in the DNA (Sancar,
1996; Friedberg et al., 2005; Lenhart et al., 2012). NER repairs bulky lesions by removing noncoding
nucleotides and about 10 to 15 neighboring nucleotides. NER can also repair DNA inter-strand crosslinks through another pathway. In contrast to NER, BER removes only simple chemical alterations of
DNA bases, mostly non-bulky DNA lesions formed by alkylation, oxidation or deamination (Dalhus et
al., 2009). The damage is recognized by an enzyme called glycosylase, which also removes the faulty
base and leaves an apyrimidinic/apurinic site (AP) in the DNA. The AP will be recognized by enzymes
called AP endonucleases, which are encoded by the gene exoA and can remove the AP nucleotides
(Lenhart et al., 2012). Finally, the resulting gap is closed by a repair polymerase and ligated. This leads
to the striven undamaged form of the side (Sancar, 1996; Lenhart et al., 2012).
Spore photoproduct lyase
Photoproducts are produced when spores are irradiated with UV light. The distinct thymine dimer 5thyminyl-5,6-dihydrothymine, also referred to as spore photoproduct (SP), is the most common
photoproduct in spore DNA. SPs represent damages and can be repaired by an enzyme called SP lyase,
which is SP-specific and encoded by the splB gene (Munakata and Rupert, 1974; Setlow, 1992). They
are able to split covalent bonds and, in this connection, cleave the two bases of the dimer, leading to
the formation of the original thymine monomers (Rebeil and Nicholson, 2001; Fleck and Nielsen, 2004).
Translesion DNA synthesis
The normal replicative DNA polymerases usually stop to incorporate nucleotides when facing DNA
strands with damaged base. However, there are specialized DNA polymerases, which are able to
replicate across a damaged site (Friedberg, Fischhaber and Kisker, 2001). This more error-prone
process is called translesion DNA synthesis and involves two polymerase families, namely the Ypolymerases and the A-family polymerase. B. subtilis has two specialized Y family DNA polymerases,
which are termed PolY1 and PolY2 (Sung et al., 2003). It is suggested that the polymerases from the Yfamily carry the synthesis across the lesion, which would normally block DNA polymerase. Afterwards
the A-polymerases take over to extend the synthesis (Duigou et al., 2005; Sutton, 2010; Lenhart et al.,
2012). In general, translesion DNA synthesis is one way to tolerate, rather than repair, DNA damages
(Yasbin et al., 1990; Friedberg et al., 2005).
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SOS response
The SOS response is not a DNA repair mechanism per se, but a genetic network which coordinates DNA
repair (Friedberg et al., 2005). This transcriptional regulation is triggered by heavy DNA damages to
ensure the survival of the cell. However, it has been shown that Bacillus spores do not solely rely on
that response in case of heavy DNA damage (Simmons et al., 2009). The two main players in this system
are the RecA protein and the repressor LexA. During normal cell growth, the protein LexA suppresses
expression of the SOS box. The SOS box is a sequence, which contains SOS regulon genes. When a SOS
response is activated, RecA protein is expressed. It binds to ssDNA to form a RecA-ssDNAnucleoprotein filament. This filament can inactivate the repressor LexA by inducing self-cleavage, and
the following SOS box can be transcribed. The SOS box contains regulon genes, which induce DNA
repair mechanism such as NER and enhance tolerance against damages. Fidelity of the SOS response
is quite low and can lead to mutagenesis damages (Friedberg et al., 2005; Lenhart et al., 2012; Kreuzer,
2013).
3.2.5 Research focus regarding LEEB technology
EB is not yet widely applied in the food industry as a decontamination technology. Compared to other
well-studied irradiation technologies such as γ-rays, only a limited amount of studies were conducted
so far to investigate the effect of EB technology on bacterial spores (De Lara et al., 2002; Tallentire et
al., 2010; Fiester et al., 2012; Fan et al., 2017). Some relevant inactivation research of HEEB and LEEB
research are shown in Table 1 and Table 2. Among the present research, most of the LEEB studies are
on specific foods, focusing on naturally presented microbial flora and often using different treatment
setups (Hayashi, 1998; Rahman et al., 2006). Moreover, the inactivation efficiency was often reported
as a reduction of microbial load instead of D values, which is the radiation dose required for one log10
reduction at a given energy level. Critically, most of the research did not measure and report the
absorbed dose (Hayashi, 1998; Hayashi et al., 1998; Rahman et al., 2006). These reasons make it
difficult to compare the inactivation efficiency between different LEEB studies and compare LEEB with
conventional spore inactivation technologies. Moreover, the spore inactivation mechanisms of LEEB
are also not understood (Fiester et al., 2012). These hindered the validation and application of this
emerging technology as an innovation decontamination approach.
Therefore, in this research we take the initiative to investigate several important aspects of LEEB
technology:
What is the spore inactivation efficiency of LEEB technology?
In order to validate a new decontamination technology, one should know how efficient it is in terms
of microbial decontamination efficiency. The understanding of the bacterial spore inactivation
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efficiency is also essential to evaluate whether this novel technology could achieve enough inactivation
to ensure food safety. In this research, namely in manuscript 1 and manuscript 2 the spore inactivation
efficiency was evaluated and expressed as D values.
What influences the inactivation efficiency of LEEB technology?
It is important to know what factors influence the inactivation efficiency. On one hand, this knowledge
can be used to optimize the parameters in order to reach the most efficient inactivation. On the other
hand, it is important to understand what could lead to differences compared to the predicted
inactivation. Therefore, in manuscript 1, we evaluated several potential factors that influence the
inactivation efficiency of LEEB. For example, the spore species, the sporulation conditions, and
processing parameters, e.g. the kinetic energy input.
What is the mechanism of spore inactivation by LEEB? Is it the same as HEEB?
In order to understand how this novel technology inactivates bacterial spores, we performed
investigations on a mechanistic level. The hypothesis is that the LEEB would, similar to other ionizing
irradiations, inactivate bacterial spores by inducing DNA damages. Therefore, in manuscript 1, the
inactivation of a B. subtilis mutant lacking SASPs, which is the major protection of spore DNA against
damage, were used to confirm this hypothesis. Furthermore, in manuscript 2, the possible type of DNA
damages induced by LEEB treatment was investigated. In addition to that, the inactivation mechanisms
of LEEB is also compared to HEEB.
Can industrial scale LEEB system inactivate bacterial spores effectively in real food?
After obtaining the information of the inactivation efficiency of LEEB and its inactivation mechanisms
by using a lab-scale batch LEEB unit, it is interesting to investigate the upscaling potential of LEEB
technology to treat real foods. Therefore, a continuous industrial scale LEEB system was used in this
research to treat bacterial spores that were inoculated on black pepper. The results are presented in
chapter Unpublished Results.
By answering the research questions above, this research will provide a basis for the comparison of
LEEB treatment with other emerging and conventional decontamination techniques and shed a light
on spore inactivation mechanism of this novel technology. This will provide reference for better
setting-up of the processing parameters, support the validation and application of the novel LEEB
decontamination technology as an emerging non-thermal bacterial decontamination process.
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Table 1. Selected studies of bacteria inactivation by high energy electron beam
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Table 2. Selected studies of bacteria inactivation by low energy electron beam

3.3 Spore inactivation by high pressure
To control spores in a milder way, one could also take advantage of the different properties when
spore-forming bacteria are in different stage of their life cycle. In the spore stage, they are resistant
but at the same time metabolically dormant. Once they germinate, they can proliferate and potentially
produce toxins or induce undesired spoilage, but at the same time, they lose their extreme resistance.
Therefore, germination can be seen as a promising way to help control bacterial spores as it transforms
those robust surviving vehicles to sensitive cells (Collado et al., 2004; Setlow, 2006; Abee et al., 2011;
Lovdal et al., 2011). Based on this, less harsh control methods could be developed to eliminate spore
contamination by first trigger germination of spores and then apply a mild inactivation step to those
stress-sensitive germinated spores. This strategy is commonly referred to as “germinationinactivation” strategy.
Spore germination can be artificially triggered by nutrient(s) and non-nutrient stimuli, including Ca2+DPA, and isostatic high pressure (HP) (Setlow, 2003; Gould, 2006; Reineke et al., 2013; Sevenich and
Mathys, 2018). Compared to nutrients/chemical triggers, HP induced germination would be more
relevant and important for designing germination-inactivation strategies in the food industry. From a
practical perspective, HP offers clear advantages over nutrient/chemical triggers. First, HP is a physical
treatment and an extra addition of nutrient(s) and chemical(s) is not needed. Second, HP triggers
germination more homogeneously, while the addition of nutrients/chemicals might have an
inhomogeneous distribution (especially in solid foods), leading to inconsistent germination within the
products. Third, HP is able to treat the final packed products equally without recontamination risks.
Furthermore, HP treatments could inactivate the germinated spores during the treatment. In contrast
to that, spores germinated by nutrient/chemical would acquire further inactivation steps. In addition,
HP can also inactivate other bacterial contaminants while the other germination stimuli would not
have such an effect. Last but not least, spores germinate more efficiently under some HP processing
conditions compared to nutrient stimuli, which means it is more feasible to trigger germination of the
whole spore population by HP (Gould and Sale, 1970; Knorr et al., 1998; Georget et al., 2014; Sevenich
and Mathys, 2018; Zhang and Mathys, 2019). Therefore, it is of high interest to obtain in-depth
understanding of HP technology and its germination and inactivation effect on bacterial spores.
3.3.1 High pressure technology
As a promising non-thermal decontamination technology, HP could preserve food quality better than
the conventional heat sterilization in terms of nutritional value, color and other sensorial attributes
(Sevenich and Mathys, 2018). Nowadays, HP is used for the pasteurization of many kinds of products,
such as smoothies, juices and dips. It is mainly applied for packaged products with pressures of 600
MPa, which allows the inactivation of vegetative microorganisms without risk of recontamination after
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the treatment. HP has only a negligible impact on the nutritional quality of the product and is wellaccepted by the consumer (Hendrickx and Knorr, 2002; Heinz and Buckow, 2010; Olsen et al., 2010).
3.3.2 High pressure spore germination
HP inactivate bacterial spores by first germinating them. Different germination mechanisms were
found to dominate within different pressure ranges (Wuytack et al., 1998; Paidhungat et al., 2002;
Black et al., 2005b; Black et al., 2007b).
High pressure level below 400 MPa
At low and moderate pressure levels (approx. 100 - 400 MPa), spore germination is suggested to take
place mainly via a GR-dependent germination pathway. Previous studies with mutants lacking various
combinations of the GRs showed that the absence of all GRs leads to very poor germination at low
pressure compared to the wildtype (Paidhungat et al., 2002; Black et al., 2005b). The GRs are activated
under HP treatment and the germination process is similar to nutrient-triggered germination, namely
after GR activation, followed by a series of events, including Ca2+-DPA release, partial core rehydration,
CLEs activation and cortex hydrolysis (Wuytack et al., 1998; Paidhungat et al., 2002; Black et al., 2005b).
Pressure levels starting around 100 MPa are already sufficient to trigger germination and increased
pressure levels, between approx. 150 and 400 MPa, can effectively trigger germination of Bacillus
spores (Paidhungat et al., 2002; Margosch et al., 2006; Reineke et al., 2013).
Previous research revealed that the GRs show different importance for germination under low
pressure, with GerA contributing the most to HP spore germination at 150 MPa compared to GerB and
GerK (Black et al., 2005b). The exact mechanism of GR activation by HP is not clear. Previous research
suggest that it could be triggered through the structural changes of the receptor molecules and/or
structural changes in the inner membrane (Black et al., 2007a). The germination of the spores at 150
MPa highly depends on the temperature during treatment time, e.g. B. subtilis has an optimum
germination at around 40°C and a highly reduced completion of germination at 60°C (Black et al.,
2007b).
High pressure levels above 400 MPa
Previous research reported that GR-independent germination primarily dominates at pressure levels
starting at around 550 MPa or slightly lower (Torres and Velazquez, 2005; Margosch et al., 2006). At
550 MPa, SpoVA protein levels rather than GR levels determine the germination rates, indicating that
the germination is primarily through a GR-independent pathway (Doona et al., 2014). However, B.
subtilis spores can already germinate through this pathway beginning at pressure levels as low as 200
MPa (Reineke et al., 2012). The direct and rapid DPA-release through this pathway can occur
independently from the presence of functional GRs. It is followed by partial core rehydration but leads
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to an incomplete germination process in B. subtilis (Setlow, 2003; Black et al., 2007b; Reineke et al.,
2012). Previous research revealed that spores germinated at 500 MPa, 40 °C also release their Ca2+DPA and degrade the cortex, but they retain more resistance against a second HP treatment, hydrogen
peroxide and UV. The remaining resistance was suggested to be that the spores did not degrade the
SASPs at pressures of 500 MPa. In addition, they also fail to induce ATP generation, indicating that
germination stopped at a certain stage (Wuytack et al., 1998).
When combining elevated temperatures above 50 – 60 °C with pressure levels above 400 – 600 MPa,
an increase of both, germination and inactivation can be achieved (Reineke et al., 2011b; Reineke et
al., 2012). Previous research also showed that pressure and heat frequently act synergistically to
inactivate bacterial spores (Ahn et al., 2007). However, above 600 MPa, the synergy between pressure
level and temperature appears to diminish and the inactivation is mainly dependent on the treatment
temperature (Reineke et al., 2013b). It is suggested that at a certain point, germination might be
negligible or completely bypassed and a direct spore inactivation occurs due to heat (de Heij et al.,
2003).
Limitation of HP-based germination-inactivation strategies
Despite the efforts to elucidate the mechanistic pathways and potential applications of HP for spore
control in food, successful application of HP-triggered germination-inactivation strategies is still facing
many challenges. The biggest challenge is the unpredictable germination response of single spores,
resulting in extremely heterogeneous germination behavior within a population (Setlow, 2003; WellsBennik et al., 2016; Zhang and Mathys, 2019). Similar to other germination stimuli, HP alone cannot
trigger 100% germination. Spores that remain dormant after HP treatment, termed as high-pressure
superdormant (HPSD) spores, maintain their resistance, and therefore survive the subsequent mild
inactivation process. Understanding heterogeneous spore germination behavior under HP is therefore
essential in order to overcome this challenge and further develop HP-based germination-inactivation
strategies.
3.3.3 Research focus regarding HP technology
High pressure technology gained a lot of popularity and industrial applications in the last decades due
to its ability to inactivate bacteria and at the same time retain the sensory and nutritional quality of
the raw foods (Gould, 1995; Mathys and Knorr, 2009; Chawla et al., 2011; Sevenich and Mathys, 2018).
HP treated products can already be found on the market, for example avocado paste (Solpuro, Agora
America GmbH, Germany), juices (Sluups, Freshdrink AG, Switzerland), ham (Espuna, Spain) and more.
However, most of the high-pressure treated foods are not sterile and they still require cold storage or
other measures to inhibit microbial growth and have rather short shelf life. The main limitation of HP
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processing is the inability to sterilize food alone at temperatures below 100°C, due to the HPSD spore
population that is reluctant to germinate under HP treatment (Sevenich and Mathys, 2018).
In order to develop HP-based spore control strategies, it is important to understand how spores react
to HP and what are the properties and cause of these HPSD spores. Therefore, in this research, we take
the initiative to investigate several important aspects of spore superdormancy and HPSD spores:
What do we generally know about SD spores?
Until today, no research reported the successful isolation and characterization of HPSD spores, but
nutrient-SD and some other types of SD spores were intensively investigated in recent decades.
Research has been done to isolate and characterize these different groups of SD spores and the
potential cause(s) of their germination deficiency were proposed. This knowledge could help largely to
understand and conduct future experiments to explore HPSD spores. To obtain the overview of what
we know about SD spores, manuscript 3 reviewed the challenges created by SD spores, their isolation
and characterization and the underlying mechanisms of their germination deficiency.
How heterogeneous is spore reaction to HP treatment? What method/tools could be used to study
the heterogeneity of spore germination under HP?
Similar to other germination stimuli, HP cannot trigger germination of all spores in a bacterial
population. Bacterial spores are notorious for their unpredictable germination responses, resulting in
heterogeneous behavior within a population. Understanding heterogeneous spore germination
behavior under HP is therefore essential to increase the HP germination efficiency and further develop
HP-based germination-inactivation strategies. Notably, classical spore germination assessment such as
plate count could not reveal the germination heterogeneity within a spore population. Therefore, new
methods/tools should be further developed to investigate the heterogeneous spore behavior under
pressure. In this research, classical methods were combined with more recent and powerful
techniques such as flow cytometry and fluorescence-activated cell sorting (FACS) to investigate spore
germination behavior under HP. manuscript 4 introduced these methods and revealed different
behaviors of B. subtilis spores towards HP treatment.
How to isolate HPSD spores accurately and efficiently from the rest of the population?
In order to further investigate the properties of HPSD spores and uncover the underlying cause of HP
superdormancy, one first needs to isolate them. In previous studies on nutrient SD spores, buoyant
density gradient centrifugation was used to separate the dormant spores from the germinated ones
(Ghosh and Setlow, 2009). However, our preliminary tests showed that this method did not achieve
satisfactory isolation for HPSD spores alone. Since it is crucial for further characterization studies to
obtain high purity of HPSD spores, a new isolation method based on FACS using BD FACSAria III was
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developed in this research (see manuscript 4) to isolate different subpopulations, including HPSD
spores.
By answering the research questions above, this research will provide a better understanding of
heterogeneous spore behavior under HP and the mechanism behind, which will contribute to the
future development of mild HP-based spore germination-inactivation strategies.
Overall, this research investigated two promising decontamination technologies, namely LEEB and HP
with regards to their potential as gentle and efficient spore control strategies. The outcome improved
the understanding of these two non-thermal technologies, which will support their future application
to provide safe and minimally processed foods and to decontaminate heat sensitive products.
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Abstract
Low energy electron beam (LEEB) treatment is an emerging non-thermal technology that performs
surface decontamination with a minimal influence on food quality. Bacterial spore resistance towards
LEEB treatment and its influencing factors were investigated in this study. Spores from Geobacillus and
Bacillus species were treated with a lab-scale LEEB at energy levels of 80 keV and 200 keV. The spore
resistances were expressed as D values (the radiation dose required for one log10 reduction at a given
energy level) calculated from the linear regression of log10 reduction against absorbed dose of the
sample. The results revealed that the spore inactivation efficiency by LEEB is comparable to that of
other ionizing radiations and that the inactivation curves are mostly log10-linear at the investigated
dose range (3.8 - 8.2 kGy at 80 keV; 6.0 - 9.8 kGy at 200 keV). The D values obtained from the wildtype
strains varied from 2.2 - 3.0 kGy at 80 keV and from 2.2 - 3.1 kGy at 200 keV. Bacillus subtilis mutant
spores lacking α/β-type small, acid-soluble spore proteins showed decreased D values (1.3 kGy at 80
keV and 200 keV), indicating that spore DNA is one of the targets for LEEB spore inactivation. The
results revealed that bacterial species, sporulation conditions and the treatment dose influence the
spore LEEB inactivation. This finding indicates that for the application of this emerging technology,
special attention should be paid to the choice of biological indicator, physiological state of the indicator
and the processing settings. High spore inactivation efficiency supports the application of LEEB for the
purpose of food surface decontamination. With its environmental, logistical and economic advantages,
LEEB can be a relevant technology for surface decontamination to deliver safe, minimally processed
and additive-free food products.

