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ZUSAMMENFASSUNG

Hochdruck-Temperatur-(HDT)-Verfahren zur Sterilisation von Lebensmitteln bringen, im
Vergleich zu konventionellen thermischen Verfahren, einige Vorteile mit sich, besonders den
Erhalt sensorischer Produktqualitdt und wertgebender Inhaltsstoffe. Solche Verfahren
werden allerdings noch nicht im industriellen MaRRstab eingesetzt. Einer der Hauptgriinde
hierfur ist der luckenhafte Wissensstand bezuglich der druckvermittelten Inaktivierung von
bakteriellen Endosporen einschliellich Sporen von lebensmittelsicherheitsrelevanten
Organsimen wie z.B. Clostridium (C.) botulinum. Das Ziel dieser Arbeit war es, auf der Basis
von Untersuchungen zur HDT-vermittelte Inaktivierung von C. botulinum Typ E Sporen, zu
der SchlieRung dieser Wissensliicken beizutragen.

Um die Effizienz von HDT-Verfahren zur Inaktivierung von C. botulinum Typ E Sporen, und
damit deren Beitrag zur Lebensmittelsicherheit, moglichst genau beurteilen zu kénnen,
wurden zunachst mogliche Einflussfaktoren auf das Inaktivierungsergebnis identifiziert. Zu
den identifizierten Faktoren mit signifikantem Einfluss zahlen vor allem intrinsische und
extrinsische Faktoren wahrend der Sporulation, genauer, die Zusammensetzung des
Sporulationsmediums und die Sporulationstemperatur. Da die Nahrstoffverfigbarkeit, sowie
die Temperatur im natlrlichen Habitat von C. botulinum Typ E sehr wahrscheinlich
erheblichen Schwankungen ausgesetzt sind, sollten diese Einflussfaktoren bei der
Evaluierung von HDT-Verfahren zur Inaktivierung C. botulinum Typ E Sporen bedacht
werden. Wahrend einige andere, mégliche Faktoren vernachlassigt werden konnten, hatten
subletale Hitzebehandlungen wahrend, bzw. zum Zwecke der Sporenaufreinigung einen
deutlichen Einfluss auf die HDT-Resistenz von C. botulinum Typ E Sporen, und sollten somit
vermieden werden. Unter Berlcksichtigung der bestimmten Einflussfaktoren, wurden
detaillierte  Kinetiken zur  Sporeninaktivierung, zur Entstehung hitze- oder
lysozymempfindlicher Fraktionen und zum Austritt von Dipicolinsaure aus dem Sporenkern
bestimmt. Hierbei konnten nur relativ kleine stammspezifische Unterschied festgestellt
werden. Die so erhaltenen Daten liefern Anhaltspunkte daflir, dass es neben grof3en
Unterschieden auch gewisse Gemeinsamkeiten zwischen Inaktivierungsmechanismen bei
C. botulinum Typ E und Bacillus subtilis Sporen gibt, obwohl sich beide Organismen
gravierend unterscheiden. Generell werden fur eine schnelle Inaktivierung von C. botulinum
Typ E Sporen > 500 MPa bei > 60 — 70 °C bendtigt. Bemerkenswerter Weise kdnnen Dricke
< 300 MPa bei Raumtemperatur die durchschnittliche Zeit reduzieren, welche eine Spore
braucht um anzuwachsen, was das Risiko der Toxinbildung wahrend eine bestimmten
Lagerzeit (z.B. bis zur Mindesthaltbarkeit) erh6hen kann. AbschlieBend wurden Griinde fiir
die beschriebenen Einflussfaktoren untersucht. Die Ergebnisse legen nahe, dass die
vorhandene Konzentration und Art von Kationen im Sporulationsmedium die HDT-Resistenz
von C. botulinum Typ E Sporen stark beeinflusst und, dass kationen- und
temperaturvermittelte Effekte in Verbindung miteinander stehen. AuRerdem scheint die
Sporenhiille eine Rolle fur die HDT-Resistenz von C. botulinum Typ E Sporen zu spielen,
wobei zwei Proteine identifiziert werden konnten, die wichtig fur diese Rolle sein kénnten.
Die erhaltenen Daten kénnen eine wertvolle Grundlage fir kiinftige Inaktivierungsstudien, die
Interpretation von Ergebnissen fiir andere Clostridium Sporen und kiinftige Uberlegungen
zur Lebensmittelsicherheit darstellen, sowie eine industrielle Implementierung von HDT-
Prozessen erleichtern.
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ABSTRACT

High pressure thermal (HPT) sterilization processes have several advantages in comparison
with conventional (thermal) retorting, particularly, less detrimental effects on organoleptic and
nutritional food quality. However, in contrast to high pressure processing at or below room
temperature, HPT processes are not yet applied on the industrial level. One major reason for
this can be found in the lack of knowledge on basic mechanisms for the inactivation of
pathogenic spore-forming organisms such as Clostridium (C.) botulinum. The aim of this
study was to contribute to closing the knowledge gap regarding the HPT-mediated
inactivation of spores from C. botulinum type E, which primarily presents a threat for the
safety of refrigerated processed food of extended durability (REPFED) from aquatic
environments.

