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ABSTRACT

Characterization of Listeria monocytogenes responses to food-related stress and
population dynamics in soft cheese

Supervisor: Prof Elna M. Buys

Degree : PhD (Food Science)

The success of Listeria monocytogenes as a pathogen depends on its ability to survive the
many environmental stresses that it encounters along the food chain. However, response
heterogeneity among strains and individual cells within populations affects the physiological
states of the cells which subsequently influences the behavior and fate of the pathogen in
contaminated foods. This study sought to investigate the influence of stress on the
physiological states of L. monocytogenes strains and the potential influence on the persistence
and survival of the pathogen in a ready-to-eat (RTE) food. Furthermore, the study also sought

to elucidate the bimolecular changes related to the acid stress response of the pathogen.

Flow cytometry coupled with cell membrane integrity indicators showed that the degree of
cell injury in L. monocytogenes strains (69, 159/10, 243 and ATCC19115) subjected to acid,
osmotic and heat stress treatments was influenced by individual strain susceptibilities and the
extent to which the stress exposure affects cell membrane integrity. Regardless of strain
susceptibilities, acid stress induced the highest level of cell damage with osmotic stress
causing the least. Following sorting of injured cells, the lag phase duration was the main
difference in the resuscitation behavior of the stress-injured L. monocytogenes strains an
indication that repair of cell injury was influenced by strain heterogeneity and extent of cell
membrane damage. Importantly, once the injury was repaired, the resuscitated cells possessed

a growth potential similar to non-injured cells regardless of strain or stress treatment
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differences. Despite having a lower level of cell membrane injury, heat-injured cells were
incapable of resuscitation in the majority of strains, an indication that the cellular targets of
heat-induced injury are not necessarily limited to the cell membrane. Thus on its own,

membrane integrity may not be a sufficient indicator of cell injury.

Stress pre-exposure and individual strain susceptibilities also influenced the survival
responses and population dynamics of the pathogen in a lactic soft cheese. Kinetic model
analysis revealed that while acid and osmotic stress pre-exposures resulted in sensitization of
the susceptible strain (69), the same exposures resulted in induction of tolerance responses
that protected tolerant strains against the acidity of the cheese. Although the osmotolerance
response conferred cross-protection to food stress, it was not as high as the acid tolerance
response. Genetic diversity analysis of surviving populations from mixed strain inoculations
of the soft cheese revealed that after 15 days of storage, one persistent strain (159/10)

remained as the dominant survivor.

As revealed by Fourier Transform Infrared (FT-IR) spectroscopy analysis, the effects of acid
stress on both stress-susceptible (strain 69) and tolerant (159/10) strains involved disruptions
in protein secondary structure, conformational changes in nucleic acids, and disruptions in
cellular lipids and polysaccharides. However, changes in cell membrane lipid acyl chains
related to membrane fluidity appeared to be an important factor in the acid stress response of
the susceptible strain. Scanning electron microscopy showed that biomolecular changes were

accompanied by a physical damage to the cell surface structures.

When subjected to lethal acid stress, a highly tolerant and persistent cell subpopulation that
survived, owed its persistence to a phenotypic differentiation into a metabolically inactive

state characteristic of persister cells. When the persister survivors were re-grown under



mildly acidic and cold conditions, the stress response gene expression profiles of the re-
grown cell populations were not different from control cells indicating a general lack of
heritable stress resistance. However, there was an exception with respect to the reduced
expression levels of the phosphotransferase system (PTS) coding gene /mol038. A down-
regulation of PTS systems potentially infers a suppressed role for sugar uptake systems in
persister survivors with a subsequent carry-over of such expression patterns in re-grown cells

through epigenetic means.

The findings of this study indicated that stress-injured, and stress hardened tolerant cells can
be a food safety risk if conditions in contaminated foods allow for their growth or survival.
The stress-induced formation of persister cells provides a potential explanation for the

challenge of L. monocytogenes persistence in food processing environments.
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1 CHAPTER 1: PROBLEM STATEMENT

Listeria monocytogenes is a Gram-positive, facultatively anaerobic, psychrotrophic non-spore
forming rod that is the aetiological agent of the human disease listeriosis, a rare but highly
fatal food-borne infection (Donovan, 2015). The organism survives largely as an
environmental saprophyte with major sources being water, soil, and vegetation (Linke et al.,
2014). Human infections of L. monocytogenes arise from the ingestion of contaminated foods
which in most healthy individuals, are largely without any consequences or at worst can
manifest as self-limiting gastroenteritis (Warriner and Namvar, 2009). However, in the major
risk groups such as immunocompromised persons, pregnant women, the elderly and infants,
L. monocytogenes infections result in a highly invasive form of the disease characterized by
septicemia, meningitis, encephalitis, perinatal infections, and abortions (Drevets and Bronze,
2008). While the frequency of occurrence of invasive listeriosis is relatively lower compared
to infections caused by other food-borne pathogens such as Sa/monella and Campylobacter,
the high fatality rate of 20-30% in outbreaks makes it the deadliest of all food-borne

infections (Warriner and Namvar, 2009).

The main vehicle foods associated with listeriosis outbreaks are contaminated ready-to-eat
(RTE) foods, such as processed meats, smoked fish, soft cheeses, and salads (Angelo et al.,
2017; Currie et al., 2015; Gillesberg Lassen et al., 2016; Heiman et al., 2016; Stephan et al.,
2015). The absence of any thermal processing of these foods prior to consumption means that
in the event of any post-processing contamination, control of the pathogen depends largely on
the physicochemical characteristics of the foods such as pH, and water activity (aw) (Shabala
et al., 2008). In these RTE foods, the risk of listeriosis is related to the ability of the food

product to support L. monocytogenes growth during the product shelf-life. Owing to its



psychrotrophic nature, the organism can readily multiply to dangerous levels in low-
temperature stored RTE foods especially if the physicochemical hurdles are insufficient to
prevent its growth (Wemekamp-Kamphuis et al., 2002). Based on Codex Alimentarius
Commission (CAC) categorization, RTE foods with a pH > 4.4, aw > 0.92, or a combination
of pH > 5.0 and aw > 0.94 are considered capable of supporting L. monocytogenes growth and
are therefore high risk (CAC, 2009). Notwithstanding this risk-based profiling, a number of
food products historically considered low risk have since been associated with outbreaks in
recent years (Centre for Disease Control and Prevention (CDC), 2015a, 2015b, 2015¢; Fretz
et al., 2010; McCollum et al., 2013). These atypical vehicle foods historically not expected to
support L. monocytogenes growth, include whole fruits (e.g. cantaloupe, apple, stone fruit),
frozen foods (e.g ice-cream) and acid soft cheeses (CDC, 2015a, 2015¢; Fretz et al., 2010).
These realizations have raised questions about the current understanding of the ecology of L.

monocytogenes growth and survival in foods (Buchanan et al., 2017).

Like all pathogens, the success of L. monocytogenes as a pathogen depends on its ability to
survive and overcome the many environmental stresses that it encounters along the food
chain as well as in the host. In the food processing environments, the pathogen may be faced
with stresses ranging from fluctuations in temperature, pH, relative humidity, aw as well as
nutrient stress (Dikici and Calicioglu, 2013; Sadeghi-Mehr et al., 2016). Studies have shown
that responses to these stresses vary among L. monocytogenes strains, serotypes and even
among individual cells within a single population (Aryani et al., 2015a; Aspridou and
Koutsoumanis, 2015; Lianou et al., 2006; Shen et al., 2014). Remarkably, these variations in
stress responses affect the physiological states of the cells which subsequently influence the
behavior and fate of the pathogen in contaminated foods, yet a good understanding of this

behavior is central to the development of accurate models for prediction, risk quantification



as well as effective control measures. A lot of work has already been done to resolve
variations in individual strains, with findings, for instance, showing that nearly all post-
process contamination of foods is associated with the so-called persistent strains that colonize
and establish permanent residence in food processing facilities (Wang et al., 2015; Wulff et
al., 2006). However, the extent to which the physiological states of the cells within
populations of the same strain affect L. monocytogenes responses in foods is a subject still to
be elucidated. What has been apparent from researches involving single cell analysis
techniques such as flow cytometry, cell sorting, and vibrational spectroscopy is that the net
effect of the variations in response among individual cells is the formation of survivors in
different physiological states (Kennedy et al., 2011; Krdmer et al., 2016). These survival
states consist of sub-lethally injured cells with a reversible damage to their cell components

as well as non-injured stress tolerant cells.

The possibility of contamination with either of the two cell states presents different
challenges to the safety of RTE foods. For injured cells, the ability to predict their fate and
behavior in foods is difficult as such cells require conditions that permit the repair of cellular
damage and resuscitation which also makes their detection in foods difficult (Wesche et al.,
2009). On the other hand, non-injured survivors may develop adaptive stress tolerance
responses that can enhance survival and persistence with the consequence that such survivors
are protected against normally effective food preservation hurdles (Yousef and Courtney,
2003). The role of stress tolerance responses in the enhanced survival and persistence of L.
monocytogenes is particularly important in food safety given the now established link that L.
monocytogenes genotypes isolated from contaminated foods are nearly always related to the
so-called persistent strains (Castro et al., 2018; Ferreira et al., 2014; Li et al., 2017). These

are processing plant resident strains that are associated with repeated contamination of



products from the same plant over a long period of time (months and even years) (Nowak et
al., 2017; Wang et al., 2015; Wulff et al., 2006). In the most recent listeriosis outbreak in
South Africa, the outbreak strain (Sequence Type 6, ST6) was traced to an RTE meat
processing plant environment, from where persistent contamination of the product occurred
for more than a year (NICD, 2018). While stress resistance and ability to form biofilms have
often been used to explain L. monocytogenes persistence in food plants, available literature
does not support the conclusion that persistent strains are more stress resistant or better
biofilm formers (Carpentier and Cerf, 2011). Thus there is a need for an improved

understanding of the underlying basis of L. monocytogenes persistence.



2 CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Although the incidence of human diseases caused by L. monocytogenes is comparably lower
than other food-borne pathogens such as Salmonella serotypes and Campylobacter, human
listeriosis is the most fatal of all food-borne diseases. The most recent outbreak in South
Africa, resulted in a record of 1060 cases and 216 deaths (as of 26 July 2018 statistics) (DoH,
2018) making it the deadliest of all food-borne diseases and the biggest outbreak in history
(WHO, 2018). Notwithstanding current interventions by food industries to eliminate the risk
of listeriosis in processed foods, available evidence shows that the pathogen is still a major
food safety challenge. This review provides an analysis of the available literature on L.
monocytogenes stress responses and how these responses influence the survival of the
pathogen in foods and food processing environments. The review focuses on the history and
taxonomy of this species, its ecology, as well as its transition from life as an environmental
saprophyte to life as an intracellular pathogen. The organism’s responses to specific stress
factors such as acid, heat, osmotic and cold stress are also discussed in detail. The
implications of stress responses on the safety of foods in the context of evolving food
processing technologies driven by changing consumer demands for fresh and ready-to-eat
(RTE) foods are also explored. Studies involving the relationship between L. monocytogenes

stress response and its persistence in food processing environments are also reviewed.

2.2 History and taxonomy of the genus Listeria
The genus Listeria consists of Gram-positive, facultatively anaerobic non-spore forming rods.
L. monocytogenes, the prototype species of this genus was the first to be described. The

organism was first described by Murray in the United Kingdom in 1926 as a cause of



monocytosis in rodents and Murray named it Bacterium monocytogenes (Murray et al.,
1926). In the following year, a similar organism was also described by Pirie in South Africa
as a cause of death in gerbils. In honor of Joseph Lister, Pirie proposed the name Listerella
for the new organism (Pirie, 1927). When the two scientists discovered they were dealing
with the same organism, they called it Listerella monocytogenes. However, the nomenclature
of the organism was later changed to Listeria monocytogenes in 1940 (Pirie, 1940).
Historically, the genus Listeria was considered to consist of six species, namely L.
monocytogenes L. grayi, L. innocua, L. ivanovii, L. welshimeri, and L. seeligeri (Rocourt and
Buchrieser, 2007; Wagner and McLauchlin, 2008). However, the classification of the genus
has evolved with the discovery of new putative species since 2009 (Chiara et al., 2015; den
Bakker et al., 2014, 2013; Weller et al., 2015). At present, the genus is deemed to consist of
17 species divided into two distinct groups, Listeria Sensu Strictu and Listeria Sensu Lato
(Orsi and Wiedmann, 2016) (Figure 2.1). The group Listeria Sensu Strictu comprises six
species that form a monophyletic cluster and share common phenotypic characteristics,
namely L. monocytogenes, L. seeligeri, L. ivanovii, L. welshimeri, and L. innocua as well as
L. marthii (Orsi and Wiedmann, 2016). With the exception of L. marthii that was only
described in 2010 (Graves et al., 2010), the other five species had historically been identified
as part of the genus having been described before 1985 (Rocourt and Buchrieser, 2007). On
the other hand, the group Listeria Sensu Lato comprises of 11 species namely, L. grayi (first
described in 1966) (Larsen and Seeliger, 1966) as well as the recently described species L.
fleischmannii, L. floridensis, L. aquatica, L. newyorkensis, L. cornellensis, L. rocourtiae, L.
weihenstephanensis, L. grandensis, L. riparia, and L. booriae (Chiara et al., 2015; den
Bakker et al., 2014, 2013; Weller et al., 2015). Although L. grayi is phylogenetically close to
the Listeria Sensu Strictu species, it shares a recently discovered common ancestor with L.

fleischmannii, L. floridensis, and L. aquatica (Orsi and Wiedmann, 2016; Weller et al.,



2015). Figure 2.1 illustrates the phylogenetic history of the current genus Listeria. Within the

Listeria Sensu Strictu group, three monophyletic groups can be identified.

Notwithstanding all that is known thus far about this genus, what is emerging is that the
taxonomy of this genus is still a long way to be resolved. This has become even more
complicated given the continued discovery of new Listeria-like organisms such as the
recently described Listeria goaensis sp. nov. (Doijad et al., 2018) and Listeria costaricensis
sp. nov. (Nuiez-Montero et al., 2018), that are not currently assignable to any existing
species. It is against this background that Orsi and Wiedmann (2016) proposed a re-
classification of the genus in which the genus name Listeria is restricted to Listeria Sensu
Strictu species while Listeria Sensu Lato species are re-classified into three proposed genera
(Murraya, Mesolisteria, and Paenilisteria) based on the separate monophyletic groups (Orsi

and Wiedmann, 2016).



L. monocytogenes

L. marthi

L. innocua

L. welshimeri Listeria Sensu Strictu
L. ivanovii

L. seeligeri

5 <] L. grayi )

L. fleischmannii
7~ “ ‘ L. floridensis

L. aquatica
/
/

- newyorkensls c Listeria Sensu Lato
. cornellensis

L

L

L. rocourtiae

L. weihenstephansensis
L

L

L

(

. grandensis
. fiparia
. booriae J

Figure 2.1: Schematic representation of the phylogenetic history of the current genus
Listeria. Triangles represent the current monophyletic groups proposed. (Adapted from Orsi
and Weidman, 2016

2.2.1 The species L. monocytogenes: Evolutionary lineages

Within the genus Listeria, the species L. monocytogenes and L. ivanovii are the only ones
known to be associated with mammalian infections with L. monocytogenes specifically
causing human listeriosis (Low and Donachie, 1997). Within the species L. monocytogenes,
several genetic subtyping methods have since 1989 shown that the population structure of the
organism is clonal (Piffaretti et al., 1989). By the year 2008, subsequent studies on the clonal
nature of L. monocytogenes had identified four evolutionary lineages designated lineages I,
IL, IIT and IV (Cheng et al., 2008; Ward et al., 2008). An important aspect of the evolutionary
clustering of L. monocytogenes is that lineages are linked to ecological niche preferences to

the extent that lineages I and II strains are the only ones frequently (> 98%) isolated from



foods and human infected patients (Deng et al., 2010; Ward et al., 2010). Because of their
seeming lack of association with foods and human listeriosis, not much literature is available
about the ecology of lineage III and IV strains except one observation by Jeffers et al. (2001)
that lineage III strains appear to be over-represented in ruminant animals. The ecological
preference of lineage IV strains, the last of the lineages to be described is still poorly
understood (Orsi et al.,, 2011). Of the two lineages frequently associated with foods and
human infections (lineage I and II), differences also exist as lineage I strains are more
frequently associated with human listeriosis cases, whereas lineage II strains are more

frequent in foods (Lee et al., 2018; Maury et al., 2016).

Because of the contribution of lineage I and II strains in the global burden of food-borne
listeriosis, a lot of attention has been placed in understanding the genetic basis of their
adaptation to the human host and the food environment respectively. In particular, research
has focused on understanding the paradox that although lineage II strains are the most
frequently found in RTE foods, they are ultimately not the major cause of human listeriosis,
instead it is the less frequently encountered lineage I strains (Deng et al., 2010; Ward et al.,
2010). The differentiation between these two lineages is based on several single nucleotide
polymorphisms (SNPs) as well as absence or presence of some genes in their respective
genomes (Deng et al., 2010; Moorhead et al., 2003; Van Stelten et al., 2010). Inter-lincage
specific SNP assays based on multilocus genotyping (MLGT) have been developed using an
array of virulence (such as internalin genes in/A, inlB; hemolysin gene hly; phospholipase C
gene, plcC; the ActA protein gene, act4) and stress response genes (such as the alternative
sigma factor B gene, sigB) (Ward et al., 2010, 2008). Apart from the phylogenetic
importance, SNP genotyping has been useful in unraveling the genetic basis of the ecological

niche preferences between lineage I and II strains. Several studies have shown that lineage 11



strains carry numerous mutations in their in/4 genes that lead to premature stop codons and
production of truncated forms of internalin A (da Silva et al., 2017; Nightingale et al., 2008,
2005). This has been supported by observations that mutations in the inl4 gene are widely
distributed in L. monocytogenes isolates from RTE foods but are less frequent in isolates
from human listeriosis cases (Van Stelten et al., 2010). The virulence determinant inlA is
necessary for the successful uptake of the pathogen by host cells, a critical factor in the
infection cycle of L. monocytogenes (Pizarro-Cerda and Cossart, 2007). As a consequence,
despite their frequent occurrence in RTE foods lineage II strains are incapable of achieving a
successful systemic infection. On the contrary, the overrepresentation of lineage II strains in
the food environment is presumed to be related to the ability to withstand environmental
stress (Orsi et al., 2011). Some available evidence shows that stress resistance phenotypes in
L. monocytogenes are linked genetic lineages with lineage II strains particularly showing a
better adaptation to environmental stresses such as salt, acid, and heat (Bergholz et al., 2010;

Horlbog et al., 2018).

On the other hand, the near total lack of association of lineage III strains with either foods or
human listeriosis cases has provided a need for unraveling the genetic basis of such
divergence in ecological niche preferences in L. monocytogenes. In one of the few studies to
have conducted a pan-genome analysis of 26 strains representing three lineages, Deng et al.
(2010), identified 86 disparately distributed genes highly conserved in lineage I and II
genomes but highly divergent or absent in lineage III genomes. In their study, the researchers
found that among the genes disparately distributed across the lineages were genes involved in
carbohydrate metabolism (phosphotransferase system (PTS) genes) and genes for
transcription factors. The conclusion the researchers made was that lineage III strains are

defective types that evolved by a gradual loss of metabolic function genes. In a more recent
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study, Cerutti et al. (2017), further identified genes for small regulatory RNAs that co-
evolved with genes for pathogenicity and host interaction present in the genomes of lineage |
and II strains but missing in the genomes of lineage III strains thus reinforcing the hypothesis

that lineage III strains evolved by loss of virulence functions.

2.2.2 L. monocytogenes serotypes

Based on surface markers comprising of cell wall teichoic acid (somatic, O antigens (1/2, 3,
4)) and flagella (H antigens (a, b, c)), L. monocytogenes has since the 1970s been classified
into thirteen serotypes (1/2a, 1/2b, 1/2¢, 3a, 3b, 3c, 4a, 4b, 4ab, 4c, 4d, 4e, and 7) using the
Seeliger/Donker-Voet scheme (Seeliger and Hohne, 1979). Interestingly, these serological
differences are also linked to evolutionary lineages. Serotypes 1/2b, 3b, 4b, 4d, and 4e belong
to lineage I, while serotypes 1/2a, 1/2¢c, 3a, and 3c, as well as 4a and 4c, belong to lineages 11
and III respectively (Orsi et al., 2011). With a predilection for the human host, serotypes
belonging to lineage I are the ones generally associated with human infections of which
serotypes 1/2b, and 4b are particularly responsible for most (> 95%) of the listeriosis
infections with serotype 4b strains associated with the most severe cases of illness (Angelo et

al., 2017; Burall et al., 2017; Montero et al., 2015).

2.3 Ecology of L. monocytogenes

Although L. monocytogenes is best known as a pathogen surviving inside infected human
hosts, the organism actually survives for most of its life as a saprophyte in the environment
(Renier et al., 2011). As a saprophyte, L. monocytogenes is fairly ubiquitous, being abundant
in soil, water and vegetation (Linke et al., 2014) where it is believed to utilize nutrients,
particularly from decaying vegetation to support its growth (Gray et al., 2006). Through

contaminated feed, L. monocytogenes also colonizes the gastrointestinal tract of many

11



animals asymptomatically from where it is extensively disseminated through fecal matter and
manure (Warriner and Namvar, 2009). Owing to its ubiquity, raw foods of both plant and
animal origin readily carry the pathogen and in turn disseminate it into food processing plants
(Castro et al., 2018; Dalzini et al., 2016). A number of longitudinal studies have identified a
common occurrence of similar L. monocytogenes genotypes from the farm through the entire
value chain of many foods (Castro et al., 2018; Dalzini et al., 2016; Martin et al., 2014;

Riickerl et al., 2014).

2.4 Listeriosis: The transition from environmental saprophyte to intracellular
pathogen

The disease listeriosis is a human infection that results from the ingestion of L.
monocytogenes cells in contaminated food products. The clinical outcomes of the infection
depend on the health status of the infected individual. In healthy individuals, the infection is
limited to the gastrointestinal tract and often results in gastroenteritis accompanied by fever
(Mclauchlin et al., 2004). In individuals with weakened immunity, the infection results in an
invasive form of the disease affecting extra-intestinal tissues with symptoms that include
meningitis, endocarditis, meningoencephalitis, and stillbirth (Donovan, 2015). Although the
incidence of human listeriosis is often low compared to other food-borne diseases, the
invasive form of listeriosis has a very high fatality rate in the major risk groups such as
pregnant women, infants, the elderly and the immunocompromised (Warriner and Namvar,

2009).