Keywords: bacterial spore, low energy electron beam, inactivation, influencing factors, surface
decontamination, ionizing radiation, DNA damage
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1. Introduction
Bacterial spores are the largest hurdle for perishable food preservation due to their extreme resistance
to processing steps. Conventionally, food industries apply intensive decontamination processing steps
(e.g., thermal preservation) alone or in combination with water activity and pH reduction to control
bacterial spores. However, currently, consumers prefer to have fresh-looking and minimally processed
food products that are safe and additive-free (Gould, 1996). Therefore, food industries and scientists
have been continuously searching for novel non-thermal decontamination processes that can ensure
microbiological safety as well as better preserve the freshness and nutritional value of the food
products. Among the emerging decontamination technologies, low energy electron beam (LEEB)
treatment has proved to be an effective bacterial inactivation with a minimal influence on food quality
(Radomyski et al., 1994; Hayashi et al., 1997; De Lara et al., 2002; Arthur et al., 2005; Hertwig and
Mathys, 2018). LEEB treatment was introduced into the food industry as a sterilization method for
packaging material in 2012 (Comet Group, 2012a) and recently entered the spice and herb industries
for decontamination purposes (IIA, 2017).
Electron beam (EB) is a novel non-thermal sterilization technology, which is noninvasive and chemicalfree. EB is a particle-based ionizing radiation, similar to photon-based X-rays and gamma rays, and
inactivates bacteria by generating electrons. Generated electrons ionize, leading to breakage of target
molecules through direct and indirect effects. Direct effects are damages caused by energy transfer of
electrons to the target molecules, while indirect effects are damages induced by free radicals
generated in the reaction of electrons with e.g. water molecules (Tahergorabi et al., 2012; Lung et al.,
2015). The exact target of the EB and its inactivation mechanism is still unclear, but it is suggested to
be DNA, as seen in other ionizing irradiation technologies (Nicholson et al., 2000; Moeller et al., 2008;
Moeller et al., 2014).
Depending on the kinetic energy of the electrons, an EB can be distinguished as either a high energy
electron beam (HEEB) (>300 keV) or LEEB (≤300 keV) (ISO/ASTM 51818, 2009; Tallentire et al., 2010).
The kinetic energy of the electrons and the density of the treated material determine the penetration
depth. The higher the kinetic energy and the lower the density of the target are, the deeper the
electrons can penetrate (Urgiles et al., 2007). The electrons with high kinetic energy can penetrate
food products up to several cm, while the penetration depth of electrons with low kinetic energy is
limited to a micrometer scale (Jaczynski and Park, 2003; Urgiles et al., 2007)
The emerging EB technology has some advantages over other ionizing irradiation technologies and
conventional decontamination technologies, e.g. fumigation with chemicals and dry heat
decontamination. Compared to radiation with gamma rays, EB technology does not use radioactive
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sources (Jaczynski and Park, 2003; Black and Jaczynski, 2006). While it takes gamma radiation minutes
to hours to deliver a certain dose, EB can deliver the same dose in few seconds due to a higher dose
rate (Silindir and Ozer, 2009; Fan et al., 2017). Moreover, since the electrons are generated
electronically, EB can be tuned for the desired intensity and can be switched on or off instantly, which
increases the control and flexibility of the application of this technology (Urgiles et al., 2007; ISO/ASTM
51818). Moreover, on top of these features, LEEB has shown some advantages in comparison to HEEB.
LEEB technology deposits electron energy close to the surface where microorganisms are present,
resulting in a higher efficiency for surface decontamination (Urgiles et al., 2007). Since the energy
deposits are close to the surface, the product-process interactions occur mainly on the surface,
resulting in less impact on food quality (Hayashi, 1998; De Lara et al., 2002; Kikuchi et al., 2003). For
example, research suggested LEEB can achieve microbial decontamination without inducing much
starch degradation (Hayashi et al., 1997) or influencing seed germination (Trinetta et al., 2011; Fan et
al., 2017). Furthermore, with its compact size and a minimal need for shielding, LEEB technology is
scalable to continuous processes and can be easily implemented in existing processing lines (Bugaev
et al., 1994; Hayashi, 1998; Chalise et al., 2007).
Despite all the advantages mentioned above, LEEB is not yet widely applied in the food industry as a
decontamination technology. One of the reasons for that might be the lack of consumer acceptance
for irradiated foods (Schweiggert et al., 2007; Frewer et al., 2011; Junqueira-Goncalves et al., 2011;
Finten et al., 2017). Part of the consumer resistance is due to lack of information and understanding
of food irradiation or wrongly associating irradiated food with radioactive food (Maherani et al., 2016).
In some cases, the consumers are concerned about the possible side effects of inductive radiation on
irradiated food products and the use of radioactive energy (Sahasrabudhe, 1990; De Lara et al., 2002).
However, consumer resistance towards this novel decontamination technology appears to be
decreasing as consumers and food industries recognize that irradiation can be an effective alternative
to chemical additives to preserve foods (DeRuiter and Dwyer 2002; Monk et al. 1995; Sabharwal 2013).
Moreover, studies showed that consumer acceptance towards irradiated foods can be further
improved by consumer education (DeRuiter and Dwyer 2002; Nayga Jr et al. 2005).
The other reason for its limited application in food industry so far could be that compared to other
well-studied irradiation technologies such as gamma irradiation, only a limited amount of studies
support the use of LEEB treatment as an efficient decontamination technology (De Lara et al., 2002;
Tallentire et al., 2010; Fan et al., 2017). Most of the present LEEB studies are on specific foods, focusing
on naturally presented microbial flora and often using different treatment setups (Hayashi, 1998;
Rahman et al., 2006). Moreover, the inactivation efficiency was often reported as a reduction of
microbial load instead of D values (the radiation dose required for one log10 reduction at a given energy
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level), and often, the absorbed dose was not measured (Hayashi, 1998; Hayashi et al., 1998; Rahman
et al., 2006). These reasons make it difficult to compare the inactivation efficiency of LEEB technology
between different LEEB studies (Hayashi et al., 1997; Baba et al., 2004; Imamura et al., 2009), and to
that of other conventional spore inactivation technologies, making it more challenging to validate this
emerging technology.
Moreover, the efficiency and mechanism of LEEB on bacterial spore inactivation are rarely studied
(Fiester et al., 2012). Therefore, more research must be performed for this technology to be utilized
as a decontamination step. Bacterial spores are generally more resistant to irradiation treatment than
vegetative cells, yeasts and molds (van Gerwen et al., 1999; De Lara et al., 2002; Setlow, 2006; 2014).
For example, Thayer and Boyd (1994) confirmed that Bacillus cereus spores have a higher irradiation
resistance than that of vegetative cells, and van Gerwen et al. (1999) showed that spores have
significantly higher D values than those of most vegetative bacteria, based on a total 539 D values from
38 irradiation studies. A few vegetative bacteria have similar or higher irradiation resistance than that
of bacterial spores (e.g., Deinococcus radiodurans), but those species are less relevant in the food
industry and are not pathogenic.
In this study, we evaluated the spore inactivation efficiency of LEEB by determining the D values for
relevant Geobacillus and Bacillus species, calculated from the linear regression of log10 reduction
against absorbed dose of the spore sample. The potential spore LEEB resistance influencing factors,
including spore species, sporulation conditions and treatment kinetic energy, were also investigated.
Additionally, the possible mechanism of spore inactivation by LEEB treatment was also investigated by
using a mutant lacking α/β-type small, acid-soluble spore proteins (SASPs), the major protection of
spore DNA against damage (Setlow, 1995; Moeller et al., 2008; Moeller et al., 2009).This study
provided a comparison of LEEB spore inactivation efficiency with other published ionizing radiation
decontamination data and gave additional information on the potential target of LEEB technology that
induces spore inactivation. This will support the validation and application of the novel LEEB
decontamination technology and help in the future delivery of safe, minimally processed and additivefree food products.

2. Materials and methods
2.1 Bacterial strains, sporulation and sample preparation
In total, three bacterial species and one Bacillus subtilis mutant were used in this study. This included
Geobacillus stearothermophilus ATCC 7953, the biological indicator for the wet-heat sterilization
process; Bacillus pumilus DSM 492, the biological indicator for the irradiation sterilization process
(Prince, 1976); B. subtilis wild-type PS 832, a model strain frequently used in spore research and its
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isogenic mutant B. subtilis PS 578 (termed as α−β−) that lacks the genes encoding the two major α/βtype small acid-soluble spore proteins (Nicholson and Setlow, 1990a; Fairhead et al., 1993).
B. subtilis PS 832 and PS 578 were kindly provided by Dr. Peter Setlow and Dr. Barbara Setlow. B.
pumilus DSM 492 was obtained from DSMZ (German Collection of Microorganisms and Cell Cultures
GmbH). Spores of G. stearothermophilus ATCC 7953 were obtained as a commercial spore suspension
from MesaLabs (France). Except for G. stearothermophilus ATCC 7953, all the others were sporulated
at 30°C using modified Difco sporulation media (mDSM) agar plates, with nutrient broth pH 6.9 and
without NaCl, from Sigma-Aldrich (Sigma-Aldrich, USA) instead of Difco, and the pH was adjusted to
7.2 (Nicholson and Setlow, 1990b). B. subtilis PS 832 was also sporulated at 37°C on mDSM and 2 × SG,
a modified Schaeffer’s medium described previously (Leighton and Doi, 1971) to investigate the
influence of the sporulation conditions on spore resistance towards LEEB treatment. Sporulation
cultures were checked with a phase-contrast microscope (Leica, Germany) to estimate the percentages
of dormant spores (phase-bright). Spores were harvested when the phase-bright spore percentage
was >98%. Harvesting was performed by adding H2O (4°C) to the surface of the cultivation plates and
suspending the overgrown colonies containing spores with sterile spreading sticks. The suspension was
then transferred to a 50 ml centrifuge tube and washed with H2O (4°C) to remove the remaining
vegetative cells, cell debris and germinated spores. Spore stocks were stored in H2O at 4°C until usage.
A volume of 1 ml of spore suspension (around 109 spores/ml) (except for G. stearothermophilus ATCC
7953 which had an inoculation concentration of around 106 spores/ml) was carefully dropped and
spread on the upper surface of an autoclaved sterile microscope glass slide (Thermo Fisher Scientific,
USA) that laid on a petri dish. The spore suspension stayed on the surface, and all slides were air-dried
in a biosafety bench at room temperature. Afterward, the samples were stored and transported for
treatment.
2.2 Low energy electron beam treatment and recovery
Samples were treated in the petri dish without a lid using a LEEB system EBLab-200 (Comet Group,
Switzerland) at energy levels of 200 keV and 80 keV. The schematic of a LEEB lamp can be found
elsewhere (Hertwig et al. 2018). Samples were either run through the machine without the electron
source being turned on (0 kGy) or at nominal doses of 4, 5, 6, and 7 kGy. Due to the limited stability of
the EB lamp at low electric current, treatment at lower doses was not performed. The distance
between the emission window to samples was approximately 18 mm. Samples were treated under a
N2 atmosphere (residual O2 <210 ppm). All treatments were conducted at room temperature
(approximately 23˚C). Three independent samples were treated at each dose (results were calculated
based on absorbed dose shown in M1-Table 1) for all investigated spore strains.
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M1-Table 1. Absorbed dose of spore samples at 80 keV and 200 keV
Nominal dose (kGy)

4

5

6

7

Absorbed dose at 80 keV (kGy)

3.8 ± 0.39

4.7 ± 0.64

6.6 ± 0.94

8.2 ± 0.86

Absorbed dose at 200 keV (kGy)

6.0 ± 0.28

7.0 ± 0.58

8.2 ± 0.62

9.8 ± 0.85

After samples were treated with LEEB, recovery was performed to enumerate cultivable survivors.
Treated samples on microscope slides were put into 50 ml falcon tubes filled with 20 ml of 10 mM
phosphate buffered saline (PBS, VWR International, USA) containing 0.04% Tween 80 (Sigma-Aldrich,
USA). After vigorous shaking for four minutes, microscope slides were removed using flame-sterilized
tweezers. The solution, which contained spores that washed off from the glass slides, was plated in
triplicates onto tryptic soy agar (TSA, Sigma-Aldrich, USA) plates at appropriate dilutions. Plates were
incubated at 37˚C for B. subtilis and B. pumilus and 55˚C for G. stearothermophilus. After incubation,
the colony forming units (CFU) were counted. To derive the D values reflecting the inactivation
efficiency, spore survival fraction (N/N0) was plotted against the absorbed dose on a semi-logarithmic
scale. Regression analysis was performed using Origin 9.1 (OriginLab Corporation, USA). The D values
were calculated from the slope of the linear regression of log10 reduction against absorbed dose
according to equation (1). An average D value (n = 3) was calculated for each strain. Differences
between datasets were analyzed with Excel 2016 (Microsoft, USA), using two-tailed t-test with equal
variance and a significance level of 0.05.
𝐷 𝑣𝑎𝑙𝑢𝑒 = −

1
𝑚

(1)

Herein 𝑚 is the slope of linear regression of log10 (N/N0) against absorbed dose.
2.3 Dosimetry
The routine dosimeters used in this study were Risø B3-12 films (Risø High Dose Reference Laboratory,
Denmark), which are 18 µm thick. The films were taped on microscope slides, placed in petri dishes
and treated under the same conditions as the samples. The surface dose at each nominal dose used in
this study was measured with three films placed at the same location as the samples with three
replicate treatments. In total, nine films for each setting were irradiated and analyzed. Since electrons
with low kinetic energy can be absorbed over a few micrometers, a dose gradient is created across the
thickness of the Risø B3-12 dosimeter films that were used for dose measurement (Tallentire et al.,
2010). The measured doses using Risø B3-12 dosimeter films were corrected to Dµ, which is the
absorbed dose in the first micrometer of the absorbing medium (Helt-Hansen et al., 2010). Dµ values
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were evaluated using Risøscan software with a calibration, which was obtained with the help of the
Risø High Dose Reference Laboratory (HDRL, Denmark) for each applied energy level (80 and 200 keV)
(Helt-Hansen et al., 2005). This calibration ensured that the reported doses from the low energy
electron irradiations had measurement traceability to national standards (Helt-Hansen et al., 2010).
The overall estimated uncertainty at k = 2 (a coverage factor k = 2 is close to a 95% confidence interval)
of one dose measurement is around 10.6%. The overall uncertainty covers the uncertainty associated
with calibration with alanine dosimeters, measurement of alanine dosimeter and Dµ determination.
In our situation, the spore samples were 1-2 µm thick, while the Risø B3-12 films, which is the thinnest
standard dosimeter, are 18 µm thick. Therefore, the spore layer sits directly on the glass slide that
served as a sample holder on the bottom, while the first µm of Risø B3-12 dosimeter are not directly
in contact with the a glass slide. Since glass slide gives a stronger backscatter compared to the
dosimeter, the spore samples were actually getting higher doses than Dµ that is measured by the
dosimeter. Therefore, further simulations were done by the Risø High Dose Reference Laboratory
(Denmark) concerning the effect of backscatter from different materials at different energy levels.
Correction factors were obtained for the backscatter from the glass slide and from the dosimeter based
on the simulation output. The measured Dµ values were further corrected to the absorbed dose of the
spore samples based on the correction factors.

3. Results
3.1 Absorbed dose of spore samples
Accurate dosimetry is essential for acquiring exact results, so the minimum and maximum measured
doses were included when reporting EB inactivation experiments (Pillai and Shayanfar, 2017).
Acquiring accurate surface doses for the low-energy range (e.g., 80 keV) was challenging due to the
dose gradients within the treated dosimeter films. In this study, depth-dose distribution was
established, and the surface dose Dµ was obtained using Risøscan software, calculated from measured
apparent dose Dapp (Helt-Hansen et al., 2010). The absorbed doses for our spore samples were
corrected based on the surface dose Dµ and simulation output as described in chapter 2.3. The
absorbed dose of the spore samples at each nominal dose are shown in M1-Table 1.
3.2 Spore inactivation
To investigate the spore inactivation efficiency by LEEB treatment and its influencing factors, spores
obtained from different species and sporulation conditions were treated with LEEB at different kinetic
energy levels, and their D values were calculated and compared.
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3.2.1 Kinetics
The regression analysis indicates a linear relationship between log10 reduction and absorbed dose used
in this study for all species tested. The inactivation curves of different wildtype strains exhibited R2 >
0.95. The mutant PS 578 showed lower resistance to LEEB and when treated at 9.8 kGy (200 keV), the
survivors were below detection limit. Therefore, only four data points were obtained under this
condition and the R2 is higher than 0.95. All inactivation curves are shown in M1-Figure 1.
3.2.2 Efficiency and influencing factors
The D values obtained from this study for the wildtype strains varied from 2.2 - 3.0 kGy at 80 keV and
2.2 - 3.1 kGy at 200 keV. Different bacterial species showed diverse resistance towards LEEB treatment
and the sporulation conditions, and the treatment energy levels showed influences on the spore
inactivation efficiency. The spore resistance, expressed as D values, is shown in M1-Table 2. B. subtilis
sporulated at 30˚C on mDSM showed the lowest resistance towards LEEB treatment, with D values
of2.2 kGy at 80 keV and 200 keV. Interestingly, B. pumilus DSM 492, which is suggested to be the
biological indicator for irradiation sterilization, did not show higher resistance in most cases: it had
lower resistance than that of G. stearothermophilus ATCC 7953, especially at the energy level of 200
keV, and it was less resistant than B. subtilis sporulated at 37°C on mDSM as well as on 2xSG.
M1-Table 2. D values of spore inactivation under low energy electron beam treatment
D80keV (kGy)

D200keV (kGy)

G. stearothermophilus ATCC 7953

3.0 ± 0.03a*

3.1 ± 0.05e*

B. pumilus DSM 492, mDSM, 30°C

2.6 ± 0.00b*

2.3 ± 0.02f*

B. subtilis PS 832, mDSM, 30°C

2.2 ± 0.01c

2.2 ± 0.02g

B. subtilis PS 832, mDSM, 37°C

3.0 ± 0.07a*

2.5 ± 0.03h*

B. subtilis PS 832, 2xSG, 37°C

2.9 ± 0.08a

2.9 ± 0.06i

B. subtilis PS 578, mDSM, 30°C

1.3 ± 0.07d

1.3 ± 0.02j

G. stearothermophilus ATCC 7953 was obtained as a commercial spore suspension
Different lower case letters indicate statistically significant differences within the same column (p <
0.05)
* indicate statistically significant different within the same row (p < 0.05)
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M1-Figure 1: Kinetics of low energy electron beam spore inactivation. (A) Geobacillus
stearothermophilus ATCC 7953, commercial spore suspension; (B) Bacillus pumilus DSM 492,
sporulated on mDSM, 30◦C; (C): B. subtilis PS 832, sporulated on mDSM, 30◦C; (D) B. subtilis PS 832,
sporulated on mDSM, 37◦C; (E) B. subtilis PS 832, sporulated on 2 × SG, 37◦C; (F) B. subtilis PS 578 (α−β−
mutant), sporulated on mDSM, 30◦C. Data are average ± standard deviation.
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From M1-Table 2, it was observed that B. subtilis PS 832 spores sporulated at the higher temperature
had higher resistance to LEEB treatment at both energy levels. The D values for spores that were
sporulated at 37°C were approximately 0.3 - 0.8 kGy higher than those sporulated at 30°C, and both
sets were sporulated on mDSM agar plates. At the same time, the nutrient richness of the sporulation
media also showed influences on spore resistance to LEEB, as the spores sporulated on 2xSG had higher
resistance than that of the ones sporulated on mDSM when treated at 200 keV. The mutant B. subtilis
PS 578 showed the smallest D value, meaning it was much more sensitive to LEEB treatment than the
other strains tested. Due to the lack of accurate dose measurement techniques at 1-2 micrometers
layers, it is not possible to determinate accurately what the D-values are. The results obtained in this
study suggest that in some cases there were no significant differences (p > 0.05) between LEEB
treatment under 80 and 200 keV. Although for some samples, D80keV is significantly different compared
to D200keV, there was not a clear trend. For G. stearothermophilus, the D values were slightly but
statistically significantly (p = 0.01) lower at 80 keV compared to at 200 keV, with an average D value of
3.0 kGy at 80 keV compared to 3.1 kGy at 200 keV. For B. subtilis PS 832 spores sporulated on mDSM,
37°C, the D value at 200 keV was 0.5 kGy lower than at 80 keV, while for B. pumilus DSM 492, the D
value at 200 keV was 0.3 kGy lower than at 80 keV (in both cases, p < 0.01). This conclusion should be
taken with caution as a more accurate dosimetry method might have an impact on the D-value.