To be able to reliably assess the efficiency of HPT treatments to inactivate C. botulinum type
E spores, the first part of this study comprised the identification of factors influencing
inactivation results. Especially intrinsic and extrinsic factors during sporulation, i.e., the
sporulation medium composition and the sporulation temperature had significant effects on
the inherent HPT resistance of C. botulinum type E spores. Since nutrient availability and
temperature are factors that likely fluctuate in the natural habitat of C. botulinum type E, these
results should be considered in the evaluation of food safety. While other possible influence
factors related to the experimental setup had negligible effects, a sublethal heat treatment
applied during spore suspension purification prior to an HPT treatment significantly lowered
the HPT resistance of C. botulinum type E spores and, thus, should be avoided during
inactivation studies. Once critical influence factors were identified, detailed kinetics for the
inactivation of viable spores, the development of heat- and lysozyme-susceptible spore
fractions, and dipicolinic acid (DPA) release were determined. Strain-dependent differences
in the HPT resistance of C. botulinum type E spores were relatively small. Furthermore,
results indicate that some commonalties, but also significant differences exist between the
HPT-mediated inactivation of C. botulinum type E and mechanisms describe for the
extensively studied model organism B. subtilis. For rapid inactivation of C. botulinum type E
spores, > 500 MPa combined with > 60 — 70 °C are required. Notably, pressure levels < 300
MPa at ambient temperatures can reduce the mean detection time for growth from individual
C. botulinum type E spores and narrow the associated distribution, which could enhance the
chance for spores to grow out and produce toxin within a district period. Furthermore, results
indicate that the amount and type of cations present in a sporulation medium can (at least
partially) account for the medium-dependent effects on the HPT resistance of C. botulinum
type E spores observed in the beginning of this study. Additionally, effects exerted by cations
in the sporulation medium are interconnected with sporulation temperature-mediated effects
on HPT resistance. Finally, there is some evidence that the coat of C. botulinum type E spores
might be involved in their HPT resistance, and two coat-associated proteins were identified
as possible common targets altered by sporulation medium cation contents and temperature,
which can be speculated to be involved in effects on HPT resistance. The generated data
can be valuable for the design of future spore inactivation studies, for the interpretation of
results for other Clostridium spores, for future considerations about food safety, and, finally,
contribute to the establishment of HPT food processing at the industrial level.
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ABBREVIATIONS and SYMBOLS

General abbreviations:

2D, 3D, 4D two-dimensional, three-dimensional, four-dimensional

3PGA 3-phosphoglyceric acid

6D, 12D Six or twelve log cycles inactivation of the initial number of CFU

A. Alicyclobacillus

ASME American Society of Mechanical Engineers

B. Bacillus

B.a. Bacillus anthracis

B.s. Bacillus subtilis

BLAST Basic Local Alignment Search Tool (registered trademark of the National
Library of Medicine, National Institutes Of Health, U.S. Department of Health
& Human Services)

bp Base pair(s)

C. Clostridium

C.p. Clostridium perfringens

CDC Centers for Disease Control and Prevention, Atlanta, Georgia, USA

cDNA Complementary DNA (dsDNA synthesized from mRNA catalyzed by RT)

CFD computational fluid dynamics

CFSPH The Center for Food Security and Public Health, lowa State University, USA

CFU Colony forming units

CS pathway Csp-SleC cortex hydrolysis pathway/system

D. Desulfotomaculum

E. Escherichia

e.g. For example

ECDC European Centre for Disease Prevention and Control, Solna, Sweden

FDA U.S. Food & Drug Administration, Silver Spring, Maryland, USA

FS Forespore

G. Geobacillus

G+C content guanine+cytosine content of, e.g., a gene sequence

HACCP Hazard Analysis and Critical Control Points

HP, HPP High pressure, high pressure processing in general

HHP High hydrostatic pressure - commonly refers to pressure treatments at or
below room temperature

HPT High pressure thermal... (commonly: HP treatments at > room temperature)

HP High pressure (generally means high hydrostatic pressure)

HPT High pressure thermal (pressure treatments at elevated temperatures)

i.e. That is

IAPWS International Association for the Properties of Water and Steam

MAP Modified atmosphere packed

MC Mother cell

mRNA Messenger RNA

n/a Not available, insufficient data

NCBI National Center for Biotechnology Information, U.S. National Library of
Medicine, Bethesda, Maryland, USA

NIST National Institute of Standards and Technology under the U.S. Department
of Commerce (Maryland, USA)