Central to the pathogenesis of invasive listeriosis is the ability of the pathogen to invade
human cells beginning with the epithelial cells of the intestinal tract. This process is mediated
by surface expressed proteins internalin A and internalin B that facilitate endocytosis of the
organism (Pizarro-Cerda and Cossart, 2007). Following this internalization, the production of

12



listeriolysin O (LLO) a cholesterol-dependent cytotoxin, facilitates escape from the vacuole
into the cytosol of infected cells (Pizarro-Cerda and Cossart, 2007). Following a period of
intracellular replication inside infected cells, the expression of ActA, a surface protein
responsible for an actin-dependent motility system enables L. monocytogenes to move from
one infected cell to an uninfected neighboring cell, while avoiding the immune system

(Pizarro-Cerdéa and Cossart, 2007).

As a facultative intracellular pathogen capable of both saprophytic life and life inside infected
eukaryotic cells, the transition to life as an intracellular pathogen is facilitated by changes in
gene expression patterns from environmental survival related genes to intracellular survival
related genes. Central to the transition is the role of the Positive regulatory factor A (PrfA)
encoded by the gene prf4 (Freitag et al., 2009). PrfA is a transcriptional regulator that
controls the expression of virulence genes in L. monocytogenes (Miner et al., 2007). Among
the genes under the transcriptional control of PrfA are; genes that mediate the attachment and
invasion of host cells, /nl4 and InlB coding for internalins A and B respectively; genes that
mediate vacuolar escape, hly encoding listeriolysin O and plcA and plcB encoding
phospholipases; genes that mediate bacterial spread from cell to cell such as act4 encoding an
actin polymerization protein ActA for intracellular motility (Freitag et al., 2009; Gray et al.,
2006; Miner et al., 2007). Based on whole genome sequencing, the PrfA controlled virulence
encoding genes are collectively clustered in one region of the bacterial chromosome as a
virulence gene cluster termed Listeria pathogenicity island I (LPII) (Vazquez-Boland et al.,

2001).

As the master regulator of virulence in L. monocytogenes, expressed only during intracellular

growth and survival and repressed in saprophytic growth, the transcription of prf4 responds
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to physicochemical signals accompanying environmental transitions (Kuhn and Goebel,
2007; Miner et al., 2007). Although the mechanisms behind the alteration in gene expression
are not clearly understood, it has been established that prf4 expression responds to signals
such as temperature, pH, glucose, and salt (Freitag et al., 2009; Kuhn and Goebel, 2007). For
instance, PrfA-dependent virulence genes are not transcribed in L. monocytogenes cultures
growing at 30°C. However, a temperature shift to 37°C provides a signal for the transcription
of prf4 and consequently the expression of the PrfA-dependent virulence gene cluster (de las

Heras et al., 2011).

2.5 L. monocytogenes and RTE foods

Ready-to-eat (RTE) foods are foods that are either eaten in their raw state (unprocessed and
minimally processed) or processed foods that are not subjected to any re-processing prior to
consumption. This category includes foods such as fresh fruits and vegetables, salads, deli
meats, smoked fish, and soft cheeses among others (Luber et al., 2011). The main routes of L.
monocytogenes entry into the food chain and its subsequent contamination of RTE foods are

illustrated in Figure 2.1.

The near-exclusive association of L. monocytogenes with RTE food products arises from
three factors. The first factor is the lack of lethal processing hurdles that can guarantee
pathogen elimination. This is particularly the case with minimally processed fresh fruits and
vegetables and processed products whose preservation relies on combinations of many sub-
lethal stress hurdles (hurdle technology) (Warriner and Namvar, 2009). The lack of lethal
processing steps such as thermal processing presents an opportunity for L. monocytogenes
survival in such foods (Tiganitas et al., 2009). The second factor is the colonization of food
processing plants by persistent strains of L. monocytogenes resulting in the re-contamination
of even foods whose processing involves lethal steps (Larsen et al., 2014). The third and

14



perhaps the most significant factor is the psychrotrophic nature of the organism. The
universal dependence on refrigeration as a terminal hurdle in the preservation of RTE foods
presents a potential for multiplication of the organism during refrigerated storage especially if
the other physicochemical hurdles such as aw and pH are inadequate to prevent growth

(Angelidis et al., 2013).

Because of the importance of L. monocytogenes growth in RTE food during storage, the
probability of growth of the pathogen in different RTE foods is critical to the level of
listeriosis risk to consumers (Buchanan et al.,, 2017). Therefore a risk-based approach to
profiling of RTE foods was proposed by the Codex Alimentarius Commission (CAC) with
categorization into foods that support growth and those that do not support growth based on
pH and aw as physicochemical hurdles (CAC, 2009). RTE foods with a pH > 4.4, aw > 0.92,
or a combination of pH > 5.0 and aw > 0.94 are products in which L. monocytogenes is
capable of growth and therefore are high risk (CAC, 2009). For that reason, such products
have a short shelf life under refrigerated storage. Because of the risk of L. monocytogenes in
RTE foods, the Codex Alimentarius general guidelines recommend a safety threshold of 100
CFU/g of food product over the period of shelf life. In addition to the general guidelines,
other countries such as the United States, Canada and regional blocs such as the European
Union, have more specific and stricter guidelines (USFDA, 2017; European Commission,

2013; Health Canada Food Directorate, 2010).

Apart from the characteristics of L. monocytogenes enabling its growth in RTE foods, the
challenge of listeriosis has been exacerbated by socio-economic factors such as the increasing
consumer demands for fresh and nutritious foods and increased urbanization which has led to
increased consumption of minimally processed and convenient RTE foods (Caggia et al.,
2009).
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Figure 2.2: The main routes of L. monocytogenes entry into the food chain and its
subsequent dissemination to RTE foods. (Figure based on personal creation).
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2.6 Responses to environmental stresses encountered in the food chain

According to Booth, (2002), stress can be defined as “any change in the genome, proteome or
environment that imposes either reduced growth or survival potential” in living organisms. In
terms of microorganisms, conditions influencing microbial growth and survival in their
habitats are never constant let alone optimum. Physical and chemical parameters such as
temperature, pH, water activity (Aw), osmotic pressure and nutrient availability are always
changing (Yousef and Courtney, 2003). Quite obviously these fluctuations result in
destabilization of the homeostatic balance of microbial cells and hence an attempt to adjust
cellular processes to a state that allows them to survive and grow under such stressful
conditions (Vorob’eva, 2004). L. monocytogenes encounters a lot of physical and chemical
stresses through the entire food chain from farm to fork (Gandhi and Chikindas, 2007). These
range from changing osmotic pressures due to dehydration and use of salts, temperature shifts
due to applications of heat and refrigeration, pH extremes due to acid exposure and use of
alkaline cleaning agents among others (Gandhi and Chikindas, 2007). This review will give
specific attention to the responses of L. monocytogenes to acid, heat, osmotic and cold
stresses as some of the most pertinent stress factors influencing survival and growth of this

pathogen in foods.

2.6.1 General stress response

In general, bacteria possess a coordinated response to environmental changes regardless of
the form of stress encountered. This central regulation of response called the general stress
response is attributable to global regulators of gene expression called sigma factors. As a
regulator of gene expression, sigma factors are subunits of the RNA polymerase holoenzyme
that recognize specific promoter sequences of target genes and thus dictate the cellular
programme of gene transcription (Llorens et al., 2010). In L. monocytogenes and indeed other
Gram-positive bacterial species, Bacillus, and Staphylococcus, in addition to the primary
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sigma factor that regulates expression of house-keeping genes (sigma factor A, c¢*), an
alternative sigma factor (sigma factor B, oP), regulates gene expression under conditions of
environmental stress (Cetin et al., 2004; Guldimann et al., 2016; Wemekamp-Kamphuis et
al., 2004). Initially described in L. monocytogenes in the 1990s (Wiedmann et al., 1998),
several roles of this sigma factor have since been identified (Cetin et al., 2004; Lee et al.,
2013; Sue et al., 2004; Wemekamp-Kamphuis et al., 2004). The regulon of this general stress
response regulator has been identified to encompass up to 200 genes that are involved in L.
monocytogenes environmental survival and some virulence functions (Kazmierczak et al.,
2006, 2003). Specifically, genes involved in acid, osmotic, heat, cold, oxidative stress and
starvation are under are o®-dependent (Abram et al., 2008; Chaturongakul and Boor, 2006;

Ferreira et al., 2001; Wiedmann et al., 1998).

The inclusion of some virulence genes under the regulatory control of o®, has led to the
conclusion that there is an overlap between the role of 6P as the general stress response
regulator and that of PrfA as the regulator of virulence gene expression in L. monocytogenes
(O’Bymne and Karatzas, 2008). However, a close analysis of virulence genes under the
control of o® has shown that only the genes needed for gastrointestinal tract survival and
invasion are affected. Thus indicating that o® is necessary to initiate infection but does not

play a role in the intracellular stages of infection (O’Byrne and Karatzas, 2008).

2.6.2 Stress-sensing and signal transduction

The regulatory protein o® is encoded by the gene sigB as part of an operon that includes
seven other genes referred to as regulation of sigma B (Rsb) proteins (rsbR, rsbS, rsbT, rsbU,
rsbV, rsbW, and rsbX) (Figure 2.2) involved in its transcription in response to environmental

signals (Ferreira et al., 2004; Guldimann et al., 2016). Collectively, the Rsb proteins play a
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role in the sensing of environmental changes and transduction of signals that result in c®
activation and subsequent transcription of stress response genes. The proposed model for the
activation of the general stress response has been elucidated for L. monocytogenes
(Chaturongakul and Boor, 2004) (summarized in Figure 2.3). In exponentially growing cells,
the o® protein exists as an inactive form bound to the anti- ¢® protein, RsbW (Guldimann et

al., 2016). In response to environmental changes, the activation of of

is achieved by a
partner-switching mechanism in which the release of RsbW is mediated by binding of the
dephosphorylated form of the anti-anti-c® protein, RsbV (Guldimann et al., 2016). All these

processes are triggered by environmental stress signals sensed by the sensor kinase RsbT

which activates the phosphatase RsbU (Chaturongakul and Boor, 2004).

oA oB
|_|—> —s0A
rsbR >| rshS >I rsbT >Irst > rshV >Iris >| sigB >I erX>——I rsbP>

Figure 2.3: Organization of the sigB operon in L. monocytogenes. Thick grey arrows
represent open reading frames. Thin bent arrows indicate promoters regulated by sigma
factors, A and B respectively. (Adapted from Ferreira et al. (2004) and Guldimann et al.
(2016)).
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Figure 2.4: Proposed mechanism of Rsb-mediated regulation of SigB expression and activity
in L. monocytogenes. Black arrows indicate the pathway of signal transduction and the red
arrow shows the negative feedback loop. (Adapted from Chaturongakul and Boor 2004 and
Guldimann et al. 2016)

2.7 Responses to specific food-related stresses

2.7.1 Osmotic stress response

Bacterial osmotic stress results from changes in the osmolality of the environment in which
bacterial cells survive with the main consequence being the disruption of osmotic balance due
loss or uptake of water. For L. monocytogenes, many conditions that impose osmotic stress
occur along the food chain. These include exposure to dry conditions and exposure to
hyperosmotic conditions due to the use of salt and sugars in foods. Broadly the effect of such
stress is the disruption of osmotic balance in cells as a result of water loss (Burgess et al.,
2016). The consequence of water loss is the loss of turgor which in extreme cases can result
in cell death due to plasmolysis (Csonka, 1989).
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The ability of L. monocytogenes to withstand hyperosmotic conditions has been known for a
long time (Cole et al., 1990; Faleiro et al., 2003). In response to hyperosmotic conditions, the
organism actively accumulates compatible solutes as a way of counterbalancing the negative
effect of outward water movement. These solutes, are low-molecular-weight, highly soluble
compounds that bear a neutral charge at physiological pH whose accumulation inside the
cells helps in restoring turgor, without affecting cytoplasmic function (Angelidis and Smith,
2003) Although several compounds have been identified as potential osmoprotectants, two of
these, glycine betaine (N,N,N-trimethylglycine) and carnitine (B-hydroxy-y-N-trimethyl
aminobutyrate), have been shown to the most potent at conferring osmoprotection. Notably,
both compounds are not synthesized by L. monocytogenes but are fairly ubiquitous in foods
of both plant and animal origin and therefore their intracellular accumulation is achieved by

active transport from the environment (Angelidis and Smith, 2003; Ko and Smith, 1999).

Response to osmotic stress is triggered by changes in osmotic pressure as the main signal
(Wood, 1999). However, the mechanism of signal sensing and transduction has not been
elucidated in L. monocytogenes although membrane-bound sensor histidine kinases that are
ubiquitous in the bacterial kingdom (extensively studied in E. coli) are said to play a role in
stress sensing and induction of transporter gene expression (Wood, 1999). The mechanism as
presently understood (summarized in Figure 2.4), is based on two glycine betaine transporters
(Gbu and BetL) and a single carnitine transporter OpuC that respond to osmotic upshifts
(Angelidis and Smith, 2003). Gbu is an ATP dependent transporter encoded by the gbu
operon that mediates the uptake of glycine betaine in response osmotic and cold stress
(Gerhardt et al., 2000). BetL is a non-ATP dependent secondary transporter encoded by betL

whose uptake of glycine betaine is coupled to Na" symport (Sleator et al., 1999). Carnitine
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transport is mediated by the ATP dependent transporter, OpuC a product of the opuC operon

that responds to both osmotic and cold stress (Sleator et al., 2002).

Gb Gb + Na+ Na* H*
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Figure 2.5: Mechanism of L. monocytogenes response to osmotic stress. Gb - glycine
betaine, car - carnitine. (Adapted from Wood et al. (2001)).

2.7.2  Acid stress response
L. monocytogenes is frequently exposed to acidic conditions in foods as weak acids are used
as preservatives in many foods. As a neutralophile, exposure to acid stress disrupts the pH

homeostasis of the cells. At least three systems of the acid stress response, namely, the
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arginine deiminase (ADI) system, the FoFi-ATPase system, and the glutamate decarboxylase
(GAD) system have been identified in L. monocytogenes (Cotter et al., 2001a; Ryan et al.,
2009, 2008). The collective effect of these systems is to prevent the accumulation of H*
protons in the cell cytoplasm and disruption of internal pH. Changes in extracellular pH are
detected by membrane integrated histidine kinases that induce transcription of stress response
genes through two-component signal transduction systems (Ryan et al., 2008). Of these, the
first two systems are considered the most specialized in acid stress response and are discussed

in detail in the following sections of this review.

2.7.2.1 The GAD system

The GAD system (Figure 2.5) depends on the enzyme glutamate decarboxylase, a product of
the gadD operon which decarboxylates glutamate to produce y-amino butyric acid (GABA)
while consuming a proton and releasing a bicarbonate anion. The decarboxylation is coupled
with an antiporter (GadT) that takes out the produced GABA while taking in glutamate
(Cotter et al., 2001a). L. monocytogenes produces three glutamate decarboxylase enzymes
(GadD1, GadD2, and GadD3) and two antiporters (GadT1 and GadT2) that are encoded as
pairs consisting of the gadDITI and gadDZ2T2 operons in separate parts of the genome
(Cotter et al., 2001b). The genes have distinct functions in the acid stress response of L.
monocytogenes. The expression of gadDIT]I is required for mild acid (pH 5.1) survival while
gadD2T?2 expression is needed for severe acid stress (pH 2.8), and therefore is necessary for

the adaptive acid tolerance response (ATR) (Cotter et al., 2005).
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Figure 2.6: The glutamate decarboxylase (GAD) acid stress response system in L.
monocytogenes. GABA - y-amino butyric acid. gadT1/T2 are trans-membrane antiporters and
gadD1/D2 are cytoplasmic glutamate decarboxylases. Adapted from (O’Byrne and Karatzas,
2008)

2.7.2.2 The ADI system

The arginine deiminase (ADI) system (Figure 2.6) which was previously known in many
bacterial genera as an acid stress response mechanism was only identified in L.
monocytogenes a few decades later than the GAD system (Ryan et al., 2009). It involves the
conversion of arginine to ornithine accompanied by the production of ammonia and carbon
dioxide (Spano et al., 2004). As part of the system, an arginine-ornithine antiporter (protein
ArcD encoded by arcD) facilitates the uptake of arginine in exchange for ornithine. Once
inside the cell, the deimination of arginine by the enzyme arginine deiminase (encoded by the

arcA) produces ammonia and citrulline. The latter is then converted to ornithine and
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carbamoyl phosphate through the enzyme ornithine carbamoyltransferase (encoded by arcB).
Carbamoyl phosphate is subsequently converted to ammonia and carbon dioxide through the
activity of carbamate kinase (encoded by arcC) (Ryan et al., 2009). This reaction reduces
internal pH through the conversion of ammonia (NH3) to ammonium ions (NH4") (Ryan et

al., 2008).

Arginine Ornithine
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Arginine Ornithine
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NH,
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Figure 2.7: The ADI acid stress response system in L. monocytogenes. ArcD is a
transmembrane arginine-ornithine antiporter, and ArcA/B/C are cytoplasmic proteins
involved in the deimination of arginine. (Adapted from Ryan et al. 2009).

2.7.3 Heat stress response
Heat application is an established method of food preservation, known for its lethality

especially at elevated temperatures. As a non-spore-former, with a growth temperature range
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of 1 - 45°C (Rowan and Anderson, 1998), L. monocytogenes is generally susceptible to heat
stress although it has been reported to survive temperatures above the growth range (Shen et
al., 2014). The heat stress response is universal in all organisms and is triggered by
temperature up-shifts above the normal growth range. Its main effect is the protection of
cellular proteins and enzymes against heat-induced denaturation that affects their
physiological functions (Roncarati and Scarlato, 2017). The universal response involves the
increased transcription of heat shock genes coding for heat shock proteins (HSPs) (Lim and
Gross, 2011). Most HSPs act as molecular chaperones that protect physiological proteins and
enzymes against misfolding and loss of biological functions. In some cases, HSPs also act as
proteases that degrade misfolded and damaged proteins (Lim and Gross, 2011). The heat
shock response of L. monocytogenes consists of three classes of HSPs that are conserved in
Gram-positive bacteria. Class I HSPs are chaperones made up of the proteins, dnaK, dnal,
and groES and groEL encoded in two operons, (the dnaK and groEL-groES operons) whose
expression is controlled by the transcriptional repressor protein hrcA (Gahan et al., 2001;
Hanawa et al., 2000). Class III HSPs are both chaperones and proteases whose expression is
under the control of the transcriptional repressor CtsR. The major components of this class of
HSPs are the Clp proteins (clpP, clpC, clpE, and clpB) involved in the ATP-dependent
proteolysis of misfolded proteins as well as acting as chaperones involved in protein folding
and assembly (Nair et al., 2000). Class II proteins are general stress response proteins under
the regulatory control of o® (Roncarati and Scarlato, 2017). Molecular signals that trigger
increased temperature stress response can emanate from many sources. These include direct
heat sensing by RNA and DNA or indirect signals such as accumulation of denatured proteins
(Klinkert and Narberhaus, 2009). In L. monocytogenes, the negative regulatory control of the
heat shock response by HrcA and CtsR has been extensively described, however, the positive

control of this response is not as yet clear. In the model organisms, B. subtilis and E. coli, the
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heat-induced transcription of Class I and Class III heat shock genes is under the control of
primary sigma factors ¢* and o3? respectively (Hecker et al., 1996; Roncarati and Scarlato,
2017). Under normal growth temperature, the expression of the genes is prevented by HrcA
and CtsR repression. Under conditions of elevated temperatures, derepression is achieved
through reduced DNA binding of repressors at elevated temperatures and improved binding

of the sigma factors (Figure 2.7) (Roncarati and Scarlato, 2017).

NORMAL
TEMPERATURE
Heat Shock genes >
Inhibition of RNA Polymerase binding
No transcription of heat shock genes
HEAT SHOCK
TEMPERATURE
. ! Heat Shock genes >
Structural change in repressor at RNA Polymerase binding
high temperature Transcription of heat shock genes

Figure 2.8: Regulation of heat shock response in L. monocytogenes. (Adapted from
Roncarati and Scarlato, 2017).

2.7.4 Cold stress response
Bacteria exposed to cold stress have to face two major challenges. The first is the loss of
fluidity of the cell membrane which affects its physiological functions. The membrane
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changes from an elastic liquid crystalline state to a gel-phase state upon temperature
downshift below the growth temperature range (Phadtare, 2004). The second challenge is the
impairment of cellular replication, transcription, and translation processes owing to the
negatively supercoiled DNA and stabilized RNA secondary structures (Phadtare, 2004). At
least three mechanisms are utilized by L. monocytogenes in response to cold stress imposed
challenges (Figure 2.8). These include; the adjustment of the fatty acid composition of the
cell membranes in order to maintain fluidity; the increased expression of cold shock proteins

(CSP) and the accumulation of osmolytes and oligopeptides (Tasara and Stephan, 2006).

Although L. monocytogenes is classically a mesophile, with an optimum growth temperature
of 30 — 37°C (Tiwari et al., 2014), the organism has a remarkable ability to multiply under
cold temperature conditions (Cabrita et al., 2015). While part of this psychrotrophic growth
ability may be intrinsic, a significant part of it is induced by exposure to cold conditions
(Bayles et al., 1996). The low-temperature growth is related to the ability to maintain
membrane fluidity under cold conditions which allows nutrient transport necessary to support
growth (Russell, 2002). A critical aspect of bacterial adaptation to cold temperatures involves
the adjustment of membrane fluidity by incorporation of unsaturated fatty acids (BCFA)
(Yoon et al., 2015). The profile of fatty acid composition of membranes of L. monocytogenes
cells growing at 37°C, has revealed that the membranes contain an unusually high (> 95%) of
branched-chain fatty acids (BCFA), mostly dominated by both iso- and anteiso- forms Cis:o
and Ci7. fatty acids (Annous et al., 1997). When exposed to cold conditions, the membrane
fatty acid composition changes through the incorporation of more anteiso- forms and shorter
chain fatty acids (Annous et al., 1997). Anteiso-BCFAs have a lower melting point than
analogous iso- BCFAs, hence their incorporation at low temperatures is critical in the

maintenance of membrane fluidity (Chan and Wiedmann, 2008). A key determinant in the
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adjustment of membrane fluidity is the enzyme B-ketoacyl-acyl carrier protein synthase III
(FabH) which catalyzes the initial condensation reaction between iso- and anteiso-branched
a-keto acids and acetyl-coenzyme A (Choi et al., 2000). While this enzyme can bind both iso-
and anteiso-branched a-keto acid precursors, it is the increased precursor selection specificity
that is responsible for the increased synthesis of anteiso-BCFAs at low growth temperatures

in L. monocytogenes (Singh et al., 2009; Yoon et al., 2015).