4. Discussion
4.1 Spore inactivation kinetics and efficiency
Linear spore inactivation kinetics ranging from 3.8 – 8.2 kGy at 80 keV and 6.0 – 9.8 kGy at 200 keV for
different species were revealed in this study. Due to the limited stability of the EB lamp at low electric
current, spore inactivation at lower doses was not investigated, and therefore, the possibility of a
potential nonlinear log10 behavior at the range of lower doses cannot be excluded. Nevertheless, the
linear inactivation found in the dose range used is in accordance with previous reports on LEEB
inactivation of B. pumilus spores (Tallentire et al., 2010). The linear inactivation kinetics were also
revealed in spore inactivation research of HEEB. For example, Fiester et al. (2012) reported a linear
inactivation curve for Bacillus atrophaeus treated at 5 MeV. However, nonlinear spore inactivation
curves by HEEB were also reported in previous studies. For example, a nonlinear log10 inactivation
curve with a shoulder formation was found for specific strains (Ito and Islam, 1994) and for B. subtilis
spores that were sporulated in plate count agar (De Lara et al., 2002).
The D values of the investigated wildtype strains in this study were in the range of 2.2 - 3.0 kGy at 80
keV and 2.2 - 3.1 kGy at 200 keV. These D values were slightly higher compared to other LEEB studies
(Urgiles et al., 2007; Tallentire et al., 2010). For example, the D value for B. pumilus at 80 keV derived
from this study was 2.6 kGy, while in the study by Tallentire et al. (2010) the D value was 1.58 kGy, and
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by Urgiles et al. (2007), was 1.34 kGy. However, those differences in D values could also be due to
different sample preparation and recovery methods. For example, in the study of Urgiles et al. (2007),
spores were inoculated on Al and Ti coupons, while in our study, spores were inoculated on glass slides.
Moreover, the recovery solution and incubation temperature were also different.
The D values obtained in this study are comparable to those reported for HEEB (Ito and Islam, 1994;
De Lara et al., 2002). This is consistent to previous research (Tallentire et al., 2010; Gryczka et al., 2018).
For example, Gryczka et al. (2018) described that under the treatment conditions applied, HEEB and
LEEB treatments have a comparable efficiency in lowering the bacterial load of the food products
investigated. Moreover, Tallentire et al. (2010) reported the response of B. pumilus spores found to be
the same when treated with HEEB and LEEB. On the other hand, another study revealed that the D
values for B. pumilus, B. subtilis, and Bacillus megaterium were slightly lower at LEEB treatment
compared to HEEB, with D values at 10 MeV were 2.12, 2.05 and 4.11 kGy, respectively, and at 100
keV were 1.34, 1.01 and 3.46 kGy (Urgiles et al., 2007).
In some studies, the inactivation efficiency of EB was similar to that of other ionization radiation types
(Ohki et al., 1990; Ito and Islam, 1994; Van Calenberg et al., 1998; De Lara et al., 2002; Tallentire et al.,
2010; Fiester et al., 2012). For example, Ohki et al. (1990) reported that the radiation sensitivity was
almost equivalent when treated with gamma rays, X-rays, or EB, and the D values obtained were 1.5 1.6 kGy for B. pumilus and 1.4 - 1.5 kGy for B. subtilis. The D values obtained in our study are higher
than those found by Ohki et al. (1990). They are also slightly higher than the estimated average D
values concluded by van Gerwen et al. (1999) for spores under irradiation treatment. In their study,
the estimated D value for spores treated with various irradiation processes was approximately 2.11
kGy, excluding some exceptions and specific conditions. However, as also stressed in their study,
comparison of D values from different researchs should be acknowledged with care, since often the
irradiation source is not the only influencing factor. In this study, spore species and sporulation
conditions were also shown to affect spore inactivation efficiency of LEEB technology.
4.2 Influencing factors on spore inactivation efficiency of LEEB
4.2.1 Spore species
From our results, it can be seen that spores of B. subtilis and B. pumilus sporulated on mDSM, 30°C
and G. stearothermophilus showed significant differences (p < 0.05) in their resistance to LEEB
treatments (M1-Table 2). This observation is consistent with other ionizing radiations, which revealed
that spores of different species or even different strains showed different resistances (Anellis et al.,
1972; Ito and Islam, 1994; Monk et al., 1995; van Gerwen et al., 1999). For example, previous research
revealed that pathogenic B. cereus was more resistant than B. subtilis (De Lara et al., 2002). Therefore,
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for specific food applications, process parameters should be adjusted for relevant contamination
microbiota to ensure sufficient inactivation.
Our study also revealed that the D values of G. stearothermophilus ATCC 7953 were significantly higher
(p < 0.01) than B. pumilus DSM 492, which is suggested to be the biological indicator for irradiationbased sterilization. The great resistance of G. stearothermophilus was also reported for other
irradiation sources (Anellis and Koch, 1962; Briggs, 1966; Harnulv and Snygg, 1973; Radomyski et al.,
1994; van Gerwen et al., 1999). For example, previous research revealed that G. stearothermophilus
had greater gamma irradiation resistance than that of Bacillus species (e.g., B. subtilis, B. megaterium,
and B. cereus) (Briggs, 1966; Harnulv and Snygg, 1973). Therefore, G. stearothermophilus might be
more suitable as a biological indicator for LEEB treatment than B. pumilus. If using G.
stearothermophilus ATCC 7953 spores as an indicator for radiation doses at 10 kGy, which is
recommended as the maximum applicable dose to food (FAO/WHO Codex Alimentarius Commission,
2017), more than 3 log10 reduction can be achieved by using LEEB technology with the D value obtained
in this study. However, when applying to real food matrices, the spore inactivation efficiency of LEEB
might be different, as the matrices might affect it. For example, the location of spores in food matrices,
the water content and the nutrient profile of the food matrices can influence the inactivation efficiency.
On the other hand, the use of B. megaterium spores as a biological indicator should also be considered,
since they displayed an even higher resistance towards LEEB than that of G. stearothermophilus in
some studies (Ohki et al., 1990; Pillai et al., 2006).
4.2.2 Sporulation conditions
It was found that the sporulation conditions also affected the inactivation of LEEB, with the higher
sporulation temperature leading to increased spore resistance. This result could be because increased
sporulation temperature lowers the spore core water content, leading to less indirect damage from
hydroxyl radicals formed during irradiation (Beaman and Gerhardt, 1986; Moeller et al., 2008).
Moreover, the sporulation media also played a role in spore resistance towards LEEB treatment, as the
more nutrients (2xSG) that were in the sporulation media, the more resistant the spores were towards
the treatment. Sporulation media also showed an influence on spore inactivation by HEEB technology.
For example, B. subtilis spores sporulated on plate count agar had a D value of approximately 3.6 kGy,
while when sporulated on nutrient agar, the D value was approximately 1.5 kGy (De Lara et al., 2002).
However, the nutrient richness of plate count agar and nutrient agar is comparable, so it might be the
salt content in the media that influenced the spore resistance. Moreover, in their study, the
inactivation kinetics for the spores that sporulated in these two different media were different. When
sporulated on nutrient agar plates, the inactivation curve was linear, while with plate count agar, the
inactivation curve appeared biphasic. This might also influenced their D value evaluation. In our case,
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at the evaluated dose range (3.8 - 8.2 kGy at 80 keV and 6.0 - 9.8 kGy at 200 keV), although the
resistance was different, the inactivation curves were all log10 linear. However, the possibility of a
potential biphasic behavior out of the evaluated dose range cannot be excluded. Nevertheless, these
influences mean that the physiological status of microorganisms should also be considered when
evaluating the effectiveness of new decontamination technologies such as LEEB.
4.2.3 Kinetic energy
Within the current limitations on dosimetry and the impact this might have on D value calculations,
our results showed that the kinetic energy level does not influence significantly the spore resistance
for half of the investigated samples. No clear trend was found for the other half of samples, as 80 keV
lead to a higher inactivation efficiency for G. stearothermophilus, while 200 keV lead to higher
inactivation efficiencies for B. pumilus (mDSM, 30°C) and B. subtilis (mDSM, 37°C). Different theories
concerning the influence of energy level of electrons on inactivation efficiency were proposed by
previous studies (Urgiles et al., 2007; Nikjoo and Goodhead, 1991; Nikjoo and Lindborg, 2010; Krieger,
2012; Bellamy and Eckerman, 2013). A previous research stated that the inactivation is due to DNA
bond-breakage, and these bond energies are approximately a few eV, which is considerably less than
the energies of the irradiating electrons. Therefore, it should be the absorbed dose, instead of the
energy of individual electrons, that determines the level of spore damage (Urgiles et al., 2007). Some
other studies proposed that low-energy electrons lead to higher linear energy transfer, which is the
amount of energy of an ionizing particle transferred to the biomolecule per unit distance, that in turn
increases the relative biological effectiveness (Nikjoo and Goodhead, 1991; Nikjoo and Lindborg, 2010;
Krieger, 2012; Bellamy and Eckerman, 2013).
4.2.4 Other influencing factors
Food matrices might also influence the spore inactivation efficiency of LEEB technology. In our study,
9 kGy at 80 keV could induce a 5 - 7 log10 reduction of different spore species on glass slides, while
previous research revealed that approximately 9 kGy only induced around 2 log10 reduction of
microorganisms present on soybeans (Kikuchi et al., 2003). Previous studies also revealed a great
difference in spore resistance, depending on the kind of media on which spores were irradiated
(Shamsuzzaman and Lucht, 1993). In addition, the presence of O2 during the treatment was suggested
to influence the inactivation efficiency as well (Ito and Islam, 1994; Fiester et al., 2012). For example,
the D value of B. megaterium spores was increased from 1.8 to 5.1 kGy when they were vacuum sealed
under treatment (Ito and Islam, 1994).
In summary, all these influencing factors should be taken into consideration when evaluating D values.
The D values obtained from a model system might give a general information on the resistances of
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tested microorganisms towards LEEB treatment, but they might change their resistance significantly
due to different sporulation and treatment conditions. Moreover, a more accurate dosimetry
methodology should be developed for measurement of surface dose as this has a direct impact on the
estimation of D values. Therefore, it is very important to validate this novel LEEB technology for specific
applications with the right dosimetry.
4.3 DNA as one of the targets for LEEB spore inactivation
From the results, we can observe the mutant that lacking SASPs, which is the major protection of spore
DNA, showed significant lower resistance than that of their isogenic wildtype (p < 0.01). This
observation indicates that DNA is one of the targets of LEEB spore inactivation, which is similar to the
findings using HEEB treatment (Fiester et al., 2012). In Fiester et al. (2012), they also found structural
damage of the spore inner membrane and coat, in addition to DNA fragmentation, when B. atrophaeus
spores were treated with HEEB at 5 MeV, and all these changes correlated with the applied dose. This
finding indicates that DNA is not the only target for HEEB spore inactivation, and whether this is also
the case for LEEB requires additional investigation. Moreover, other studies revealed that the mutant
lacking SASPs also showed increased sensitivity to other ionizing irradiations (e.g., X-ray and highenergy charged iron ions); however, it seems that the lack of SASPs does not affect spores’ resistance
to gamma radiation (Nicholson et al., 2000; Setlow, 2006; 2007; Moeller et al., 2008; Moeller et al.,
2014).

5. Conclusion and recommendation
This study quantified the spore inactivation efficiency of LEEB treatment by evaluating the D values for
relevant species. The B. subtilis mutant experiments also revealed that one of the spore inactivation
mechanisms of LEEB technology is to cause DNA damage. The inactivation efficiency of LEEB
technology is in a comparable range to that of the other ionizing irradiation technologies. However,
the comparison between different studies should be taken with care, as disclosed in this study that
several factors, including spore species and sporulation media can influence the spore inactivation
efficiency of LEEB. This result indicates that for the application of this emerging technology, special
attention should be paid to the choice of biological indicator, physiological state of the indicator,
dosimetry and the processing settings. Moreover, the highly efficient surface decontamination of LEEB
treatment comes with a low penetration depth, which means the location of the food contaminants
should also be carefully considered. Future research on investigation of the nature and level of DNA
damages and other damages induced by LEEB, as well as how can spores overcome the damages
should be conducted to understand the inactivation mechanism of LEEB.
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In general, high spore inactivation efficiency supports the application of LEEB technology for the
purpose of food surface decontamination (e.g., for spices or sprouting seeds). Due to the
environmental, logistical and economic advantages of LEEB treatment, it would be a more practical
alternative to other irradiation technologies for surface decontamination and could help deliver safe,
minimally processed and additive-free food products.
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Highlights:
• Electron beam treatment induces DNA damage in bacterial spores.
• DNA repair is essential for bacterial spores to survive electron beam treatment.
• recA, Ku and ligD and associated DNA repair pathways are crucial for spore survival.
• exoA, nfo and uvrAB influence spore survival under electron beam treatment.
• High energy and low energy electron beams have similar spore inactivation mechanisms.

Abstract:
Bacillus subtilis spore inactivation mechanisms under low energy electron beam (LEEB) and high energy
electron beam (HEEB) treatment were investigated using seven mutants lacking specific DNA repair
mechanisms. The results showed that most of the DNA repair-deficient mutants, including ΔrecA, ΔKu
ΔligD, Δexo Δnfo, ΔuvrAB and ΔsbcDC, had reduced resistances towards electron beam (EB) treatments
at all investigated energy levels (80 keV, 200 keV and 10 MeV) compared to their wild type. This result
suggested DNA damage was induced during EB treatments. The mutant lacking recA showed the lowest
resistance, followed by the mutant lacking Ku and ligD. These findings indicated that recA, Ku and ligD
and their associated DNA repair mechanisms, namely, homologous recombination and nonhomologous end joining, play important roles in spore survival under EB treatment. Furthermore, exoA,
nfo, uvrAB, splB, polY1 and polY2, which are involved in nucleotide damage repair/removal, showed
different levels of effects on spore resistance under EB treatment. Finally, the results suggested that
HEEB and LEEB inactivate B. subtilis spores through similar mechanisms. This research will provide a
better understanding of how EB technologies inactivate B. subtilis spores and will contribute to the
application of these technologies as a non-thermal, gentle spore control approach.
Keywords: bacterial spores; DNA damage; low energy electron beam; high energy electron beam; DNA
repair; inactivation mechanism
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1. Introduction
1.1 Bacterial spore inactivation by electron beam technologies
Spore-forming bacteria of the genera Bacillus and Clostridia spp. are major sources of food spoilage
and can cause food-borne diseases (Andersson et al. 1995; Mallozzi et al. 2010). They form resistant
bacterial spores, which are the main targets of sterilization. Food industries often try to eliminate them
with intensive thermal processing, which unavoidably leads to significant food quality losses. Due to
consumer demand for high-quality and safe food products, gentle but efficient spore inactivation
methods are needed (Zhang and Mathys 2019). Electron beam (EB) technologies, including low energy
EB (LEEB, ≤ 300 keV) and high energy EB (HEEB, > 300 keV), have been investigated as promising nonthermal microbial decontamination technologies for food and pharma applications (De Lara et al. 2002;
Kikuchi et al. 2003; Pillai and Shayanfar 2018; Sadat and Huber 2002; Tallentire et al. 2010; Urgiles et
al. 2007; Zhang et al. 2018; ISO/ASTM 51818, 2013). For example, EB technologies can decontaminate
low moisture food products, e.g., spices, without the introduction of water or steam to the process.
Research has shown that EB is more gentle and preserves the quality of food products better compared
to other ionizing irradiation technologies, e.g., gamma irradiation, and can effectively inactivate
bacteria (De Lara et al. 2002; Fan et al. 2017; Fiester et al. 2012; Gryczka et al. 2018; Zhang et al. 2018).
Regarding inactivation efficiency, LEEB can inactivate Bacillus subtilis, Bacillus pumilus and Geobacillus
stearothermophilus spores with D-values ranging from 2.2 – 3.1 kGy (Zhang et al. 2018). For HEEB, the
D-values at 10 MeV ranged from 1.5 – 3.8 kGy for B. subtilis and Bacillus cereus spores (De Lara et al.
2002).
EB technologies are particle-based ionizing radiation, while the other ionizing radiations, such as
gamma and X-rays are photon-based. EB inactivates bacteria by generating electrons and the
generated electrons ionize, causing damages to target molecules. Compared to other ionizing
irradiation technologies, e.g., gamma irradiation, EB technologies have many advantages. For example,
EB technologies do not use radioactive material, they can have higher dose rates thus decreased
treatment time to reach desired irradiation dose, and they can be switched off when not in use (Fan
et al. 2017; Silindir and Ozer 2009; Zhang et al. 2018). However, compared to other well-studied
radiation technologies, only limited studies have investigated spore inactivation by EB technologies,
and the inactivation mechanisms have not yet been fully elucidated (Fan et al. 2017; Fiester et al. 2012;
Zhang et al. 2018).
It has been suggested that similar to other ionizing irradiation, EB technologies also inactivate bacteria
and bacterial spores by causing DNA damage (Fiester et al. 2012; Hutchinson 1985; Moeller et al. 2014;
Urgiles et al. 2007; Zhang et al. 2018). DNA damage could occur during the ionizing radiation through
direct and indirect effects. Direct effects are caused by energy transfer to target molecules, and
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indirect effects are induced by reactive oxygen species (ROS), reactive nitrogen species (RNS) and
reactive hydrogen species (RHS) produced during the treatment (Friedberg et al. 2005; Goodhead 1994;
Hertwig et al. 2018; Lung et al. 2015; Tahergorabi et al. 2012). For example, radiolysis of water can
produce hydroxyl radicals (HO·) and hydrogen peroxide, while superoxide ions (O2·-) will be formed in
the presence of dissolved oxygen (Repine et al. 1981).
Ionizing radiation causes different kinds of DNA damage, and likewise, EB treatments could induce
similar damage (Goodhead, 1994; Hutchinson, 1985; Moeller et al., 2008b). For example, EB
treatments might induce DNA strand breaks, including single-strand breaks (SSB) and double-strand
breaks (DSB). SSB occur more often than DSB, and damage is called a DSB only when the distance
between two SSB in two strands is within 10 base pairs (bp) (Krieger, 2016). Moreover, EB treatments
might also cause base modifications, which can induce structural changes in the DNA double helix.
These kinds of errors are called bulky lesions and can lead to stoppage of DNA replication. Non-bulky
lesions, i.e., lesions without conformation change, can also occur, which can hinder DNA replication or
lead to mutations (Lenhart et al., 2012). Furthermore, spore-specific DNA damage, socalled spore
photoproduct (SP), which is an intrastrand thymine dimer, might also be produced in spore DNA during
EB treatments (Moeller et al., 2008b; Slieman et al., 2000). Furthermore, DNA cross-linking, including
DNA-DNA cross-linking or DNA-protein cross-linking, can also occur under high doses of radiation
(Krieger, 2016).
1.2 DNA repair mechanisms
It is noteworthy that due to the metabolic dormancy of spores, damage would only be repaired when
spores germinate and restart metabolic activities during outgrowth (Leggett et al., 2012; Setlow 1995,
2007, 2014). There are different repair mechanisms in spores that can be activated and repair the
damaged DNA. First, the SP produced in spores can be repaired by SP lyase (Spl), which is SP specific
and is encoded by the splB gene (Munakata and Rupert, 1974; Setlow, 1992). Moreover, excision repair
can take place, which not only repairs the base modification but also SSB. Two excision repair
mechanisms are known: nucleotide excision repair (NER) and base excision repair (BER). NER removes
the bulky lesions and is an important DNA repair mechanism with high fidelity (Alonso et al., 2013;
Friedberg et al., 2005). It does not recognize single base modification but recognizes errors due to
structural changes of the DNA. The recognition and excision require UvrABC excinuclease complex,
which is encoded by uvrA, uvrB and uvrC (Friedberg et al., 2005; Lenhart et al., 2012; Sancar, 1996). In
contrast to NER, BER repairs non-bulky DNA lesions (Dalhus et al., 2009). The damage is recognized by
an enzyme called glycosylase, which also removes the faulty base and leaves an apyrimidinic/apurinic
site (AP) in the DNA. The AP will be recognized by enzymes called AP endonucleases, which are
encoded by the gene exoA and can remove the AP nucleotides (Lenhart et al., 2012).
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Finally, homologous recombination (HR) and non-homologous end joining (NHEJ) can take place to
repair DNA DSB. These two mechanisms are important for spore survival because a single unrepaired
DSB can be lethal (Alonso et al. 2013; Moeller et al. 2008a; Vlašić et al. 2013). HR is a highly accurate
and conserved repair mechanism (Shuman and Glickman, 2007; Vlašić et al., 2013) and is RecAdependent (Lenhart et al., 2012). A homologous DNA template is used to repair the broken double
strand, and due to this, HR is only active during DNA replication (Moeller et al., 2007; Vlašić et al.,
2013). In contrast to HR, NHEJ is a specialized DSB repair mechanism that does not require a
homologous template and, thus, is the predominant repair mechanism during phases where only one
copy of the genome is available (Lenhart et al., 2012; Vlašić et al., 2013). It has been shown that NHEJ
in bacteria is mediated by two main proteins called Ku and LigD. The fidelity of NHEJ is low and some
nucleotides might be lost (Fleck and Nielsen, 2004; Lenhart et al., 2012). However, because it does not
need a homologous template, NHEJ is the preferred pathway when only one copy of the genome is
available (Ayora et al., 2011; Lenhart et al., 2012; Shuman and Glickman, 2007).
An SOS response could also be triggered to coordinate DNA repair (Friedberg et al., 2005). The two
main players in this system are the RecA protein and the repressor LexA. The SOS response induces
DNA repair mechanisms, such as NER, and enhances tolerance against damage (Kreuzer, 2013; Lenhart
et al., 2012). Translesion DNA synthesis is part of the SOS system and is one way to tolerate, rather
than repair, DNA damage (Friedberg et al., 2005; Yasbin et al., 1990). Specialized DNA polymerases
replicate across damaged noncoding bases, which would normally block DNA polymerase (Lenhart et
al., 2012; Sutton, 2010). B. subtilis has two specialized Y family DNA polymerases, PolY1 and PolY2
(Sung et al., 2003). Other kinds of DNA repair mechanisms, e.g., mismatch repair, could also be
triggered, but they are not the focus of this study and will not be discussed in detail here. For a review
of different DNA repair mechanisms of B. subtilis, see Lenhart et al. (2012).
This study compared the resistances of B. subtilis wild type and seven DNA repair-deficient mutants
under HEEB and LEEB treatments to understand the spore inactivation mechanisms of EB technologies.
The results provide information on what type of DNA damage was induced during the treatment and
indicated the important DNA repair mechanisms for bacterial spores to survive LEEB and HEEB
irradiation. These findings aid our understanding of EB technologies and could further contribute to
the application of these technologies for a milder bacterial spore control, which could ensure food
safety while retaining better food quality.
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2. Materials and methods
2.1 Bacterial strains, sporulation and sample preparation
Seven B. subtilis mutants that are deficient in different DNA repair mechanisms and their isogenic wild
type strain 168 were used in this study. Detailed information is presented in M2-Table 1. A strain
(GP1111) with a disrupted polY1 gen was obtained by transposon mutagenesis of B. subtilis; the polY1
gene was disrupted by mini-Tn10 (as described in Commichau et al., 2007a, 2007b; Steinmetz and
Richter, 1994). Deletion of the polY2 gene was achieved by transformation with PCR products
constructed using oligonucleotides to amplify DNA fragments flanking the target genes and intervening
antibiotic resistance cassettes as described previously (for the methodological details see GuéroutFleury et al., 1995; Wach, 1996), resulting in strain GP1505. GP111 and GP1505 were used to construct
the double mutant polY1 polY2 (FF5). Chromosomal DNA of GP1111 was transformed into competent
cells of B. subtilis GP1505 according to the protocol by Kunst and Rapoport (1995). Transformants were
selected on LB agar plates supplemented with 100 μg/ml spectinomycin and 10 μg/ml kanamycin.
For sporulation, the cryo-preserved cultures of all strains were plated on tryptic soy agar (SigmaAldrich, Switzerland) plates that contained the appropriate antibiotics (shown in M2-Table 1). From
those agar plates, a single colony was picked and inoculated into tryptic soy broth (TSA, Sigma-Aldrich,
Switzerland) and incubated at 30 °C. Afterward, the incubated cultures were spread on modified Difco
sporulation media (mDSM) agar plates, pH 7.2, and incubated at 30 °C (Zhang et al., 2018; Nicholson
and Setlow, 1990). After sporulation, spores were harvested and washed with H2O (4 °C) to remove
remaining vegetative cells and cell debris as described previously (Zhang et al., 2018). Further
purification was conducted using the buoyant density centrifugation method (Yasbin et al., 1990) with
Nycodenz (Axis-Shield, Scotland), and purified spore suspensions were stored at 4 °C until used.
Germination of the wildtype and the mutants in nutrient rich medium (TSA) were checked using phase
contrast microscopy and no differences were observed.
Spore samples for EB treatments were prepared as described previously (Zhang et al., 2018). In short,
1 ml of spore solution (approximately 108 spores/ml) was spread on the surface of a sterile glass slide
(Thermo Fisher Scientific, US). All slides were then air-dried at room temperature (approximately 23 °C)
on a clean bench. The dried samples were stored under cool condition and transported in closed petri
dishes for EB treatments.
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M2-Table 1. Bacillus subtilis wild type and mutants investigated in this study
Strain

Genotype*

Deficient repair mechanism

Reference

168

Wild type

BP469

ΔrecA::ermr

Homologous recombination

(Cortesao et al. 2019)

BP141

ΔKu::kanr ΔligD::kanr

Non-homologous end joining

(Cortesao et al. 2019)

GP1503

trpC2

-

Δexo::aphA3r

Δnfo::catr

Base

(Gunka et al. 2012)

excision

repair

(BER),

AP

(Gunka et al. 2012)

endonucleases ExoA and Nfo/repair of
oxidative DNA damage

GP1175

trpC2 ΔuvrAB::ermr

Nucleotide excision repair (NER)

(Gunka et al. 2012)

GP894

trpC2 ΔsbcDC::aphA3r

DNA interstrand cross-link repair; DNA

(Gunka et al. 2012)

exonuclease
BP130

trpC2 ΔsplB::spcr

Spore photoproduct (SP) lyase

(Djouiai et al. 2018)

GP1111

trpC2 ΔpolY1::spcr

Translesion synthesis DNA polymerase

This study

Y1
GP1505

trpC2 ΔpolY2::kanr

Translesion synthesis DNA polymerase

This study

Y2
FF5

trpC2

ΔpolY1::spcr

Translesion

r

polymerases Y1 and Y2)

ΔpolY2::kan

DNA

synthesis

(DNA

This study
(Transformation of
GP1111 into GP1505)

*Antibiotic resistance information: ermr, resistant to erythromycin-lincomycin (2 and 25 µg/ml,
respectively); kanr/aphA3r, resistant to kanamycin (10 µg/ml); catr, resistant to chloramphenicol (5
µg/ml); spcr, resistant to spectinomycin (100 µg/ml).