NSF N-ethylmaleimide-sensitive fusion protein
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o/n Over night

OD« Optical density at wavelength x

PCR Polymerase chain reaction

PTF Pressure-transmitting fluid

gPCR Real-time quantitative PCR

REPFED Refrigerated processed food of extended durability
RKI Robert-Koch-Institut, Berlin, Germany

RT Room temperature (or reverse transcriptase)
RTE Ready-to-eat

T. Thermoanaerobacterium

TMW Technische Mikrobiologie Weihenstephan
VP Vacuum packed

YSCQ pathway

YpeB-SleB-CwlJ-GerQ cortex hydrolysis pathway/system

Media, buffer solutions, and additives:

ACES N-(2-Acetamido)-2-aminoethane sulfonic acid

CDM Chemically defined medium

CMM Cooked meat medium

DEPC Diethylpyrocarbonate

DMM Defined minimal medium

EDTA Ethylendiamine tetraacetate

Em Erythromycin

EtOH Ethanol

H2Ogestbidest/DEPC Distilled/bidistilled/DEPC-treated water

HCI Hydrochloric acid

1B Imidazole buffer

Imidazole 1,3-Diaza-2,4-cyclopentadiene (originally glyoxaline)
IPB Imidazole Phosphate Buffer

MDM Modified defined minimal medium

NaOH Sodium hydroxide

PW Peptone Water

SDS Sodium dodecyl sulfate

SSC Standard saline citrate

TBE Tris borate EDTA Buffer

TE Tris EDTA Buffer

THB TRIS-HIS (TRIS-HCI, Histidine-HCI) Buffer

Tm Thiamphenicol

TPY Tryptone, peptone, yeast extract medium

TPYC Tryptone, peptone, yeast extract medium including a sugar mix
TPYG Tryptone, peptone, yeast extract, glucose medium
TRIS Tris(hydroxymethyl)aminomethan

TS+ Tryptone, Sodium Chloride plus Antifoam B dilution medium

Proteins/Enzymes, domains, and biomolecules

~P Phosphorylated (usually activated) protein

Ach Neurotransmitter acetylcholine, 2-Acetoxy-N, N, N -trimethylethanaminium
AgrX Accessory gene regulator X

BD Binding domain of the botulinum toxin complex (= Hc)
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BoNT/x Botulinum neurotoxin of the toxinotype x, e.g., BONT/E

CD Catalytically active domain of the botulinum toxin complex (= LC)

CLE Cortex lytic enzyme

Csp Germination specific serine proteases activating SleC

CwlJ Cortex lytic enzyme (CLE)

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

dNTP Deoxynucleotid phosphate

DPA Dipicolinic acid (pyridine-2,6-dicarboxylic acid)

dsDNA Double stranded DNA

GerQ Involved in the establishment of proper CwlJ function

GerX Germination receptor protein X

GPR Germination protease

GTw Binding domain., high-density, low-affinity gangliosides

H Heavy chain of the botulinum toxin complex

HA Haemagglutinin protein encoded by the botulinum locus

Hc C-terminal domain of the heavy chain of the botulinum toxin complex (BD)

Hn N-terminal end of the heavy chain of the botulinum toxin complex (= TD)

KinX Senor kinase X

LC Light chain of the botulinum toxin complex (= CD)

NTNH Non-toxic, non-haemagglutinin protein encoded by the botulinum locus

0OrfX1,2,3 Proteins encoded by open reading frames 1 through 3 in the botulinum locus

P27 27 kDa protein encoded by the botulinum locus

PG Peptidoglycan

PGM Phosphoglycerate mutase

PhrX Peptide X as phosphatase regulators (part of Phr-Rap system)

RapX Receptor aspartyl phosphatase X (part of Phr-Rap system)

RNA Ribonucleic acid

RNase Ribonuclease

rRNA Ribosomal RNA

RT Reverse transcriptase (or room temperature)

SASP a-/B-type small acid soluble protein

SleB Cortex lytic enzyme (CLE)

SleC Cortex lytic enzyme (CLE), exo-acting lytic transglycosylase

SNAP-25 Synaptosomal-associated protein, 25 kDa

SNARE Complex, soluble NSF-attachment protein receptor complex

SpoXY Sporulation protein Y primarily associated with sporualtion stage X, e.g.,
Sporulation master regulator Spo0OA

Sytll Specific protein receptor synaptotagmin

Taq polymerase DNA polymerase from Thermus aquaticus

TD Translocation domain of the botulinum toxin complex (=Hn)

Tgl Transglutaminase

YpeB Coat protein required for proper SleB localization

Symbols and physical units

3]

v Isobaric specific heat capacity [J/(kg K)]

Conjugate base

Day(s)

ala|>»

Differential (in equations)
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Da Dalton

f Function

g Gram(s)

h Hour(s)

H Enthalpy [kJ kg™]