The second aspect of L. monocytogenes growth ability at low temperatures is associated with
the ability to produce cold shock proteins (CSPs). CPSs belong to a family of small highly
conserved and structurally related proteins that are widely distributed in the prokaryotic
kingdom (Phadtare, 2004). Although CPSs have extensively been studied in the mesophiles
E. coli and B. subtilis, evidence has shown that CSP family protein genes belonging to three
families (CspA, CspB, and CspD) are found within the genomes of L. monocytogenes
(Nelson et al., 2004). The support for the role of these proteins in the cold growth of L.
monocytogenes has been provided by the observations that these proteins are not necessary
for growth at 37°C but are required for growth at 5 — 10°C (Schmid et al., 2009a;
Wemekamp-Kamphuis et al., 2002). Using directed mutagenesis, Schmid et al. (2009)
observed that CspA is the main CSP required for low-temperature growth of L.
monocytogenes. Although the exact functions of CSPs are still to be fully elucidated, the
current understanding is that these proteins act as nucleic acid chaperones that bind RNA and
DNA thus facilitating the control of processes such as replication, transcription, and
translation within bacterial cells (Phadtare, 2004). This is presumably necessary to help the
organisms overcome the challenges of DNA and RNA supercoiling associated with low-
temperature growth (Phadtare, 2004). Coupled with the role of CSPs are RNA helicases, that

bind to ribosomes and facilitate RNA maturation challenges at low temperature (Netterling et
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al., 2012). Four DEAD-box RNA helicase genes have been found in the genome of L.
monocytogenes (Markkula et al., 2012). Using knock-out mutants, the helicases have been

found to be necessary for L. monocytogenes cold growth (Béreclev et al., 2014; Netterling et

al., 2012).

In addition, to changes in membrane composition and production of CSP proteins, L.
monocytogenes cold stress response also involves the accumulation of compatible solutes,
glycine betaine and carnitine as well as oligopeptides as cryoprotectants (Tasara and Stephan,
2006). Hence, the main osmolyte transporters Gbu, BetL and OpuC induced by osmotic stress
are also induced by cold stress in L. monocytogenes (Liu et al., 2002; Mendum and Smith,
2002). The accumulation of oligopeptides in L. monocytogenes is mediated by the
oligopeptide permease transporter (OppA) encoded by the opp operon (Chan and Wiedmann,
2008). The exact roles of the accumulated osmolytes and oligopeptides are not clear although
suggested potential roles include stabilization of enzymatic functions and by osmolytes and
synthesis of peptide derivatives required for L. monocytogenes cold adaptation (Tasara and

Stephan, 2006).
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Figure 2.9: A summary of the cold stress response processes of L. monocytogenes. (Based on
Phadtare, 2004; Phadtare, et al. 1999 and Tasara and Stephan 2006)

2.8 Food safety implications of L. monocytogenes stress responses

Although nearly all physical stress conditions such as heat, acid, and reduced aw are capable

of causing loss of viability in microbial cells, the outcome is dependent on the magnitude of

stress exposure (Wu, 2008). In many instances, microorganisms are exposed to mild stress

levels that only reduce growth without causing loss of viability (Wesche et al., 2009). This is

particularly the case with the hurdle approach to food preservation, where foods are treated

with many sub-lethal stress hurdles as a way of preserving the natural freshness and

nutritional quality of foods by avoiding the negative effects of preservation methods such as

high heat and use of synthetic chemical antimicrobials (Singh and Shalini, 2016). Despite the

benefits of such approaches, exposure to sub-lethal stresses can result in varying outcomes in

microbial cells impacting on survival ability. Some of these outcomes and their implications

on food safety are briefly discussed in the following sections of this review.
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2.8.1 Sub-lethal stress and cell injury

A substantial body of evidence has shown that for any isogenic microbial population in
exponential growth or subjected to stress, individual cells never show the same responses
(Aspridou and Koutsoumanis, 2015; Bishop et al., 2007; Gao et al., 2011; Koutsoumanis,
2008). For sub-lethal stress exposures, the differences in individual cell responses mean that
while a fraction of the cell population will die, the magnitude of stress is not sufficient to
cause a loss of viability in most of the cells. The effects of the stress exposure on the
surviving fraction are also influenced by individual cell heterogeneity and hence such cells
manifest in varying physical and physiological states (Casadesus and Low, 2013; Nyarko and
Donnelly, 2015). The surviving cells exhibit physical damage to the structural components
such as the cell membrane and cellular proteins which results in a temporary loss of
physiological functions. Cells that exhibit this state of impaired physiological functions and
damaged structural components without loss of viability are said to be in a state of sub-lethal
injury (Wesche et al., 2009). Cells in this state exhibit a temporary and reversible loss of

growth ability and are sensitive to lethal agents (Wu, 2008).

The occurrence of sub-lethal injury has been demonstrated in L. monocytogenes and many
other food-borne pathogens exposed to physicochemical stresses such as heat, acid, osmotic
and oxidative stress (Al-Qadiri et al., 2008; Nyarko and Donnelly, 2015; Silva et al., 2015).
Considering the realistic situation of pathogen contamination in foods and food processing
plants where a continual exposure to stress could impose sub-lethal injury, it is logical to
expect that, this is the dominant physiological state occurring under these conditions.
However, the fate and impact of injured cells on food safety has not been explored as this is
complicated by the occurrence of such cells in mixed populations with un-injured cells and

likely in low numbers (Van Nevel et al., 2017). The potential food safety implications of
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injured cells include the difficulty in detecting their presence by conventional selective
techniques since they are susceptible to selective agents used in selective media as a result of
cell damage yet they have been shown to repair the cell damage and re-gain the
characteristics of uninjured cells including virulence (Miller et al., 2006; Silva et al., 2015).
The detection is further complicated by the need for resuscitation and repair before growth

resumption (Wu, 2008).

In order to study the behavior of injured cells, modern single-cell technologies based on
fluorescent labeling and cell sorting have proved useful (Veal et al., 2000). The use of
fluorescent labels that indicate disruption of cellular components such the cell membrane, the
transmembrane potential, and loss of metabolic activity can be used to recover injured cells
by fluorescence-activated cell sorting (FACS) (Bridier et al., 2015). Using flow cytometry
coupled with fluorescent labeling, many studies have demonstrated the occurrence of stress-
induced cell injury in L. monocytogenes arising from acid, osmotic, heat and electric fields
stresses (Silva-Angulo et al., 2014; Uyttendaele et al., 2008; Xuan et al., 2017). Notably,
however, most of these studies only went as far as demonstrating the existence of injured
cells as a subpopulation of the surviving population with no specific attention on the fate, re-
growth characteristics and behavior of these cells in conditions relating to foods. Only a few
studies such as Kennedy et al. (2011), managed to sort and isolate injured L. monocytogenes
cells using FACS based on membrane integrity indicators. In that study, the researchers
showed that about 33% of acid-injured L. monocytogenes was capable of re-growth on both

selective and non-selective media while heat-injured cells were incapable of growth.
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2.8.1.1 Sub-lethal stress and development of adaptive responses

Perhaps the biggest consequence of sub-lethal stress exposure on pathogens is the
development of stress tolerance (adaptive) responses. Stress tolerance is understood to be the
ability of an organism to survive high and often lethal levels of stress exposure (Brauner et
al., 2016). The ability to withstand lethal stress can either be intrinsic or acquired. The
mechanisms accounting for the for the development of acquired tolerance responses can
result from inheritable genetic changes (resistance) or non-heritable physiological
(phenotypic) responses (Abee et al., 2016). Many sub-lethal stress hurdles employed in food
preservation have been proven to induce tolerance to lethal stress treatments in L.
monocytogenes (Chorianopoulos et al., 2011; Davis et al., 1996; O’Driscoll et al., 1996). For
instance exposure to sub-lethal acid at pH 5.0 and sub-lethal heat at 46°C induces tolerance to
lethal acid at pH 3.5 and lethal heat at 63°C respectively (Faleiro et al., 2003; Skandamis et
al., 2008). The acid tolerance response (ATR) and heat tolerance response are some of the
best known homologous adaptive responses in L. monocytogenes (Chorianopoulos et al.,

2011; Giaouris et al., 2014; Wen et al., 2009).

The development of adaptive responses in food-borne pathogens has huge implications in
food safety as it leads to enhanced survival of pathogens in the food chain. Exposure to mild
heat, acid and osmotic stress during pre-processing, for example, can lead to resistance to
subsequent heating, acid preservation, and salting respectively (Yousef and Courtney, 2003).
An illustration of how stress adapted pathogens emerge as tolerant process survivors through
pre-exposure to mild pre-processing steps in a model food chain is shown in Figure 2.9. For a
pathogen like L. monocytogenes, whose prominence in RTE foods and minimally processed
foods is owed to the lack of lethal preservation hurdles, the development of tolerance

responses is particularly pertinent. For fermented RTE foods such as cheeses, the

34



development of adaptive ATR is directly linked to the survival of L. monocytogenes in such
foods (Cataldo et al., 2007). Beyond survival in foods, the ATR response has been linked to
the ability to survive gastric passage, a key virulence determinant for L. monocytogenes

(Feehily and Karatzas, 2012).
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Figure 2.10: Effects of stress adaptation on pathogen survival in the food chain (Yousef and
Courtney, 2003)

2.8.2 Overlap in stress responses and cross-protection in L. monocytogenes

Over and above the enhanced tolerance to similar stress factors (homologous tolerance), a lot
of cross-tolerance to different stress factors (heterologous tolerance) also occurs (Alvarez-
Ordoniez et al., 2015). For example, cross protection to lethal acid and heat stress in L.
monocytogenes can be induced by a combination of sub-lethal NaCl, heat, and acid stresses
(Faleiro et al., 2003; Skandamis et al., 2008). At the center of this cross-tolerance is the role
of the general stress response mediated by oP, whose role in the transcription of stress
response genes is pleiotropic and therefore overlaps among different stress factors (O’Byrne

and Karatzas, 2008). Notably, overlaps in responses to specific stress factors occur in L.
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monocytogenes with the particular case of the overlap between cold and osmotic stresses

being the most critical (Tasara and Stephan, 2006).

Considering the practical realities of food processing where pathogens may be exposed to
various stress factors sequentially, cross-protection may impose a safety risk as it results in an
inadvertent adaptation to subsequent heterologous stress factors. For instance, the role of
osmoprotectants in the cold stress response of L. monocytogenes has been established (Chan
and Wiedmann, 2008; Tasara and Stephan, 2006). The implication of this is that any
exposure to sub-lethal osmotic stress during processing prepares L. monocytogenes for the
survival of refrigerated storage. This is particularly key to the control of L. monocytogenes
growth in RTE foods as refrigeration is invariably used as a terminal hurdle. Thus implying
that even though the organism is psychrotrophic, its survival and growth ability is further
enhanced by prior osmotic stress exposure. For a multi-hurdle preservation approach that
depends on sub-lethal stresses to be effective, it is desirable that preceding stress factors must
sensitize microbial cells to subsequent stress hurdles. Tiganitas et al. (2009) observed that the
use of sub-lethal pH followed by NaCl in sequence results in higher inactivation of L.

monocytogenes than the reverse sequence.

2.8.3 Stress tolerance and persistence of L. monocytogenes

Although as a saprophyte, L. monocytogenes is found in many raw and unprocessed foods, a
close examination of the sources of contamination for processed products has identified the
processing environment as an essential reservoir leading to recurrent contamination. This
point is supported by the repeated isolation of genetically similar L. monocytogenes subtypes
from the same plants over months or years (Almeida et al., 2013; Linke et al., 2014). This

occurrence of genetically identical strains associated with the same environment over time is
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called persistence and the strains exhibiting this phenotype are referred to as persistent strains
(Nowak et al., 2017). Because of their association with food processing plants, persistent L.
monocytogenes strains are the cause of listeriosis outbreaks, unlike transient sporadic non-
persistent strains. It is quite remarkable that the persistence phenotype of L. monocytogenes
occurs regardless of the routine disinfection of food processing environments. Although, the
basis of L. monocytogenes persistence remains unclear at the moment, what is evident is that
the phenomenon is linked to stress survival and stress tolerance given that such strains are

continually exposed to antimicrobial agents at concentrations that are sometimes lethal.

In laboratory cultures, bacterial persistence is often demonstrated by exposure of a bacterial
population to a stress agent. In this case, while a large fraction of the population is often
killed a small sub-population survives resulting in tailing of inactivation curves. The current
theories accounting for this survival and persistence are based on both genetic and phenotypic
responses as well the ability to form biofilms (Abee et al., 2016; Larsen et al., 2014). The

mechanisms are briefly discussed in the following subsections of this review.

2.8.3.1 Genetic mechanisms of persistence and stress resistance

Genetic mechanisms of stress survival result in survivor populations that exhibit stable and
heritable stress resistance arising from mutations in part of the genome (Abee et al., 2016;
Metselaar et al., 2013). The exact mechanisms accounting for the enhanced tolerance to
different stress factors requires the identification of altered genes in stress survivors and their
respective functions in stress response. Thus far, this has not been adequately elucidated in
many bacterial species. For L. monocytogenes, much of what has been established is owed to
the work of Abee and co-workers (Abee et al., 2016; Metselaar et al., 2015; Van Boeijen et

al., 2011, 2010). In their studies, these researchers observed that persistent survivors of L.
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monocytogenes after heat, HHP and acid stresses comprised about 20% stable stress resistant
variants and that variants resistant to heat and HHP stresses had mutations in the Class I1I
heat shock response regulator gene CtsR while and variants resistant to acid stress had
mutation in the rpsU gene encoding ribosomal protein S21. Because of the central role of
ctsR as a repressor of heat shock genes, mutations in this gene results in a defect in repression
and increased transcription of class III Hsp proteins like clpC which consequently results in
enhanced tolerance to heat (Abee et al., 2016; Roncarati and Scarlato, 2017). The occurrence
of rpsU mutations accompanying acid resistance has been complicated by a lack of any
known function for ribosomal protein S21 in the stress response of L. monocytogenes. Based
on studies on B. subtilis, ribosomal protein S21 was shown to be necessary for the correct
function of ribosomes and 7psU mutants were associated with reduced growth rate (Akanuma
et al., 2012; Takada et al., 2014). The suggestion so far is that the acid resistance of rpsU

mutants could be related to a reduced growth rate (Abee et al., 2016).

2.8.3.2 Phenotypic mechanisms and persister cell formation

Unlike genetic mechanisms that result from mutations in the bacterial genome conferring
resistance to stress, phenotypic mechanisms result from phenotypic differentiation of cells
into cell types that are more tolerant to stress agents without any change in the bacterial
genome (Brauner et al., 2016). Unlike genetically mediated stress resistance, cells re-grown
from such persistent populations are susceptible to future stress exposure (Balaban, 2011).
Such stress tolerant cells resulting from a phenotypic switch from a susceptible cell state to a
tolerant cell state are termed persister cells (Balaban, 2011; Balaban et al., 2004; Norman et
al., 2015). Persister cells have for a long time been known in clinical settings as being
responsible for the enhanced antibiotic tolerance of many bacterial pathogens resulting

treatment failure and infection relapse (Pu et al., 2017, 2016). Although not given as much
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attention as a factor in the survival and persistence of foodborne pathogens in processing
environments, it is now widely accepted that this cell state is abundant as part of persistent

subpopulations following stress exposures (Radzikowski et al., 2016; Stepanyan et al., 2015).

The mechanisms responsible for the phenotypic switch that results in the formation of the
persister cells are an ongoing subject of investigation. Based on studies with E. coli, the
broadly accepted theory is that persister cells result from a transition of cells to a dormant,
metabolically inactive state or a state of slow growth (Balaban et al., 2004). In terms of this
theory, the switch to a dormant state is due to phenotypic heterogeneity among individual
cells in a population, especially variations in the expression levels of stress response genes in
individual cells with the attendant effect of producing phenotypically different
subpopulations in a genetically identical cell population (Maisonneuve and Gerdes, 2014).
Specifically, the switch arises from variations in the expression levels of toxin-antitoxin (TA)
modules (encoded by TA operons) of individual cells (Balaban, 2011). TA systems comprise
of a protein toxin that inhibits cell growth and a protein antitoxin that regulates the activity of
the toxin (Figure 2.10) (Radzikowski et al., 2017). Under conditions of stress, regulatory
proteins with pleiotropic effects such as the general stress response regulator 6® can induce
increased expression of the toxin leading to a cessation of growth (Amato et al., 2013;
Radzikowski et al., 2017). While TA systems have not yet been fully elucidated in L.
monocytogenes, Abee et al. (2016) in a search of the L. monocytogenes EGDe genome, found
eight putative TA modules and observed that two of the modules showed similarity to E. coli

TA systems.

Although only limited studies have looked at bacterial persister cell formation in response to

food-related stresses, there is evidence that this cell state is, in fact, the dominant survival
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state (80%) in persistent populations of L. monocytogenes subjected to heat and HHP
treatments (Van Boeijen et al., 2011, 2010). In addition, Wu et al. (2017) also demonstrated
that persister cell formation in L. monocytogenes is induced by the food preservative nisin.
However, there is still a need to establish any links between persister cell formation and
persistence of L. monocytogenes (described as the recurrence of genetically identical strains
in a single food processing facility over years (Larsen et al., 2014). Specifically, the

possibility that persistent strains of L. monocytogenes are high persister cell forming mutants.

Inhibition of transcription . Toxin-antitoxin
— complex
. Toxin
. Antitoxin
NORMAL
GROWTH
CONDITIONS 1 T T
»

— Antitoxin Toxin

Inhibition of transcription of TA operon by the Toxin —Antitoxin
complex under normal growth conditions

CONDITIONS OF
STRESS Degradation of .-_l
antitoxin by proteases

Toxin

Antitoxin Toxin

Figure 2.11: Model of induction of growth arrest by toxin-antitoxin systems. Under normal
growth conditions, growth arrest is prevented by formation of Toxin-antitoxin complexes.
Under stress conditions, growth arrest occurs as a result of degradation of the antitoxin and
release of the active toxin. (Adapted from Yamaguchi and Inouye, 2011).

Active Growth arrest
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2.8.3.3 Persistence and biofilm formation

As primary sources of L. monocytogenes into the food chain, raw foods expectedly harbor
both transient and persistent strains (Nowak et al., 2017). However, the near-exclusive
association of persistent strains with the food processing environment as a secondary habitat
is an indication of a better ability to colonize this habitat. The ability of L. monocytogenes to
attach onto and colonize different types of materials used for food product contact and non-
contact surfaces and thus form biofilms has been confirmed by many previous studies
(Bonsaglia et al., 2014; Doijad et al., 2015; Kocot and Olszewska, 2017). What is however
not clear is the extent to which biofilm formation contributes to the persistence of L.
monocytogenes. Attempts to establish a link between persistence and biofilm formation has
yielded many conflicting findings. For instance, Costa et al. (2016) concluded that biofilm-
forming ability was not linked to persistence of L. monocytogenes isolates from cheese
processing plants while Wang et al. (2015) and Nowak et al. (2017), concluded that persistent
L. monocytogenes strains have better adhesion and biofilm formation capacity than non-

persistent strains.

As microbial habitats, food processing surfaces are often subject to constant disturbances by
routine cleaning and disinfection procedures, which makes bacterial adherence (necessary for
colonization and biofilm formation) unlikely. It is, therefore, most likely that biofilm
formation is aided by the presence of niches and harborage sites within the processing plant
that are difficult to sanitize while at the same time providing conditions, such as availability
of nutrients and moisture (Valderrama and Cutter, 2013). It is also likely that even in the state
of surface-attached growth, the other mechanisms of L. monocytogenes stress survival such as
the development of resistant mutants and persister cells also play a role in the long-term

survival and persistence of the pathogen in the food processing environments.
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2.9 Predictive modeling of microbial responses and the impact of food-related stresses
The ability to predict pathogen responses in foods is central to the quantification of the level
of risk they pose. Predictive microbiology makes use of mathematical models that infer on
the changes in bacterial populations in foods based on the level of contamination as well as
the intrinsic and extrinsic conditions of the food (Pouillot and Lubran, 2011). As an essential
tool in quantitative risk assessment, the utility of predictive microbiology models is premised
on the established observation that at the population level, microbial responses to
environmental factors are reproducible (Ross, 1996), thus allowing for future predictions to
environments not previously tested. Several models describing both growth and inactivation
responses of pathogens have been developed in the past 30 years (Albert and Mafart, 2005;
Baranyi and Roberts, 1994; Cerf, 1977; Geeraerd et al., 2000; Huang et al., 2011; Mafart et
al., 2002) and have been used to predict microbial population responses under food relevant
conditions. However, as noted in several recent studies, a wide diversity in microbial
responses occur within populations and within species (Aryani et al., 2015a; Aryani et al.,
2015b; Rodriguez et al., 2016), with potential impacts on the accuracy of risk assessment
outcomes. In addition, most food-related stresses have been shown to impose selection
pressures on microbial populations (Metselaar et al., 2013; Van Boeijen et al., 2011, 2013)
resulting in the presence of stress resistant variants whose presence could potentially alter the
population responses. Metselaar et al. (2016) showed the implications of stress adaptation in
modeling the growth and inactivation behavior of L. monocytogenes stress resistant variants
that exhibited a lower inactivation and growth rates compared to wild-type cells. While strain
variability is often incorporated in the development of prediction models by use of mixed
strain challenge tests, there are still challenges with respect to predicting responses of

individual cells within populations (Koutsoumanis and Aspridou, 2017).
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With respect to the risk associated with L. monocytogenes in RTE foods, microbial modeling
has provided the basis of the current Codex guidelines of growth/no-growth categorization.
However, based on a workshop that was hosted by the Joint Institute of Food Safety and
Applied Nutrition (JIFSAN) in 2015, whose outcomes were reviewed by Buchanan et al.
(2017), the general consensus is that the current models for predicting L. monocytogenes
responses in foods may not be adequate. This highlights the need for new empirical data

incorporating the ecological behavior of stress resistant and stress tolerant persister cells.

2.10 Conclusions

What is clear from available literature is that the survival of L. monocytogenes in foods and
processing environments and its subsequent ability to cause human disease are complex and
multi-factorial phenomena. While a significant volume of literature is already available on
the organism’s ability to survive environmental stress, a lot more still needs to be done to
better understand and control the pathogen. Issues such as the fate and behavior of stress-
injured cells in food systems, and the role of stress-induced persister cells in aiding

persistence in food processing environments still need to be elucidated.
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3 CHAPTER 3: HYPOTHESES AND OBJECTIVES

3.1

Hypotheses

1. L. monocytogenes strain variations, and form of stress exposure will determine the

degree of cell injury, resuscitation and growth kinetics of injured cells.