2.2 EB treatments, dose evaluation and recovery
For LEEB treatment, samples were treated at 80 and 200 keV using a lab-scale LEEB system (EBLab-200,
Comet Group, Switzerland). The treatments were at a N2 atmosphere (O2 < 210 ppm) with
approximately 18 mm between samples and the emission window (Zhang et al., 2018). Samples were
treated at five different nominated doses from 0 to 7 kGy based on their resistances. The absorbed
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dose of the sample was corrected from the dose measured with Risø B3-12 films (Risø High Dose
Reference Laboratory, Denmark) as described in a previous study (Zhang et al., 2018). In short, the
surface dose Dμ (absorbed dose in the first μm of the absorbing medium) was first obtained using the
software Risøscan (Helt-Hansen et al., 2010), and then, the absorbed doses of the spore samples were
calculated based on the obtained Dμ values and the simulation output on backscattering.
For HEEB treatment, samples were treated at 10 MeV using a Rhodotron TT 300 electron accelerator
(IBA Corp, Belgium) at an ambient atmosphere (treatment under a N2 atmosphere was not feasible
due to technical limitations). The nominated treatment doses were set from 0 to 7.5 kGy. The absorbed
doses for the HEEB treatments were assessed using alanine pellets (Aerial CRT, France). The pellets
were placed together with the samples during the HEEB treatment. Free-radical signals in the alanine
pellets after the treatment were measured using an EPR device Miniscope MS-400 (Magnettech,
Germany), and the absorbed doses were calculated by comparisons with a standard curve.
After EB treatment, cultivable survivors of treated (N) and untreated samples (N0) were recovered from
the glass slides and enumerated. The spore recovery efficiency from the glass slides was around
30.7% ± 4%. First, the glass slides with treated spore samples were transferred to 50 ml centrifuge
tubes, which contained 20 ml phosphate buffered saline recovery solution (PBS, 10 mM, VWR
International, United States). The tube was then vortexed for 4 min at full speed to wash the spores
off the glass slide. The solution was plated with appropriate dilutions onto tryptic soy agar plates
(Sigma-Aldrich, USA) and incubated at 30 °C to obtain the survivor counts. The decadic logarithm of
the survivor fraction, log10 (N/N0), was plotted against the absorbed dose and the regression was
analyzed. The D-value, which reflects the inactivation efficiency, was then calculated from the slope of
the fitted linear regression (Zhang et al., 2018). Average D-values (n ≥ 6 for LEEB treatment, n = 3 for
HEEB treatment) of different strains or conditions were calculated and statistical analysis was
conducted using Student's t-test (two-tailed, unpaired).

3. Results and discussion
3.1 Absorbed doses of the samples
Accurate dose measurement is essential for acquiring reliable results and needs to be reported for EB
inactivation experiments (Pillai and Shayanfar 2018). The absorbed doses during LEEB and HEEB
treatments at each nominal dose are shown in M2-Table 2 and M2-Table 3, respectively.
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M2-Table 2. Absorbed doses of samples during low energy electron beam treatment
Nominal dose (kGy)
Absorbed dose at
80 keV (kGy)
Absorbed dose at
200 keV (kGy)

2

3

4

5

6

7

2.1 ± 0.14

3.0 ± 0.17

3.9 ± 0.15

4.8 ± 0.15

5.7 ± 0.15

6.7 ± 0.25

2.7 ± 0.13

4.0 ± 0.06

5.3 ± 0.10

6.7 ± 0.20

8.3 ± 0.16

9.4 ± 0.30

M2-Table 3. Measured absorbed dose for high energy electron beam treatment at 10 MeV
Nominal dose (kGy)
Dose measured by
alanine pellet (kGy)
Uncertainty (kGy, k = 2)

1.5

3

4.5

6

7.5

1.55

3.04

4.55

6.04

7.61

0.070

0.137

0.205

0.273

0.345

*The uncertainty at k = 2 is close to a 95% confidence interval
3.2 Spore inactivation curves during LEEB and HEEB treatments
The regression analysis indicated that most inactivation curves under LEEB treatment within the
investigated dose ranges were log10 linear (80 keV: 2.1–6.7 kGy; 200 keV: 2.7–9.4 kGy) with most
R2 ≥ 0.90. The inactivation curves of spores treated under HEEB treatment (10 MeV, 1.55–7.61 kGy)
were also log10 linear with generally higher R2 values compared to LEEB treatment. Most R2 values
under HEEB treatment were >0.99 and the lowest was approximately 0.95. Representative examples
of the inactivation curves under LEEB and HEEB are shown in M2-Figure 1. These results are consistent
with previous research, which also showed a log10 linear correlation between spore inactivation and
the treatment dose (De Lara et al., 2002; Fiester et al., 2012; Helfinstine et al., 2005; Tallentire et al.,
2010). For example, Fiester et al. (2012) found a log10 linear inactivation curve of Bacillus
atrophaeusspores under the treatment of 5 MeV in a dose range of approximately 0–10 kGy. Tallentire
et al. (2010) found that the inactivation curves of B. pumilus were linear under EB treatments of
10 MeV, 100 keV and 80 keV in a dose range of approximately 2–13 kGy.
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M2-Figure 1. Bacillus subtilis wild type strain 168 as a representative example of spore inactivation
curves under low energy and high energy electron beams. Data are shown as the mean ± standard
deviation (n = 3).
3.3 Spore resistance and inactivation mechanisms during LEEB treatment
D-values under LEEB treatment, indicating the resistance of the wild type and different mutants, were
obtained and compared. Individual D-values under LEEB treatment are shown in M2-Figure 2. The wild
type strain 168 had D-values of 2.4 ±0.25 kGy at 80 keV and 2.6±0.23 kGy at 200 keV. The resistance
of the tested mutants under 80 keV is (from the most resistant to the least resistant)
FF5 > GP894 > GP1503 > GP1175 > BP130 > BP141 > BP469. Under 200 keV treatment, the resistance
sequence is FF5 > BP130 > GP894 > GP1503 > GP1175 > BP141 > BP469. Results also revealed that
except for mutant BP130, all other strains of B. subtilis showed similar resistance when comparing
D80keV and D200keV -values (168: p = 0.08, BP469: p = 0.16, BP141: p = 0.07, GP1503: p = 0.09, GP894: p
= 0.03, GP1175: p = 0.01, and FF5: p = 0.05). This finding indicates that the kinetic energy levels at the
investigated LEEB domain did not influence the inactivation efficiency, and most of the DNA damage
was not dependent on the kinetic energy level at the investigated conditions. For BP130, which is the
mutant deficient in SP lyase, the D-value obtained was much higher at 80 keV than at 200 keV (p < 0.01).
The difference between D-values at 80 and 200 keV might indicate that the SP were produced in a
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different amount at the two applied energy levels, leading to differences in spore survival of SP lyasedeficient mutants.

M2-Figure 2. D-values of Bacillus subtilis wild type and mutants treated under low energy electron
beam at 80 and 200 keV. Treatments were performed under N2 atmosphere with O2 < 210 ppm. The
D-values are shown as the means ± standard deviation (n ≥ 6).
The results of the sensitivity of investigated mutants compared to the wild type are shown in M2Figure 3. All mutants, except for FF5 (p = 0.887), showed large decreases in their resistance towards
the treatment at 80 keV compared to the wild type (p < 0.05). At 200 keV, the resistance of FF5 (p
= 0.135) and BP130 (p = 0.688) were similar to the wild type, while all other mutants were much less
resistant (p < 0.05). These results indicate that DNA should be one of the targets for LEEB treatment.
This finding is consistent with previous research, which showed that mutants lacking a DNA protection
mechanism (α−β−) had reduced resistance towards LEEB treatment compared to the wild type (Zhang
et al., 2018).
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M2-Figure 3. Fold differences in D-values of investigated Bacillus subtilis mutants compared to wild
type strain 168 under electron beam treatments at different energy levels. Color code indicates the
fold of differences in D-values compared to the wild type, e.g., BP469 had a D-value that is > 2-fold
smaller than the wild type, indicating that BP469 is > 2-fold more sensitive compared to wild type 168.

These results also suggested which repair mechanisms are important for spores to survive LEEB
treatments and, thus, give some indications regarding what kind of DNA damage is induced during the
treatment. Mutant BP469 (ΔrecA, deficient in HR) was the most sensitive under the LEEB treatment
with D-values of 1.08 ± 0.05 kGy at 80 keV and 1.20 ± 0.18 kGy at 200 keV. The next most sensitive
mutant was BP141 (ΔKu ΔligD, deficient in NHEJ repair mechanism) with D-values of 1.38 ± 0.10 kGy at
80 keV and 1.58 ± 0.22 kGy at 200 keV. For both mutants, their D-values showed large decreases
compared to the wild type, with p-values < 0.001. Since both mutants are deficient in mechanisms
involving DNA DSB repair, it is highly possible that DNA DSB is one of the key causes of spore
inactivation under LEEB treatment. This type of DNA damage was also found in other ionizing
irradiation technologies, including X-rays and high-energy protons, where the mutants deficient in HR
and NHEJ repair pathways also showed a significant increase in sensitivity towards the treatments
(Moeller et al. 2008b, 2012).
The recA gene (mediating the HR repair pathway) was more crucial than the Ku and ligD genes
(mediating the NHEJ repair pathway) for spore survival under the investigated LEEB treatment
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conditions. This finding is in accordance with a previous study, which showed that a B.
subtilis ΔrecA mutant was more sensitive to X-rays than a ΔykoV (Ku-like gene) ΔykoU (ligase-like gene)
mutant (Weller et al., 2002). However, this result does not indicate that HR is more important than
NHEJ as the DSB repair pathway for B. subtilis under LEEB treatment. Indeed, since B. subtilis spores
are monogenomic, HR, which requires two homologous chromosomes, would not operate at early
stages of germination until the first round of replication, which produces partial duplex chromosomes
(Moeller et al. 2008b, 2010; Wang et al., 2006). The reason that the ΔrecA mutant showed extreme
sensitivity towards the EB treatment might be due to the fact that the recA gene not only encodes for
HR-mediated repair but also plays an essential role in triggering the SOS response, which can
coordinate DNA repair (Friedberg et al., 2005).
The results showed that GP1503 (deficient in BER) and GP1175 (deficient in NER) had much lower
resistances towards LEEB treatment compared to the wild type (p ≤ 0.01) indicating that LEEB also
induced DNA bulky lesions and non-bulky lesions. This result is similar for other ionizing irradiations,
as previous research showed that mutants lacking BER (via AP endonucleases by Nfo and ExoA) also
had significantly decreased resistance to irradiations including X ray, protons and high-energy charged
ions (Moeller et al., 2014). Spores lacking SP lyase were much more sensitive compared to the wild
type under 80 keV treatment (p ≤ 0.01), indicating that SP might be produced during the treatment.
Previous research showed that SP is mainly produced during UV treatment, and mutants deficient in
SP lyase (ΔsplB) were sensitive to UV treatment; however, they were not found to be more sensitive
to X rays (Djouiai et al., 2018; Moeller et al., 2007). The mutant deficient in DNA interstrand cross-link
repair (GP894) also had a reduced resistance compared to the wild type at both 80 (p = 0.01) and
200 keV (p = 0.04) indicating that LEEB treatment also induced DNA interstrand cross-links. The mutant
FF5, which is deficient in translesion DNA synthesis, did not show a difference in resistance compared
to the wild type at both 80 (p = 0.89) and 200 keV (p = 0.14). This result indicates that translesion DNA
synthesis, which allows DNA replication despite certain types of DNA damage, does not contribute
largely to the survival of spores under LEEB treatment. The results showed that GP1503 (deficient in
BER) and GP1175 (deficient in NER) had much lower resistances towards LEEB treatment compared to
the wild type (p ≤ 0.01) indicating that LEEB also induced DNA bulky lesions and non-bulky lesions. This
result is similar for other ionizing irradiations, as previous research showed that mutants lacking BER
(via AP endonucleases by Nfo and ExoA) also had significantly decreased resistance to irradiations
including X ray, protons and high-energy charged ions (Moeller et al., 2014). Spores lacking SP lyase
were much more sensitive compared to the wild type under 80 keV treatment (p ≤ 0.01), indicating
that SP might be produced during the treatment. Previous research showed that SP is mainly produced
during UV treatment, and mutants deficient in SP lyase (ΔsplB) were sensitive to UV treatment;
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however, they were not found to be more sensitive to X rays (Djouiai et al., 2018; Moeller et al., 2007).
The mutant deficient in DNA interstrand cross-link repair (GP894) also had a reduced resistance
compared to the wild type at both 80 (p = 0.01) and 200 keV (p = 0.04) indicating that LEEB treatment
also induced DNA interstrand cross-links. The mutant FF5, which is deficient in translesion DNA
synthesis, did not show a difference in resistance compared to the wild type at both 80 (p = 0.89) and
200 keV (p = 0.14). This result indicates that translesion DNA synthesis, which allows DNA replication
despite certain types of DNA damage, does not contribute largely to the survival of spores under LEEB
treatment.
3.4 Spore resistance and inactivation mechanisms during HEEB treatment
At the 10 MeV HEEB treatment, the D-value of B. subtilis wild type was 1.5 ± 0.03 kGy. This result is
consistent with previous research on HEEB, which also demonstrated a log10 linear relationship
between spore survival and dose with D-values in a similar range (De Lara et al., 2002; Fiester et al.,
2012; Tallentire et al., 2010). For example, Fiester et al. (2012) reported a D-value of 1.3 ± 0.1 kGy for B.
atrophaeustreated at 5 MeV. Notably, D-values between different studies should be compared with
care because different sporulation media, different sample preparation and recovery methods can
influence spore resistance towards EB treatment (Zhang et al., 2018).
The D-values at 10 MeV, which reflect the resistance of the wild type and mutants towards HEEB
treatment, are shown in M2-Figure 4. The resistance sequence of the tested mutants under 10 MeV is:
FF5, BP130, GP894 > GP1503 > GP1175 > BP141 > BP469 (from the most resistant to the least
resistant). All mutants showed largely reduced resistance compared to the wild type. This finding
indicates that DNA is also one of the targets for HEEB treatment, which support the previously
proposed mechanism (Fiester et al., 2012; Hutchinson, 1985). In addition to DNA, Fiester et al. (2012)
suggested that structural damage to the inner membrane and coat of the spore also occurred during
HEEB treatment.
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M2-Figure 4. D-values of Bacillus subtilis wild type and mutants treated under high energy electron
beam at 10 MeV. Treatments were under ambient atmosphere with presence of O 2. The D-values
are shown as the mean ± standard deviation (n = 3). All mutants showed different degrees of decreases
in D-values compared to the wild type.
Similar to LEEB, BP469 and BP141 demonstrated the lowest D-values with 10 MeV treatment followed
by GP1503 and GP1175. This result indicates that DNA DSB is the main cause of spore inactivation
under HEEB treatment followed by DNA non-bulky and bulky lesions. Mutants, which are deficient in
SP lyase, DNA interstrand cross-link repair and translesion DNA synthesis, showed similar resistance
towards HEEB treatment with D-values of approximately 1.3 kGy. These mutants have higher
resistance compared to the mutants that lack HR, NHEJ, BER and NER repair pathways but still showed
reduced resistance compared to the wild type. This result indicates that these genes influence the
survival of spores under HEEB treatment but are not as crucial as the other genes related to repair of
DNA DSB, bulky and non-bulky lesions.
3.5 Spore inactivation by LEEB and HEEB
In this study, all LEEB treatments were conducted under N2 atmosphere with O2 < 210 ppm to avoid
the production of ROS resulting from the encounter of electrons with oxygen during the treatment.
ROS are extremely reactive with organic compounds. They can cause DNA base damage and inactivate
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microorganisms, including bacterial spores (Eichner et al., 2015; Hashizume et al., 2013; Mahfoudh et
al., 2010; Maness et al., 1999). Therefore, presence of ROS would interfere with the mechanistic study
of the direct effects of electrons on spore DNA. Unfortunately, it is not possible to conduct the HEEB
treatments under N2atmosphere due to technical limitations. Therefore, more ROS may have formed
during HEEB treatment compared to LEEB treatment. The presence of ROS might be the reason that
lower D-values for HEEB were observed in this study due to the additional inactivation effect of ROS.
Previous research actually showed that HEEB and LEEB treatments had similar spore inactivation
efficiency at ambient atmosphere (Tallentire et al., 2010), and lower D-values were reported when
spores were treated in the presence of oxygen compared to vacuum (Ito and Islam, 1994).
Despite the influence of ROS, the results showed that the resistance sequence of the investigated
mutants were almost the same whether the treatments were under HEEB or LEEB. The mutants with
a largely reduced resistance compared to the wild type with LEEB treatments were also the most
sensitive ones to HEEB, while the ones that showed only slight decreases in resistance under LEEB
treatment were also comparably more resistant to HEEB.

4. Conclusion and recommendation
This study investigated spore inactivation mechanisms during LEEB and HEEB treatment by evaluating
the D-values of B. subtilis wild type and seven mutants lacking relevant DNA repair mechanisms. The
results revealed that DNA damage is one of the causes responsible for spore inactivation by both LEEB
and HEEB treatments. Moreover, the type of DNA damage induced by LEEB and HEEB treatments was
found to be similar. Among the different types of DNA damage investigated in this study, DSB is the
most lethal one. The B. subtilis mutants that lack the DNA DSB repair mechanisms, including HR and
NHEJ, were the most sensitive ones under both LEEB and HEEB treatments. In addition to HR and NHEJ,
BER and NER also played important roles in spore survival under HEEB and LEEB treatments.
Furthermore, it was revealed that interstrand cross-links and formation of SP might play a role in spore
inactivation by EB. Finally, it could be demonstrated that translesion DNA synthesis does not play an
important role in the survival of spores after LEEB treatments and may play a small role in spore
survival under HEEB treatment.
In future research, it would be interesting to determine the type, nature and level of DNA damage
induced during EB treatments. Further, the role of other DNA repair pathways, e.g., mismatch repair,
should be investigated to gain further insights into spore inactivation mechanisms by EB technologies.
Moreover, it would also be interesting to analyze whether DNA is the only target of LEEB treatment
since DNA is not the only target of HEEB treatment (Fiester et al., 2012). Therefore, research on other
type of damage that might be induced during EB treatment, e.g., protein, membrane or lipid damage,
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would be fruitful. Furthermore, investigation on the role of the EB treatment atmosphere on spore
inactivation due to the production of reactive species, including ROS, RNS and RHS, could be insightful.
In summary, this study confirmed that DNA should be the major target for LEEB and HEEB technologies
to inactivate bacterial spores. It provided more information on the spore inactivation mechanisms of
EB technologies and indicated what type of DNA damage is induced during the treatments. It also
revealed the roles of different DNA repair mechanisms for spores to survive EB treatments and
suggested that LEEB and HEEB technologies share many similarities regarding spore inactivation. This
information will help us to understand both technologies more thoroughly and will support their
application as non-thermal mild microbial decontamination methods for food and pharma products.
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Abstract:
Bacterial spores are main targets of sterilization due to their extreme resistance. Conventionally
intensive thermal decontamination is applied to inactivate them. However, thermal treatment is not
suitable for all substances, e.g., heat sensitive ingredients, materials and devices. Therefore, low
energy electron beam (LEEB, ≤300 keV), which is water-free and easily scalable, was investigated as a
non-thermal surface decontamination technology. This study investigated a continuous industrial scale
LEEB system constructed by Bühler AG process regarding to its inactivation effectiveness of Bacillus
subtilis spore inoculated on black pepper. Black pepper was inoculated and treated at different kinetic
energy levels and throughputs. Results revealed that the continuous industrial scale LEEB system could
reach 3.4 - 4.8 log10 reductions of B. subtilis spores with throughputs of 0.5 - 1.2 ton/hour. Results also
revealed a high upscaling potential of LEEB and obtained information on relevant processing
parameters. This will provide a basis for optimization, validation and commercialization of LEEB as an
industrial scale non-thermal surface decontamination process.

Key words: low energy electron beam, bacterial spores, surface decontamination, industrial upscaling,
black pepper
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1. Introduction
Spore-forming bacteria of the genera Bacillus, Geobacillus and Clostridia spp. are relevant pathogenic
and spoilage-causing microorganisms for food and pharmaceutical industries. They are the main
targets of sterilization due to their extreme resistance (Andersson et al., 1995; Mallozzi et al., 2010).
Industries often try to eliminate them with intensive thermal processing, which is unfortunately not
suitable for all substances, e.g., heat sensitive ingredients and biological materials. Therefore, low
energy electron beam (LEEB, ≤ 300 keV) has been investigated as an emerging promising non-thermal
microbial decontamination technology for food and pharma applications (De Lara et al., 2002; Sadat
and Huber, 2002; Kikuchi et al., 2003; Urgiles et al., 2007; Tallentire et al., 2010; Pillai and Shayanfar,
2017; Zhang et al., 2018).
LEEB is noninvasive, water- and chemical-free and can be applied to decontaminate low moisture food
products, e.g., spices, without the introduction of water or steam to the process. Moreover, LEEB is
also easy to implement in existing processing lines due to its compact size and a minimal need for
shielding. Previous studies of this project showed that LEEB could effectively inactivate various
bacterial spore contaminations with a lab-scale, batch LEEB unit (Zhang et al., 2018; Zhang et al., 2020).
In this study, we further investigated the possible upscaling with real foods in a continuous industrial
scale system. Outcome of this study will support the application of LEEB technology as an emerging
non-thermal bacterial decontamination process, contribute to the delivery of safe and minimally
processed foods and heat sensitive biological products.