H20 Water

HsO* Hydroxonium ion

HA Proton donator/acid

K Kelvin

ke Compression heating coefficient [Pa-1]

L Liter

M Molar (mol per liter); in front of physical unit: Mega (108)
m Meter; in front of physical unit: milli (10-3)

min Minute(s)

mL Milliliter(s)

mol Amount of chemical substance

n Number of samples investigated (in surveys)

N(t) Viable cell count at time t

No Initial viable cell count at time 0

Ni Number of particle in a thermodynamic system of a specific type i
porp Pressure [Pa]

Pa Pascal

Q Heat energy [J]

s Second(s)

S Entropy of a thermodynamic system [J K]

TorT Temperature [°C or K]

Tm Primer Melting Temperature (50% of primer and complement hybridized)
U Internal energy of a system [J]

Vv Volume [in mL or L] or Volt

% Specific Volume [m3kg]

viv Volume/volume

w Work [J]

wiv Weight/volume

AV Reaction Volume [mL/mol]

Greek symbols

p

Isobaric thermal expansion coefficient [K-']

d Partial differential (in equations)

A Difference

v In front of physical unit: micro (10-)

Mi Chemical potential or partial molar free energy of particles of a specific type
i in a thermodynamic system

p Density [kg m-9]

9 Temperature [°C or K]

oH, of, 0%, of, oK

Sporulation sigma factors H trough K

Yi

Activity coefficient (= correction factor) for the concentration of a molecule of

type i for the calculation of equilibrium constants
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1 Background

This first section aims at providing background information that is necessary to understand
the approaches selected and results obtained for the high pressure thermal inactivation of
Clostridium botulinum type E endospores. Beyond that, this literature review may be helpful
to others generally engaged in high pressure research, working with bacterial endospores,
or considering safety aspects of fishery products. For example, section 1.2 contains and
compares available information on both Bacillus and Clostridium spores, section 1.4
highlights some important points related to HPT process control, and section 1.3 contains
detailed data on the environmental prevalence of C. botulinum type E and its toxin.

1.1 History of Spores and Pressure Treatments

In addition to salting, drying, smoking or fermenting food, the application of heat treatments
has a long history in the preservation of food and dates back to not later than the last decade
of the 17" century (in: (Gould, 2006)). More than 100 years later, a method to thermally
sterilize food using hermetically sealed containers was described by Appert (1810). This was
long before the microbiological origin of food spoilage was identified (Pasteur, 1866) and
bacterial endospores were studied. Although the presence of refractile bodies in bacterial
cells was already reported in the first half of the 19" century (Ehrenberg, 1838), it took more
than 30 years until the term “spores” appeared within the context of “permanent” cells of
bacteria (Bacillus subtilis, (Cohn, 1872)), which was followed by first studies on bacterial
spores conducted by Cohn (Cohn, 1876) and Koch (Bacillus anthracis, (Koch, 1876)).
Although there exist other cell forms that are commonly also called “spores” (e.g., fungal
spores), the term spores exclusively refers to bacterial endospores throughout this
manuscript.

The application of high hydrostatic pressure (HHP) treatments to preserve food was first
described only 23 years later. In 1899, Hite tried to find alternative preservation methods for
heat sensitive food and was able to demonstrate that HHP treatments at approx. 700 MPa
can significantly increase the shelf-life of milk with less detrimental effects on sensorial
properties than heat treatments (Hite, 1899). However, relatively soon it became clear that
bacterial spores are highly resistant to HHP treatments (Chlopin and Tammann, 1903) and
even pressures levels of about 1200 MPa are not sufficient to achieve an effective inactivation
(B. subtilis, (Larson et al., 1918)). This clearly indicated already back then that such
treatments are not suitable for an application in food sterilization processes. In the late 1960s
some attempts were made to utilize HHP-triggered germination at low pressure levels to
establish a “tyndallization”-like two-step HHP process, in which germinated, i.e. heat sensitive
spores were subsequently killed by mild heat treatments (Clouston and Wills, 1969; Gould
and Sale, 1970). However, the great heterogeneity in germination requirements and pressure
sensitivity of spores from different species and single spores within a population resulting in
non-log-linear germination kinetics made such approaches too unreliable for an application
in commercial food sterilization processes (Gould, 2006).

In the 1980s, technological progress and the increasing consumer demand for fresh-like food
with increased shelf-life resulted in first commercial applications of HHP pasteurization
processes for the production of acidic (pH < 4.5) food where spores from pathogenic species
are not able to initiate growth. Thereafter, the number of pressure treated, chilled, low-acid
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food products (pH = 4.5) steadily increased. This group of foods, nowadays, presents the
majority of pressure treated products on the market. Commonly, pressure levels of up to 600
MPa and initial temperatures below (or at) room temperature are used in the production of
meat products and vegetables each separately accounting for approx. 27 % of HHP-treated
food, followed by (fruit) juices and beverages (approx. 14 %), and seafood and fish products
(approx. 13 %) (Tonello-Samson, 2014).