In addition to genetic differences among strains, phenotypic heterogeneity among
individual cells in isogenic bacterial populations has recently been seen to influence
microbial responses to stress (Aspridou and Koutsoumanis, 2015; Koutsoumanis and
Lianou, 2013). The dynamic responses to stress in bacterial populations creates a
mixture of cells in different physiological states with surviving populations consisting
of both stress tolerant non-damaged cells and sub-lethally injured cells with damage
to their cell components (Kennedy et al., 2011). While sub-lethally injured cells are
known to resuscitate and repair the injury under growth permitting conditions
(Wesche et al., 2009), the resuscitation behavior is probably multi-factorial and is

likely influenced by the extent and form of cell damage.

2. L. monocytogenes strains exposed to acid and osmotic stress will exhibit different

rates of inactivation in lactic soft cheese.

Bacterial stress exposures result in the development of stress tolerance responses in

part of their surviving cell populations which enhance the survival of such

populations to future stress encounters (Giaouris et al., 2014). For a lactic soft cheese
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whose preservation depends on acidity as the main hurdle, acid stress exposure is

likely to result in enhanced survival than osmotic stress treatment.

3. L. monocytogenes cells exposed to lethal acid stress will form persister cells and the
cells regrown from persister survivors will have a different stress response gene
expression profile from their parental generation when revived under conditions of

mild acid and cold stress.

The reason for this argument is that persister cells are highly tolerant cells that aid
bacterial survival of bactericidal concentrations of antimicrobials through phenotypic
differentiation into a dormant state (Gefen and Balaban, 2009). Although persister
cells are genetically identical to their non-persister parental generation, available
evidence now shows that phenotypic differences between the two cell states can be
vertically transmitted through non-genetic materials such as gene expression

regulators (Day, 2016).

3.2 Objectives
1. To determine the degree of cell injury induced by acid, osmotic and heat stress on L.

monocytogenes strains.

2. To determine the resuscitation and growth kinetics of FACS sorted stress injured

cells.

3. To determine the effect of stress exposure on the inactivation rates of stressed L.

monocytogenes strains in lactic soft cheese.
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To elucidate the potential target of acid stress-induced cell damage in L.

monocytogenes using FT-IR microspectroscopy.

To determine the potential role of persister cells in enhancing L. monocytogenes

persistence.

To investigate the gene expression profiles of cells re-grown from persister survivors.
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4 CHAPTER4

RESUSCITATION AND GROWTH KINETICS OF SUB-LETHALLY INJURED
LISTERIA MONOCYTOGENES STRAINS FOLLOWING FLUORESCENCE
ACTIVATED CELL SORTING (FACS)

Published in Food Research International (2017) 100, 150-158.
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4.1 Abstract

This study investigated the effect of acid (pH 4.2), osmotic (10% NaCl) and heat (55 °C for
30 min) stress-induced injury on Listeria monocytogenes strains ATCC19115, 69, 159/10 and
243 using differential plating and flow cytometry coupled with membrane integrity indicators,
thiazole orange (TO) and propidium iodide (PI) staining. Growth kinetics of injured cells
sorted by fluorescence activated cell sorting (FACS) were studied at 4, 25 and 37°C. The
percentage of cell injury detectable by both flow cytometry and differential plating varied
significantly among strains and stress treatments (p < 0.0001). Based on flow cytometry and
TO/PI staining, acid stress caused the highest level of injury followed by heat and osmotic
stress. Following cell sorting, acid and osmotic stress injured cells were capable of
resuscitation and re-growth while heat-injured cells (except for strain 69) were incapable of
re-growth despite having a high level of membrane intact cells. The lag phase duration () of
sorted stress injured cells resuscitated in brain heart infusion (BHI) broth was significantly
influenced by strain variations (p < 0.0001), stress treatments (p = 0.007) and temperature of
resuscitation (p < 0.001). Following repair, the maximum specific growth rate (pmax) of
resuscitated cells was not different from untreated control cells regardless of strain differences
and stress treatments. Only temperature had a significant effect (p < 0.0001) on growth rate.
Sorted cells were also capable of growth at 4 °C, with the time to detectable growth (> 1.40
Logio CFU ml™) ranging from 3 to 15 d. Overall, re-growth potential of sorted cells showed
that while membrane integrity was a good indicator of cell injury and viability loss for acid
and osmotic stress, it was not a sufficient indicator of heat stress injury. Once injured cells
repair the cellular damage, their growth rate is not different from non-injured cells regardless
of form of stress and strain differences. Thus highlighting the potential food safety risks of
stress injured L. monocytogenes cells.

Keywords

Listeria monocytogenes, Stress, Injury, Flow Cytometry, Cell Sorting, Resuscitation.
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4.2 Introduction

Listeria monocytogenes is a Gram-positive anaerobic facultative non-spore forming rod that
is widely distributed in nature. The bacterium is the causative agent of the human disease
listeriosis, an infection commonly associated with the consumption of contaminated
minimally processed and processed ready to eat (RTE) foods (Aureli et al., 2000; Olsen et al.,
2005). Owing to its ubiquity, the organism is easily associated with raw foods of both plant
and animal origin (Jamali et al., 2013; Wang et al., 2013). From raw food materials, L.
monocytogenes readily colonizes and establishes persistence in food processing equipment,
and associated environment (Muhterem-Uyar et al., 2015; Pagadala et al., 2012) forming a
major reservoir for the subsequent contamination of finished products (Bolocan et al., 2015;

Strydom et al., 2013).

The persistence of L. monocytogenes in food processing environments and its subsequent
ability to overcome preservation hurdles associated with RTE foods is key to its pathogenesis
(Jensen et al., 2008; Kastbjerg, et al., 2010; Silva et al., 2015). Cell populations surviving in
such environments are chronically exposed to sub-lethal physical and chemical stresses such
as reduced aw, pH, and temperature shifts as well as nutrient stress (Dalzini et al., 2015;
Giaouris et al., 2014; Sadeghi-Mehr et al., 2016). Due to individual cell heterogeneity,
response to such chronic sub-lethal stress exposure varies among sensitive and resistant cell
subpopulations resulting in a mixture of bacterial cells in various physiological states
(Casadesus and Low, 2013; Ryall et al., 2012). Stress sensitive cell populations exhibit a
partial and reversible damage to the structural and functional cellular components and hence

exist a sub-lethally injured state (Wesche et al., 2009; Wu, 2008).
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The occurrence of sub-lethally injured cells of pathogenic bacteria has huge implications in
food safety since such cells require a period of repair in non-selective media before the
pathogen can be detected by conventional selective techniques (Wu, 2008). Detection,
therefore, is influenced by the extent of injury and rate of repair. Following a sub-lethal stress
exposure, the occurrence of injured cells in mixed populations with live undamaged cells
makes it difficult to study their resuscitation and growth behavior as their response is often
masked by the latter. This problem is made worse by the occurrence of such cells in low

numbers and often in complex microbial communities (Waage et al., 1999).

Flow cytometry and Fluorescence Activated Cell Sorting (FACS) allows for the quantitative
measurement of optical characteristics of individual cells passing through a focused light
beam (Veal et al., 2000). When coupled with fluorescent labeling, the technique allows for
the differentiation of cell subpopulations in various physiological states (Kennedy et al.,
2011). As an indicator of cell viability, injury or death, bacterial cells are often subjected to a
double staining protocol using nucleic acid binding dyes excitable with laser but with
different emission spectra (Joux and Lebaron, 2000; Veal et al., 2000). A combination of
membrane-permeant dyes such as acridine orange, thiazole orange, ethidium bromide, 4',6-
diamidino-2-phenylindole (DAPI) and SYBR green (Martin et al., 2005; Perfetto et al., 2006;
Shapiro, 2001) with impermanent dyes such as propidium iodide, TO-PRO-3, SYTOX green
(Mortimer et al., 2000; Novo et al., 2000) allows for the differentiation of bacterial cell
physiological states on the basis of membrane integrity (da Silva et al., 2009; Diaz et al.,
2010). Because of their compromised membranes, injured cells are distinguished by their
ability to take up both stains and therefore show strong fluorescence of both permeant and
impermeant dyes. The addition of FACS allows the differently stained cells to be recovered

as separate subpopulations. This is a microfluidics-based cell separation technique used to
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separate cells with rare phenotypes from complex ecological communities and heterogeneous
populations (Bhagat et al., 2010; Gossett et al., 2010) allowing for the subsequent study of

such unique features in isolation.

While the stress response of L. monocytogenes has been extensively studied, models for the
behavior of stressed cells in food systems are often based on heterogeneous mixtures of live
and injured cells with the response taken to represent the average for the whole population.
Given the heterogeneity of such populations, the response of sub-lethally injured cells is often
underestimated thus impacting on the safety of RTE foods where L. monocytogenes has a
potential of resuscitation and growth. In this study, the effect of sub-lethal acid, heat and
NaCl stress response of food-borne L. monocytogenes strains was investigated using flow
cytometry. Sub-lethally injured subpopulations based on a double fluorescent staining were
recovered by FACS and their resuscitation and growth kinetics in broth were studied under

different temperatures.

4.3 Materials and methods

4.3.1 Bacterial strains

The strains of L. monocytogenes used in this study included three isolates (69, 159/10 and
243) obtained from the Department of Food Science and Biotechnology, University of Free
State, Bloemfontein, South Africa, having been isolated from an avocado processing plant
(Strydom et al., 2013) as well as strain ATCC19115. The strains were positively confirmed as
L. monocytogenes by matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF)
mass spectrometry (Bruker, Germany) with Spectral Archiving and Microbial Identification
System (SARAMIS™) (Anagnostec, Potsdam, Germany) database. Stock cultures of the

strains were maintained in cryovials of 25% glycerol at -80°C. The cultures were activated by
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inoculating 100 pl of stock culture into 10 ml of brain heart infusion (BHI) broth (Oxoid,

Hampshire, UK) and incubation at 37°C for 24 h.

4.3.2 Stress treatments and induction of injury

Cultures of test organisms were subjected to acid, salt and heat stress in order to induce cell
injury. Working cultures were prepared by transfer of 100 pl of activated culture into 10 ml
of BHI broth and incubation at 37°C for 18 h which was repeated twice before exposure to
stress. For stress exposure, cultures were centrifuged at 5000 g for 10 min in 2 ml
microcentrifuge tubes (Eppendorf, Hauppauge, USA). Harvested cells were washed twice
with sterile phosphate buffered saline (PBS, pH 7.3) (Oxoid) and re-suspended at a cell
density of approximately 103 CFUmI! (McFarland 0.5) in the following solutions in 10 ml
volumes; (i) sterile acidified saline solution (pH 4.2) adjusted with 0.1 M lactic acid (Sigma-
Aldrich, Steinheim, Germany) for acid stress; (ii) sterile 10% NaCl (Merck, Darmstadt,
Germany) solution (pH 7.0) for osmotic stress; (iii) sterile PBS pre-warmed to 55°C for heat
stress. Treatment conditions were chosen to represent the potential sub-lethal stresses
encountered by L. monocytogenes in foods and food processing environments. Acid and
osmotic stress cell suspensions were incubated in a static incubator (Labcon, Mogale City,
South Africa) at 25°C for 24 h while heat stress suspensions were immediately heated to 55°C
in a water bath (Labotec, Midrand, South Africa) for 30 min. Untreated overnight cultures of

each test organism were used as positive controls.

4.3.3 Determination of sub-lethal injury by plate counts
The percentage injury after each stress treatment was determined by comparison of growth of
treated cells on selective and non-selective agar. Each sample of stressed cells was serially

diluted in sterile 0.1% peptone water and plated on BHI agar (Oxoid) as non-selective media
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and PALCAM agar (Oxoid) as selective media. As positive controls, untreated overnight
cultures of each test organism were similarly plated on both selective and non-selective
media. Plates were incubated at 37°C for 48 h and viable cell counts were used to calculate

percentage injury using the following equation (Busch and Donnelly, 1992).

. Counts on selective Agar
% Injury = [1 - ( - ) X 100]
Counts on non — selective Agar

Q.1)

4.3.4 Preparation of cell suspensions and staining

After each stress treatment, cell suspensions were centrifuged at 5000 g for 10 min and
washed twice with sterile PBS. The cell pellets were re-suspended in PBS and diluted to a
cell density of 10° to 107 cells/ml. A 0.5 ml of diluted cell suspension in sterile flow
cytometry tubes was then stained with 5 pl of 0.42 pM thiazole orange (TO) (BD
Biosciences, San Jose, USA) solution in dimethyl sulfoxide (DMSQO) and 5 pl of 4.3 mM
propidium iodide (PI) (BD Biosciences) solution in water. Stained cells were incubated at
room temperature in the dark for 10 min. Positive controls consisted of untreated overnight
cultures of each test organism. The cultures were centrifuged at 5000 g for 10 min, washed
twice with sterile PBS and stained with TO/PI. As negative controls, cells from fresh
overnight cultures were suspended in 70% ethanol for 30 min at room temperature. The
ethanol killed cells were re-centrifuged at 5000 g for 10 min, washed twice and re-suspended

in sterile PBS followed by staining with TO/PI.

4.3.5 Flow cytometry analysis
Flow cytometry analysis was performed using a flow cytometer (BD FACSAria™, BD
Biosciences) equipped with a 20 mW argon laser emitting at 488 nm. For each cell crossing

the focus point of the laser, two light-scattering signals, forward scatter (FSC) and side scatter
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(SSC) and two fluorescence signals for red and green fluorescence were recorded. The
fluorescence of thiazole orange was collected in the FL1 photomultiplier with a band pass
filter of 525 nm. The fluorescence of propidium iodide was recorded in the FL3
photomultiplier with a short pass filter of 620 nm. For each sample, 10,000 events were
measured at a flow rate of approximately 800 events per second (eps). The recorded light-
scattering and fluorescence signals were collected as logarithmic signals and the obtained
data was analyzed using a BD FACSDiva v8.0.1 software. Data were presented as density dot
plots of Red vs Green Fluorescence. Gates representing, live intact (TO-positive), and dead
(PI-positive) cells were drawn using control samples consisting of live and dead ethanol-
treated TO/PI stained cells. The injured cell subpopulation was defined as cells with a
combined high fluorescence of both stains (TO-positive, PI-positive) (Arku et al., 2011). To
avoid overlap in the emission spectra of the two fluorochromes, controls consisting of live
unstained, live TO-stained and dead ethanol-treated Pl-stained cells were used for
fluorescence compensation. In order to exclude cell doublets and clumps, a plot of FSC-H vs
FSC-A was done for every analysis (Wersto et al., 2001). Cells that were not along the
diagonal cluster of the FSC-H vs FSC-A plot were gated out and excluded in the analysis.
The percentage of cells for each subpopulation was determined as the number of events in

each gate as a proportion of the total number of events.

4.3.6 Sorting of subpopulations

The cell sorting process was done using a BD FACSAria™ cell sorter (BD Biosciences),
following the procedure described by Le Roux et al. (2015a) with conditions and parameters
as previously described by Kennedy et al. (2011). Before sorting, the cell sorter was
calibrated using the standard protocols of BD BioSciences. The stream was calibrated using

the Accudrop delay function. This was followed by checking the sort accuracy and purity
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using the purity function. Accuracy and purity were tested by using internally labeled
fluorescent beads (cytometer setup and tracking (CST) beads, BD BioSciences) excitable
with 488 nm laser. After sorting approximately 40,000 beads for each subpopulation, the
sorted beads were re-analyzed to determine the sort efficiency which was confirmed to be >
99% at all times. Sorting of membrane-damaged cells was based on drawing defined gates of
the three main subpopulations (Intact, TO-positive/PI-negative; membrane damaged, TO-
positive/PI-positive; dead, TO-negative/PI-positive). The population of interest was defined
as cells with fluorescence signal of both TO and PI. Due to partial cell membrane damage,
such cells exhibit an incomplete fluorescence resonance energy transfer (FRET) between
thiazole orange and propidium iodide resulting in the cells emitting high fluorescence of both
red and green fluorescence in both FL1 and in FL3 channels (Tamburini et al., 2013). Cells
were sorted using a two-way sort into separate sterile 5 ml flow cytometry tubes with filter-
sterilized PBS as sheath fluid, a 70 um nozzle, a drop delay of 52 - 56 and a sort rate of 500
eps. Sorting was stopped after achieving a target of 10,000 events for the membrane damaged

cell subpopulation. A sort of untreated intact cells was used as a positive control.

4.3.7 Resuscitation of injured cells and growth kinetics

After sorting 10,000 events (10* cells) in about 200 — 500 pl of sterile sheath fluid, the
volume was adjusted to 1 ml using sterile PBS (pH 7.3) to give a suspension with a cell
density of 10* cells/ml. An aliquot of 100 pl was used to inoculate 10 ml of BHI broth which
was subsequently incubated at 37°C, 25°C and 4°C. Resuscitation and growth of injured cells
was monitored by viable counts at intervals of 1, 2, 4, 8, 12, 18, 24, 30 h for tubes incubated
at 37°C and 25°C. Recovery at 4°C was monitored at intervals of 3, 5, 10 and 15 d. At each
sampling time, dilutions were made in maximum recovery diluent (0.1% peptone (Biolab,

South Africa) and 0.85% NaCl (Merck) in distilled water), plated on BHI agar and incubated
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at 37°C for 48 h. The Logio transformed growth data were fitted to the growth model of
Baranyi and Roberts (1994) using DMFit version 3.5 Excel add-in software to determine
specific growth rate (umax) and lag phase duration (A). The limit of detection was 1.40 Logio

CFU ml'.

4.3.8 Recovery of sorted cells by plate counts
In order to check the re-growth ability of sorted cells, 100 pl of the sorted cell suspension
was diluted with 900 pl of sterile maximum recovery diluent and inoculated onto BHI agar

immediately after sorting. Inoculated plates were incubated at 37°C for 48 h.

4.3.9 Data analysis

All experiments were repeated three times. Analysis of variance (ANOVA) (a = 0.05) was
used to determine the effect of strain, stress treatment, and temperature factors on percentage
injury, lag phase duration and growth rates of L. monocytogenes. For multiple comparisons,
ANOVA with Tukey’s HSD test for correction in GraphPad Prism 6.0 was used to test for
any significant differences between strains and stress treatments. A significance level of 0.05
with adjusted P values was used in each case. A heat map exploring the relationship between
percentage injury, lag phase duration, and growth rate was constructed using Xlstat 2016

statistical package version (Addinsoft, New York, USA) after normalization of the data.

4.4 Results

4.4.1 Stress-induced injury by differential plating

The percentage of L. monocytogenes injury after exposure to osmotic, acid and heat stress
based on differential plating on BHI agar and PALCAM agar is shown in Figure 4.1. Stress

treatments had a significant effect (p < 0.0001) on percentage injury of L. monocytogenes
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strains (Table 4.1). The degree of injury to acid, and heat stress ranged from 21.29 - 100%,
50.76 - 100% and 44.05 - 100% respectively (Figure 4.1). With the exception of strain 69,
which showed a consistent lack of ability to grow on PALCAM agar after exposure to all
forms of stress and therefore had an injury percentage of 100%, significant differences (p <
0.0001) in the degree of injury were observed among L. monocytogenes strains in response to

the three forms of stress for strains ATCC19115, 159/10 and 243 (Table 4.1).

ACID =31 OSMOTIC BE= HEAT
100- cb Ad Ac Ab

Bc

Injury (%)

e e

| I
ATTC19115 159/10
L. monocytogenes Strain
Figure 4.1: Percentage of sub-lethal injury of L. monocytogenes after osmotic, acid and heat
stress exposure based on differential plating. Bars with different uppercase letters for each

strain indicate significant differences (p < 0.05). For each stress treatment, bars with different
lowercase letters indicate significant differences (p < 0.05) (Tukey’s HSD).
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4.4.2 Stress-induced injury by flow cytometry and differential staining

Figure 4.2 shows representative fluorescence density dot plots indicating the gates for the
three subpopulations of live intact, injured and dead L. monocytogenes cells. Responses to
each stress treatment are shown as fluorescence density dot plots in Figure 4.3 (A — C). In
general, exposure to the three forms of stress increased the intensity of the red fluorescence
resulting from PI. The proportion of injured cells showing the fluorescence signal of both
stains was highest for acid treated cells (Figure 4.3A), followed by heat (Figure 4.3C) and
osmotic stress (Figure 4.3B). The summary of the percentage proportion of injured cells (TO
positive, PI positive) and intact cells (TO positive) for each of the stress treatments is shown
in Figure 4.4. As observed with differential plating, the degree of cell injury by flow
cytometry was significantly influenced (p < 0.0001) by stress treatment and strain of L.
monocytogenes (Table 4.1). Osmotic stress resulted in the lowest degree of cell injury for all
strains (17.5 — 26.6%) (Figure 4.4) with most of the surviving cells in the intact cell gate
(Figure 4.3B). Strains ATCC19115 and 243 displayed a high susceptibility to acid stress with
79.1% and 71.6% injury respectively (Figure 4.4) which included some of the cells in the

dead cell gate (Figure 4.3A).

Contrary to the high degree of injury observed for strain 69 with differential plating, flow

cytometry showed that the same strain had consistently the highest proportion of membrane

intact cells and low percentage injury (Figure 4.3 and Figure 4.4).
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Figure 4.2: Representative fluorescence density dot plots of live L. monocytogenes cells

stained with TO/PI (A) and ethanol-treated cells stained with TO/PI (B) showing gates of
live, injured and dead cells.
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treated L. monocytogenes cells stained with TO/PIL. (a) - 159/10, (b) - ATCC19115, (c) - 69,
(d)—243.
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Figure 4.3 Cont’: Fluorescence density dot plots of acid (A), osmotic (B) and heat (C)
stress-treated L. monocytogenes cells stained with TO/PI. (a) - 159/10, (b) - ATCC19115, (c)

- 69, (d) — 243.