2. Materials and Methods
2.1 Bacterial strains, sporulation and sample preparation
Bacillus subtilis was used in this study and was sporulated with modified Difco sporulation media
(mDSM) agar plates, with nutrient broth (pH 6.9, without NaCl) and final pH adjusted to 7.2 (Nicholson
and Setlow, 1990). Sporulation plates were incubated at 30°C and spores were harvested when the
phase-bright spore percentage was >98%. Harvesting was performed by adding H2O (4°C) to the
surface of the cultivation plates and suspending the overgrown colonies containing spores with sterile
spreading sticks. The suspension was then transferred to a 50 ml centrifuge tube and washed with H2O
(4°C) to remove the remaining vegetative cells, cell debris and germinated spores. Spore stocks were
stored in H2O at 4°C until usage.
Sterilized black pepper was inoculated with B. subtilis spore suspension. The pepper was inoculated
w/v = 10 g/1 ml with spore suspension, in other words, 1 ml (109 spores/ml) of B. subtilis spore
suspension was added to every 10 g of black pepper and mixed well and then dried in a running

95

biosafety cabinet. The black pepper was collected once the water activity of the inoculated sample
returned to its original water activity, then stored cooled (4°C) and transported for treatment.
2.2 Low energy electron beam treatment and recovery
All the upscaling LEEB trials were done with a newly developed continuous industrial scale processing
unit (LAATU, Bühler AG, Switzerland). Inoculated batch of whole black peppercorns was fed through
an inlet hopper. A vibrating system controls the throughput and ensures a homogenous product
presentation in the treatment zone, where two LEEB lamps are positioned in a face-to-face
configuration. The product free-falls between the two LEEB lamps and is exposed to the electrons
emitted from both lamps. The exposure time of the black pepper was within the range of milliseconds.
The effect of beam voltage and throughput on spore inactivation was tested at a range of 200-300 keV
and 0.5 to 1.2 ton/h respectively. All trials were run at ambient atmosphere while an air suction system
was removing the generated ozone after the treatment zone. Process control with the LEEB lamps shut
off (untreated but went through the machine) was done for every trial. All the black pepper samples
were collected after they were processed, and the spores were recovered from them in the same day.
To recover the spores, at least two samples of 5 g per sample of treated black pepper from each run
was transferred to a centrifuge tube containing 20 ml PBS buffer. The tubes were shaken for 4 min at
the highest speed of the vortex. The solution containing washed-off spores was then filtered with cell
strainers with a pore size of 100 µm (VWR, Dietikon, Switzerland) to get rid of the broken black pepper
particles. The solution was then plated in triplicates onto TSA plates at appropriate dilutions. Plates
were incubated overnight and the CFU was enumerated the next day. For each trial, spore reduction
in log10 scale, log10(N/N0), was calculated and compared.

3. Results and Discussion
Black pepper was inoculated with B. subtilis spores and treated with a newly developed industrial scale
continuous LEEB system. At the time of the experiment it was still not possible to evaluate accurately
the absorbed dose of the black pepper in the upscaling test. Three main reasons lead to this issue: 1).
different to a flat surface, the irregular, three-dimensional targets will lead to an inhomogeneous dose
distribution on the surface of the product when they are exposed to the LEEB. Besides, with the existing
dosimetry system it is not possible to attach dosimeters on a small, irregular and three-dimensional
surface for the treatment and measure the detached dosimeter afterwards; 2). the physical properties
of each single particles, in this case black pepper, will also influence the speed of their fall, which in
turn influences their exposure time to the electrons; 3). One way to estimate the absorbed dose for
the surface of black pepper would be to run simulations. However, this would only provide an average
absorbed dose. Spores can distribute unevenly on the surface and in cracks of a black pepper. Due to
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the short penetration depth of LEEB, dose gradients will be present within the product, which means
different locations of a particle would receive different doses. The detailed assessment of the absorbed
dose can be extremely different in this case. Since the purpose of the upscaling study is to investigate
the overall inactivation performance of the continuous system, the total spore reduction in log10 scale
was used to present the overall efficiency of the LEEB system. In this case, the absorbed dose of black
pepper was not needed because the calculation of D-values is not necessary.
Inactivation results showed that the continuous LEEB system working at 200 - 300 keV can induce
around 3.3 log10 to 4.3 log10 spore reduction. The inactivation efficiencies at different tested kinetic
energy levels are shown in Unpublished results - Figure 1. It can be seen that the highest inactivation
could be achieved with an energy input at 250 keV. Based on this, the following experiments were all
conducted at 250 keV.

Unpublished results - Figure 1. Spore inactivation efficiency of the continuous LEEB system at
different kinetic energies. Bacillus subtilis spores inoculated on black pepper were used for this
experiment.
Treatments were done at different kinetic energy levels. Treatments were also done at different
throughputs in order to assess its influence on the inactivation efficiency for the industrial scale LEEB
system. Results showed that when black pepper was treated with a throughput of 0.5 ton/h,
approximately 4.8 log10 of B. subtilis spores can be inactivated (see Unpublished results - Figure 2).
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When the throughput was increased to 1.0 ton/h, the inactivation efficiency decreased to 3.4 log10.
However, when the throughput was further increased to 1.2 ton/h, the inactivation efficiency barely
changed compared to 1.0 ton/h, with 3.5 log10 spore reduction. The reason for the decreased spore
inactivation at higher throughput could be due to a “shadowing effect”. This means that when a large
volume of peppercorns pass through the treatment window at the same time, they can overlap each
other and create “shadows” that receive fewer and lower energy electrons. Thus, the spores that are
located on the shadowed part will receive less dose, which in turn leads to lower inactivation.

Unpublished results - Figure 2. Spore inactivation at different throughputs by the continuous LEEB
system at 250 keV. Bacillus subtilis spores inoculated on black pepper were used in this experiment.
These results showed that within a short treatment time (free-fall of the grain), the new continuous
LEEB system could reach a satisfactory inactivation of resistant bacterial spores located on black
pepper. For different food matrices, the inactivation efficiency can be quite different. The physical
properties of the food matrix, for example the size, shape, density, structure could largely influence:
1). their free fall speed when passing through the treatment zone, thus influence their exposure time.
2). the dose distribution on the surface of the product and the dose distribution along the depth of the
food matrix. 3). how spores and other bacteria distribute on the product. It needs to be considered
that due to the low penetration depth of LEEB, it will be an efficient surface decontamination but not
suitable for treating products in where spores are located deep in the products. In general, it is
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important from an application point of view to investigate the inactivation with the specific product
that needs to be decontaminated at targeted throughput, as all these aspects could influence the
inactivation efficiency.

4. Conclusion
This study revealed that the newly developed continuous industrial LEEB system can achieve a spore
reduction of at least more than 3 log10 at different throughputs between 0.5 - 1.2 ton/h. For future
research it would be interesting to check the inactivation efficiency of the continuous LEEB system for
other food matrices and other relevant spoilage or/and pathogenic bacterial species, e.g., Salmonella.
This research demonstrated high potential to upscale LEEB processing for the decontamination of low
water activity food surfaces (e.g., for spices). Due to the environmental, logistical and economic
advantages of LEEB treatment, it could be a very successful surface decontamination technology for
heat sensitive substances.
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Abstract
Bacterial spore control strategies based on the germination-inactivation principle can lower the
thermal load needed to inactivate bacterial spores and thus preserve food quality better. However,
the success of this strategy highly depends on the germination of spores, and a subpopulation of spores
that fail to germinate or germinate extremely slowly hinders the application of this strategy. This
subpopulation of spores is termed ‘superdormant (SD) spores.’ Depending on the source of the
germination stimulus, SD spores are categorized as nutrient-SD spores, Ca2+-dipicolinic acid SD spores,
dodecylamine-SD spores, and high pressure SD spores. In recent decades, research has been done to
isolate these different groups of SD spores and unravel the cause of their germination deficiency as
well as their germination capacities. This review summarizes the challenges caused by SD spores, their
isolation and characterization, the underlying mechanisms of their germination deficiency, and the
future research directions needed to tackle this topic in further depth.

Keywords: bacterial spore, superdormant, germination, inactivation, isolation, characterization,
mechanism, gentle spore control
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1. Introduction
Bacterial spores are widely distributed and can cause spoilage and food-borne diseases, leading to
economic losses and endanger public health (Banawas et al. 2013; Setlow et al. 2012). They are
extremely resistant to heat, dehydration, and chemical or physical stresses, making them the main
challenge of sterilization processes (Zhang et al., 2018; Patrignani and Lanciotti 2016; Setlow 2006;
Setlow 2007; Setlow and Johnson 2007). Because of their resistance, intensive wet heat treatment,
generally at a temperature higher than 100 °C, is usually applied to inactivate spores in food products
(Georget et al. 2013; Storz and Hengge 2010), and such processing procedures often cause an
unwanted loss of food quality (Sevenich and Mathys 2018). Therefore, development of effective gentle
non-thermal spore decontamination strategies is currently of high interest (Zhang et al., 2018; Storz
and Hengge 2010).
Research has revealed that spores lose their extreme resistance after germination and become easier
to kill, e.g., by milder heat inactivation (Abee et al. 2011; Collado et al. 2004; Lovdal et al. 2011; Setlow
2006). Moreover, spore germination can be artificially triggered by nutrient germinants (Baier et al.
2011; Sevenich and Mathys 2018; van der Voort et al. 2010), as well as non-nutrient stimuli, e.g., Ca2+dipicolinic acid (Ca2+-DPA), and isostatic high pressure (HP) (Baier et al. 2011; Gould 1970; Gould 2006;
Reineke et al. 2013). The overview of germination stimuli and proposed germination pathways for
Bacillus subtilis spores is shown in M3-Figure 1. Based on this overview, gentle spore control strategies
could be developed to achieve spore decontamination without largely compromising the food quality
at the same time. For example, so-called “germination-inactivation” methods that first artificially
trigger the germination of spores, and then eliminate those spores which lost their extreme resistance
during germination with a mild inactivation step (Gould 2006; Lovdal et al. 2011; Nerandzic and
Donskey 2013).
However, the germination behavior of spores is highly heterogeneous (Chen et al. 2006; Eijlander et
al. 2011; Gould 2006; Indest et al. 2009; Setlow et al. 2012; Stringer et al. 2011). Most spores can
germinate rapidly after being exposed to germinant stimuli, but a subpopulation referred to as
superdormant (SD) spores remained dormant or germinated extremely slowly (Ghosh and Setlow
2009; Gould 2006; Rodriguez-Palacios and LeJeune 2011; Sevenich and Mathys 2018; Zhang et al.
2010). These SD spores are the major limitations of the germination-inactivation spore control
strategy. With the increased awareness of the importance of this subpopulation, more research has
progressively shifted their focus to better understand this subpopulation, either in aggregate or at
single cell level (Davey and Kell 1996; Eijlander et al. 2011; Ghosh and Setlow 2009; Kong et al. 2011;
Margosch et al. 2004; Perez-Valdespino et al. 2013; Wang et al. 2011; Zhang et al. 2012). This review
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summarizes the challenges that SD spores cause, their isolation and characterization, the mechanisms
of their superdormancy, and potential future research directions.

M3-Figure 1. Overview of germination stimuli and proposed germination pathways of Bacillus
subtilis spores. Stimuli that lead to germination are shown as green with dashed arrows and stimuli
that lead to germination and possible inactivation are shown as red with solid arrows. Graph modified
from Reineke et al. (2013).

2. Challenges associated with SD spores
Owing to their germination deficiency, SD spores are considered to be the main obstacle to the
effective application of germination-inactivation spore control methods (Ghosh and Setlow 2009;
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Lovdal et al. 2011; Markland et al. 2013a; Olguin-Araneda et al. 2015; Wang et al. 2012). For example,
the tyndallization strategy is based on a germination-inactivation concept (Tyndall 1877), and is
considered to not be fully reliable due to the presence of superdormant spores (Gould et al. 1968;
Gould 2006).
Additionally, the presence of SD spores complicates spore quantification and presents potential
limitations for the reliability of challenge and sterilization tests. They may stay dormant and remain
undetectable during recovery, but germinate later and proliferate, causing spoilage or even foodborne
diseases (Deng et al. 2015; Silvestri et al. 2015). For example, spores formed by some Clostridium
species could recover from superdormancy during long-term storage and become viable afterwards,
posing a potential risk (Deng et al. 2015; Deng et al. 2017; Esty and Meyer, 1922).
Moreover, the presence of SD spores also complicates decisions regarding the duration of antibiotic
treatment for Bacillus anthracis infection. A number of antibiotics can destroy germinated B. anthracis
spores, but SD spores can remain unaffected. Therefore, the ability of SD spores to stay in a dormant
state and germinate after antibiotic treatment is stopped makes them capable of causing fatal diseases
(Brookmeyer et al. 2003; Heine et al. 2007; Setlow et al. 2012).
Furthermore, SD spores were found to be much more resistant than the overall spore population
(Ghosh et al. 2009; Markland 2011; Markland et al. 2013b; Rodriguez-Palacios and LeJeune 2011). For
example, isolated Bacillus nutrient-SD spores had increased heat resistances as compared to the initial
spore population (Ghosh et al. 2009). This indicates SD spores might be the main contribution to the
log10 non-linear tailing phenomenon of spore inactivation kinetic curves, which complicates the
prediction and modeling of spore behavior (Doona et al. 2016c; Doona et al. 2017; Doona et al. 2012;
Doona et al. 2016a; Eijlander et al. 2011; Sevenich and Mathys 2018). Furthermore, their aboveaverage resistance is a clear concern for the food industry, since the treatment intensity that
inactivates the majority of the population might not be able to inactivate SD spores, leading to
insufficient sterilization.

3. SD spore isolation and characterization
SD is a relative term and it describes a subpopulation of spores that is phenotypically different on their
germination capacity compared to the rest of the population. Notably, it is not a static subpopulation
of spores but rather a subpopulation that depends largely on the germination/isolation conditions and
the cut-off point, e.g., germination trigger intensity and maximum treatment time, defined by the
researchers. However, the subpopulation that fails to germinate after intensive germination stimuli is
generally referred as SD spores (Ghosh and Setlow 2009). SD spores are grouped into different
categories according to their germination stimuli, e.g., nutrient-SD spores, Ca2+-dipicolinic acid SD
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(Ca2+DPA-SD) spores, dodecylamine-SD spores, and high pressure superdormant (HPSD) spores.
Buoyant density centrifugation method was used to isolate nutrient-SD spores. The main principle of
this method is that dormant spores have higher wet densities thus would pellet during centrifugation
in a density gradient medium such as Nycodenz®. The germinated spores, which have significantly
lower densities, would float (Ghosh and Setlow 2009). This method was shown to effectively isolate
Ca2+DPA-SD and dodecylamine-SD spores as well (Ghosh and Setlow 2010; Perez-Valdespino et al.
2013). Additionally, new tools have been developed to characterize SD spores. These include Raman
spectroscopy, differential interference contrast and phase-contrast microscopy (Zhang et al. 2010b;
Kong et al. 2011) and tracking of single cell germination/outgrowth using microtiter plates containing
one spore per well (Webb et al. 2007; Wells-Bennik et al. 2016). Details, additional methods and tools
to study spore heterogeneity were summarized by Setlow et al. (2012) and Wells-Bennik et al. (2016).
In addition to the isolation and characterization of SD spores, the mechanisms underlying their
germination deficiency have also been investigated (Ghosh and Setlow 2010). So far, nutrient-SD
spores have been studied extensively, while Ca2+DPA-SD spores and dodecylamine-SD spores have
been characterized to a limited extent, but HPSD spores have not yet been isolated and studied for
their properties. More information can be seen in M3-Table 1.
3.1 Nutrient-SD spores
The frequency of nutrient-SD spores among the total spore population generally varies between 1–
12% with rich germinants (Ghosh et al. 2012; Ghosh and Setlow 2009; Ghosh and Setlow 2010; Ghosh
et al. 2009). Better germination conditions and heat activation result in a lower abundance of nutrientSD spores (Ghosh and Setlow 2009; Ghosh and Setlow 2010). However, the influence of heat activation
was less significant when the spores were germinated in a nutrient-rich environment or with a mixture
of nutrients that trigger multiple germination receptors (GRs) (Ghosh and Setlow 2010; Ghosh et al.
2009). Generally, factors that influence the germination capacity of bacterial spores also affect the SD
spore amount. These factors include stimulus type and intensity, heat activation, water activity and so
on (Abee et al. 2011; Christie 2012; Lovdal et al. 2011; Setlow 2003; Setlow 2014; Zhang et al. 2010).
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Unless stated otherwise, heat activation was applied prior to nutrient germination for different species: B. subtilis: 75°C, 30 min; B. megaterium: 60°C, 15
min; B. cereus: 65°C, 20 min. 1 Spores were heat activated at 70°C for 30 min. SD spore percentages were calculated based on observation of >440 spore
for listed cases; 2 LB medium: Luria-Bertani medium; 3 AGFK (12 mM L-asparagine, 13 mM D-glucose, 13 mM D-fructose, 12.5 mM KPO4 buffer [pH 7.4]); 4
AGFK (10 mM L-asparagine, 10 mM D-glucose, 10 mM D-fructose, 10 mM KCl in 25 mM KPO4 buffer [pH 7.4])

M3-Table 1. Percentage of superdormant (SD) spores in various isolation conditions and proposed superdormancy mechanisms.

The germination capacities of isolated nutrient-SD spores to different nutrient stimuli were intensively
investigated (Ghosh et al. 2012; Ghosh and Setlow 2009; Ghosh and Setlow 2010; Ghosh et al. 2009;
Zhang et al. 2012). It was found that nutrient-SD spores require a heat activation temperature around
8–15 °C higher than the initial dormant population (Ghosh et al. 2009). Nutrient-SD spores germinated
poorly with the germinants that were originally used in their isolation and are more sensitive to a
decrease in germinant concentration (Ghosh and Setlow 2009; Ghosh et al. 2009; Zhang et al. 2012).
A high-concentration mixture of nutrients increased the germination of nutrient-SD spores, but their
germination efficiency and speed were still not as good as the initial dormant spores (Ghosh and Setlow
2009; Ghosh et al. 2009). The germination of nutrient-SD spores with nutrients targeted to other GRs
shows various behaviors. Some research has shown that they still germinate poorly (Ghosh and Setlow
2009; Ghosh and Setlow 2010; Ghosh et al. 2009; Wei et al. 2010). Another research has indicated their
germination was better as compared with the nutrients that were used to isolate them, but still worse
than the initial dormant spores (Ghosh et al. 2012). Other authors have stated that nutrient-SD spores
exposed to nutrients targeted to other GRs germinated almost as well as the initial dormant population
(Zhang et al. 2012), or even more rapidly (Chen et al. 2014). The cause for the differences is unclear.
Possibly due to slight differences in sporulation, germination and isolation conditions, which could lead
to differences on SD spore properties.
Although nutrient-SD spores germinate poorly with nutrient germinants, they germinate normally with
Ca2+-DPA and dodecylamine (Ghosh and Setlow 2009; Ghosh and Setlow 2010; Zhang et al. 2012). They
were also reported to germinate similarly to the initial dormant population with bryostatin and purified
peptidoglycan fragments (Wei et al. 2010). Moreover, it seems they can germinate as well as the initial
spore population under HP treatment at both 150 MPa (37 °C) and 500 MPa (50 °C)(Wei et al. 2010).
This is surprising, as it is generally considered that Bacillus spores germinate at 150 MPa via nutrient
germination pathways. The discussed experimental results indicate that the cause of nutrient
superdormancy is not the same as HP superdormancy. On the other hand, the isolation steps could
have influenced the properties of SD spores. As reported by Chen et al. (2014) previously, some
differences in protein levels between dormant and SD spores are similar to the protein changes during
germination. This suggest that although SD spores were not committed to germination, small changes
already took place in a non-committal way during the exposure to the nutrient germinants. These
changes might be the cause that they could germinate normally under HP treatment, but not with the
nutrient(s) that was used to isolate them.
Concerning the germination speed, nutrient-SD spores had a much longer individual lag time (Tlag,
which is the mean time between the spores coming into contact with nutrient germinants and the start
of Ca2+-DPA release) (Zhang et al. 2012). Factors that influence the Tlag correlate with the factors that
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influence the SD spore level (Zhang et al. 2010), indicating that the Tlag represents the main cause of
differences in germination speed between SD spores and the dormant spore population.
3.2 Ca2+DPA-SD and dodecylamine-SD spores
Most SD spore studies have focused on nutrient SD spores, and only a limited amount of research has
targeted populations that are reluctant to germination under the triggers of Ca2+-DPA and
dodecylamine. The amounts of the Ca2+DPA-SD spores and dodecylamine-SD spores of B. subtilis are
much lower than nutrient-SD spores. The amount of Ca2+DPA-SD spores is around 0.9% and
dodecylamine-SD spores is around 0.4%, whereas that of nutrient SD spores is around 1–12% (Ghosh
and Setlow 2009; Perez-Valdespino et al. 2013). Research has revealed Ca2+DPA-SD spores germinate
well with nutrient germinants and dodecylamine but poorly with Ca2+-DPA, while dodecylamine-SD
spores germinate as well as the initial dormant population with nutrients and dodecylamine but
germinate more slowly with Ca2+-DPA.
3.3 High pressure superdormant spores
HP processing inactivates bacterial spores by triggering relevant germination mechanisms. Notably,
different HP treatments could induce the germination process, but the germination might be blocked
in the intermediate phases and cannot be completed. However, as long as the relevant resistances of
the spores are lost or significantly reduced, the following inactivation step could still inactivate them.
Current state of art HP treatments alone cannot induce 100% germination (Mathys, 2008;Knorr et
al.,2010;Reineke,2012;Georget et al.,2014c,d; Dong et al.,2015;Georget,2015;Sevenich and
Mathys,2018). The percentage of SD spores that remain dormant after HP treatment highly depends
on the treatment conditions, including pH, water activity, pressure level, temperature, and dwell time
(Mills et al.,1998;Wuytack et al.,1998;Considine et al.,2008; Reineke et al.,2013;Georget et
al.,2014b;Bolumar et al.,2015; Rao et al.,2018). For example, decrease in water activities largely
inhibits the germination of B. cereus spores by HP treatment (Al-Holy et al.,2007; Rao et al.,2018). The
remaining SD spores are resistant and can survive HP treatment, thus limiting the application of HP
processing as a milder non-thermal spore inactivation strategy. However, to our knowledge, there
have been no reports of isolation and characterization of HPSD spores so far.
3.4 Superdormant spores of Clostridium species
Spores of Clostridium species exhibit a similar germination heterogeneity like Bacillus species and
Clostridium SD spores also occur (Olguin-Araneda et al. 2015; Stringer et al. 2011; Wang et al. 2012;
Wang et al. 2011; Webb et al. 2007; Deng et al. 2015; Deng et al. 2017; Nerandzic and Donskey 2013;
Rodriguez-Palacios and LeJeune 2011; Doona et al. 2016b). Similar to Bacillus species, the amount of
Clostridium SD spores also depends on the factors that influence the germination efficiency. These
influencing factors include heat activation, stimulus type and intensity (Doona et al. 2016b; Wang et
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al. 2011; Wheeldon et al. 2008). However, although the germination of Clostridium species and
Bacillus species share some similarities, they also have a number of differences (Paredes-Sabja et
al.,2011; Xiao et al.,2011; Christie, 2012; Brunt et al.,2014; Setlow,2014; Setlow et al.,2017). For
example, heat activation generally decreases the amount of nutrient-SD spores in Bacillus. In
comparison, the effect of heat activation is more complex for Clostridium species (Ghosh and Setlow
2009; Ghosh and Setlow 2010; Luu et al. 2015). The effect seems to be dependent on the
germination/plating media (Montville 1981), and on species, e.g., heat activation could stimulate the
germination of Clostridium perfringens but not of several Clostridium difficile strains (Dembek et al.
2013; Doona et al. 2016b; Wang et al. 2011; Wang et al. 2015). The differences in germination between
Clostridium and Bacillus species might indicate that their mechanisms of spore superdormancy are
different. However, there has been much less work focusing on SD spores in Clostridium species than
Bacillus species and there has been no report of the isolation of Clostridium SD spores.