However, such commonly applied processes are not sufficient to effectively inactivate spores.
Spore inactivation by HHP can be enhanced by applying two-step processes (optimized
processes similar to that tested back in the 1960s/1970s) or by adding synergistically acting
substances to food. Both approaches have some disadvantages and were not yet shown to
be capable of inactivation spores completely in a broad range of food products. An effective
way to inactivate spores using HHP-based processes requires a combination of HHP and
heat. For such processes, many different acronyms can be found across literature including
PATP (“pressure-assisted thermal processing”, e.g., (Park et al. 2014)), HP/HT (*high
pressure/high temperature”, e.g., (Shpigelman et al., 2014)), HPHT (e.g., (Kebede et al.,
2014)), HPS (“high-pressure sterilisation treatments combined with elevated starting
temperatures”, e.g., (Krebbers et al., 2003)), HPTP (“high pressure—thermal processing”,
e.g., (Devi et al., 2015)), HPTS (“high pressure thermal sterilization”, e.g., (Reineke et al.,
2013b)), and THP (“combined thermal-high pressure processing”, e.g., (Fraeye et al., 2010)).
Throughout this manuscript, HPT (standing for “high pressure thermal”..., e.g., (Delgado et
al., 2013; Garcia-Parra et al., 2014; Knoerzer and Chapman, 2011)) is used whenever, high
pressure is combined with temperatures above ambient temperatures. Additionally, the
acronym PATS (high pressure thermal sterilization) is used occasionally to describe
processes, where the adiabatic heat of compression is be exploited to reach the sterilization
temperature of 121.1 °C in a preheated product, the HPT process that was established and
certified by the U.S. FDA in 2009. Generally the use of the acronym HPT has the advantages
that it is relatively short, can be used to describe treatments / processing / inactivation /
resistance, does not predetermine the desired inactivation result (such as sterilization), and
does not prejudge the process with respect to the contribution of pressure and temperature
to the inactivation result (such as PATP).

Properly designed HPT processes can be used to achieve required sterilization results, i.e.,
enable the production of stable and safe food, while nutritionally valuable molecules (e.g.,
vitamins), the appearance (color, texture), and the taste are affected to a lower extent than it
would be provoked conventional retorting (Heinz and Buckow, 2010; Knorr et al., 2011).
However, HPT treatments are not yet applied in an industrial scale, which is presumably due
to two major reasons: (i) Technical constraints including the deficiency in robustness and
increased fatigue of industrial HHP equipment at elevated temperatures impede commercial
application. (ii) Despite of the discovery of bacterial spores and the first experiments on high
pressure treatment of food more than 100 years ago and the wealth of knowledge that has
been gained since then, some basic mechanisms including the HHP/HPT resistance of
spores still evade complete understanding.

Due to continuous technical progress, increasing consumer demands for minimally
processed, healthy food with long shelf-life, and considerable efforts made by legal
authorities to decrease the levels of traditional food preservatives (e.g., salt), HHP-based
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sterilization, i.e., HPT processes increasingly appear to present a promising alternative to
thermal processing.

1.2 Bacterial Endospores
1.2.1 Important Spore-Forming Species

Industrially and Clinically Relevant Species
Many members of the orders Bacillales and Clostridiales can produce spores. The ubiquitous
presence of bacterial spores in nature, their dormancy, their extreme resistance to chemical
and physical stress conditions, and their ability to grow out under favorable conditions
prevalent in many (mainly low-acid) food products makes them a key problem in food
industry.
Various genera such as  Alicyclobacillus  (A.), Desulfotomaculum  (D.),
Thermoanaerobacterium (T.), and Geobacillus (G.) include certain species that are
associated with food spoilage, e.g., A. acidoterrestris (Steyn et al., 2011), D. nigrificans, T.
(formally Clostridium (C.)) thermosaccharolyticum, and G. (formally Bacillus (B.))
stearothermophilus. The genera, which include species that are most frequently associated
with problems in food preservation (spoilage and safety), are Bacillus and Clostridium.
Typical spoilage organisms can be found in the species B. coagulans (flat-sour), B.
thermoacidurans (acid spoilage), and, occasionally, B. licheniformis, B. pumilus, and B.
subtilis (Oomes et al., 2007). Additionally, various Clostridium species can be involved in
spoilage including C. bifermentans (sulfide spoilage, rotten egg odor, black color), C.
sporogenes (putrefactive fermentation), C. butyricum, C. tertium (butyric odor), and various
psychrophilic and psychrotrophic Clostridium species primarily associated with spoilage of
chilled red meat (Adam et al., 2010).
Major spore-forming, food-associated, pathogenic species include B. cereus (emetic toxin
cereulide and diarrheal toxins), C. perfringens (intoxication, diarrhea/vomiting, enterotoxin;
infection, gas gangrene, alpha toxin), and C. botulinum (highly potent botulinum neurotoxin
(BoNT), intoxication, flaccid paralysis; infection, infant botulism) (Scallan et al., 2011).
Additionally, C. difficile (infection, diarrhea, enterotoxin A, cytotoxin B) can present a problem
for food safety.
In addition to species of significance in food, the genera Bacillus and Clostridium also
comprise clinically important species (e.g., B. anthracis (anthrax) and C. tetani (tetanus)) and
strains of importance in industrial biotechnology (e.g., B. amyloliquefaciens (alpha amylase,
BamH1 restriction enzyme), B. thuringiensis (insecticidal toxin), C. phytofermentans, C.
thermocellum (cellulose degradation), C. acetobutylicum, and C. beijerinckii (solvent
production)).