Table 4.1: Analysis of variance showing the effect of strain and stress factors on percentage
injury of L. monocytogenes based on differential plating and flow cytometry

Factor DF P value

Differential Plating  Flow Cytometry

Strain (ATCC19115, 159/10, 69, 243) 3 <0.0001 <0.0001
Stress (Acid, Osmotic, Heat) 2 <0.0001 <0.0001
Strainx Stress 6 <0.0001 <0.0001
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Figure 4.4: Percentage of sub-lethally injured (A) and intact (B) L. monocytogenes cells after exposure to osmotic, acid and heat stress based
flow cytometry and TO/PI differential staining. For each strain, bars with different uppercase letters indicate significant differences (p < 0.05).
For each stress treatment, bars with different lowercase letters indicate significant differences (p < 0.05) (Tukey’s HSD).
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Table 4.2: Re-growth potential of FACS sorted injured L. monocytogenes cell subpopulations re-grown on BHI agar at 37°C for 48 h (sorted
cells = 10,000 cells per ml)

L. monocytogenes Strain  Acid Osmotic Heat
Logio cells/ml % Re-growth Logio cells/ml *% Re-growth Logio cells/ml *% Re-growth
ATTCI19115 2.81°+0.09 6.6+1.4 3.04*+0.06 10.9£1.5 ng ng
159/10 3.98°+0.03 96.29+5.3 3.86°+0.08 70.0£11.3 ng ng
69 3.96°£0.34 92.9£11.3 3.91°+0.03 81.5+4.9 3.46+0.02 29.0+1.4
243 3.582+0.05 44.0+15.2 3.46°+0.08 29.245.3 ng ng

Values are means * standard deviations of three replicate experiments. Means with different letters in the same column indicate significant
differences (p < 0.05). ng — no detectable growth after sorting. *% Re-growth as a proportion of sorted cells.

63



4.4.3 Re-growth potential of sorted cells on BHI agar

After cell sorting, the growth potential of injured cells was assessed by their ability to form
colonies on BHI agar (Table 4.2). Sorted acid and NaCl treated cells were all capable of re-
growth although the proportion of cells capable of re-growth as a percentage of sorted cells
was significantly lower (p < 0.05) for strains ATCC19115 and 243. Among heat-injured, only

strain 69 cells were capable of re-growth.

4.4.4 Lag phase duration (1) of resuscitating injured cells

The lag phase duration for resuscitating injured cells was significantly influenced by
variations among L. monocytogenes strains (p < 0.0001), form stress treatment (p < 0.007),
and resuscitation temperature (p < 0.001) (Table 4.5). At 25°C, A values were 4.51 — 9.14 and
3.26 — 9.22 days for acid and osmotic stress injured cells respectively (Table 4.3). When
resuscitated at 37°C, the same cells had A values of 1.96 — 7.15 and 0.50 — 7.14 days
respectively. When individual strains were compared, L. monocytogenes strain 69 had the
shortest lag phase duration (p < 0.05) at 37°C for its acid and osmotic stressed cells (Table
4.4) while strains with a high susceptibility to stress (ATCC19115 and 243) had longer
periods of injury repair. A values for unstressed control cells could not be determined by the

DMfit software owing to their quick commencement of growth (Tables 4.3 and 4.4).

4.4.5 Maximum specific growth rate (Wmax) of resuscitated cells

The temperature of incubation had a significant effect (p < 0.0001) on the maximum specific
growth rate of resuscitated L. monocytogenes cells (Table 4.5). At 37°C, umax values were in
the range of 0.47 — 0.69 Logio CFUml 'h™! (Table 4.3) compared to 0.38 — 0.54 Logio CFUml
h"! at 25°C (Table 4.3). L. monocytogenes strain variations (p < 0.330) and stress treatments

(p < 0.407) had no significant effect on growth rate (Table 4.5). umax values were 0.38 - 0.69
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and 0.42 — 0.69 Logio CFUmI'h"! for acid and NaCl injured cells respectively (Tables 4.3
and 4.4). However, when compared to their respective untreated controls, umax values for
injured cells at 25°C were significantly higher (p < 0.05) for strains 69, 159/10 and 243

(Table 4.3).
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Table 4.3: Lag phase duration (A) and growth rate (umax) of FACS sorted osmotic, acid and heat-injured L. monocytogenes cells resuscitated in
BHI broth at 25°C

L. monocytogenes Strain Treatment A (h) tmax (Logio CFUml'h!) R?
ATCCI19115 Acid 6.4843+0.74 0.40%2+0.08 0.98
159/10 9.14B%+1 .46 0.4642°+£0.08 0.94
69 4.9843+(.60 0.494°+0.09 0.99
243 4.5142+£0.80 0.384+0.01 0.99
ATCCI19115 Osmotic 7.6582+0.77 0.4782+£0.02 0.99
159/10 7.6182+0.23 0.548°+0.01 0.97
69 3.26%4+0.05 0.424°+0.03 0.97
243 9.228+0.10 0.508¢+£0.03 0.99
ATCC19115 Heat ng ng

159/10 ng ng

69 5.98+0.22 0.47°+0.01 0.99
243 ng ng

ATCCI19115 Control nd 0.5082+0.01 0.97
159/10 nd 0.38B43£0.01 0.99
69 nd 0.2542+£0.04 0.99
243 nd 0.2742£0.01 0.98

A and pmax values are means + standard deviations of three replicate experiments. Means with different uppercase letters in the same column for
each treatment indicate significant differences (p < 0.05). For each strain, means with different lowercase letters indicate significant differences
(p <0.05). ng — no growth after sorting. nd — lag phase duration not detectable. R? — Goodness of fit for the Baranyi and Roberts (1994) model
(Coefficient of determination).
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Table 4.4: Lag phase duration (A) and growth rate (umax) of FACS sorted osmotic, acid and heat-injured L. monocytogenes cells resuscitated in
BHI broth at 37°C

L. monocytogenes Strain Treatment A (h) umax (Logio CFUmI'h!) R?
ATCCI19115 Acid 7.15¢+0.07 0.698¢b+0.01 0.99
159/10 4.148+0.01 0.4742+0.03 0.98
69 1.9643£0.19 0.654Bb+0.04 0.97
243 5.1283+0.29 0.544B5+0.02 0.99
ATCCI19115 Osmotic 5.3982+0.05 0.62¢°+0.04 0.99
159/10 6.528+0.09 0.69¢°+0.01 0.97
69 0.5042+0.16 0.52B2+0.01 0.97
243 7.148+0.59 0.494v+0.06 0.99
ATCCI9115 Heat ng ng

159/10 ng ng

69 5.31°+0.01 0.69%+0.00 0.97
243 ng ng

ATCCI9115 Control nd 0.4243£0.05 0.95
159/10 nd 0.58B+0.01 0.99
69 nd 0.668°+0.03 0.99
243 nd 0.4443£0.04 0.98

A and pmax values are means =+ standard deviations of three replicate experiments. Means with different uppercase letters in the same column for
each treatment indicate significant differences (p < 0.05). For each strain, means with different lowercase letters indicate significant differences
(p < 0.05). ng — no growth after sorting. nd — lag phase duration not detectable. R — Goodness of fit for the Baranyi and Roberts (1994) model
(Coefficient of determination).
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Table 4.5: Analysis of variance showing the effect of strain, stress and temperature factors on
lag phase duration, maximum specific growth rate of L. monocytogenes

Factor DF P value

A Mmax
Strain (ATCC19115, 159/10, 69, 243) 3 <0.0001 0.330
Stress (Acid, Osmotic, Heat) 2 0.007 0.407
Temperature (25°C, 37°C) 1 0.001 <0.0001

4.4.6 Recovery of injured cells at 4°C

Table 4.6 shows the growth potential of injured L. monocytogenes resuscitated in BHI broth
at 4°C. No growth was detectable in the first 3 days of incubation with a detection limit of
1.40 Logio CFU ml, for all strains except for L. monocytogenes 69 whose population had
risen to greater than 3.0 Logio CFU ml™! in the same period. The population of acid and
osmotic stress injured strain 159/10 reached levels of 2.72 Logio CFU ml! and 2.92 Logio
CFU ml! respectively after 10 days. Acid and osmotic stress injured L. monocytogenes
strains ATCC19115 and 243 took 15 d to reach levels > 2.30 Logio CFU ml!. With the

exception of strain 69, heat-injured cells could not recover after 15 days of incubation.
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Table 4.6: Recovery of injured L. monocytogenes cells in BHI broth at 4°C and time to

detection of >1.40 Logio CFUml!

L. monocytogenes Osmotic Acid Heat
Strain
. . Time

Time (d) LogioCFUmlI! Time (d) Logio CFUmI’! @ Logio CFUml"!
ATCCI19115 15 2.30+0.06 15 3.16+0.16 nd
159/10 10 2.92+0.44 10 2.72+0.33 nd
69 3 3.06+0.08 5 6.19+0.02 3 2.30+0.06
243 15 3.44+0.46 15 3.25+0.07 nd

nd — Not detectable

4.4.7 Heat map clustering of cell injury, lag phase duration and growth rate

Heat map clustering of cell injury, lag phase duration and growth rate (Figure 4.5) showed

that the response clustered into three main groups indicating an association between

percentage injury of individual strains and lag phase duration. Strain 69 which had a low

percentage cell injury tended to have a short lag phase duration at both 25°C and 37°C. In

addition, strains with a high degree of cell injury particularly related to acid stress tended to

have long lag phase durations.
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Figure 4.5: Heat map of the relationship between cell injury and growth parameters of FACS
sorted osmotic, acid and heat-injured strains of L. monocytogenes resuscitated in BHI broth.
Green (+1.0) represents high values of cell injury and growth parameters, red (-1.0) - low
values and black (0.0) - median values. Response clustered into three main groups. A - Strain
69 with short lag phase, B - High acid injury with long lag phase, C - Low osmotic and acid
injury with short lag phase.
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4.5 Discussion

The objective of this study was to examine the effect of stress-induced cell injury on the
resuscitation and growth behavior of resuscitated L. monocytogenes cells following cell
sorting. The initial step in the study was to assess the degree of stress-induced injury based on
differential plating and flow cytometry. This was followed by recovery of injured cells by

FACS sorting and their re-growth in BHI broth.

On the analysis of stress imposed injury, both methods showed significant differences in
response among L. monocytogenes strains and also among stress treatments. No clear patterns
of response were observed with the plate count method with the most conspicuous
observation being the high percentage of injury (100%) recorded for strain 69 (for all stress
treatments) and heat stressed ATCC19115, which manifested as a complete lack of growth on
selective media after stress exposure. In contrast to flow cytometry and differential staining, a
clear pattern of response was observed in which acid stress caused the highest degree of cell
membrane damage with osmotic stress causing the least, regardless of strain. The complete
cell injury of strain 69 (based on plate counts) was unexpected given that < 40% of the cells
(for all forms of stress) were identified as membrane damaged by flow cytometry. Possible
reasons for this observation could be that stressed non-injured cells may be susceptible to
selective agents incorporated in selective media. The presence of acriflavine, nalidixic acid
and lithium chloride in PALCAM agar has been shown to be inhibitory to some stressed L.
monocytogenes strains (Liamkaew et al., 2014). This result emphasizes the drawbacks of
culture-based methods for detection of sub-lethal injury as it implies a potential for over-
estimation of injury and under-estimation of live cells (Van Nevel et al., 2017). However, in
some cases, the two methods showed a good agreement in detection of injury. For instance,

the 100% injury for strain ATCC19115 (lack of growth on selective media) was strongly
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supported by cytometric data which revealed that 73% of the cells were injured with about
12% of the population dead. A positive correlation between the two methods has been

reported in previous studies (Massicotte et al., 2017).

Differences in percentage injury among the three stress treatments based on flow cytometry
and differential staining are likely an indication of differences in mechanism of antimicrobial
action and extent to which the stress exposures affect cell membrane integrity. The high
degree of injury arising from acid stress is likely related to the antimicrobial mechanism of
lactic acid. While acid stress is not associated with direct degradation of cell membrane
structural components (Wood, 1999), the increased influx of protons (associated with acid
exposure) disrupts the trans-membrane potential thereby affecting the proton motive force
and membrane permeability (Alakomi et al., 2000). This explanation has been supported by
previous studies using flow cytometry and membrane permeability markers which showed
that lactic acid can increase membrane permeability in Gram-negative bacteria (Alakomi et
al., 2000). The resultant effect on membrane permeability could be the cause of the increased

uptake of PI by acid-stressed L. monocytogenes cells.

The low percentage of cell injury resulting from NaCl stress is a reflection of the intrinsic salt
resistance of L. monocytogenes. Previous studies have reported the ability of L.
monocytogenes strains to survive and grow in high NaCl containing media (Bergholz et al.,
2010). The effect of osmotic stress on bacterial cells arises from changes in hydrostatic
pressure that results in cell membrane tension and bilayer deformations (Wood, 1999). The
low level of injury implies that the effect of the osmotic stress was not sufficient to cause any
significant influence on membrane permeability resulting in a low level of PI uptake by

stressed cells.
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Except for L. monocytogenes ATCC19115, the level of heat-induced injury was < 40%. Heat
stress response of L. monocytogenes has been shown to vary considerably among strains from
different serotypes (Aryani et al., 2015a). Apart from the cell membrane, heat stress affects
several other cellular targets such as enzymes, RNA and DNA (Kramer and Thielmann,
2016). Using a multi-method approach, Kramer and Thielmann, (2016) concluded that
several cellular targets such as the respiratory pathway are affected by heat stress before loss
of membrane integrity. This highlights the fact that membrane integrity indicators like PI may

not be good indicators of cell injury and viability loss following heat exposure.

Following cell sorting, the percentage of re-growth of injured cells showed a link to the
extent of cell damage recorded by PI uptake of stressed cells. While PI staining has been
reported to be a sensitive marker of cell damage, it is a poor indicator of cell viability loss
(Novo et al., 2000) thus some TO positive/PI positive cells may not be viable. It is likely that
a high degree of cell damage for stress-sensitive strains, ATCC19115 and 243 could have
resulted in loss of viability for some sorted injured cells resulting in low percentage of re-
growth. Amor et al. (2002) observed a similar reduction in the re-growth potential of sorted

injured Bifidobacterium cells following bile salt stress.

The lag phase duration of FACS sorted injured cells, resuscitated in BHI broth varied
significantly with temperature, stress treatment and strains of L. monocytogenes. In bacterial
growth kinetics, the lag phase duration is a measure of the time a bacterial population takes to
commence exponential growth following a transition to a new environment (Swinnen et al.,
2004). The duration of this period is influenced by the physiological state of the cell
population prior to environmental change (Augustin et al., 2000). The shorter lag phase at 37

°C could be a result of a quicker rate of repair which is associated with the rate of initiation of
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protein synthesis, in particular, the enzymes necessary for the synthesis of membrane lipids
needed for repair of damaged cell membranes (Garcia et al., 2006). With the exception of
strain 69, the lag phase duration of resuscitating acid and osmotic stress injured L.
monocytogenes was at least 4.5 h at 25 °C and 4.1 h at 37 °C which was expectedly higher
than non-injured control cells. The extended length of the lag phase for injured cells results
from the need to resolve cell damage before cells can commence division. In addition to cell
membrane damage, which was the basis of cell sorting, stress-induced cell injury can result in
damage to other functional components of the cell such as DNA, RNA and membrane
potential (Chilton et al., 2001). Resuscitation of such injured cells has been shown to depend
on the degree of damage which is influenced by the magnitude of stress (Mellefont and Ross,
2003). The short lag phase of strain 69 was particularly unique from the other three strains.
The quick recovery of this strain appeared to be consistent with its low percentage of

membrane damage after stress exposure.

Unlike acid and osmotic stress, heat-injured cells of strains ATCC19115, 159/10 and 243
were unable to re-grow under any conditions when sorted into BHI broth. This indicates that
in addition to membrane damage, heat stress results in damage to other cellular targets such
as proteins, DNA, rRNA, ribosomes, respiratory processes and electron transport chain
(Kramer and Thielmann, 2016). The fact that membrane intact cells were detectable after heat
exposure is an indication that heat-induced disruption of cellular processes occurs before
membrane damage (Kramer and Thielmann, 2016). This signifies that membrane integrity

alone is not a sufficient indicator of injury and viability of heat-stressed cells.

The long lag phases of resuscitating L. monocytogenes cells have huge implications for the

detection of injured cells in food systems. For effective detection, bacterial concentration
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must reach about 10? to 10* CFU ml! in the enrichment broth (Dupont and Augustin, 2009).
In this study, the inoculation level of injured cells was meant to achieve a cell density of 10?
cells/ml in the growth medium. However, in the case of acid injured cells, the proportion of
cells capable of growth dropped below the detection limit of 1.40 Logio CFU ml! for the first
4 h. This initial response is perhaps due to the fact that individual cell variation influences the
probability of growth post stress exposure. Dupont and Augustin (2009), observed that stress
exposure reduces the growth probability of individual cells of L. monocytogenes in half-fraser
broth. This highlights the importance of including a step of injured cell repair in a non-

selective enrichment broth before selective enrichment in pathogen detection methods.

The growth rate of resuscitated L. monocytogenes showed no variation among strains and was
expectedly lower at 25 °C than at 37 °C. Growth rate differences between 25 °C and 37 °C,
reflect temperature dependence of growth processes in exponential phase. Within the growth-
permitting temperature range, bacterial growth rate is influenced by the rate of biological
reactions which follow first-order kinetics, a situation that has been observed for L.
monocytogenes growth in foods (Lee et al., 2014). In addition, at temperatures below
optimum, reduction in cell membrane fluidity lowers nutrient affinity which subsequently

reduces growth rate (Nedwell, 1999).

The importance of L. monocytogenes as a pathogen in RTE foods arises from the fact that
refrigeration is invariably used as a terminal hurdle in the preservation of such foods and yet
the organism is a psychrotroph capable of growth at refrigeration temperatures (Schmid et al.,
2009b). After inoculating 100 cells/ml of injured cells into BHI broth at 4 °C, the number of
cells capable of growth dropped below the detection limit of 1.40 Log10 CFU ml! in the first

5 days except for strain 69. Considering that the stress treatments and subsequent sorting and
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inoculation of cells were done at room temperature, the transfer of injured cells to a 4 °C
environment could have induced cold shock to which some of the injured cells were
susceptible. Differences in the cold growth behavior of strains indicated a link to the
percentage of cell damage observed in flow cytometry analysis with strain 69 showing the
fastest growth while strains ATCC19115 and 243 had extended growth periods. Depending
on the physicochemical properties of the food, the control of L. monocytogenes in RTE foods
is largely based on limiting its cold growth by extension of the lag phase period (Angelidis et
al., 2013). The findings of this study show that cold stress may be insufficient to prevent
recovery of injured L. monocytogenes cells. However, resuscitation of these cells was done in
a broth model without any physicochemical hurdles to limit growth. It is likely that in a food
matrix with additional hurdles to prevent growth, the response of such injured cells could be
different. Garcia, et al. (2005) observed that sub-lethally injured E. coli cells after pulsed
electric fields treatment were sensitive to refrigerated storage in apple juice, thus stressing the

need to study the resuscitation of sorted cells in different food matrices.

4.6 Conclusions

This study underscored the importance of flow cytometry in the study of stress imposed cell
injury and the potential of FACS cell sorting in the study of injured cells. Generally, flow
cytometry and fluorescent staining with membrane integrity indicator probes showed a clear
pattern of response with acid stress causing the highest level of injury followed by heat and
osmotic stress. Lack of re-growth of FACS sorted heat-injured cells showed that while
membrane integrity was a good indicator of cell injury and viability loss for acid and osmotic
stress, it was not a sufficient indicator of heat stress injury. The length of the lag phase
duration (indicating repair period) is the major difference in the resuscitation behavior of L.

monocytogenes strains. Once injured cells repair the cellular damage, their growth rate is not
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different from non-injured cells regardless of form of stress and strain differences. Thus

highlighting the potential food safety risks of stress injured L. monocytogenes cells.
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5 CHAPTERS

MODELLING POPULATION DYNAMICS OF LISTERIA MONOCYTOGENES IN
LACTIC SOFT CHEESE FOLLOWING ACID AND OSMOTIC STRESS
EXPOSURE
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5.1 Abstract

The survival response of Listeria monocytogenes strains in lactic soft cheese stored at 4°C
was studied following acid and osmotic stress exposures. Survival data of individual and
mixed strains were fitted to four primary inactivation models (log-linear with tail, biphasic,
Weibull and Weibull with tail). Lack of fit (LoF) analysis, showed the Weibull and log-linear
with tail models provided the best fit of the data and were used to determine kinetic
parameters. Analysis of inactivation kinetics showed that the susceptibility of individual
strains (p < 0.0001) and the form of stress exposure (p < 0.05) have a significant effect on
survival response. Both acid and osmotic stress exposures resulted in enhanced survival for
stress tolerant strains and enhanced inactivation for the susceptible strain indicating that stress
exposure results in the development of tolerance responses or cell injury depending on the
susceptibility of individual strains. Typing of surviving populations of L. monocytogenes in
mixed strain challenge tests revealed that one strain out-lived other strains and remained the
only survivor after 15 days. Variations in the persistence of strains existing as co-
contaminants in soft cheese imply that models for L. monocytogenes survival in foods must

be based on such persistent strains.

Keywords: Listeria monocytogenes, modeling, survival, stress, lactic soft cheese.
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5.2 Introduction

Listeria monocytogenes is the etiologic agent of the human disease listeriosis, an invasive
infection resulting from ingestion of contaminated foods. Among dairy products, soft cheeses
are leading causes of listeriosis outbreaks in many parts of the world (Makino et al., 2005;
Melo et al., 2015; Schoder et al., 2012). As ready to eat (RTE) foods with no post-process
lethality step, contamination of soft cheese with L. monocytogenes during processing
provides an ideal condition for pathogen survival. According to the Codex Alimentarius
Commission (CAC, 2009) guidelines, RTE foods are distinguished into two categories based
on the physicochemical limits that influence their ability or inability to support the growth of
L. monocytogenes. RTE products with a pH < 4.4, aw < 0.92 or pH < 5.0 and aw < 0.94 are
considered unable to support L. monocytogenes growth. In both product categories, the safety
threshold for L. monocytogenes is 100 CFU/g throughout the product shelf life. However,
regardless whether a product supports or does not support growth, it must have no detectable
L. monocytogenes in a 25 gram sample if it is meant for infants, and other high risk groups.
Owing to their low pH (3.8 — 4.4) (Rogga et al., 2005), lactic soft cheeses are classified as
RTE foods that do not support the growth of L. monocytogenes. However, cases of listeriosis
outbreak related to acid curd cheeses have been reported. The most recent being the Germany
and Austrian outbreak related to quargel acid curd cheese (Fretz et al., 2010; Koch et al.,

2010).

An important element of L. monocytogenes risk assessment is the use of accurate and reliable
kinetic data obtained from models reflecting the behavior of the pathogen in foods (Drosinos
et al., 2006). Due to its continued exposure to environmental stresses in the food processing
environment, L. monocytogenes cells may develop stress tolerance responses that enhance

survival ability (Giaouris et al., 2014), cross-protection to subsequent stress exposures in the
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food product (Mataragas et al., 2008) and cell injury (Wesche et al., 2009). While L.
monocytogenes survival models have been done in several RTE foods (Mataragas et al.,
2015a; Mataragas et al., 2015b; Tiwari, et al., 2014), the effect of stress adaptation, cross-
protection and injury on the growth or inactivation of the pathogen has been limited to broth
models (Schvartzman et al., 2010; Tiganitas et al., 2009). Survival models that do not
incorporate the physiological state of the cells at the point of product contamination, the food
product structure and composition are likely to lead to prediction errors and output

uncertainty in risk assessment studies (Schvartzman et al., 2010).