4. Potential mechanisms of spore superdormancy
Superdormancy has been suggested to be an extreme form of germination heterogeneity and a
strategy to ensure the survival of the entire population in a fast-changing environment (Dembek et al.
2013; Ghosh et al. 2012; Ghosh and Setlow 2010; Veening et al. 2008). Obtaining a better
understanding of spore superdormancy and its underlying mechanisms is crucial for the development
of spore control strategies that are based on the germination-inactivation principle. Therefore, several
research groups are currently investigating the genotypic and phenotypic differences between SD
spores and their dormant counterparts. Currently, the exact causes of spore superdormancy are
unclear and there is no consistent conclusion on whether the superdormancy of isolated SD spores is
stable (Ghosh and Setlow 2010; Keynan et al. 1964; Zhang et al. 2012). Previous research reported
that nutrient-SD spores stored at −20 °C for several months or even years could germinate similarly
well compared to freshly isolated ones (Zhang et al. 2012), indicating the superdormancy could be
permanent or at least stable for long time. However, another study reported that the isolated nutrientSD spores stored at 4 °C slowly lost their superdormancy. Even when they were stored at −20 °C or −80
°C, their germination ability still increased, but the rate of increase was significantly slower. Notably,
although the germination capacity of nutrient-SD spores increased during cold storage, it did not reach
the level of the initial dormant spore population (Ghosh and Setlow 2010). Nevertheless, this indicates
that the superdormancy of isolated SD spores is not permanent and it decreases over time.
Based on their findings, Ghosh and Setlow (2010) proposed that there are probably at least two
causative factors for spore nutrient superdormancy, one permanent and one transient (Ghosh and
Setlow 2010). For the transient cause, Ghosh and Setlow (2010) suggested it might be related to the
activation status of the spores, since heat activation, which is reversible, influences the frequency of
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nutrient-SD spores (Ghosh and Setlow 2010). For the permanent cause, research has revealed that it
is not because of genetic changes, since re-sporulated nutrient-SD spores showed the same
germination capacity as the initial dormant population (Ghosh and Setlow 2009; Chen et al. 2014). It
was suggested that the phenotypic heterogeneity in germination may correspond to the presence of
lower GR levels in the nutrient-SD spores (Ghosh and Setlow 2009; Ghosh and Setlow 2010; Wei et al.
2010).
Lower GR levels as a cause for spore nutrient superdormancy has been proposed in many studies
(Ghosh and Setlow, 2009, 2010; Ghosh et al., 2012). For example, in the study of Ghosh and Setlow
(2009), the frequency of SD spores decreased dramatically when the level of GerB receptor increased.
In their later research (Ghosh et al. 2012), it was found that the level of GRs in SD spores was 6–10 fold
lower than that in the initial dormant spores. Moreover, Chen et al. (2014) also found significant lower
abundance of GerAC, GerKC and GerD for B. subtilis nutrient-SD spores and proposed that a deficiency
of GerD could be a reason for spore nutrient superdormancy. Lower GR levels as a causative factor of
spore nutrient superdormancy is also supported by other evidence. First, the average amount of GRs
per spore is low, thus, stochastic variation in the number could lead to the situation that a small
proportion of spores have very few GRs and would probably germinate more slowly (Cabrera-Martinez
et al. 2003; Paidhungat and Setlow 2001; Setlow et al. 2012). Second, heat activation, which improved
GR-mediated germination, can decrease the frequency of nutrient-SD spores (Ghosh and Setlow 2009).
Third, nutrient-SD spores germinate normally with Ca2+-DPA and dodecylamine, which both trigger
spore germination through mechanisms that do not involve GRs (Paidhungat et al. 2001).
Moreover, the stability of the superdormancy of isolated SD spores was investigated (Ghosh and
Setlow 2010; Keynan et al. 1964). Nutrient-SD spores stored at 4 °C slowly increased their germination
ability. Even when they were stored at −20 °C or −80 °C, their germination ability still increased.
However, although the germination capacity of nutrient-SD spores increased during storage, it did not
reach the level of the initial dormant spore population (Ghosh and Setlow 2010). By contrast, another
study reported that nutrient-SD spores stored at −20 °C for several months or even years could
germinate similarly well compared to freshly isolated ones (Zhang et al. 2012).
However, lower GR levels does not explain the existence of other types of SD spores. For example,
Ca2+DPA-SD spores were reported to have higher levels of GRs compared to the initial spore
population. Their superdormancy could be due to lower levels of CwlJ, which is one of the cortex-lytic
enzymes, and coat deficiency (Perez-Valdespino et al. 2013). Moreover, previous research suggested
that the cause of HP superdormancy is different from that of nutrient superdormancy, since nutrientSD spores can germinate normally with HP treatment (Wei et al. 2010).
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Furthermore, Bacillus nutrient-SD spores showed a lower spore core water content than their dormant
counterparts (Ghosh et al. 2009). This finding is consistent with the observation that spores sporulated
at a higher temperature, which leads to a lower water content of the spore core (Melly et al. 2002),
germinated less well than spores sporulated at a lower temperature (Gounina-Allouane et al. 2008;
Markland 2011; Markland et al. 2013). This might indicate that a lower spore core water content could
also be a cause of spore nutrient superdormancy (Cowan et al. 2003; Setlow et al. 2012; Sunde et al.
2009). One of the factors that leads to a difference in spore core water content is the DPA content of
the spore. Although the DPA content of nutrient-SD spores is identical to that of initial dormant spores
(Ghosh and Setlow 2009), the environment of the DPA found to be different, since the Raman spectral
peaks of spore DPA differed between dormant and SD spores (Ghosh et al. 2009).

5. Future research needs
So far, several types of SD spores have been characterized and mechanisms have been proposed for
their superdormancy. However, the state of knowledge about some types of SD spores is still
rudimentary and the exact mechanisms are not fully clear. Therefore, further research is needed to
better understand SD spores, which represent one of the biggest challenges to the application of
germination-inactivation as a milder non-thermal spore control strategy.
First, attention should be paid to HPSD spores in future research. To our knowledge, there have been
no reports of the isolation and characterization of HPSD spores so far. This is somewhat surprising
because from the applied perspective, there are advantages to triggering germination by HP than by
nutrient/chemical stimuli. For example, HP can be used to equally treat the final packed products
without raising a risk of recontamination, while nutrient/chemical germination triggers need to be
added and distributed into the foods. Moreover, HP triggers germination more homogeneously, while
added nutrients or chemicals might have an inhomogeneous distribution, especially in solid foods,
leading to inconsistent germination within the products. Furthermore, HP treatments can
simultaneously trigger germination and inactivate the germinated spores, while spores germinated
under nutrient/chemical triggers require further inactivation steps (Georget et al. 2014; Gould and Sale
1970; Knorr et al. 1998; Sevenich and Mathys 2018). Additionally, previous research has suggested that
the cause of spore HP superdormancy is different from spore nutrient superdormancy (Wei et al.
2010). Therefore, it would be beneficial to isolate and characterize HPSD spores regarding the
mechanisms of their superdormancy. Such research would strongly support the implementation of
milder HP-based spore control strategies.
Second, more attention should be paid to SD spores of Clostridium species, which have been far less
studied than the SD spores of Bacillus species (Crowther et al. 2014; Deng et al. 2017; Rodriguez-
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Palacios and LeJeune 2011; Wang et al. 2011). Since germination behavior varies among bacterial
genera, further research is needed to clarify the properties of Clostridium SD spores and the underlying
mechanisms of their superdormancy (Deng et al. 2015; Rodriguez-Palacios and LeJeune 2011; Xiao et
al. 2011).
Third, improvement of enumeration and culturing methods would be beneficial. Classic plate count
methods based on quantifying colony-forming units are widely used to assess the viability of microbes.
However, the number of colony-forming units is a measure of the highest physiological fitness of
microbes (Bunthof, 2002), which might not be the best indicator for SD spores, because the possibility
that these spores would not germinate on culture plates might lead to a risk of underestimation their
numbers (Wells-Bennik et al. 2016). Therefore, tools such as flow cytometry or phase-contrast
microscopy should be used to facilitate the enumeration of SD spores in future research. On the other
hand, the amounts of SD spores are largely dependent on the germination conditions. Therefore,
improvements in culture methods to recover/germinate the SD spores would be beneficial. This is
important for the accuracy of antimicrobial susceptibility tests, sterilization controls and challenge
tests (Pereira and Sant'Ana 2018; Silvestri et al. 2015; Wells-Bennik et al. 2016).
Fourth, in order to successfully apply a germination-inactivation technology as a gentle safety control,
several other aspects need to be considered besides spore germination. For example, the timing to
apply the inactivation step is crucial. On one hand, it should be applied after the majority of spores lost
most of their resistance. Spores should have enough time to bypass germination stage II or at least to
lose most of the Ca2+-DPA and reach a sufficient core hydration before a following inactivation step is
considered (Luu and Setlow 2014; Moir et al. 1994; Setlow 2003). This time can vary, depending on
spore species, germination stimuli and intensities. Notably, not all spores would finalize all their
germination steps under certain trigger (Reineke, K., 2012; Wuytack et al. 1998), but as long as a
relevant spore resistance is lost, they could be efficiently inactivated by a gentle inactivation step.
On the other hand, the germination-inactivation approach focuses on the elimination of bacterial
spores to ensure the microbiological safety of the products, but the absence of spores does not
guarantee the absence of toxins. Some pathogenic spore-forming bacteria can produce toxins, which
could endanger consumers. Different situations need to be taken into account if the germinationinactivation approach is considered as a food safety control in this case. First, special focus needs to
be put on spore species that can produce toxins during the growth phase after their germination. For
example, B. cereus can produce diarrheagenic or emetic toxins during the exponential or the stationary
phase of growth respectively (Brown 2000; Ceuppens et al. 2012; Roberts and Tompkin 1996), while
Clostridium botulinum and C. difficile synthesize toxins in the late exponential growth phase and
beginning of the stationary phase (Proft 2009; Voth and Ballard 2005). It is essential to consider the
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velocity rates and control the time intervals between the germination and inactivation steps to ensure
food safety for these cases. Notably, in any case, an inactivation needs to be performed before
germinated spores could sporulate again. Time needed to complete sporulation varies, and it takes
approximately 8-10 hours in B.subtilis (Robleto et al. 2012). Proper processing time windows need to
be identified using predictive models and experimental validation tests to ensure that the inactivation
step is performed in the specific time period where the majority of spores lost most of their resistance
but did not start producing toxins or sporulation, yet.
Another situation is that toxins are already present in the product, either produced by vegetative cells
in their late growth phases or during sporulation, e.g., C. perfringens produces heat sensitive
enterotoxin during sporulation and releases the toxin when the mother cell lysis (Duncan et al. 1972;
Uemura 1978). In this case, the follow-up inactivation step needs to be able to degrade the present
toxins, e.g., for heat sensitive toxins a mild heat inactivation step could be applied. For heat stable
toxins, e.g., B. cereus emetic toxin, a mild heat step after germination might remove the sensitized
spores but not the toxins. In this case, other approaches to control the toxin levels are needed.
Generally, it is important to control the quality of raw material inputs, ingredients and their storage
conditions to prevent the toxin formation before germination-inactivation steps.
Finally, knowledge obtained from SD spore research could be used to develop milder spore control
strategies. On one hand, germination-inactivation technologies by first triggering spore germination
and followed by a gentle inactivation step to inactivate the sensitized spores could be further
developed and improved. Spore germination could be maximized when we understand the
mechanisms and the influencing factors for spore superdormancy. For example, germination
percentages can be increased by combining various germination triggers or controlling the influencing
factors. Important influencing factors include heat activation, germination stimuli type and intensities
(Lovdal et al. 2011; Wei et al. 2010). Besides that, from the application point of view, it is important to
understand the germination behavior of spores that are formed and present in the food products. This
is especially relevant as the sporulation conditions are often unknown and not controlled in this case,
which can influence the spore germination properties. Moreover, spore germination behaviors might
be completely different when spores are germinated in food matrices compared to buffer systems. For
example, the germination of Bacillus spores by nutrient and HP would be inhibited when they are
present in foods with low water activity (Al-Holy et al. 2007; Rao et al. 2018). Therefore, future research
is needed to investigate the mechanisms of different germination influencing factors. On the other
hand, since only germinated spores proliferate and cause problems, hurdles can be put in place to
inhibit the germination/outgrowth of the remaining SD spores. Examples of these hurdles can be pH,
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temperature, or bacteriocins such as nisin (Markland et al. 2013a; Nerandzic and Donskey 2013;
Patrignani and Lanciotti 2016; Wells-Bennik et al. 2016).

6. Conclusion
Research on SD spores will help reveal factors that contribute to their superdormancy and allow for
the identification of the underlying mechanisms that lead to their extremely low germination capacity
as compared to the whole population. It will also contribute to improved predictive models that take
germination heterogeneity into account, which can provide a mechanistic understanding of spore
germination processes. Additionally, it will provide a foundation for developing milder non-thermal
spore control strategies based on the germination-inactivation principle. This could help to ensure
microbial safety and quality retention of food products, contributing significantly to providing fresher
and more nutritional foods for consumers. Moreover, aside from the food sector, the medical,
pharmaceutical, and chemical sectors, where spore eradication is needed, will also benefit from
research on SD spores, especially for the sterilization of heat-sensitive products.
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Abstract
Isostatic high pressure (HP) of 150 MPa can trigger the germination of bacterial spores, making them
lose their extreme resistance to stress factors, and increasing their susceptibility to milder inactivation
strategies. However, germination response of spores within a population is very heterogeneous, and
tools are needed to study this heterogeneity. Here, classical methods were combined with more recent
and powerful techniques such as flow cytometry (FCM) and fluorescence-activated cell sorting (FACS)
to investigate spore germination behavior under HP. Bacillus subtilis spores were treated with HP at
150 MPa and 37°C, stained with SYTO16 and PI, and analyzed via FCM. Four sub-populations were
detected. These sub-populations were for the first time isolated on single cell level using FACS and
characterized in terms of their heat resistance (80°C, 10 min) and cultivability in a nutrient-rich
environment. The four isolated sub-populations were found to include 1) heat-resistant and mostly
cultivable superdormant spores, i.e. spores that remained dormant after this specific HP treatment, 2)
heat-sensitive and cultivable germinated spores, 3) heat-sensitive and partially-cultivable germinated
spores, and 4) membrane-compromised cells with barely detectable cultivability. Of particular interest
was the physiological state of the third sub-population, which was previously referred to as
“unknown”. Moreover, the kinetic transitions between different physiological states were
characterized. After less than 10 min of HP treatment, the majority of spores germinated and ended
up in a sub-lethally damaged stage. HP treatment at 150 MPa and 37°C did not cause inactivation of
all geminated spores, suggesting that subsequent inactivation strategies such as mild heat inactivation
or other inactivation techniques are necessary to control spores in food. This study validated FCM as a
powerful technique to investigate the heterogeneous behavior of spores under HP, and provided a
pipeline using FACS for isolation of different sub-populations and subsequent characterization to
understand their physiological states.

Keywords: bacterial spore, high pressure, flow cytometry, fluorescence-activated cell sorting,
germination, heterogeneous, inactivation, Bacillus
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1. Introduction
1.1 Isostatic high pressure processing as a basis for mild spore control strategies
Spore-forming bacteria, mainly represented by the genera Bacillus and Clostridium, are ubiquitous in
nature. As a consequence, they inevitably enter the food chain, and potentially cause food spoilage
and food-borne illnesses, leading to economic losses and increased public health risks (Setlow and
Johnson, 2007; Reineke et al., 2013b; Wells-Bennik et al., 2016). These bacteria can form spores when
the environmental conditions become unfavorable for their survival. These spores are extremely
resistant to heat, dehydration, and chemical or physical stresses, and thus a major challenge in food
decontamination processes (Setlow, 2006; 2007; Setlow and Johnson, 2007; Patrignani and Lanciotti,
2016; Zhang et al., 2018). Depending on food composition and storage conditions, surviving spores can
eventually germinate and grow out, and cause food quality and/or safety problems. For food products
where absence of spores is essential, intensive wet heat treatment is usually applied to directly
inactivate spores (Storz and Hengge, 2010; Georget et al., 2013). However, such procedures often
cause unwanted losses in food quality. Therefore, effective and gentle alternative non-thermal spore
control strategies are of high interest (Storz and Hengge, 2010; Sevenich and Mathys, 2018; Zhang et
al., 2018). The reader is referred to Reineke and Mathys (2020) for an extensive review of different
spore inactivation pathways by emerging technologies.
A more gentle approach to control spores aims on not directly inactivating the dormant spores but
rather using a so called germination-inactivation strategy (Collado et al., 2004; Abee et al., 2011; Lovdal
et al., 2011; Zhang and Mathys, 2019). This strategy is based on the well-studied phenomenon that
dormant spores lose their resistance after germination, and thus become sensitive towards additional
mild decontamination procedures (Collado et al., 2004; Setlow, 2006; Abee et al., 2011; Lovdal et al.,
2011). Therefore, spore germination was studied extensively in the last decades. Spore germination
can be triggered by different stimuli, including nutrients, Ca2+-dipicolinic acid (Ca2+-DPA), and isostatic
high pressure (HP) (Gould, 1970; Setlow, 2003; Gould, 2006; Baier et al., 2011; Reineke et al., 2013b;
Sevenich and Mathys, 2018). From a practical perspective, HP offers clear advantages over other
germination-triggering strategies: food products can be treated more homogenously, addition of
chemicals like Ca2+-DPA are not necessary, and germinated spores and other vegetative cells can be
inactivated simultaneously (Gould and Sale, 1970; Knorr et al., 1998; Georget et al., 2014; Sevenich
and Mathys, 2018; Zhang and Mathys, 2019; Doona et al., 2016). As a promising non-thermal sporecontrolling method, HP also retains food quality better than the state-of-the-art heat sterilization in
terms of nutritional value, color and other sensorial attributes (Sevenich and Mathys, 2018; MartinezMonteagudo et al., 2014).
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Considering the high potential of HP technology for spore control, researchers have investigated the
mechanisms involved in HP-induced germination in the past decades (Georget et al., 2014a; Doona et
al., 2014; Luu et al., 2015). High pressure can be applied in continuous dynamic (Georget et al., 2014b;
Dong et al., 2015) and discontinuous isostatic modes (Knorr et al., 2010), where relevant HP induced
germination mechanisms were mainly observed for discontinuous isostatic treatment (Sevenich and
Mathys, 2018). Different germination mechanisms were found to dominate within different pressure,
temperature and time ranges (Wuytack et al., 1998; Paidhungat et al., 2002; Black et al., 2005; Black
et al., 2007). At lower pressures between 100 and 200 MPa at around 30-50°C, nutrient germinant
receptors are activated, and the germination process is similar to nutrient-triggered germination
(Wuytack et al., 1998; Paidhungat et al., 2002; Black et al., 2005). On the other hand, at higher
pressures of between 500 and 600 MPa at <60°C, Ca2+-DPA channels are directly opened (Paidhungat
et al., 2002; Black et al., 2007; Reineke et al., 2013b). At higher pressures (>600 MPa) and higher
temperatures (>60°C) spores are inactivated without triggering physiological processes involved in
spore germination (Margosch et al., 2006; Reineke et al., 2011). The reader is referred to Reineke et
al. (2013) for a comprehensive review of different Bacillus spore germination and inactivation
pathways under HP. Despite the efforts to elucidate the mechanistic pathways and potential
applications of HP for spore control in food, successful application of HP-triggered germinationinactivation strategies is still hindered by barriers.
The primary reason preventing success, is the inability of HP in germinating and/or inactivating all
bacterial spores. Similar to other germination stimuli, HP cannot trigger germination of all spores in a
bacterial population. Bacterial spores are notorious for their unpredictable germination responses,
resulting in heterogeneous behavior within a population (Setlow, 2003; Wells-Bennik et al., 2016;
Zhang and Mathys, 2019; Luu et al., 2015). A fraction of spores, termed superdormant (SD) spores,
tend to stay dormant or germinate extremely slowly compared to the rest of the population upon
facing germination stimuli (Setlow, 2003; Ghosh and Setlow, 2009; Wells-Bennik et al., 2016). This
heterogeneous germination behavior is most likely a population survival strategy: the risk of complete
eradication of the population upon rapid environmental changes is lowered by keeping some spores
dormant (Setlow et al., 2017). This strategy is fascinating and evolutionarily smart, yet heterogeneity
in germination still poses severe industrial challenges for spore elimination using germinationinactivation based strategies. Spores that remain dormant even after HP treatment, in this case termed
high-pressure superdormant (HPSD) spores, maintain their resistance, and therefore survive the
subsequent mild inactivation process. Understanding heterogeneous spore germination behavior
under HP is there essential in order to overcome this challenge and further develop HP-based
germination-inactivation strategies.