Spore-forming Model Organisms
Although C. botulinum, due to its capability of forming the highly potent BoNT, presents one
of the most important threats to food safety, knowledge on basic mechanisms such as the
sporulation cascade, resistance, and germination mechanisms, is scarce compared to that
gathered for other spore-forming species.
In the past decades, B. subtilis served as model organism for studying such basic
mechanisms. Although this organism can be occasionally involved in food spoilage, it does
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certainly play no important role in food spoilage and does not present any threat to food
safety. Reasons for this choice may be found in its non-pathogenic nature, its natural
transferability and the early availability of genetic and molecular biological data, probably
most importantly, its complete genome sequence. Although basic mechanisms are still not
understood completely, a wealth of knowledge has been obtained on B. subtilis spores
(Setlow and Johnson, 2013), which includes insights into HHP- and HPT-mediated
inactivation mechanisms (Reineke et al., 2013a).

For Clostridium species, C. acetobutylicum, has been suggested to present a suitable model
organism studying basic sporulation and germination mechanisms due to its interesting
solventogenic properties, its non-pathogenicity, and a high degree in genetic homology
compared to many other Clostridium species (Paredes et al., 2005). Additionally, a
considerable amount of research on basic mechanisms has been conducted using C.
perfringens (Paredes-Sabja et al., 2011). However, there are still huge differences in the state
of knowledge on B. subtilis compared to other spore-forming bacteria.

Although considerable variations in some key proteins and signal transduction pathways can
impede the direct transferability of results, basic elements involved in sporulation (de Hoon
etal., 2010; Li and McClane, 2010; Paredes et al., 2005; Worner et al., 2006) and germination
(Paredes-Sabja et al., 2011) are highly conserved among various spore-forming species.
Additionally, the basic structure and composition of spores of various species appear to be
very similar (Setlow and Johnson, 2013). Thus, available data for model organisms present
a valuable basis for understanding basic mechanisms in other spore formers.
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1.2.2 The spore cycle

Knowledge on the developmental program leading to spore formation, i.e., sporulation,
presents an important basis for understanding the development of the extremely high
resistance of spores to physical treatments such as HHP or HPT processing. Furthermore, a
detailed picture of molecular events during spore germination facilitates an in-depth
understanding of how spores can lose their resistance properties acquired during sporulation,
plays a crucial role in HHP-mediated spore inactivation. Therefore, the following paragraphs
provide an overview of the spore cycle and describe events during sporulation and
germination. Since available data for Clostridium in general and specifically for C. botulinum
spores is limited, this section includes data for Bacillus spores, which can build a valuable
basis for understanding basic mechanisms. Moreover, major differences in germination
pathways between the genera Bacillus and Clostridium can directly explain some major
genus-specific difference in HHP- and HPT-mediated spore inactivation mechanisms. Before
going into detail on what is happening on the molecular level during sporulation and
germination, this section provides a short summary on what can cause a cell to enter
sporulation, alternative pathways instead of entering sporulation, and major steps occurring
during the spore cycle.