An additional challenge with L. monocytogenes contamination is that food processing
environments can harbor several different strains (Strydom et al., 2013) resulting in food
products contaminated by multiple strains as has previously been demonstrated with
contaminated cheese and cantaloupe (Danielsson-Tham et al., 1993; Laksanalamai et al.,
2012; Rychli et al., 2014). The occurrence of multiple L. monocytogenes strains in co-
cultures can trigger competition among strains which influences growth ability and
detectability of less competitive strains (Zilelidou et al., 2015; Zilelidou et al., 2016b).
However, the concept of L. monocytogenes strain competition has been studied under growth
permissive conditions. The survival ability of mixed strains in food products that do not
support the growth of the organism has not been studied. The aim of the study was to model
survival response of L. monocytogenes strains individually and as mixed strains in a lactic
soft cheese after exposure to acid and osmotic stress and to identify the surviving populations

in cheese samples co-inoculated with mixed strains.
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5.3 Materials and methods

5.3.1 Bacterial strains and stress treatments

The strains of L. monocytogenes used in this study and their growth and stress treatment
conditions were as described in Section 4.3.1 —4.3.2 (Chapter 4) of this thesis. Because of the
need to resolve strain survival in mixed strain studies, strains 69, ATCC19115 and 159/10
were used in this study while strain 243 was left out as it had a DNA fingerprint profile

similar to strain 159/10 based on GTGs repetitive elements PCR (REP-PCR).

5.3.2 Cheese preparation and inoculation

Soft cheese was produced following the method used for the industrial production of South
African cottage cheese. Commercial fat-free pasteurized milk with a solid content of 14%
(m/v) was inoculated with a starter culture comprising of a mixture of Lactococcus lactis
subspp. lactis and Lactococcus lactis subspp. cremoris (Cape Food Ingredients, South Africa)
and left to ferment for 16 h at 25°C to a pH of 4.6. After coagulation and cutting, the
coagulum was heated slowly to a temperature of 45°C over a period of 2 h with constant
stirring and held at the same temperature for 10 min. After cooling to 25°C, the coagulum
was drained and the solid curds were washed with cold and then ice water. The soft cheese
was left to drain the excess whey on a cheesecloth for 8 h and analyzed for pH, titratable
acidity and lactic acid bacterial counts (pH - 4.17+0.06; titratable acidity (%) — 0.63%0.06;
lactic acid bacterial count (Logio CFUg ") — 9.16+0.21). One hundred gram samples of the
cheese were packaged in sterile 100 ml polypropylene tubs and inoculated with 100 pl of
standardized bacterial suspensions to a final density of approximately 10° CFU/g and
thoroughly mixed to achieve uniform distribution of the inocula. Inoculated samples were

stored at 4°C for 15 days.
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5.3.3 Enumeration of survivors

The number of surviving L. monocytogenes in cheese samples was monitored by viable
counts at 0, 2, 4, 6, 8, 10, 12 and 15 days. Five gram samples were diluted with 45 ml of a
maximum recovery diluent (MRD) (0.85% NaCl (Merck) and 0.1% peptone (Oxoid) in
sterile stomacher bags and homogenized for 30 s in a laboratory stomacher. Serial dilutions
(1 ml) of the homogenate were plated out in duplicates on PALCAM agar (Oxoid). Plates
were incubated at 37°C for 48 h. The detection limit was 5 CFU/g. Samples that showed no
detectable L. monocytogenes survivors after 15 days were subjected to an enrichment process
following the standard ISO method (EN-ISO 11290-1) for the detection of L. monocytogenes
in foods. A 10 g sample was pre-enriched in 90 ml Half-Fraser broth (Oxoid) and incubated
at 30°C for 24 h followed by an enrichment of 0.1 ml of the pre-enrichment broth in 10 ml of
Fraser broth (Oxoid) and incubation at 37°C for 24 h. This was followed by streaking of the

enrichment broth on PALCAM agar (Oxoid).

5.3.4 Survival models

A plot of inactivation data (Logio CFU/g vs Time in days) was prepared in Microsoft Excel
2013 (Microsoft, USA). The experimental data were fitted to four mathematical models
(Equations 5.1 - 5.4) by non-linear regression using GInaFiT version 1.7 (Geeraerd et al.,

2005).

Log-linear with tail model (Geeraerd et al., 2000).
LOglON(t) = LOglO ((10L0910(N0) _ 10L0910 (Nres)) X exp (_Kmax X t) + 10L0910(Nres))

(5.1)

where N(?) is the cell concentration in CFU/g at time ¢ (d), No is the initial cell density

(CFU/g), kmax is the maximum inactivation rate (per day). Nyes - resistant cell fraction.
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Weibull model (Mafart et al., 2002).

t\P
Log1oN(t) = LogyoNy — (5)
(5.2)

where N(t) is the cell concentration in CFU/g at time ¢ (d), No is the initial cell density

(CFU/g), o is the time to the first-decimal reduction (d) and p is a shape parameter.

Weibull with tail model (Albert and Mafart, 2005).

Logio N(t) = Logq, ((10Loy1o (No) _ 10L0910(Nres)) X 10((%)17) + 10L0910(Nres)>
(5.3)

where N(t) is the cell concentration in CFU/g at time ¢ (d), No is the initial cell density

(CFU/g), o0 represents the first-decimal reduction time (d), p is a shape parameter. Nyes -

resistant cell fraction.

Biphasic model (Cerf, 1977).
Logyo N(t) = logyo(No) + logio(f X exp(—kens X t) + (1 = f) X exp (=kyes X 1))
(5.4)
where N(?) is the cell concentration in CFU/g at time ¢ (d), No is the initial cell density
(CFU/g), f is the fraction of sensitive subpopulation, (/ — f) is the fraction of the resistant
subpopulation, ksens and kres are the inactivation rates of the sensitive subpopulation and

resistant subpopulations respectively.

5.3.5 Statistical evaluation of models
To select the best models, survival models were analyzed for their adequacy in describing the

experimental data using the LoF statistic. The residual mean square error of the model was
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compared to the residual mean square error of the data using the F test (o = 0.05), according
to the method of Zwietering et al. (1990).

— MSEModel
MSEData (5_5)

where MSEwmoder and MSEpaa are the mean square errors of the model and data respectively.
Model adequacy was accepted if the calculated F ratio was less than the tabulated F value
(Frable), where the degrees of freedom for the model (DFmodel) was the total number of data
points (number of replicates X number of sampling points) minus the number of sampling
points while the degrees of freedom for the data (DFpata) was the number of data points minus

the number of replicates (Drosinos et al., 2006).

In addition to the LoF test, the root mean square error (RMSE), accuracy factor (4f), bias
factor (Bf) and coefficient of multiple determination (R?) (Drosinos et al., 2006; Mataragas et

al., 2008; Ross, 1996) were utilized to further analyze the selected models.

RMSE = > (Observed — Predicted)?
- n (5.6)

(2 Lo |Pre dicted |/n)
Accuracy Factor = 10\*"°9|0bserved

(5.7)

Predicted
Bias Factor = 10(2 LOg(Orbeseervsd )/n) (
5.8)

where n is the number of data points and observed and predicted values represent the

experimental data and the values predicted by the model at each respective data point.

5.3.6 Typing of L. monocytogenes survivors from mixed strain challenge tests
A total of 80 colonies from four different plates representing both acid and osmotic stress-
treated survivors from mixed strain challenge tests after 15 days were typed by GTGs REP-
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PCR fingerprinting. Genomic DNA was extracted from cultures grown in BHI broth at 37°C
overnight using the ZR Fungal/Bacterial DNA MiniPrep™ kit (Zymo Research, Irvine, USA)
following the manufacturer’s instructions. DNA concentration in ng/ul was determined by
measuring optical density (ODa2sonm) using a nano spectrophotometer (Bibby Scientific,

Staffordshire, UK).

Fingerprinting of survivors was done using the primer GTGs (5'-GTGGTGGTGGTGGTG-
3") following the method described by Zunabovic et al. (2012) with modifications. The
reaction was performed in a total volume of 20 ul consisting of a 2 x Mastermix (Kapa
Biosystems, Massachusetts, USA) containing 0.4 U Taq DNA polymerase, 0.2 mM
deoxyribonucleotide phosphate, 1.5 mM MgClz, 35 pmol of primer (WhiteSci, Cape Town,
South Africa) and 5 ng template DNA with the following PCR conditions; initial denaturation
at 95°C for 7 min; 34 cycles of denaturation at 92°C for 30 s, annealing at 38°C for 1 min and
extension at 65°C for 8 min; final extension at 65°C for 16 min in a thermal cycler (Bio-Rad
CFX96 Deep Well™ Real-Time System, Bio-Rad, Hercules, USA). GelRed™ (Biotium,
Fremont, USA) stained amplification products were separated by electrophoresis (BayGene,
Beijing, China) with 1.5% agarose (Benchmark Scientific, Edison, USA) gel in 1 x Tris-
acetate EDTA (TAE) buffer (AMRESCO, Ohio, USA) at 4 V/cm for 2 h and viewed under
UV light in a gel documentation system (Gel Doc™, BioRad). Banding patterns were
analyzed using the Image Lab™ software (Biorad). Each survivor was compared to parental

strains using a visual comparison of banding patterns.

5.3.7 Data analysis
A two-way analysis of variance (ANOVA) with the Tukey’s HSD test for multiple

comparisons was used to determine the effect of strain and stress treatment, factors on the
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inactivation kinetic parameters and also for differences among the individual strains and

treatments. Analysis was performed using GraphPad Prism (GraphPad Software, Inc., USA).

All experiments were analyzed in duplicates and each experiment was repeated two times.

5.4 Results

5.4.1 Statistical evaluation of inactivation models

The LoF results for the four models are shown in Table 5.1. The weibull model was accepted

in 66.7% of the cases followed by the log-linear with tail model (58.3%). Consequently, the

two models were used to fit experimental data to obtain kinetic parameters.

Table 5.1: Statistical evaluation (LoF analysis) of models used to describe the inactivation of
L. monocytogenes in lactic soft cheese

Strain Treatment Model
Biphasic Weibull Log-Linear + Tail Weibull + Tail
ATCC19115 Control Yes Yes Yes Yes
Acid Yes Yes Yes Yes
Osmotic Yes Yes Yes Yes
159/10 Control No No No No
Acid Yes Yes Yes No
Osmotic No No No No
69 Control No Yes Yes No
Acid Yes Yes Yes Yes
Osmotic No No No No
Mixed strains Control No Yes No No
Acid Yes Yes Yes Yes
Osmotic No No No No
Percentage 50.0 66.7 58.3 41.7

The two models were further assessed using Af and Bf analysis (Table 5.2). Differences were

observed in the accuracy of prediction between stressed and non-stressed cells as well among

strains. In the case of acid and salt-stressed strains ATCC19115, 159/10 and mixed strains,
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both models showed a good agreement between experimental data and model predictions
with Bf and Af values equal to or close to 1.00. However, both models displayed a slight over-
estimation with an 11 - 20% prediction error in the case of unstressed cells. A completely
different response pattern was observed for strain 69 when subjected to stress. Bf values
showed an average of 15 —42% higher predictions than the experimental data and a 56 - 79%

prediction error for both models.

Table 5.2: Bias factor (Bf) and Accuracy factor (4f) analysis of the log-linear with tail and
Weibull models for the prediction of L. monocytogenes in lactic soft cheese

Strain Treatment Log-linear with tail Weibull
Bf Af Bf Af
ATCCI19115 Control 1.01 1.14 0.98 1.20
Acid 1.00 1.02 1.00 1.02
Osmotic 1.00 1.04 1.00 1.03
159/10 Control 1.01 1.12 1.01 1.11
Acid 1.00 1.01 1.00 1.01
Osmotic 1.00 1.03 1.00 1.03
69 Control 1.01 1.08 1.00 1.08
Acid 1.24 1.79 1.42 1.62
Osmotic 1.15 1.73 1.42 1.56
Mixed strains Control 1.01 1.12 1.01 1.13
Acid 1.00 1.03 1.00 1.03
Osmotic 1.00 1.02 1.00 1.02
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5.4.2 Weibull model fitted inactivation curves

Weibull model fitted survival curves are shown in Figures 5.1 - 5.3. Non-stressed cells were
generally more susceptible to inactivation in lactic soft cheese. From an initial cell population
of 4 — 5 Logio CFU/g, surviving populations were less than 2.0 Logio CFU/g after 15 days.
However, exposure to acid and salt stress prior to cheese inoculation resulted in reduced
inactivation with surviving populations greater than 2.5 Logio CFU/g for strain ATCC19115,
159/10 and mixed strains. L. monocytogenes 69 was the only strain to exhibit an increased
sensitivity to the soft cheese after acid and osmotic stress treatments. There were no
detectable levels of the organism in the soft cheese after 10 days using the enrichment

approach.
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Figure 5.1: Weibull model fitted inactivation curves of control L. monocytogenes cells in lactic soft cheese stored at 4°C.
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Figure 5.3: Weibull model fitted inactivation curves of osmotically -stressed L. monocytogenes cells in lactic soft cheese stored at 4°C.
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5.4.3 Inactivation kinetic parameters

Inactivation kinetic parameters (Table 5.3) showed significant differences (p < 0.05) between
stressed and non-stressed L. monocytogenes cells for individual and mixed strains (Table
5.4). The rate parameter of the log-linear with tail model (kmax) values were significantly
higher for non-stressed cells. kmax values for strains ATCC19115, 159/10 and the mixed
strains ranged from 0.53 — 0.77 Logio CFU/g/d for non-stressed cells and 0.05 — 0.46 Logio
CFU/g/d for both acid and osmotically -stressed cells. Similarly, the rate parameter of the
Weibull model (8) values were significantly lower (p < 0.05) for non-stressed cells. For
strains ATCC19115, 159/10 and mixed strains, & values were 2.34 — 3.38 days for non-
stressed cells and 6.84 — 19.81 days for both acid and osmotically -stressed cells. A very high
rate of inactivation of L. monocytogenes strain 69 was observed during the first two days of
cheese storage for both stressed non-stressed cells (p > 0.05), resulting in a sharp decrease in
the surviving populations. However, for non-stressed cells, the remaining cells were slowly

inactivated thereafter consequently leading to severe tailing.

Goodness of fit indicators for the two models were also supported by the root mean square
error (RMSE) and coefficient of multiple determination (R?) indices (Table 5.3). RMSE
values ranged from 0.09 — 0.69 and 0.05 — 0.44 for the log-linear with tail and Weibull
models respectively for all experimental trials. R? values for both models were > 0.81 for all
experimental trials except for acid-stressed 159/10. Although no tailing was observable from
the inactivation curves except for non-stressed cells of strain 69, the log-linear with tail
model still able to estimate residual population (Nres parameter) except for acid and salt-

stressed strain ATCC19115 and acid-stressed 159/10.
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Table 5.3: Estimation of kinetic parameters of inactivation of stressed and non-stressed L. monocytogenes in lactic soft cheese stored at 4°C based on
the log-linear with tail and Weibull models

Experimental Model/Parameters
Strain Treatment Log-Linear with tail Weibull
N, (Logio CFU/g) Nyes (Logio CFU/g)  kmax (Logio CFU/g/d) R? RMSE N, (Logio CFU/g) 8 (d) P R? RMSE

ATCC19115 Control 4.22 (0.16) 0.76 (0.17) 0.77€ (0.07) 095 0.28 4.22 (0.25) 2.34*(0.83) 0.72(0.12) 092  0.36
Acid 5.28 (0.07) - 0.16% (0.05) 0.87 0.13 5.16 (0.55) 14.91€(0.70) 1.65(0.29) 092  0.10
Osmotic  5.46 (0.10) - 0.46" (0.04) 096 0.21 5.23(0.09) 6.845 (0.54) 1.38(0.13) 0.98 0.15

159/10 Control 3.95(0.21) 1.29(0.32) 0.53F (0.09) 0.84 0.39 4.14 (0.26) 2.92P (1.32) 0.64 (0.15) 0.85 0.38
Acid 5.11 (0.05) - 0.05" (0.08) 0.62 0.09 5.03 (0.02) 19.81F (1.68) 3.46(0.94) 0.82  0.06
Osmotic  5.17 (0.09) 3.45(0.30) 0.29F (0.05) 091 0.16 5.14 (0.11) 9.39% (1.41) 0.90(0.18) 0.89  0.17

69 Control 5.44 (0.24) 2.65(0.10) 2.226(0.41) 0.89 0.34 4.84 (0.25) 0.23%(0.33) 0.27(0.09) 0.82  0.44
Acid 4.60 (0.41) 0.14 (0.26) 1.459(0.27) 0.85 0.69 5.45(0.27) 0.05% (0.04) 0.31(0.04) 096  0.38
Osmotic  4.97 (0.39) 0.23 (0.20) 2.165 (0.36) 0.89 0.61 4.81 (0.36) 0.03%(0.02) 0.27(0.04) 092  0.52

Mixed Strains  Control 4.41 (0.22) 1.78 (0.19) 0.71'(0.13) 0.86 038 4.30 (0.30) 3.38'(1.58) 0.72 (0.20) 0.81 0.44
Acid 4.66 (0.05) 2.91 (0.16) 0.30" (0.03) 094 0.13 4.67 (0.07) 8.53' (0.80) 0.83(0.09) 0.93 0.14
Osmotic  4.64 (0.05) 3.43 (0.14) 0.25" (0.04) 0.87 0.13 4.65 (0.07) 12.79% (1.27) 0.76 (0.12) 0.87  0.14

Values for model parameters No, Nres, kmax, 0 and p are means with standard error in parenthesis of two replicate experiments. For each strain, kmax and o
values with the same letter are not statistically different from each other (p < 0.05). No - initial cell density (CFU/g), kmax - maximum inactivation rate
(per day). Nres - resistant cell fraction. J - time to the first-decimal reduction (d) and p - shape parameter. R? (Coefficient of determination) and RMSE
(Root mean square error) are Goodness of fit indicators.
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Table 5.4: Analysis of variance of the rate parameter of the Weibull model (5) showing the

effect of strain and stress factors on the inactivation of L. monocytogenes in lactic soft cheese
(n=4)

Factor DF P value
Strain (ATCC19115, 69, 159/10, Mixed) 3 <0.0001
Stress (Control, Acid, Osmotic) 2 0.028
StrainxStress 6 0.480

DF- Degrees of freedom
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5.4.4 Typing of L. monocytogenes survivors from mixed strain challenge tests

The GTGs-REP-PCR fingerprint patterns of some acid treated L. monocytogenes survivors
compared to the parental generation of the inoculated strains is shown in Figure 5.4. From a
total of 80 colonies, representing surviving populations from mixed strains of both acid and
osmotically-stressed cells, the majority of survivors with the exception of one isolate (Isolate
10 in Figure 4.5) showed similar fingerprint patterns that were identical to parental strain
159/10. Although the isolate contained most of the bands identified with parental strain

159/10, it had an additional two bands that made it unique.

Parental strains Recovered survivors

M 1 2 3 4 B 8 7T &8 ¢ 10 1M1 12 13 14 18 16 17

500 =

300 =

Figure 5.4: Representative agarose gel image of GTGs-REP-PCR fingerprint patterns of
acid-stressed L. monocytogenes survivors and parental strains. M — Molecular weight marker.
Lane 1- ATCC19115; Lane 2 - 69; Lane 3 - 159/10; Lanes 4 — 17 represent survivor isolates.

5.5 Discussion
This work quantified the influence of stress exposure on the survival ability of L.

monocytogenes strains in a lactic soft cheese using predictive models. The value of such
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investigations is that they provide the fundamental parameters for estimation of risk arising
from the consumption of contaminated RTE foods. In order to accommodate strain diversity
in real situations of product contamination, three strains were used to model the survival of L.

monocytogenes as individual strains and as mixed strains.

Inactivation response varied among individual strains and also among stressed and non-
stressed cells. Inter-strain variations in response to stress among L. monocytogenes have been
observed in several studies (Adrido et al., 2008; Francis and O’Beirne, 2005; Komora et al.,
2017; Lianou et al., 2006). This phenotypic variation in stress resistance is attributed to
genetic variation among strains (Bergholz et al., 2010) indicating adaptation to different
environments (Lianou and Koutsoumanis, 2013). Bergholz et al. (2010) observed that
genetically different strains of L. monocytogenes exhibit differences in salt stress response
phenotypes. The diversity in phenotypic stress response among strains of L. monocytogenes
emphasizes the importance of using more than one strain in the development of models for

risk assessment (Lianou and Koutsoumanis, 2013).

In general, the two inactivation models chosen to fit survival data (log-linear with tail and
Weibull) exhibited high accuracy in describing the response of acid and salt-stressed L.
monocytogenes in lactic soft cheese. The sharp decrease in the population of survivors during
the first few days of cheese storage observed for non-stressed cells of both individual and
mixed strains is an indication that non-stressed cells comprise of both sensitive and resistant
cell subpopulations. The upward concavity of inactivation curves indicates the quick
inactivation of the sensitive subpopulation (Peleg, 2003; Peleg and Penchina, 2000). For cells
subjected to acid and osmotic stress prior to cheese inoculation, the lack of a sharp decrease

is an indication that stress exposure results in the death of susceptible subpopulation and
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selection of the sturdy resistant fraction (Bishop et al., 2007; Booth, 2002) which upon cheese

inoculation is inactivated slowly.

While exposure to stress led to an enhanced survival for strains ATCC19115, 159/10 and
mixed strains, the opposite was observed for strain 69. Intrinsic differences in stress
resistance among L. monocytogenes strains have been reported (Adrido et al., 2008; Francis
and O’Beirne, 2005; Komora et al., 2017). Such variations likely influenced the survival
ability in the soft cheese. In addition, variations among strains also influence the extent of
cell injury after stress exposure. Previous findings from Chapter 4 of this thesis on strain 69
showed a high level of cell injury occurs following exposure to acid, osmotic and heat stress.
Bacterial cell damage induced by ethanol has been shown to result in sensitization of such
injured cells to subsequent acid and osmotic stresses (Barker and Park, 2001). The fast
inactivation of this strain in the soft cheese could be related to its level of cell injury after

stress which enhanced its susceptibility to the food stress.