130

1.2 Methods to study heterogeneous spore germination
Several methods were developed previously for studying spore germination based on physiological
changes that occur during germination. For example, phase-contrast microscopic examination and
optical density drop evaluation are based on refractivity change, plate count with and without heat
treatment is based on heat resistance loss during germination, and different methods were developed
to measure Ca2+-DPA release during germination (Zernike, 1955; Hashimoto et al., 1969; Wuytack et
al., 1998; Reineke et al., 2011; Kong et al., 2014; Setlow, 2014). However, most of these classical
methods have low throughput and the obtained information only reflects the average population
under investigation without taking into account heterogeneity within the population. These methods
are therefore not ideal for studying heterogeneous spore germination (Reineke et al., 2013b; Zhang
and Mathys, 2019). Considering the loss of important information concerning germination
heterogeneity in population-level studies, researchers have investigated other techniques to study
germination on a single cell level (Margosch et al., 2004; Chen et al., 2006; Zhang et al., 2012; Pandey
et al., 2013; van Melis et al., 2014; Trunet et al., 2017). Examples include dilution (Margosch et al.,
2004), Raman spectroscopy with laser tweezers (Chen et al., 2006; Kong et al., 2011), and flow
cytometry (FCM) (Mathys et al., 2007; Wells-Bennik et al., 2016).
Here, we focused on validation and further development of a FCM-based method to investigate spore
germination heterogeneity under HP. FCM is a powerful technology that allows rapid determination
of structural and physiological status of individual spores from a heterogeneous population. In FCM,
spores with and without fluorescent markers are aligned in a fluid stream, and pass through the foci
of multiple laser beams one by one. The scattered and fluorescent light resulting from each single cell
are collected and analyzed to obtain information on e.g. cell viability, membrane permeability or
metabolic activity, depending on the fluorescent probes used. This information can be further used to
differentiate cells based on their structural or physiological states. Beyond single cell analysis, FCM
also offers further advantages over classical methods for studying spore germination. For example,
FCM allows the detection of rare events with higher statistical significance and throughput (Karava et
al. 2019, Mathys et al. 2007, Ueckert et al. 1995). Another significant advantage of FCM is the isolation
of interesting targets on single cell level for further investigation when coupled with a cell sorter
(Ambriz-Avina et al., 2014; Karava et al., 2019). FCM has thus been used increasingly for studying spore
germination in general. However, only very few studies used FCM to study spore germination under
HP (Black et al., 2005; Mathys et al., 2007; Baier et al., 2011; Reineke et al., 2013a; Borch-Pedersen et
al., 2017).
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1.3 Current state and challenges of using flow cytometry to study spore germination
Previous studies on HP-treated Bacillus spores reported the usage of nucleic acid binding stains
including the membrane-permeable and -impermeable stains SYTO16 and propidium iodide (PI),
respectively, to distinguish between dormant, germinated and potentially inactivated spores (Black et
al., 2005; Black et al., 2007; Mathys et al., 2007; Reineke et al., 2013a; Borch-Pedersen et al., 2017).
The underlying assumption here is that dormant spores should not or only very poorly be stained by
either SYTO16 or PI. This is due to low inner membrane permeability, the presence of the cortex, and
the presence of DNA-binding proteins, which block access of the stains to the DNA (Ragkousi et al.,
2000; Black et al., 2005; Kong et al., 2010). However, following Ca2+DPA release, degradation of DNA
binding proteins and the degradation of the spore cortex during germination, germinated spores can
be stained by the membrane-permeable dye SYTO16 and emit green fluorescence (Black et al., 2005;
Kong et al., 2010). The membrane-impermeable red fluorescent dye PI only stains spores with
compromised cell membranes, and thus indicates inactivation (Stiefel et al., 2015). Therefore, staining
with SYTO16 and PI theoretically allows researchers to distinguish between dormant spores (PI- and
SYTO16-negative), germinated intact spores (SYTO16-positive, PI-negative) and spores with
compromised membranes (PI-positive). In a previous study investigating HP-treated Bacillus subtilis
and Bacillus licheniformis spores (150 MPa, 37°C), at least one additional sub-population with
intermediate SYTO16-intensity was reported. This sub-population was found to be predominant after
a 10-20 min HP-treatment, and referred to as “unknown”, since its physiological state was poorly
understood (Mathys et al., 2007; Reineke et al., 2013a; Borch-Pedersen et al., 2017). FCM results from
previous studies were mostly verified by correlating or qualitatively comparing findings with those
obtained by using classical methods such as Ca2+-DPA release, phase-contrast microscopy or viable
plate count (Black et al., 2005; Mathys et al., 2007; Baier et al., 2011; Borch-Pedersen et al., 2017).
However, as mentioned above, population heterogeneity cannot be analyzed in detail via classical
methods. Therefore, isolation of each sub-population is necessary in order to truly understand the
differences between their physiological states. Moreover, previous FCM studies with HP mostly did
not provide sufficient details on important parameters and necessary controls, which limited
reproducibility. It is also important to report the applied gating scheme for an objective presentation
of data (Alvarez et al., 2010), yet this aspect was mostly overlooked in previous FCM studies on spore
germination.
Considering the reproducibility issues and open questions regarding the physiological state of certain
sub-populations in FCM analyses, here we provide a detailed and comprehensive protocol for
investigation of HP-treated spores via FCM, as well as a systematic validation of its biological
interpretation. This is the first study reporting the application of fluorescence-activated cell sorting
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(FACS) for isolation of individual sub-populations after HP treatment and investigation of their
physiological states including cultivability and heat resistance. Sorting was performed on subpopulation as well as single cell levels in order to study heterogeneity between and within subpopulations. Overall, this research provides a better understanding of heterogeneous spore behavior
under HP, and contributes to further investigations of HP germination mechanisms and development
of mild HP-based spore germination-inactivation strategies.

2. Material and methods
2.1 Bacillus strain and spore preparation
The strain B. subtilis PS533 used in this study is an isogenic derivate of strain PS832, a laboratory
derivative of 168. B. subtilis PS533 carries the plasmid pUB110 encoding resistance to kanamycin
(Setlow and Setlow, 1996). Overnight cultures of B. subtilis PS533 in tryptic soy broth (TSB) with 10
µg/ml kanamycin were streaked onto Difco Sporulation Medium (DSM, pH 7.6) (Nicholson and Setlow,
1990), and incubated for 4-5 d at 37°C. The sporulation progress was monitored daily using a phasecontrast microscope (DM6, Leica Microsystems, Wetzlar, Germany). Spores were harvested when the
ratio of phase-bright population reached >95% and washed at least four times at 6000×g for 10 min
with sterile MilliQ water the day of harvest. Spores were further washed daily in the morning and
afternoon the first week after harvesting. As determined by phase contrast microscopic examination,
spores used in this work were 98% phase-bright dormant spores free of germinated spores, unreleased
spores or cell debris and agglomerates. Spores were stored in the dark at 4°C in sterile MilliQ water
and washed on a biweekly basis.
2.2 Sample preparation and high pressure treatment
Prior to HP treatment, spores in sterile MilliQ water were diluted in 0.1 µm filtered (Minisart ®,
Germany) N-(2-acetamido)-2-aminoethanesulfonic acid (ACES, ThermoFisher, Kandel, Germany)
buffer solution at pH 7.0 to a final concentration of 50 mM ACES, and a final spore concentration of
approx. 109 spores/ml. Spores were transferred into cryotube vials (Nunc A/S, Roskilde, Denmark), and
sealed with a sealing tube (Nunc CryoFlex Tubing, Nunc A/S, Roskilde, Denmark) to prevent leakage
during HP treatment. Spores were treated at 150 MPa and 37°C using a dual vessel high-pressure unit
(modified Model U111, Unipress, Warsaw, Poland) for 3, 10, 20 or 40 min. One vessel served as the
sample treatment chamber, and the other one as control to monitor the temperature. The control
vessel was equipped with a K-type thermocouple mounted at the geometrical center of the tube, which
allowed monitoring of the temperature that is representative of that within the sample tube. The
vessels were immersed into a water bath (Huber CC410, Offenburg, Germany), and bis(2-ethylhexyl)
sebacate (Sigma-aldrich, Steinheim, Germany) was used as pressure-transmitting medium. The
pressure and temperature at the inner center of the tubes were continuously monitored to ensure
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isothermal and isobaric conditions are maintained during dwell time. Pressure build-up and
decompression rates were approx. 7 and 12 MPa/s, respectively. A typical pressure/temperature time
profile is given in the Supplementary Material. After HP treatment, samples were immediately
removed from the vessel, and placed on ice. An untreated control was prepared for each experiment
and kept on ice until used in further analyses.
2.3 Flow cytometry analysis
Prior to FCM analysis, aliquots of untreated as well as HP-treated spores were diluted to a final
concentration of approx. 107 spores/ml using 0.1 µm filtered MilliQ water. Different concentrations of
SYTO16 and PI as well as staining times were investigated to optimize the separation of different subpopulations in the treated samples. For best separation, samples were stained with SYTO16 to a final
concentration of 0.1 µM (Molecular Probes, Leiden, Netherlands, SYTO16 was dissolved in DMSO,
Fisher Chemical, UK) for 12 min before adding PI to a final concentration of 1.5 µM (Molecular Probes,
Leiden, Netherlands, PI was dissolved in 0.1 µm filtered MilliQ) and incubated for another 4 min.
Samples were kept at approximately 23°C in the dark to prevent bleaching of the stain, and analyzed
immediately after a total of 16 min staining time.
FCM analyses were performed using a BD LSRFortessaTM cytometer (BD Biosciences, Franklin Lakes,
United States). It is worth mentioning that a flow cytometer with high sensitivity is necessary to detect
particles of small size such as spores. The overall sensitivity is dependent on several factors including
laser power and the sensitivities of various detectors. The green fluorescence of SYTO16, indicative of
spore cortex hydrolysis, was induced by a 488 nm continuous wave laser at a power of 55 mW, and
collected through a 530/30 band-pass filter. The red fluorescence of PI, indicative of inner membrane
damage, was induced by a 561 nm continuous wave laser at a power of 53 mW, and collected through
a 610/20 band-pass filter. FacsFlow™ (BD Biosciences, Franklin Lakes, United States) was used as
sheath fluid. Sample acquisition was carried out at “low” sample flow rate (approx. 12 µl/min), yielding
an event rate of approx. 8000 events/s. A total of 15000 events were acquired per sample. Data were
acquired using BD FACSDiva software (BD Biosciences, Franklin Lakes, United States), and the height
(H) and area (A) parameters were recorded for each channel.
Four controls were run for each sample: 1) 0.1 µm filtered MilliQ water to monitor the background
signals, 2) untreated and unstained spores to control for sample homogeneity, 3) untreated and
stained spores to exclude signals from the untreated sample itself in PI and SYTO16 channel, and 4)
treated and unstained spores to exclude autofluorescence from the treated sample. Compensation
was not necessary in our setting since no signal from PI was detected in the designated SYTO16 channel
and vice versa.
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The data from the acquired FCS files were analyzed using FlowJo software (FlowJo LLC, Oregon, United
States). All samples were gated using the same gating tree and gate positions: 1) side scatter area (SSCA) vs. side scatter height (SSC-H) to gate for single cells and exclude cell aggregates or multiple cells
measured simultaneously, and 2) SYTO16 vs. PI to gate for their fluorescent signal intensities (M4Figure 1). Data are displayed as pseudocolor density plots on a biexponential scale (Parks et al., 2006).
An untreated and stained control sample including dormant spores was used as reference in order to
set the position of gate R1. The other gates were set based on histograms showing positions of optimal
separation of two neighboring groups.

M4-Figure 1. Gating scheme applied for sequential flow cytometry analysis of high pressure treated
Bacillus subtilis spore suspensions on pseudocolor density plots on a biexponential scale. High
pressure treated spore suspensions were stained with SYTO16 and PI, gated for single cells to exclude
cell aggregates or multiple cells measured simultaneously (SSC-A, side scatter area vs. SSC-H, side
scatter height) and finally gated for their fluorescent signals intensities (SYTO16-H vs. PI-H).
The technical variance of the developed staining protocol and FCM analysis was investigated with three
independently treated spore samples (n=3) at 150 MPa, 37°C, 10 min and three technical replicates
each. Furthermore, the influence of time between HP treatment and FCM analysis was investigated
via three independent pressure treatments (n=3). For this purpose, spores were HP-treated for 3 and
10 min, and FCM analysis was conducted at 25, 90, 150 and 180 min after decompression. Samples
were stored at 4°C in between analyses.
2.4 Comparison of results from FCM, plate count and phase-contrast microscopy on the overall
population
FCM analysis results were quantitatively validated by using the viable plate count method by
determining the percentage of HPSD and inactivated spores in the overall population, and qualitatively
using phase-contrast microscopy.
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For viable plate count, all HP-treated spores were plated on tryptic soy agar (TSA) with or without prior
heat treatment at 80°C for 10 min, and incubated for 16 to 48 h at 37°C. Spores surviving heat
treatment were defined as HPSD spores. The percentage of inactivated cells were determined by
comparing the number of surviving cells before and after HP without heat treatment. Experiments
were performed three times independently (n=3). Results were expressed as mean value ± standard
deviation.
HP-treated samples were further investigated qualitatively under a phase-contrast microscope (DM6,
Leica Microsystems, Wetzlar, Germany) to validate FCM analysis results. Due to refractive index
changes, germinated spores appear phase-dark and HPSD appear phase-bright (Hashimoto et al.,
1969).
2.5 FACS sorting
A BD FACSAriaTM III (BD Biosciences, Franklin Lakes, United States) device was used to sort subpopulations after HP treatment. The optical set-up was the same as for the FCM analyzer. SYTO16 was
excited by a 488 nm laser, and the emission signal was collected through a 530/30 filter. PI was excited
by a 561 nm laser, and the emission signal was collected through a 610/20 filter. Gibco™ PBS (1x, pH
7.4, Thermo Fisher Scientific, Waltham, United States) was used as a sheath fluid. Spore samples were
diluted to a final concentration of approx. 107 spores/ml with 0.1 µm filtered 50 mM ACES at pH 7.
Samples were acquired at the lowest flow rate (1), resulting in approx. 6000 event/s. Sorting was
performed using a 70 micron nozzle at 87 kHz. The drop delay was set manually using BD
FACSTMAccudrop Beads (BD Biosciences, Franklin Lakes, United States) before the experiment. The
sorting accuracy at the set drop delay was checked by sorting a target group of a stained sample into
a FACS tube, and performing re-analysis with the sorted sample. Further experiments were only
performed when the re-analysis showed that > 95% sorted cells were from the target group. The same
gating scheme as described in Section 2.3 was applied for sorting. Preliminary work showed that the
overall cultivability of HP-treated spores in ACES buffer decreased over time. Therefore, all sorting was
performed immediately after decompression.
Treated spores were sorted into 96-well plates (SPL Life Sciences, Pocheon, Korea) filled with TSA. The
sorting precision was set to “single cell” (yield mask: 0; purity mask: 32; phase mask: 16) to maximize
the purity and counting accuracy. After sorting, the 96-well agar plates were incubated at 37 °C, and
the colony formation in each well was checked after 24 and 48 h. The cultivability was calculated by
comparing number of wells with a CFU with the total number of wells. The index sorting function of
the sorter was also activated when sorting into 96-well plates. Using this function, information on
parameters like forward scatter (FSC), side scatter (SSC), SYTO16 and PI signals were recorded for each
event that was sorted into each specific well. This way, information can be traced back to specific wells
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of interest. Information on “cultivable” and “non-cultivable” sorted events and their respective SYTO16
and PI signals were then combined, and plotted to visualize the distribution of cultivability.
2.5.1 Influence of staining on cultivability of sorted cells
SYTO16- and PI-staining were used in this study to distinguish different sub-populations from each
other after HP treatment. Both stains bind to the DNA, and thus may influence the cultivability of
stained and sorted cells. Therefore, it is important to understand whether the staining influences the
physiological states of the sorted cells. For this purpose, HP-treated (150 MPa, 37°C, 10 min) samples
were single cell sorted into 96-well TSA plates with and without SYTO16- and PI-staining. For both
stained and unstained conditions, three 96-well plates were sorted (n=3), and experiments were
repeated three times on different days independently (n=3). Results were expressed as mean value ±
standard deviation.
2.5.2 Physiological states of spores after HP treatment
In order to obtain an overview of the influence of the HP treatment on the physiological state of spores,
the entire population from a HP-treated sample (150 MPa, 37°C, 10 min) as well as an untreated
control were first single cell sorted into 96-well plates containing TSA, and incubated overnight.
To further study the physiological state of each sub-population, cultivability and heat sensitivity of each
sub-population after HP treatment at 150 MPa, 37°C for 10 min was assessed. Spores were HP-treated,
stained and gated as described in Section “Flow Cytometry Analysis”.
To assess cultivability, each sub-population was selected, and single cell sorted into three 96-well TSA
plates as described above. Sorting started 25 min after decompression (including 16 min staining time).
Experiments for each sub-population were repeated three times on different days independently
(n=3).
In order to investigate the heat resistance of each sub-population after HP treatment, each subpopulation was sorted into 1.5 ml Eppendorf tubes using 4-way purity precision (yield mask: 0; purity
mask: 32; phase mask: 0). With this setting, the purity had the highest priority, and the counting
accuracy was compromised to increase the sorting efficiency. The sorting block holding the Eppendorf
tubes was connected to a water bath, and kept at 4°C. Sorted samples were directly used for further
analysis when the percentage of this sub-population was large. For rare populations, the sorted
samples were first diluted 10 times in order to obtain enough sample volume for further analysis.
Samples were then plated on TSA plates with or without heating at 80°C for 10 min. A comparison of
the number of survivals with and without heat treatment indicated whether the sorted subpopulations lost their heat resistance. Preliminary results showed that the staining did not influence
the heat sensitivity of sorted cells at the chosen treatment conditions. Experiments were repeated
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three times on different days (n=3) with technical duplicates. Results were expressed as mean value ±
standard deviation.

3. Results and discussion
3.1 Flow cytometry as a tool for high pressure spore research
3.1.1 Heterogeneity and dynamics of spore behavior under HP
B. subtilis PS533 spores were HP-treated at 150 MPa and 37°C, stained with SYTO16 and PI, and
analyzed using a flow cytometer. The optimized FCM staining and data collection protocol yielded
reproducible results as verified with multiple technical replicates. The mean standard deviation of
technical replicates within one sample was 0.3%, and the highest standard deviation observed was
1.3%. Compared to previous studies, the adapted protocol here with lower PI concentration and
shorter PI incubation times yielded a better differentiation between PI-positive and PI-negative
populations (Mathys et al., 2007; Reineke et al., 2013a).
In line with results from a previous study on HP-treated B. licheniformis spores (Mathys et al., 2007),
we also observed four distinctive sub-populations (R1-R4) of HP-treated B. subtilis spores (M4-Figure
2 and M4-Figure 3). Based on the assumption of stain permeability, these four sub-populations were
previously suggested

to include R1, a HPSD sub-population (SYTO16- and PI-negative); R2, a

germinated sub-population (SYTO16-positive and PI-negative); R3, an “unknown” sub-population
whose physiological state was unknown (intermediate SYTO16 signal, PI-negative), and R4, an
inactivated sub-population (PI-positive) (Mathys et al., 2007; Reineke et al., 2013a). Occasionally, two
sub-populations seem to appear in gate R1. The reason for this occasional appearance is unclear. In
our case, these sub-populations were gated as one single HPSD sub-population. The main reason for
this approach was that the gate for R1 was drawn according to a stained control of dormant spores.
The majority of spores ended up in the R2 domain (i.e. presumably germinated domain) already after
3 min of HP treatment. A population shift from the R2 to the unknown R3 domain occurred with
increasing HP treatment time (M4-Figure 2 and M4-Figure 3). While the percentages of the four subpopulations varied between spore batches, this kinetic behavior under high pressure was observed for
every batch. This finding therefore clearly suggests that the unknown domain (R3) after 10 min of HP
treatment included already germinated spores rather than spores on their way to germination. This is
also in line with Mathys et al. (2007) suggesting a three-step spore inactivation model at 150 MPa
involving a germination step, followed by an unknown step, and a final inactivation step.
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M4-Figure 2. Representative flow cytometry plots for high pressure treated Bacillus subtilis spores
at 150 MPa, 37°C. A) Background signal (recorded for 30 sec to make it visible, with less than 4
events/s), B) untreated, stained spores, and C-F) were high pressure treated and stained spores. The
high pressure treatment time was: C) 3 min, D) 10 min, E) 20 min, and F) 40 min. Events are depicted
on a biexponential scale density plot of SYTO16 vs. PI revealing four different sub-populations R1- R4.
The presumptive assignment of sub-populations is: R1: (super)dormant spores, R2: germinated spores,
R3: previously referred to as “unknown”, R4: membrane-compromised spores. Red arrows indicate
population shifts over the treatment time. Note that the recorded event rate for the background was
less than 4 events/s compared to an average of 8000 recorded events/s for the samples. Hence,
influence of background signal was negligible. Sub-population (R1-4) distribution percentages are
given in M4-Figure 3.
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M4-Figure 3. Sub-population distribution in flow cytometry analysis of high pressure treated Bacillus
subtilis spores. Spores were treated in 50 mM ACES buffer (pH 7) at 150 MPa, 37°C for 3, 10, 20 and
40 min, stained with SYTO16 and PI, and analyzed in a flow cytometer. Four sub-populations were
identified (R1-R4). The presumptive assignment is: R1: (super)dormant spores, R2: germinated spores,
R3: previously referred to as “unknown”, R4: membrane-compromised spores. Error bars present
standard deviations of three independent experiments (n= 3).
3.1.2 Dynamic germination behavior after decompression
As demonstrated above, spore germination behavior under HP was dynamic. Therefore, it was of
interest to understand whether these dynamics will stop after decompression or whether changes of
their physiological states will continue. The influence of time between HP treatment and FCM analysis
was investigated in order to take potential changes in sub-population distribution after decompression
into account. Treated samples were analyzed at 25, 90, 150 and 180 min after decompression. Time
between decompression and FCM analysis exerted no effect on the distribution of different subpopulations after 10 min HP treatment. For the 3 min treatment, however, sub-population distribution
was shifted within 25 and 90 min after decompression. While 68 ± 3 % of spores were found within
the presumably germinated domain (R2) at 25 min following decompression, this ratio increased to 84
± 2 % at 90 min after decompression. The sub-population distribution mostly remained stable after 90
min. This finding suggests that even after removing the high pressure as a germination trigger,
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germination interestingly proceeded. This is similar to the so-called “commitment” concept that has
been described for nutrient germination, where spores become committed to germination as soon as
they encounter nutrients, and germination proceeds even after removal of the germinant (Setlow,
2003). Previous findings by Kong et al. (2014) also strongly suggest that this concept applies to HP
germination at 150 MPa. As the process of HP germination at 150 MPa is believed to be similar to the
process of nutrient germination, this observation fits well into current knowledge on germination via
germinant receptors (Paidhungat et al., 2002; Black et al., 2005; Wuytack et al., 1998). The concept of
commitment is an important aspect to be considered in industrial applications. Therefore, timing of a
possible subsequent mild inactivation step needs to be well-adjusted. On one hand, subsequent
inactivation should start only upon loss of resistance. On the other hand, the time between
germination and inactivation should be minimized to avoid outgrowth and potential toxin production.
3.1.3 Comparison of results from FCM and classical methods to study spore germination in the
overall population
FCM results were compared quantitatively with those obtained using the viable plate count method
for a 10 min HP treatment at 150 MPa and 37°C. The HPSD spore ratios from viable plate count method
and FCM were 0.6 ± 0.2% and 1.6 ± 0.5%, respectively. Both methods thus yielded very similar results
in terms of HPSD fraction. FCM provided an advantage of speed, as results were generated within one
hour, whereas plating results were only available the next day. However, the ratios of presumablyinactivated spores determined by FCM (R4) and the viable plate count method deviated by up to 58%.
Plate count and FCM yielded 45 ± 14% and 2.7 ± 0.1% inactivated cells, respectively. This deviation may
be partly explained by the fact that the numbers from these two different methods do not actually
represent exactly the same physiological state. The number from FCM analysis represents spores with
compromised cell membranes emitting a PI-positive signal. This number does not include cells that still
have an intact membrane but are actually not culturable anymore, i.e. viable but non-culturable
bacteria with intact membranes. On the other hand, the number obtained from the plate count reflects
all non-culturable cells regardless of cell membrane integrity (Oliver, 2016; Nebe-von-Caron et al.,
2000). Some germinated spores may have been sub-lethally damaged during HP treatment, and
maintained intact membranes (i.e. did not take up PI), however, might have difficulties to be recovered
on the chosen media. Single cell sorting revealed that some cells in R3 were also unable to grow on
nutrient-rich media (discussed in detail in Section 3.3 below). This might explain the deviation between
ratios of presumably-inactivated (R4) spores obtained from the two methods.
FCM results were also compared qualitatively with those from phase-contrast microscopic analysis.
Phase-contrast microscopic analysis clearly showed that most treated spores turned phase-dark
already after 3 min of HP treatment (M4-Figure 4). This indicates that germination already took place
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at this point, which is in line with our finding that the so far unknown sub-population (R3) already
germinated. Phase-contrast microscopy allows a quick and rough estimation of germination, yet
quantifying the percentage of phase-bright spores for more reliable results with this method is
laborious. To this end, FCM is more advantageous, as it allows analysis of 15000 events in less than 2s.
While the developed FCM protocol quickly provides information on structural properties of spore subpopulations (e.g. presence/absence of cortex and membrane integrity), no information regarding
recoverability of the treated spores is obtained. In food applications, however, information regarding
the physiological fitness and sensitivity of spores after the treatment is of paramount importance for
accurate assessment of the safety of a preservation strategy, and prevention of the outgrowth of sublethally damaged cells. The plating of the overall population provided some further insights, yet no
understanding of the physiological fitness of individual sub-populations. Sub-populations were
therefore sorted, and further analyzed to assess their physiological state. Before further
characterization via sorting, however, the influence of staining on the cultivability of sorted cells was
investigated.