1.2.2.1 Decision to Enter the Spore Cycle

In response to unfavorable conditions, which can be typically found during the stationary
growth phase, cells from spore-forming species can initiate sporulation. Notably, the entry
into stationary phase does not obligatory lead to immediate sporulation. Typical stationary
phase events, which are not necessarily required for but often regulated by factors involved
in sporulation, include that cells upregulate genes associated with nutrient transport and
metabolism (carbohydrates, amino acids and inorganic ions), try to make additional nutrient
sources accessible, and to evade or somehow to adapt to the new situation. The induction of
alternative metabolic substrate pathways can occur in response to nutrient depletion (e.g.
arginine depletion, arginine biosynthesis), but does not necessarily require the complete
depletion all nutrients (e.g., >40% of initial glucose remaining, C. acetobutylicum, (Jones et
al., 2008)). Strategies to improve nutrient accessibility include the secretion of degradative
enzymes such as amylases and proteases (e.g.: B. subtilis, (Phillips and Strauch, 2002) and
harming/killing of other organism including sister cells (e.g.: B. subtilis, (Gonzalez-Pastor et
al., 2003)), the competitive microbiota (antibiotics) (e.g.: B. subtilis, (Irigul-Sonmez et al.,
2014)), or higher organisms such as insects (e.g., B. thuringensis) or animals (protein toxins)
(e.g.: C. botulinum, C. tetani, (Connan et al., 2013)). Motility and chemotaxis can present a
stationary phase response to evade the nutrient-poor environment (e.g.: C. difficile, (Saujet
et al., 2011)) with the underlying machinery being well conserved in Bacillus and Clostridium
species and closely linked to sporulation (e.g., B. subtilis, (Aizawa et al., 2002); C.
acetobutylicum (Alsaker and Papoutsakis, 2005; Tomas et al., 2004; Zhao et al., 2005)). In
contrast, competence development to adapt to the new situation presents a relatively
uncommon stationary phase response (e.g., B. subtilis, (Stiegelmeyer and Giddings, 2013)).
Finally, cells can initiate sporulation. The decision for a single cell within a population to form
a spore depends on the success of the strategies mentioned above, starvation conditions
(Chubukov and Sauer, 2014), and extracellular signals (e.g.: cell density-dependent
(Bischofs et al., 2009; Lazazzera et al., 1999; Lopez and Kolter, 2010; Schultz et al., 2009)).
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Quorum-sensing (QS) mechanisms mediated by signal peptides are thought to play an
important role in both Bacillus and Clostridium species. Prominent examples are the Phr-Rap
system in Bacillus species (peptides as phosphatase regulators-receptor aspartyl
phosphatases; B. subtilis (Bischofs et al., 2009)) and the Agr-like system in Clostridium
species (Accessory gene regulator, (Myers et al., 2006); C. perfringens, (Li et al., 2011); C.
sporogenes, C. botulinum type A, (Cooksley et al., 2010)). Although various environmental
factors, which push a cell towards or delay the decision to initiate sporulation have been
identified and the mechanism of sporulation induction is quite well characterized (at least in
B. subtilis; see section 1.2.2.3.2), single cell fate in the context of the entire population is
largely unexplored. However, it seems likely that differences in the fate of single cells at this
stage influence the heterogeneity of a spore population, which has a significant impact on
the success of HHP-based inactivation strategies.

1.2.2.2 Leaving the Spore Cycle

Mature spores are metabolically dormant and differ significantly from vegetative cells in their
composition, structure, and resistance properties enabling spore-forming organisms to
survive long periods under harsh environmental conditions without the availability of
nutrients. Under certain environmental conditions (e.g., in the presence of nutrient
germinants) spores can germinate, grow out, and convert back to a growing cell.

The spore cycle of B. subtilis has been most extensively studied (Setlow and Johnson, 2013).
A simplified scheme of the spore cycle of such a rod shaped bacterium without terminal
swelling of the forespore compartment or elongation of the mother cell is depicted in Fig. 1-1.
Important morphological events during sporulation, i.e. sporulation stages as indicated in this
figure, are explained in more detail in sections 1.2.2.3 and 1.2.2.4.

Generally, the spore cycle in Clostridium species is presumed to include essentially the same
morphological steps with some minor differences, e.g., that the sporangium swells during the
course of sporulation. Based on genomic information, Bacillus and Clostridium sporulation
programs show many parallels and many components of the spore germination machinery
are highly conserved among spore-forming members of the Bacillales and Clostridiales
orders. However, although orchestration of differentiation programs is less understood in
Clostridium species and far from being completely elucidated at the molecular level, studies
on the transcriptional level have contributed to better understanding of molecular events that
underlie sporulation and suggest that there are some major differences between Bacillus and
Clostridium sporulation programs (see section 1.2.2.3) (Jones et al., 2008; Paredes et al.,
2005). Additionally, both proteins and signal transduction pathways involved in germination
are substantially different between Bacillus and Clostridium species (see section 1.2.2.4)
(Paredes-Sabja et al., 2011).
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indicate germination stages. Major events between the stages (italics) and important spore properties

at a specific stage (plain text inside of the circle) are described. Black coils in the oval cells indicate
DNA. Spore layers: thin black line = inner membrane; thick gray layer = cortex; outer black layer

coat. Notably, spore-formers are not always rod-shaped, the sporangium can swell during sporulation,

spore formation does not necessarily occur at a terminal position, and spores can contain a large

mother cell, SASP = small acid soluble

peptidoglycan, CLE

exosporium as outermost layer, which is not depicted. MC

protein, FS = forespore, DPA

cortex lytic enzymes.

dipicolinic acid, PG

Figure from (Lenz and Vogel, 2015) adapted from Setlow and Johnson (2013) and Setlow (2003).
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1.2.2.3 Sporulation
1.2.2.3.1  Morphological Changes during Sporulation

Morphological changes during sporulation putatively occur in a similar manner in Bacillus and
Clostridium species and lead to a stepwise development of the extreme resistance of spores.
Although sporulation is a continuous process and intermediate forms do not present discrete
entities in which a sporulating cell remains, this developmental process is commonly divided
into eight stages (stage 0 through VII; red part of the spore cycle in Fig. 1-1) based on
observable morphological changes and according to the description of mutant strains (spo
mutants), in which sporulation is blocked in a particular stage.