With the exception of strain 69, the rate of cell reduction (J and kwmax values), was significantly
lower for cells subjected to stress exposure. This indicates that pre-exposure to stress resulted
in enhanced tolerance to the food stress. The enhanced tolerance arises from the ability of
stressed cells to maintain a homeostatic balance in terms of intracellular pH and osmotic
potential respectively (Bayles and Wilkinson, 2000; Beumer et al., 1994; Skandamis et al.,
2008). The ability of stressed cells to survive a second stress exposure has been seen to be
influenced by the type and magnitude of the first stress exposure (Skandamis et al., 2008;
Tiganitas et al., 2009). L. monocytogenes cells surviving acid stress exposure develop an acid
tolerance response (Davis et al., 1996; O’Driscoll et al., 1996) which protects such cells

against subsequent lethal acid stress exposure thus accounting for the reduced rate of
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inactivation for acid-stressed cells in the lactic soft cheese, with an acidic pH (pH 4.2). In the
case of osmotically-stressed cells, pre-exposure to a hyper-osmotic environment results in the
development of osmotolerance arising from the intracellular accumulation of compatible
solutes (Bayles and Wilkinson, 2000; Duché et al., 2002). While both stress exposures
resulted in the development of stress tolerance responses, osmotically stressed L.
monocytogenes cells for strains, ATCC19115, 159/10 and mixed strains had significantly
higher rates of inactivation than their acid-stressed counterparts. This emphasizes the fact that
the acid tolerance response enhances the survival of L. monocytogenes in lactic soft cheese
more than the osmotolerance response. The transfer of osmotically stressed cells to soft
cheese imposes a further homeostatic burden on the already stressed cells (Skandamis et al.,
2008; Tiganitas et al., 2009), hence survival in the soft cheese might require an extra energy
expenditure to counter the acid exposure in the food which is less so for the already adapted

acid-stressed cells.

After inoculating lactic soft cheese with three strains of L. monocytogenes, the surviving
population belonged to one strain. Detection of strain 159/10 as the dominant survivor in the
mixed strain challenge appears to be related to its consistently higher survival rate after
exposure to both acid and osmotic stress than the other two strains when inoculated into the
cheese individually. The lack of strain 69 in the mixed strain challenge was expectedly
related to its individual response which showed an inability to survive for 15 days in the soft
cheese. However, strain ATCC19115 showed a high survival ability when inoculated in soft
cheese alone. The total absence of this strain in the cocktail challenge after 15 days indicates
a potential interaction among the strains. L. monocytogenes strains have been shown to
exhibit competition in co-cultures (Gorski et al., 2006; Zilelidou et al., 2016b, 2015) resulting

in reduction or total lack of growth for outcompeted strains. However, it is important to
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observe that the competition phenomenon has largely been demonstrated for L.
monocytogenes co-cultures in growth supporting media where the growth of the dominant
strain suppresses that of the outcompeted strain. It is likely that a similar interaction may
occur when the mixed strains are subjected to a growth restrictive environment as was the
case in this study. One hypothesis proposed by Cornforth and Foster (2013) is that there is a
link between stress response and bacterial competition. Although no specific link has been
reported for L. monocytogenes, it is likely that the ability of strain 159/10 to survive stress
could be related to its ability to out-live other strains when used as mixed strains.
Observations of this study have implications in predictive microbiology as it indicates the
importance of using strains that survive better in the development of models for L.

monocytogenes survival in foods.

5.6 Conclusions

The survival response of L. monocytogenes in lactic soft cheese following stress pre-exposure
differs among strains and appears to be influenced by the susceptibility of individual strains.
In stress-susceptible strains, stress pre-exposure sensitizes the stressed cells to the subsequent
food stress thus accelerating their inactivation. However, in the tolerant strains, pre-exposure
to stress enhances survival of stressed cells in the cheese owing to the development of stress
tolerance response and cross-protection. While both acid and osmotic stress tolerance
responses protect L. monocytogenes against the acidity of soft cheese, the acid tolerance
response imposes a better protection. Profiling of surviving populations from mixed strain
challenge tests shows that one persistent L. monocytogenes strain out-lives the other strains.
Therefore it is important that survival models for predicting L. monocytogenes in foods must
incorporate the aspect of strain differences, stress tolerance responses and persistence in order

to obtain more representative estimates of pathogen behavior for risk assessment.
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6 CHAPTER6

FOURIER TRANSFORM INFRARED (FT-IR) SPECTROSCOPY DETECTION OF
ACID STRESS-INDUCED CELLULAR CHANGES IN LISTERIA
MONOCYTOGENES STRAINS
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6.1 Abstract

The effects of acid stress exposure (pH 4.2) on the biomolecular changes in L.
monocytogenes strains 69 and 159/10 cells were studied using Fourier Transform Infrared
(FT-IR) spectroscopy. Based on spectral comparisons of stress-treated and non-treated
control cells, significant alterations were observed in the spectral regions of proteins, nucleic
acids, lipids, and polysaccharides indicating a complex response to acid stress involving
disruptions of secondary structure of proteins, denaturation and conformational changes in
DNA/RNA as well as membrane and cell wall disruptions. The distinguishing feature of
response between the two strains was in the alterations in spectral regions of membrane lipid
acyl chains, related to membrane fluidity changes that were observed only for L.
monocytogenes 69. Evidence from scanning electron microscopy showed that a physical
damage to the cell wall and cell membrane were likely manifestations of the acid-induced
biomolecular disruptions. Along with cell surface changes, the acid stress treatments induced
the formation of extracellular membrane vesicles in strain 69 that were not evident in the
tolerant strain 159/10. This study shows that differences in membrane fluidity are an
important determinant of L. monocytogenes stress resistance and that the more tolerant and

persistent strains probably survive stress by maintaining a rigid membrane.

Keywords: Listeria monocytogenes; acid stress; Fourier Transform Infrared (FT-IR)
spectroscopy; vibration.
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6.2 Introduction

Listeria monocytogenes is a food-borne pathogen commonly associated with refrigerated
RTE foods (Luber et al., 2011). The absence of lethal preservation hurdles and dependence
on sub-lethal stresses in the production of RTE foods, creates conditions for the survival of
stress tolerant and stress injured cells (Abee et al., 2016; Mir et al., 2018). Owing to its
psychrotrophic nature, L. monocytogenes stress survivors have been known to slowly

multiply in chilled RTE foods (Kataoka et al., 2017; Skalina and Nikolajeva, 2010).

Acid stress is a common method of controlling microbial growth in RTE foods (Hill et al.,
2002). Depending on pH and the amount of undissociated acid (Wemmenhove et al., 2016),
the effects of acid stress on microbial cells include the disruption of membrane potential,
electron transport chain and enzyme inhibition among the physiological targets (Brul and
Coote, 1999). In order to study the physiological and biochemical cellular changes
accompanying stress survival, a variety of biochemical and fluorescence-based methods are
traditionally used (Bridier et al., 2015). However such approaches rely on the use of invasive

techniques and often toxic fluorescent labels (Le Roux et al., 2015b).

Fourier Transform Infrared (FT-IR) spectroscopy is a non-invasive label-free technique that
measures the vibrational behavior of molecules exposed to infrared radiation (Alvarez-
Ordéiiez et al., 2011). The technique has been applied in the study of microbial stress
response (Alvarez-Ordofiez and Prieto, 2010; Nyarko and Donnelly, 2015; Wu et al., 2013),
based on alterations of cellular constituents such as lipids, carbohydrates, proteins and nucleic
acids reflecting the structural and physiological changes in stressed bacterial cells (Wu et al.,

2013).
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In Chapter 4 of this thesis, it was shown using flow cytometry and membrane integrity
indicators that L. monocytogenes cells exposed to acid, osmotic and heat stress exhibit
varying levels of cell damage. However, while membrane integrity was identified as a
common target of stress, it was evident that other cellular targets were also affected. The
objective of the study, therefore, was to elucidate the potential targets of stress-induced cell
damage in L. monocytogenes using FT-IR microspectroscopy with the aim of identifying the
potential markers of stress susceptibility and tolerance in the response of L. monocytogenes

strains.

6.3 Materials and methods

6.3.1 Bacterial strains and stress treatments

The strains of L. monocytogenes used in this study and their growth and stress treatment
conditions were as described in Section 4.3.1 — 4.3.2 (Chapter 4) of this thesis. Specifically,
in this Chapter, only the acid stress treatments of strains 69 and159/10 were done. Strains 69

and159/10 were used because of their contrasting susceptibilities to acid stress (Chapter 4 and

5).

6.3.2 FT-IR microspectroscopy analysis

Cell preparation for FT-IR analysis was done following the method described by Alvarez-
Ordoiiez et al. (2010) with modifications. Treated and control cells were centrifuged at 8 000
g for 5 min, washed twice and re-suspended in normal saline solution. A 10 pl aliquot of
washed cells was placed on a CaF2 window (Crystan, UK) and left to dry under a laminar
flow hood for 2 h to form a thin dry film of bacterial cells. FT-IR spectra were obtained using
a Bruker V70x spectrometer with an attached 15x IR objective Hyperion microscope

(Bruker, Germany). Spectra, in transmission mode, were collected in the range of 4000 - 850
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cm’! and a resolution of 4 cm™!. Each spectrum represented a total of 32 scans. The final

spectra were an average of three replicate experiments.

6.3.3 Spectral processing and data analysis

Spectral processing was done using OPUS ver 6.0 software (Bruker). Spectra were baseline
corrected using the rubberband method and vector normalized. The normalized spectra were
subjected to second derivative transformation using the Savitsky-Goly function with 9
smoothing points. The effect of stress treatment was analyzed on the basis of comparison of
peak intensities of spectral regions associated with cell membrane lipids, secondary protein
structure, carbohydrates, and DNA conformational changes (Hlaing et al., 2017). The pick
peak function in OPUS was used to identify peak positions (wavenumber shifts) and
intensities of normalized spectra. Differences in normalized peak intensity values between
treated and control cells were analyzed using the Student #-test (p < 0.05) (Rak et al., 2014) in

GraphPad Prism 7.0 (GraphPad Software Inc, USA).

6.3.4 Scanning Electron Microscopy (SEM)

Following acid stress treatment, cells were centrifuged at 5 000 x g for 10 min and washed
twice with PBS and re-suspended in a pre-fixing solution comprising of 2.5% (v/v)
glutaraldehyde solution and 2.5% (v/v) formaldehyde solution in PBS (pH 7.4) for 1 h. The
cells were washed three times with 75 mM sodium phosphate buffer (pH 7.4) for 10 min each
and fixed with 1% aqueous osmium tetroxide solution (Merck, Germany) for 1 h. Fixed
samples were washed three times and dehydrated in graded doses of ethanol (30%, 50%,
70%, 90%, and three times at 100%) each for 10 min. Dehydrated samples were dried in a
50:50 mixture of hexamethyldisilazane solution (HMDS) (Merck, Germany) and ethanol for

1 h followed by HMDS for 1 h. Cell pellets suspended in HDMS were spotted on a glass
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coverslip and left to dry overnight. Samples were then mounted and coated with carbon. The
samples were examined using a scanning electron microscope, (Cryo-SEM JEOL 840, Zeiss

Gemini 2).

6.4 Results

6.4.1 Normalized FT-IR spectra

Figure 6.1 shows a representative normalized FT-IR spectra (wavenumber 3800 — 850) (L.
monocytogenes strain 69 control cells), indicating the main regions of interest. As expected of
any bacterial spectrum, four main regions were identified. The window around wavenumber
3000 — 2800 cm! with two identifiable peaks attributed to membrane fatty acids; the region
between wavenumber 1800 — 1500 ¢cm™ attributable to Amide I and Amide II bands of
proteins; the region between wavenumber 1500 — 1200 ¢m™! with at least three noticeable
peaks attributed to lipids and nucleic acids and the region between wavenumber 1200 — 900

cm’! attributed to polysaccharides and nucleic acids (Alvarez-Ordéiiez and Prieto, 2010).
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Figure 6.1: Representative FT-IR spectra of control cells for L. monocytogenes 69 indicating
the major peaks of attention. Str — stretching; Stras — asymmetric stretching; Strs — symmetric
stretching; Js — symmetric deformation; Vs — symmetric vibration. Peak assignments based on
Al-Qadiri et al. (2008); Alvarez-Ordoéiiez et al. (2011); Davis and Mauer (2010); Hlaing et al.
(2017); Wu et al. (2013) and Zoumpopoulou et al. (2010).

6.4.2 Spectral comparison of treated and control cells

The average second derivative spectra of control and acid treated cells are shown in Figure
6.2, from which differences in peak intensities were visible in the spectra, of both strains.
Peak intensities of treated cell spectra were generally lower than control cells for both strains
with the exception of a few peaks such as the C=0 stretching vibrations in lipids and nucleic
acids peak at approximately 1710 wavenumber and C-O and C-C stretching vibrations of
DNA backbone at around 900 — 1000 cm™! that showed increased intensities in stress-treated

cells (Figure 6.2).
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Figure 6.2: Second derivative spectra of acid treated and control cells of L. monocytogenes
strain 69 (A) and strain 159/10 (B). Annotations indicate the bands for the main biomolecules
analyzed.
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The effect of acid treatment was resolved by statistical comparison of peak intensities at
specific wavenumbers representing spectral signatures of cellular proteins, carbohydrates,
nucleic acids and lipids following a second derivative transformation of the normalized
spectra of control and acid treated cells and identification of any peak shifts. The summary of
significantly altered peaks as a result of acid treatment is shown in Table 6.1. While only
marginal changes were observed in peak shifts, significant alterations were discernible in
peak intensities between treated and control cells. For L. monocytogenes 69, significant
alterations (p = 0.0001) were observed at 2960 — 2852 ¢cm!, a region representing symmetric
and asymmetric stretching vibrations of C-H in CH2 and CH3 groups of membrane fatty
acids. Interestingly, L. monocytogenes 159/10 showed no significant alterations (p > 0.05) in
the same region. In addition to changes in the acyl side chain, significant alterations (p <
0.0001) were also observed in the PO2™ asymmetric stretching vibrations of phosphodiesters
in membrane phospholipids (~ 1221 cm!). Similar to the acyl chain, no significant
differences (p = 0.93) were observed in the asymmetric stretching vibrations of POz groups

in membrane phospholipids.

Significant changes (p < 0.0001) were observed in Amide I bands (1655.- 1637 cm™)
vibrations attributed to o-helical and B-pleated sheet structures of proteins, asymmetric
deformation vibrations of CHs and CH2 groups in proteins and lipids (~1455), POz
symmetric stretching in DNA, RNA and phospholipids (~1084 cm™') and C-O-O-C stretching
of polysaccharides (~1057 ¢m™) in both organisms. Both strains showed no significant
alterations (p = 0.82 for L. monocytogenes 69; p = 0.69 for L. monocytogenes 159/10) (Table

1) in C-O and C-C stretching vibrations of DNA backbone (~967 cm™').
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Table 6.1: Spectral alterations and peak intensity comparisons (Student #-test) between control and acid treated L. monocytogenes 69 and 159/10

L. monocytogenes 69

L. monocytogenes 159/10

Peak assignment

Peak (wavenumber, cm™) P - value Peak (wavenumber, cm') P -value

Control Treated Control Treated

2960.5+0.4 2960.2+2.1 0.0001 2960.9+1.5 2959.7¢1.8  0.75 C-H asymmetric stretching of -CH3 in lipids

2921.6+1.1 2920.9+0.4 0.0001 2921.3+0.5 2920.0+0.8  0.89 C-H asymmetric stretching of -CHz in lipids

2874.2+1.3 2873.9+1.3 0.0001 2877.6£6.5 2874.8+1.7 093 C-H symmetric stretching of -CH3 in lipids

2852.240.5 2852.0+0.7 0.0002 2851.6+0.7 2851.4+1.1 0.93 C-H symmetric stretching of -CH2 in lipids

1745.8+0.7 1746.6+0.2 0.38 1746.4+0.4 1745.7+£0.7  <0.00001 C=0 stretching of lipid esters

1715.5+0.4 1715.5+0.2 <0.00001 1715.8+0.3 1714.9+£0.5  <0.00001 C=O0 stretching in lipids and nucleic acids

1655.5+1.5 1654.8+1.7 <0.00001 1653.9+2.0 1656.1+0.2  <0.00001 Amide I band composed of C=O and C-N
stretching vibrations of the protein backbone (o-
helical structures)

1637.7+0.3 1637.5+£0.2 <0.00001 1637.1+£0.3 1637.7£0.4  <0.00001 Amide I composed of B-pleated sheets

1455.2+1.0 1455.6+0.3 <0.00001 1455.6+0.5 1453.3+4.6  <0.00001 asymmetric deformation of CH3s and CH: in
proteins and lipids

1221.840.6 1216.6+2.3 <0.00001 1216.945.0 12153+2.5 093 POz asymmetric stretching of phosphodiesters
in phospholipids

1084.1+0.0 1083.9+0.9 <0.00001 1084.1+0.2 1083.840.3  <0.00001 POz symmetric stretching in DNA, RNA and
phospholipids

1057.3+0.2 1057.5+0.4 <0.00001 1057.1+0.4 1057.3£0.9  <0.00001 C-0-0O-C stretching of polysaccharides

967.7+0.6 967.3+0.8 0.82 966.8+1.1 967.4+1.1 0.69 C-0O and C-C stretching of DNA backbone

Peak assignments based on Al-Qadiri et al. (2008); Alvarez-Ordonez et al. (2011); Davis and Mauer (2010); Hlaing et al. (2017); Wu et al.
(2013) and Zoumpopoulou et al. (2010).
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6.4.3 SEM morphology of treated cells

In addition to FT-IR spectral analysis, physical and morphological changes in acid-stressed L.
monocytogenes cells were also observed by scanning electron microscopy. Figure 6.3 shows
the micrographs of stress-treated cells compared to untreated control cells. While control
cells had smooth and intact cell surfaces, some treated cells showed evidence of cell surface
deformations indicating a collapse of the cell wall and possible the cell membrane and in a
few cases, evidence of cell rupture. The most striking changes reflecting the effect of acid
stress treatment were observed in L. monocytogenes strain 69 where its treated cells showed

an extensive formation of extracellular vesicles.
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Strain 69

Strain 159/10

Figure 6.3: Scanning electron micrographs of acid treated cells of L. monocytogenes strain 69 and strain 159/10. A - Control cells with intact
and smooth membranes. B and C — acid-treated cells. Evidence of membrane deformation is shown with a red arrow. The green arrow shows
evidence of cell rupture.
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6.5 Discussion

The analysis of stress-induced cellular changes in bacterial cells by FT-IR spectroscopy relies
on the vibrational spectra of all biomolecules present in the cells (Rak et al., 2014). In
addition, to established biochemical and molecular biology-based technologies, vibrational
spectroscopy can, therefore, offer some useful insights on the study of microbial stress
responses (Alvarez-Ordofiez et al., 2011). In the present chapter, FT-IR spectroscopy was
utilized to study the effects of acid stress in two strains of L. monocytogenes which from
Chapters 4 and 5, represented varying phenotypic responses. Of the two strains, L.
monocytogenes 69 cells, exhibited a high sensitization to secondary stress agents once
stressed while L. monocytogenes 159/10 strain exhibited tolerance to secondary agents once

stressed.

Based on comparisons of spectral signatures of stressed and non-stressed control cells, L.
monocytogenes 69 showed significant peak intensity alterations in C-H symmetric and
asymmetric stretching vibrations of —CH2 and -CH3 groups in acyl chains of membrane lipids
and POz asymmetric stretching vibrations associated with membrane phospholipids. In
contrast, no significant alterations were observed in the same spectral region for L.
monocytogenes 159/10. These variations reflect the differences in the acid stress response
behavior of the two strains. Changes in vibration characteristics of membrane acyl chain have
been linked to phase transition of bacterial cell membranes which influences membrane
fluidity (Alvarez-Ordofiez and Prieto, 2010). Bacterial stress adaptation and survival depends
a lot on the ability to adjust and maintain an appropriate fluidity of the cell membrane
(Marielle and Sarrah, 2017). Using the technique of fluorescence anisotropy, Marielle and
Sarrah (2017) showed that fluidity of bacterial membranes is related to cell viability and that

under conditions of stress, the membrane changes from a fluid to a rigid state associated with
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decreased viability and cell death. In their study, Alvarez-Ordoéiiez and Prieto (2010) deduced
membrane fluidity changes in stress-treated Sa/monella enterica serovar Typhimurium cells
based on the analysis of the shift in peak of the —CH: stretching vibrations. In the present
study, no significant shifts in peaks between treated and control cells were observed.
Nevertheless, the observed reductions in peak intensities were indicative of changes in
bonding and conformation of the membrane lipid chains (Yoon et al., 2015). Thus the
findings of this study suggest that the differences in the stress susceptibilities of these strains
previously observed in Chapter 4 are related to the ability or lack thereof to maintain

membrane fluidity under environmental stress.

Spectral alterations in the Amide I band (wavenumbers 1655 — 1637 cm™) attributed to C=0O
and C-N stretching vibrations of the protein backbone are a reflection of the changes in the
secondary structure of cellular proteins (a-helical structures and B-pleated sheets) (Hlaing et
al., 2017). The mechanism of acid-induced cell damage depends on the release of H* protons
into the cell cytoplasm which alters the internal pH of the cell (Brul and Coote, 1999). This
disruption of pH homeostasis affects protein structure through the disruption of intra- and
intermolecular hydrogen bonding and electrostatic interactions (Wu et al., 2013). In addition,
the acidification of the cytoplasm also causes denaturation of cytoplasmic proteins such as
enzymes (Lund et al., 2014). In both L. monocytogenes strains, it is clear that one of the
primary effects of acid-induced stress is the disruption of cellular proteins which
consequently affects other physiological and metabolic responses associated with stress

exposure (Lund et al., 2014).

The effects of acid treatments on the stability of nucleic acids were deduced from the

symmetric and asymmetric stretching vibrations of POz groups (1084 and 1220 ¢m™), C=0
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groups in base structures (1715 cm!), as well as C-O and C-C stretching vibrations of the
DNA backbone (976 cm™). An increase in the intracellular concentration of H" protons and
acidification of the cytoplasm induced by acid stress results in ionization and protonation of
PO2 groups and nitrogenous bases causing DNA denaturation and conformational changes
(Tajmir-Riahi et al., 1995a). Studies on DNA exposed to low pH, have shown that the main
alterations include base separation and stacking, destabilization of the helical structure and
conversion from B to C and Z conformations (Tajmir-Riahi et al., 1995a; Tajmir-Riahi et al.,
1995b). It would appear that while acid stress affected the phosphate groups, and the nucleic
acid bases (which were prominent in both strains), it did not have any significant effect on the
DNA backbone as deciphered from C-O and C-C stretching vibrations of the DNA backbone
(976 cm™"). This gives emphasis to observations from previous studies that stress-induced and
adaptational changes in DNA mostly involve disruption of the helical structure and changes

to non-B conformations (Kumar and Maiti, 1994; Wood, 2016).