M4-Figure 4. Phase-contrast microscopy images of Bacillus subtilis spores. A) untreated and B) 3 min
high pressure treated spores at 150 MPa and 37°C. White arrows indicate phase-bright spores, i.e.
spores that remained dormant after high pressure treatment.
3.2 Influence of staining on cultivability of sorted cells
The cultivabilities of stained and unstained HP-treated spores (150 MPa, 37°C, 10 min) were compared
with each other to investigate the effect of staining. Average cultivability of unstained HP-treated
spores was around 80%, whereas that of the same sample stained with SYTO16 and PI was around 72%
(M4-Figure 5). The cultivability thus decreased by around 8% upon staining. Hence, staining only
marginally influenced the cultivability of the treated sample.
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M4-Figure 5. Cultivability of stained and unstained high pressure treated Bacillus subtilis spores.
Spores were high pressure treated at 150 MPa and 37°C for 10 min in 50 mM ACES buffer at pH 7, left
unstained or stained with SYTO16 and PI, and single cell sorted into a 96-well plate containing tryptic
soy agar through FACS. Error bars present standard deviations (n = 3).
3.3 Physiological state of each sub-population after HP treatment
In order to get an impression of the effect of HP on the physiological state of spores, treated and
untreated samples were single cell sorted into 96-well agar plates, and incubated overnight to allow
colony growth. Colony growth of treated spores was very heterogeneous compared to the untreated
control. In the untreated control, colony growth was observed in 97 ± 0.4% of wells, and sizes of all
colonies were approximately the same. In contrast, wells of the treated sample showed either no
colony growth or small, middle or large-sized colonies (M4-Figure 6). Our hypothesis is that some
spores may have been sub-lethally damaged during HP treatment, and needed time to repair the
damages before proliferating to form a visible colony. These sub-lethally damaged cells then appeared
as smaller colonies.
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M4-Figure 6. Heterogeneous colony growth of FACS single cell sorted high pressure treated Bacillus
subtilis spores. Spores were high pressure treated at 150 MPa and 37°C for 10 min in 50 mM ACES
buffer at pH 7, and single cells were sorted into a 96-well plate containing tryptic soy agar using FACS.
Some wells displayed no growth, e.g. well A4 (non-cultivable), while other wells showed growth e.g.
well A1 (cultivable). Among the cultivable cells, large differences in colony size were observed, e.g. well
H7 (large), H8 (middle) and H9 (small).
Data collected using the index sorting function clearly indicated that most non-cultivable events
emitted either high PI signal (R4), which are presumably inactivated spores, or intermediate SYTO16
signal (R3), of which the physiological state was previously referred to as “unknown” (M4-Figure 7).
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M4-Figure 7. Distribution of cultivability of high pressure treated Bacillus subtilis spores. Spores were
high pressure treated at 150 MPa and 37°C for 10 min in 50 mM ACES buffer at pH 7, stained with
SYTO16 and PI, and single cell sorted into 96 well plates filled with tryptic soy agar through FACS. After
48 h of incubation, colony formation in three 96-well plates, in total 288 wells, was recorded as
“cultivable” or “non-cultivable” depending on the presence or absence of a colony in each well. SYTO16
and PI signals recorded during the sorting using the index sorting function are plotted to visualize the
distribution of cultivability. Blue dots and red triangles represent cultivable and non-cultivable events,
respectively. Dashed lines indicate approximate gate locations of the four presumptive subpopulations.
Cultivability of each sub-population after HP treatment (150 MPa, 37°C, 10 min) was further
characterized by single cell sorting of each sub-population into 96-well TSA plates (M4-Figure 8). The
presumably germinated sub-population (R2) yielded the highest cultivability at approximately 96%,
indicating that almost all spores in this sub-population were cultivable. Cultivability of the presumably
HPSD sub-population (R1) was around 81%. The lower cultivability of the HPSD sub-population than
that of the germinated sub-population may be explained by some HPSD spores being also nutrient
superdormant and unable to germinate on TSA agar. The sub-population R4 (presumably inactivated)
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yielded 0% cultivability. This strongly indicates that these spores were indeed inactivated by HP
treatment. However, it is also possible that these spores survived the HP treatment, yet became very
vulnerable and could not germinate due to additional stresses induced by staining and sorting
procedures.

M4-Figure 8. Cultivability of the four Bacillus subtilis sub-populations after high pressure treatment.
Spores were treated at 150 MPa and 37°C for 10 min in 50 mM ACES buffer at pH 7, stained with
SYTO16 and PI. Four sub-populations were observed with the following presumptive assignment: R1:
superdormant spores, R2: germinated spores, R3: previously referred to as “unknown”, R4:
membrane-compromised spores. Each sub-population was single cell sorted into 96-well plates
containing tryptic soy agar through FACS and incubated at 37°C for 48h. Error bars present standard
deviations of three independent treatments (n = 3).
Importantly, we demonstrated here for the first time the cultivability of the unknown sub-population
(R3) with direct evidence. Previous studies on HP-treated B. subtilis and B. licheniformis spores also
identified one or two sub-populations with intermediate SYTO16 signals, which were referred to as
“unknown” sub-population due to unclear physiological state. The cultivability of these subpopulations was proposed by comparing the FCM results with plate count data on the overall
population. No previous study isolated and cultivated the single sub-populations (Mathys et al., 2007;
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Reineke et al., 2012; Borch-Pedersen et al., 2017). For example, some researchers found one subpopulation with intermediate SYTO16 signal, and suggested that cells in this sub-population were not
cultivable (Mathys et al., 2007; Reineke et al., 2012). Other researchers found two “unknown” subpopulations, and suggested one of them to be viable and the other non-viable (Borch-Pedersen et al.,
2017). Here, the cultivability of the previously unknown sub-population (R3) was around 74%. Hence,
even though cells with intermediate SYTO16 intensity formed one sub-population in FCM analysis, it
included cells with different fitness levels. The cultivability of the sub-population R3 was around 22%
lower than that of the germinated sub-population (R2). Unlike the sorted cells in the R2 sub-population
with homogenous colony sizes, the sorted R3 sub-population included cells with very different colony
sizes as in M4-Figure 6. This heterogeneous growth may imply that certain cells were sub-lethally
damaged, or at least less fit than others.
In addition to cultivability, we also characterized the heat resistance of each sub-population. The four
sub-populations were sorted into four 1.5 ml Eppendorf tubes, and plated on TSA plates with or
without heat treatment at 80°C for 10 min. A comparison between the CFU numbers from heated and
unheated samples provided information regarding the heat resistance loss of each sub-population
(M4-Figure 9). As expected, cells in the R1 sub-population, which were presumably HPSD spores,
maintained their heat resistance. This finding confirms that this sub-population indeed included spores
that remained dormant after the HP treatment. None of the cells sorted from the previously unknown
sub-population (R3) survived heat treatment, indicating complete loss of heat resistance. The same
observation applies for the sub-population R2. The loss of heat resistance in sub-populations R2 and
R3 clearly suggests that both sub-populations germinated through HP treatment, in line with our
findings on kinetic transition behavior in Section 3.1.1. Rather unexpectedly, some spores that fell into
the presumably-inactivated sub-population (R4) were actually cultivable and a few of the cultivable
cells did not lose their heat resistance. This is not in line with the single cell sorting on 96-well plates,
where none of the spores that ended up in the gating window of R4 were cultivable. In this case,
however, only 1% of the R4 group could grow and among those 90% lost its heat resistance.
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M4-Figure 9. Survival of individual Bacillus subtilis sub-populations after high pressure treatment
with and without additional heat treatment. Spores were high pressure treated in 50 mM ACES buffer
(pH 7) at 150 MPa and 37°C for 10 min, stained with SYTO16 and PI, and each sub-population was
sorted with FACS and plated on TSA plates with and without heat treatment at 80°C for 10 min in order
to assess loss of heat resistance. Dashed lines indicate the detection limit and * indicate no colonies
were detected after 48 h incubation. Sorted R1 and R4 groups were first diluted approximately ten
times in order to obtain enough sample volume for the analysis, which lead to a higher detection limit
compared to R2 and R3. The presumptive sub-population assignment is R1: superdormant spores, R2:
germinated spores, R3: previously referred to as “unknown”, R4: membrane-compromised spores.
Error bars present standard deviations of three independent analyses (n = 3).
The results of the investigation on the physiological states of the four sub-populations confirmed that
the assigned sub-populations based on dye permeability mostly reproduced the expected physiological
states: the R1 sub-population was confirmed to include HPSD spores, which remained heat-resistant
and could mostly germinate and grow on rich medium. The R4 sub-population included mostly lethallydamaged spores that could not be recovered on rich medium. The R2 sub-population consisted of
mostly cultivable cells with lost heat resistance, indicating that they germinated. Moreover, it is now
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clear that the spores that ended up in the previously unknown R3 gating window were clearly heatsensitive and partially-cultivable germinated spores.

4. Conclusion
In this study, we optimized and thoroughly validated the use of FCM and FACS in combination with
SYTO16- and PI-staining for studying Bacillus spore behavior under HP. This work provides an
optimized, comprehensive and detailed protocol for analysis of HP treated spores with FCM. Four subpopulations were detected and isolated using FACS. Properties of these sub-populations, including
heat resistance and cultivability, were characterized. The four sub-populations included 1) heat
resistant and mostly cultivable HPSD spores (PI- & SYTO16-negative), 2) heat sensitive and cultivable
germinated spores (SYTO16-positive and PI-negative), 3) heat sensitive germinated spores with
compromised cultivability (intermediate SYTO16 signal, PI negative) and 4) membrane-compromised
cells with barely detectable cultivability (PI-positive). Previous studies referred to the sub-population
with high SYTO16 intensity as “germinated”, whereas spores with intermediate SYTO16 intensity were
referred to as “unknown” sub-population since the physiological state of this sub-population was
poorly understood. Based on our findings, we suggest renaming sub-populations with high and
intermediate SYTO16 intensities as “germinated with high physiological fitness” and “germinated with
partial sub-lethal damage”, respectively. For future research, it would be of interest to study this
potential sub-lethal damage in greater detail, e.g. by looking for decreased plating efficiencies in
unfavorable conditions (Ray, 1979; Somolinos et al., 2008; Schottroff et al., 2018; Lv et al., 2019).
Further, it would be of interest to get a better understanding of the structural nature of this sub-lethal
damage.
Kinetic transition findings further suggested the following transition of spores at 150 MPa and 37°C:
dormant → germinated with high physiological fitness → germinated with partial sub-lethal damage→
membrane-compromised, i.e. presumably inactivated. Most spores germinated within a few minutes
of HP treatment at 150 MPa and 37°C, yet only few spores were completely inactivated. Instead, most
spores ended up in a germinated and partially sub-lethally damaged state after 10 min treatment.
These cells were still partially able to grow in nutrient-rich environments. Application of a subsequent
mild follow-up treatment, such as mild heating, is therefore crucial for complete inactivation of spores.
When thinking about follow-up treatments, timing is a crucial factor. Here, we showed that
germination continued even after HP treatment. Therefore, it is important to apply the follow up
treatment only after germination and loss of resistance. On the other hand, excessive waiting times
between HP and follow up treatments may allow some of the germinated spores to proliferate, and
potentially produce heat stable toxins. Therefore, timing in germination-inactivation strategies needs
to be well-adjusted, and further investigations into this aspect are needed.
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While FCM and FACS proved to be perfectly suitable for studying heterogeneous germination behavior
of B. subtilis spores under high pressure conditions at 150 MPa and 37°C, these methods may not be
as suitable to study other Bacillus species or use with other pressure/temperature ranges. Therefore,
suitability of these methods for chosen strains and treatment conditions must be thoroughly
evaluated, and methods should be adapted when necessary. Once suitability is confirmed, FCM offers
great potential for rapid and quantitative analysis of heterogeneity within a treated sample with high
statistical power. The use of FACS offers even more opportunities, e.g. when combined with molecular
techniques like (single cell) sequencing, for elucidating mechanisms and underlying genetic roots of
heterogeneous spore behavior. A highly-relevant and important next step would be the isolation and
detailed characterization of the HPSD fraction, as this is a major hurdle for a successful industrial
application of a mild germination-inactivation strategy.
In summary, we provided a solid foundation for future research on heterogeneous spore behavior
under HP. Our findings will improve our understanding of heterogeneity in spore germination, and
assist further development of HP-based spore control technologies.
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Supplementary material

M4-Supplementary-Figure 1. Representative pressure/temperature profile for 10 min high pressure
treated Bacillus subtilis spores at 150 MPa and 37°C. Pressure build-up and decompression rates were
approx. 7 MPa/s and 12 MPa/s, respectively.
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Conclusion and outlook
This thesis aimed to investigate non-thermal spore control strategies that can guarantee food safety
without compromising the quality of the products. Two different bacterial spore control strategies,
namely LEEB and HP technologies, were investigated in this thesis and the outcome gave us a better
understanding of these two technologies, which will help in their future application. The summary
graph of the main findings of this thesis is showed in Figure 9.

Bacterial spore inactivation using LEEB technology
As an emerging non-thermal decontamination method, LEEB showed efficient bacterial inactivation
with limited detrimental effects on food quality. However, only few studies have reported on the effect
of LEEB on bacterial spores and the inactivation mechanism was not clear, which hindered the
application of this novel technology as a gentle decontamination method. Therefore, research focusing
on the spore inactivation efficiency and mechanisms of LEEB were necessary to further support its
validation and development.
This study established a suitable protocol for evaluating spore inactivation efficiency of LEEB
treatment, which provides a solid foundation for future investigations. The inactivation efficiency of
LEEB technology was in a comparable range to that of the other ionizing irradiation technologies, such
as X-ray and γ-ray. In addition, the inactivation data obtained in this work can serve as a basis for
setting up LEEB processing parameters. However, it is important to note there are various factors,
including spore species and sporulation conditions, influencing the spore resistance to LEEB treatment.
Moreover, it is important to consider that LEEB has limited penetration depth. It is an efficient surface
decontamination technology, but when spores are located deep in the food products, the electrons
might not reach them. In general, for specific food applications, process parameters should be adjusted
for relevant contamination microbiota and inactivation efficiency should be validated for different
applications.
The mechanistic study revealed that DNA damage is one of the causes of spore inactivation by both
LEEB and HEEB treatments. The types of DNA damage induced by LEEB and HEEB treatments were
found to be similar, indicating their inactivation mechanisms are partially similar. In future, it would be
interesting to analyze whether DNA is the only target of LEEB treatment or whether LEEB also damages
proteins and/or the membrane. Furthermore, investigation on the influence of the treatment
atmosphere during EB irradiation on spore inactivation could be insightful since reactive species,
including ROS, RNS, and RHS, could be produced under different treatment atmospheres.
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Figure 9. Overview of the main findings of this research on low energy electron beam and high pressure technologies
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The upscaling investigation of a newly developed continuous industrial LEEB system revealed that LEEB
could achieve a satisfactory spore reduction on black pepper at high throughputs (0.5 - 1.2 ton/h). In
future, it would be interesting to check the inactivation efficiency of the continuous LEEB system for
other food matrices and other relevant spoilage or/and pathogenic spore-forming bacteria. Future
research in this area would be very helpful in designing better LEEB processes.
Furthermore, a dosimetry system should be developed to measure the absorbed dose of the treatment
targets that are three-dimensional for better process control. This research presents an accurate way
to evaluate the absorbed dose for the treatment surface, which is essential for the estimation of D
values. However, measuring the absorbed dose for real food products like black pepper is still
extremely challenging. It is essential for industrial applications to estimate the absorbed dose, because
the maximum absorbed dose must not exceed the legal limit, whereas the minimum absorbed dose
should be sufficient for target inactivation.
In summary, the application of LEEB technology for inactivating bacterial spores can be supported by
its high spore inactivation efficiency. This research also demonstrated a high potential to upscale LEEB
processing for the decontamination of low water activity foodstuffs (e.g., for whole grain spices).
Considering the environmental, logistical, and economic advantages, LEEB technology can be a very
successful surface decontamination process for heat-sensitive foods and materials, which could help
deliver safe, minimally processed, and additive-free food products.

Bacterial spore germination and inactivation using HP technology
Germination-inactivation based spore inactivation takes advantage of the fact that germinated spores
lose their resistance, thereby becoming vulnerable to subsequent mild inactivation steps. HP can
inactivate bacterial spores by first triggering germination and this technology has received extensive
attention from both academia and industry in recent decades. However, spore germination is
extremely heterogeneous under HP, and a subpopulation of spores, called HPSD spores, is reluctant to
germinate under HP, and thus survive the treatment. To further develop HP-based gentle spore control
strategies, it is important to understand the heterogeneity of spore germination and the HPSD spore
population as well as the cause of germination deficiency.
To investigate the germination heterogeneity within a population, we optimized and thoroughly
validated the use of FCM and FACS methods, which laid the foundation for future research on spore
germination behaviour under HP. An extremely heterogeneous spore reaction to HP was revealed and
the different subpopulations were isolated and characterized. Results revealed that most spores
germinated within a few minutes of HP treatment at 150 MPa and 37°C, but only a few spores were
completely inactivated. Most spores ended up in a germinated and partially sub-lethally damaged state
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after 10 min treatment. These cells were still partially able to grow in nutrient-rich environments.
Application of subsequent mild follow-up treatments, such as mild heating, is therefore crucial for the
complete inactivation of spores treated at 150 MPa and 37°C.
For future research, it would be extremely interesting to thoroughly investigate the spore germination
behaviour under other pressure/temperature ranges, which are suggested to trigger spore
germination via different pathways. This would help to elucidate the germination mechanisms under
different pressure/temperature combinations. The results could also help to find process parameters
that could maximize spore germination. It would also be interesting to see whether a combination of
other germination triggers, e.g. nutrients, could increase spore germination under HP. By increasing
the germination percentage, one can increase the inactivation efficiency by a mild follow-up
inactivation step.
Another highly relevant and important next step would be to isolate and characterize the HPSD spore
subpopulation in detail because they are the major hurdle to a successful industrial application of a
mild HP-based germination-inactivation strategy. It is imperative to understand the underlying cause
of their superdormancy. Whether it is caused by genetic differences similar to that of nutrient
superdormancy, e.g. differences in GR levels? Alternatively, is it due to the different levels of spore
core water/DPA content? Furthermore, it is also relevant and important to understand how these
HPSD spores react towards other germination stimuli, including nutrients, Ca2+-DPA, and other
pressure-temperature combinations. This information will help construct possible combinations of
various germination stimuli that could increase the germination percentage, which will, in turn,
increase the percentage of the sensitive population.
In summary, this research revealed the heterogeneity in spore reaction towards HP and developed
FCM-based methods, which have built a solid foundation for future research on heterogeneous spore
behaviour. Furthermore, the developed FACS isolation methods have made it possible to isolate
relevant subpopulations, e.g. HPSD spores, in a population, or at the single-cell level. Further research
on isolated HPSD spores will help reveal factors that contribute to their superdormancy and allow for
the identification of the underlying mechanisms that lead to their extremely low germination capacity.
It will also reveal the relevant properties, e.g. germination capacity towards other germination stimuli,
of HPSD spores. Based on this, a milder spore control strategy based on HP combined germinationinactivation can be designed. This can strongly support the broad implementation of HP processing as
a milder sterilization method, which will help deliver safe and high-quality foods with ambient
distribution to the consumers.
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Overall, this research provides valuable insights into LEEB and HP technologies as two different
bacterial spore control strategies. The outcome of this research could help the further development
of these two non-thermal decontamination technologies to meet the demand of consumers for fresher
and minimally processed foods. In addition, these two decontamination technologies could also
contribute to the medical, biotechnological, and chemical sectors, where sterilization is required for
heat-sensitive materials or products.
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