In a vegetative, growing cell, two nucleotides are formed (stage 0) that align in an axial
filament (stage I). Transition to stage |l is characterized by typical stationary phase responses
(e.g., secretion of degradative enzymes) as mentioned above (section 1.2.2). In stage Il, the
first distinct morphological changes become visible. A septum is formed leading to an
asymmetric division that separates the sporulating cell into two unequal cellular
compartments, i.e., a large mother cell (MC) and a smaller forespore (FS) compartment
(stage lI(i)). This is followed by septum hydrolysis, membrane movement and curvature
(stage lI(iii)). At this point, first scaffold proteins crucial to later coat assembly are attached to
the outer surface of the membrane that encases the forespore compartment. A phagocytosis-
like process leads to the complete engulfment of the forespore, which now presents an
intracellular protoplast surrounded by a double membrane, i.e., two membranes with opposite
polarities (stage lll). 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 (SASP), which are involved in arranging the
chromosome in ring-like structure. Additionally, the germ cell wall (essentially identical
peptidoglycan (PG) structure compared to growing cells) and the cortex (similar components
but unique PG structure) are formed between the inner and the outer forespore membranes
(stage IV). The assembly of unique coat proteins, which is a continuative process beginning
shortly after asymmetric cell division, is then intensified. This leads to the encasement of the
spore by several proteinaceous coat layers (stage V). A large amount of pyridine-2,6-
dicarboxylic acid (dipicolinic acid, DPA) is synthesized in the mother cell and accumulated in
the spore compartment. This is paralleled by the uptake of divalent cations, i.e.,
predominately Ca?*, but also high amounts of Mg?* and Mn?*. Final dehydration of the
forespore interior is crucial to the development of metabolic dormancy and causes increased
refractility 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 commonly used to stain vegetative cells to the spore
interior. Spore encasement by the outermost layers (coat and exosporium) is completed,
which marks the end of the maturation process (stage VI). Finally, the mother cell lyses and
releases the mature spore into the environment (stage VII) (Eichenberger et al., 2004; Hoch,
1993; Paredes et al., 2005; Piggot and Hilbert, 2004; Setlow and Johnson, 2013; Sonenshein,
2000).
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1.2.2.3.2 Developmental Program Underlying Sporulation

This paragraph contains an overview of mechanisms regulating the initiation of sporulation
and the developmental program, which ensures the timely and spatially ordered stepwise
development of morphological spore characteristics considering differences between Bacillus
and Clostridium species (commonalities highlighted in green in Fig. 1-2).

Prerequisites for the Initiation of Sporulation

Prerequisites for the initiation of sporulation are a complete chromosome replication
(Sonenshein, 2000), DNA damage repair (Rowland et al., 2004), and the induction of
tricarboxylic acid cycle enzymes (Phillips and Strauch, 2002). Sporulation triggers during
stationary phase can include nutrient limitation (starvation from carbon and/or nitrogen) (B.
subtilis, (Setlow and Johnson, 2013)), a decrease in (intracellular) pH (C. acetobutylicum,
(Jones and Woods, 1986)), and increased levels of intracellular reduction energy (NAD(P)H)
(C. acetobutylicum, (Meyer and Papoutsakis, 1989)). Furthermore, the addition of various
substances can promote sporulation, e.g., decoyinine (inhibitor of guanine nucleotide
synthesis, B. subtilis, (Setlow and Johnson, 2013)), carboxylic acids (membrane uncouplers,
C. acetobutylicum, (Husemann and Papoutsakis, 1988)), high carbon source and ATP levels
(mimicking phosphate or nitrogen limitation, C. acetobutylicum, (Meyer and Papoutsakis,
1989)), butyrate, and carbon monoxide (inhibitors of H, formation, (Bahl et al., 1995; Girbal
and Soucaille, 1998; Jones and Woods, 1986; Woods, 1995)).

Master Reqgulator Spo0OA as Bottleneck

The master regulator SpoOA presents a highly sensitive, self-reinforcing switch determining
whether a single cell initiates sporulation or not. Once SpoOA levels in its activated, i.e.,
phosphorylated form exceed a certain threshold level, sporulation is initiated and the
sporulation cascade proceeds (Fig. 1-2). Although a direct relationship has not yet been
proven, especially the entry into sporulation via the activation of the sporulation master
regulator Spo0A is l