The effects of stress on cellular polysaccharides as revealed spectral alteration in C-O-O-C
stretching of polysaccharide ring structures at 1057 cm™!. Given that the greatest amount of
cellular carbohydrates is contained in the cell walls as peptidoglycan, and teichoic acid
(Mistou et al., 2016), the alterations in the spectra of stress-treated cells are a reflection of the
stress-induced loss of cell wall integrity. In addition to carbohydrates, the Gram-positive
bacterial cell wall contains a lot of cross-linking peptides that regulate the physical properties
of the peptidoglycan layer such as porosity and elasticity (Mistou et al., 2016; Vollmer and
Seligman, 2010) as well as phosphate groups associated with teichoic acid (Schneewind and
Missiakas, 2014). Given the effects of H" protons on the ionization of proteins and phosphate

groups, it is likely that the structure of the peptidoglycan and teichoic acid would be affected
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thereby compromising the integrity of the cell wall. Similar spectral changes were observed

for L. innocua exposed to acetic acid at pH 4.13 (Wu et al., 2013).

Results from the SEM analysis provided evidence that physical damage to the cell wall and
cell membrane was a possible manifestation of the acid-induced biomolecular changes
providing an additional mechanism for acid-induced cell death in L. monocytogenes. The
extensive formation of extracellular vesicles associated with L. monocytogenes 69 provided
an additional feature of potential difference in acid stress response between the two strains.
Extracellular vesicles have been identified as a secretory system that enables bacterial cells to
secrete enzymes and other effector proteins enabling them to exploit their environment for
survival (Kulp and Kuehn, 2010). As a stress response mechanism, these vesicles are
important in cell to cell communication, biofilm formation, and nutrient acquisition that
enables stressed cells to readily exploit their environment for survival (Kulp and Kuehn,
2010). In the context of this study, the formation of extracellular vesicles in L.
monocytogenes 69 suggests that the less tolerant strains make-up for their low-stress
resistance by investing in strategies that enhance survival potential through an improved

exploitation of the environment to support growth.

In general, the effects of acid stress in both L. monocytogenes strains were reflected in
alterations in the FT-IR spectra of proteins, lipids, nucleic acids, and polysaccharides.
However, the outstanding feature of the response of the two strains was in the differences in
the acyl chains of membrane lipids which suggested that the differences in the phenotypic
responses of the two strains could be related to their ability or lack thereof in maintaining

fluidity under environmental stress. This highlights membrane fluidity as a key determinant
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of L. monocytogenes stress survival making it an important predictor of the pathogen’s

resistance to food preservation agents.

6.6 Conclusions

In general, exposure to acid stress in L. monocytogenes induces disruptions of protein
secondary structure, nucleic acid conformations, and degradation of cellular polysaccharides.
However, in stress-susceptible strains, this response is accompanied by changes in membrane
lipid acyl chains that potentially cause reduced membrane fluidity. SEM analysis shows that
physical damage to the cell wall and cell membrane is a possible manifestation of the acid-
induced biomolecular changes providing an additional mechanism for acid-induced cell
death. In stress-susceptible strains, the acid stress response also involves the formation of
extracellular vesicles which possibly play a role in the survival potential through an improved
exploitation of the environment to support growth. This study shows that membrane fluidity
is a key determinant in L. monocytogenes survival which is vital in identifying predictors of

the pathogen’s resistance to food preservation agents.
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7 CHAPTER?7

ACID STRESS-INDUCED PERSISTER CELL FORMATION IN LISTERIA
MONOCYTOGENES AND THE DIFFERENTIAL EXPRESSION OF STRESS
RESPONSE GENES IN REVIVED PERSISTERS
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7.1 Abstract

Persistence of Listeria monocytogenes is a major challenge in the control of the pathogen in
food processing environments. This study investigated the characteristics of persistent
survivors following lethal acid stress treatment and the gene expression profiles of such cells
when re-grown under mild stress conditions in two strains of L. monocytogenes. When
overnight cultures of L. monocytogenes were treated with increasing doses of lactic acid (0.98
- 31.37 mM undissociated acid), a recalcitrant population of survivors remained regardless of
increasing acid concentration. The surviving population was as susceptible to acid re-
exposure as the parental population indicating a lack of acquired resistance. A reduced
metabolic activity (based on carboxyfluorescein diacetate (CFDA) fluorescence) of survivors
compared to control cells indicated a likely role of metabolic inactivity in the tolerance of
survivors, a characteristic of persister cells. Microscopically, cells subjected to lethal acid
stress showed the presence of extracellular vesicles which were lacking in control cells
indicating the potential for other mechanisms accompanying survival of such stress in
addition to metabolic inactivity. When persister survivors were re-grown under conditions of
mild acid stress and cold stress, no significant differences (p > 0.05) were observed in the
expression levels of stress response genes sigB (alternative sigma factor B (c®) gadD2
(glutamate decarboxylase), oppA (oligopeptide permease), and /mol722 (DEAD-box RNA
helicase) between re-grown survivors and control cells. However, significant differences
were observed in the phosphotransferase system (PTS) coding gene /mol038. The findings of
this study suggest that the persistence of L. monocytogenes in the face severe stress as is the
case in processing environments could be attributed to a dormant persister cell state. When
such dormant cells are allowed to revive and re-grow, they do not exhibit any acquired stress
resistance, an indication of an unlikely presence of heritable genetic differences from their
parental generation. However, the lower transcript levels of the PTS system coding gene
suggests that there could be a reduced affinity and uptake of sugars in re-grown survivors

implying a potential for slow growth in cells re-grown from severe stress survivors.

Keywords: Listeria monocytogenes; persistence; gene expression.
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7.2 Introduction

Bacterial persistence refers to the ability of particular types of microorganisms to survive for
prolonged periods of time in certain habitats (Orgaz et al., 2013). In the case of L.
monocytogenes, molecular profiling of strains has often identified the occurrence of specific
molecular subtypes repeatedly associated with specific food processing plants resulting in
recurrence of product contamination with the same strain over extended periods of time
(Almeida et al., 2013; Riickerl et al., 2014). These processing plant persistent strains are often
the cause of listeriosis outbreaks involving contaminated processed RTE foods (Jensen et al.,

2008; Nowak et al., 2017; Wulff et al., 2006).

The underlying mechanisms of L. monocytogenes persistence still remain elusive (Orgaz et
al., 2013). Several authors have suggested factors such as the ability of persistent strains to
adhere to food-processing surfaces, and the ability to tolerate disinfectants as inherent
differences influencing the ecology of persistent and non-persistent strains (Larsen et al.,
2014; Meretreg and Langsrud, 2004). However as observed by Carpentier and Cerf (2011),
there is no consensus in literature that disinfectant resistance or biofilm formation are the
main factors responsible for L. monocytogenes persistence. Another proposition made by Fox
et al. (2011) based on the phenotypic microarray analysis of the full metabolic profiles of
persistent and non-persistent strains is that the latter possesses pathways for the metabolism
of unique compounds not metabolized by other strains and co-existing microflora giving such

strains a competitive advantage.

A third scenario also recognized as a potential explanation for bacterial persistence is the
theory of persister cell formation. Based on this theory, persisters are regarded as highly

tolerant phenotypic variants of normal cells that form stochastically in microbial populations
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by entering a state of growth arrest (Brauner et al., 2016). While the stochastic formation of
persisters is considered to be an evolutionary bet-hedging strategy, many environmental
stresses have also been deemed to induce the transition of normal cells into this non-growing
state making it an important survival state of microbial cells in the face of environmental
pressures (Radzikowski et al., 2016). This phenomenon of persister cells has been known for
a long time in clinical settings as a cause of persistent recurrent infections (Gefen and
Balaban, 2009). Unlike antibiotic resistant infections, persister-mediated recurrent infections
remain sensitive to antibiotic re-exposure. Similar to antibiotic-induced persister formation, it
can also be argued that the routine use of disinfectants and sanitizers can potentially provide a
driving force for the development of persister cells of L. monocytogenes in processing plants

and thus consequently aid persistence of the pathogen.

Although the potential role of persisters as a factor facilitating L. monocytogenes survival and
persistence in foods and food processing environments has previously been highlighted
(Abee et al., 2016; Buchanan et al., 2017), no attention has been accorded to this cell state
regarding the conditions under which such cells potentially form and the conditions under
which such cells potentially revert to a growing state. Instead, most of the focus with regards
to L. monocytogenes survival of food-related stresses has been on survivors with genetically
mediated resistance (Metselaar et al., 2015; Van Boeijen et al.,, 2011, 2010). This is
notwithstanding the observations from these studies that the majority of survivors comprised

of non-resistant phenotypic variants.

As a long-term survival state, persister cells can be a food safety threat as such cells can
potentially revive and resume of growth in contaminated foods. Although persister cells are

genetically similar to their actively growing ancestral population, recent evidence suggests
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that some the phenotypic variation that enables such cells to survive long-term exposure to
stress, can potentially be passed on to offspring through a combination of molecular noise
and epigenetic inheritance (Day, 2016). This is in addition to the established observation that
the immediate environmental history of any cells influences the growth and adaptation of any
population following a transition to a new environment (Ryall et al., 2012). It goes to reason
therefore that, in the case of persister cells, the programmed gene regulation patterns enabling
such cells to survive lethal stress could have an impact on the growth and adaptation of the
cells when they resume growth. Therefore, the objectives of this study were to test the
hypothesis that persister cell formation as a stress response mechanism is an underlying cause
of L. monocytogenes persistence and to examine if persister L. monocytogenes survivors of
lethal acid stress have any adaptational stress response gene expression profiles when

resuming growth under conditions of mild acid and cold stress.

7.3 Materials and methods

7.3.1 Bacterial strains

The strains of L. monocytogenes used in this study and their growth conditions were as
described in Section 4.3.1 (Chapter 4) of this thesis. Strains ATCC19115 and159/10, were

specifically chosen because of their observed survival in a lactic soft cheese (Chapter 5).

7.3.2  Lactic acid solutions and determination of undissociated acid concentration

The experiments of bacterial exposure to lactic acid stress were done in stationary phase BHI
broth cultures, acidified with L-Lactic acid (Sigma-Aldrich). As a reference for measuring the
extent of acid stress treatment, the amount of undissociated acid was calculated for each acid
incorporated broth using equation (7.1) derived from the Henderson-Hasselbalch equation

(Wemmenhove et al., 2016).
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[Total Acid]

[Undissociated Acid] = 1+ 10PH —pKa (7.1)

where pKa (lactic acid) = 3.86.

Lactic acid solutions in water with total acid concentrations ranging from 40 mM to 100 mM
were incorporated into BHI broth on a ratio of 1:10 and used to pre-determine the
undissociated acid concentrations before the bacterial exposure experiments. This achieved
the following undissociated acid concentrations in broth; 0.98 mM (pH 5.46), 1.92 mM (pH
5.21), 5.25 mM (pH 4.79), 10.56 mM (pH 4.53), 14.57 mM (pH 4.44), 23.37 mM (pH 4.32)
and 31.37 mM (pH 4.2). A non-acid (water) incorporated BHI broth was used as a negative

control (0 mM (pH 7.46)).

7.3.3 Lactic acid-induced L. monocytogenes persistence

Persister cell formation was induced by a dose-dependent killing of planktonic cells in BHI
broth following a method previously described by Wu et al. (2017). In line with the definition
of persister cells, L. monocytogenes cells were subjected to treatment with lactic acid doses
well above the minimum inhibitory concentration which was empirically determined to be
0.98 mM (pH 6.8) undissociated acid. A 900 pl volume of stationary phase culture (grown in
10 ml BHI broth at 37°C for 18 h) was treated with 100 pl filter sterilized (0.2 um filters, Pall
Life Sciences) lactic acid solutions or blank (water) and the treatments were incubated at
37°C for 24 h. Treatments were subsequently centrifuged at 5 000xg for 5 min and re-
suspended in 1 ml PBS before viable counts were determined by plating on BHI agar. Each

treatment was replicated three times.
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For monitoring death kinetics, 9 ml volumes of stationary phase cultures were treated with 1
ml filter sterilized solution of lactic acid to achieve the highest concentration of 31.37 mM
undissociated acid. Treatments were incubated at 37°C and viable counts were monitored by

plating on BHI agar at 0, 2, 4, 8 and 24 h.

7.3.4 Susceptibility of survivor isolates to severe acid stress re-exposure

Five colonies representing cell survivors at the highest concentration of lactic acid (31.37
mM) were re-grown in 10 ml fresh BHI broth at 37°C for 18 h and 900 pl of the culture was
re-subjected to acid treatment with 100 ul filter sterilized solution of lactic acid at the highest
concentration of undissociated acid (31.37 mM). A culture of the parental cell population was
used as a control. After 24 h at 37°C, treatments were subsequently centrifuged at 5 000xg for
5 min and re-suspended in PBS before viable counts were determined by plating on BHI agar.

Each treatment was replicated three times.

7.3.5 Metabolic activity of survivor cells

In order to evaluate the metabolic activity of survivor cells, the esterase activity of cells
subjected to severe acid treatment was determined using flow cytometry (Kim et al., 2011).
Treated cells (1 ml) were centrifuged at 5000 x g for 10 min, washed twice and re-suspended
in 1 ml PBS. A 100 pul of the cell suspension was then incubated with 1 pl of 10 uM 5-
carboxyfluorescein diacetate (CFDA) (Molecular Probes) solution for 30 min in the dark at
37°C. The CFDA stained cell suspensions were subsequently centrifuged at 5 000xg for 10
min to remove excess stain and the cells were re-suspended in fresh 100 pul PBS. The stained
The intensity of the green fluorescence signal of the stained cells was measured using a flow
cytometer (BD Accuri™ C6 Plus, BD Biosciences) equipped with a 20 mW argon laser

emitting at 488 nm. Logarithmic signals for green fluorescence were recorded in the FLI
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channel using a 533/30 bandpass filter. The obtained data were analyzed using FlowJo®
v10.4 software (FlowJo LLC, USA). The fluorescence signal of the CFDA-stained surviving
populations after lethal acid stress exposure was compared to a standardized population of
CFDA-stained untreated control cells. Control cells were standardized by dilution to give a
cell count equal to that of stress survivor cells (the average stress survivor cell population
based on viable counts was 1.7Logio CFU/ml and 2.2Logio CFU/ml for L. monocytogenes
ATCCI19115 and 159/10 respectively). Also included in the experiment were unstained
control cells. Data were presented as overlaid fluorescence histograms of treated and control

cells.

7.3.6  Effect of nutrients on L. monocytogenes persistence

Duplicate 1 ml volumes of stationary phase culture (grown in 10 ml BHI broth at 37°C for 18
h) were centrifuged at 5000 x g for 10 min and washed twice with PBS. One cell pellet was
re-suspended in 1 ml BHI broth and a second cell pellet was re-suspended in 1 ml dilute BHI
broth (diluted 1:9 with water) (Wu et al., 2017). A 900 ul volume of the cell suspension was
then treated with 100 pl filter sterilized lactic acid solution to achieve the highest
concentration of 31.37 mM undissociated acid. After 24 h at 37°C, treatments were
subsequently centrifuged at 5 000xg for 5 min and re-suspended in PBS before viable counts
were determined by plating on BHI agar. Also included in the experiment was a 900 pl
volume of the stationary phase culture treated with 100 pl filter sterilized lactic acid solution

representing spent broth. Each treatment was replicated three times.

7.3.7 SEM examination of lethal acid stress-treated cells
In order to understand some of the physical changes accompanying the survival of lethal acid

stress, SEM observations of treated L. monocytogenes cells exposed to 31.37 mM acid stress
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treatment was done. The method for the preparation of cells for SEM was as described in

section 6.3.4 of this thesis (Chapter 6).

7.3.8 Relative expression of stress response genes in persister survivors revived under
conditions of mild acid and cold stress

In order to test if persister cell survivors have any survival advantage over actively growing
cells when they resume growth, the cells surviving lethal acid treatment were revived in BHI
broth under conditions of mild acid and cold stress respectively. Surviving cells following
lethal acid treatment were recovered by centrifugation of 1 ml suspension of treated cells at
5000 x g for 5 min and the resultant pellet was washed twice with PBS. The washed cells
(with approximately 10? viable cells as determined by plating) were then revived by addition
of 2 ml BHI broth and incubated at 10°C for 10 d for cold stress revival. For mild acid stress,
washed cells were revived in BHI broth supplemented with lactic acid (0.08 mM
undissociated acid) (pH 6.3) and incubated at 37°C for 24 h. Together with severe acid stress
survivors, control cells comprising of actively growing log phase cultures (10 — 12 hr) were
standardized by dilution to give a cell count equal to that of inoculated persister cells in broth
(the average stress survivor cell population inoculated into the broth was 1.7Logio CFU/ml

and 2.2Logio CFU/ml for L. monocytogenes ATCC19115 and 159/10 respectively).

Given that the objective of the experiment was to evaluate if persistent survivors have any
survival advantage over control cells when they resume growth under mild stress conditions
relevant to foods, expression profiles of stress response genes were calculated for both
persister survivors and control cells growing under mild stress conditions relative to transcript
levels of the same genes under optimal growth conditions (Argueda-Villa et al., 2010).

Therefore cultures of both persister survivors and control cells grown in BHI broth at 37°C

126



were used as a reference for calculation of the relative expression of stress response genes.
All cultures under all experimental conditions were grown to stationary phase (ODeoonm = 0.4

—0.5) before RNA extraction.

7.3.8.1 RNA extraction

Cell suspensions were centrifuged at 5000xg for 5 min and total RNA was extracted from the
resulting cell pellets using the ZR Fungal/Bacterial RNA MiniPrep™ kit (Zymo Research,
Irvine, USA) following the manufacturer’s instructions. An in-column DNase I digestion was
performed using RNase free DNase (Zymo Research) for 15 min at room temperature to
remove genomic DNA. Total RNA was eluted in 50 pul RNase free water and stored at -20°C
until use. RNA concentration was determined by measuring optical density (OD26onm) using a

nano spectrophotometer (Bibby Scientific, Staffordshire, UK).

7.3.8.2 Reverse transcription and quantitative real-time PCR (RT-qPCR)

Reverse transcription and qPCR was carried out in a one-step reaction using the QuantiNova®
SYBR® Green RT-PCR Kit (Qiagen GmbH, Hilden, Germany). The reaction mixture
comprised of; 5 pl of 2 x QuantiNova SYBR Green RT-PCR Master Mix (composed of Taq
DNA Polymerase, SYBR Green RT-PCR Buffer and dNTP mix); 0.2 ul of 100 x
QuantiNova RT Mix (composed of HotStaRT-Script Reverse Transcriptase and RNase
inhibitor); 5 uM of each primer (Table 7.1); 1 pl of 5 — 10 ng of template RNA and nuclease-
free water in a final volume of 10 pl. The reaction consisted of a reverse transcription step at
50°C for 20 min followed by a PCR initial activation step at 95°C for 2 min; denaturation at
95°C for 5 s; annealing at 57°C for 30 s; extension at 72°C for 30 s; a single fluorescence
reading step after every cycle and a melting curve analysis at 65°C — 95°C in 0.5°C/s

increments in a Bio-Rad CFX96 Deep Well™ Real-Time System (Bio-Rad, Hercules, USA).
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Primer sequences for the reference and target genes are shown in Table 1. Target genes, sigB
(general stress response regulator, alternative sigma factor B (6®) (O’Byrne and Karatzas,
2008)), gadD?2 (a part of the glutamate decarboxylase (GAD) system that is expressed as part
of the acid tolerance response (Lund et al., 2014)), opp4 (coding for an oligopeptide
permease responsible for the accumulation of peptides under cold growth conditions (Tasara
and Stephan, 20006)), /mol722 (coding for a DEAD-box RNA helicase necessary for efficient
translation by unwinding RNA secondary structures formed under low temperature growth
(Netterling et al., 2012)) and /mol038 (coding for the PTS enzyme II responsible for the
transport of sugars in bacteria (Liu et al., 2013)) were selected on the basis of their roles on
the growth of L. monocytogenes in acid and low-temperature conditions. Negative controls
consisting of a non-template control (NTC) a control with no reverse transcriptase (NoRT)
were included in each reaction. A comparison of threshold cycle (Cr) values between the
NoRT controls and their respective samples were used to evaluate the level of residual DNA
contamination (Cabrita et al., 2015) and was considered negligible. The specificity of each
reaction and purity of the amplification was confirmed by the presence of a single peak in
melting curve analysis. Two reference genes gap and 16S were used based on available
literature. Data (Ct values) was obtained from three biological replicates performed in

duplicates.

7.3.8.3 PCR primer efficiency

Standard curves prepared from serial dilutions (10° to 10#) of template RNA extracted from
L. monocytogenes ATCC19115 were used to determine the PCR efficiency (F) of each
primer pair. The slope of the curve from a plot of Cr values versus the Logio values of
template concentration was used to calculate percentage efficiency for each primer pair

(Table 7.1) using the Bio-Rad CFX manager 3.0 software (Bio-Rad).
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7.3.8.4 Normalization of transcript levels and calculation of relative gene expression

Cr values of target and reference genes were subjected to efficiency correction and
normalization for total RNA of each sample (Kubista et al., 2007). Corrected Ct values of
target genes were normalized to the reference gene gap. Normalized transcript levels were
used to calculate the relative expression of each target gene in using the AACr method
(Equation 1 and 2) (Livak and Schmittgen, 2001). Expression fold change was then expressed

as Log> values.

AACT = (CTTargEt_ CT ReferenCe)Mild stress (CTTargEt_ CT ReferenCe)Optimal conditions

(72)
Relative Expression of target gene = 27AACr

(7.3)
7.3.9 Data analysis
A one way ANOVA with Tukey test for multiple comparisons was used to compare surviving
populations of each L. monocytogenes strain after exposure to increasing levels of lactic acid,
the susceptibility of persister isolates to control cells following acid re-exposure and effect of
nutrient availability on the level of persister survivors. The Student #-test was then used to
analyze for any significant differences in gene expression levels between revived persisters
and control cells. Principal component analysis (PCA) of the expression data was used to
analyze for any correlation in the expression profiles of the target genes and experimental
conditions as a multivariate tool. ANOVA and t-test were done in GraphPad Prism
(GraphPad Software, Inc., USA). PCA analysis was done using Xlstat, 2016 (Addinsoft, New

York, USA).
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Table 7.1: Primer sequences of reference and target genes and the respective amplification efficiency values for each primer pairs

Housekeeping Genes Primer Sequence (5'- 3") Reference E R’

gap F-ACCAGTGTAAGCGTGAA Tasara and Stephan (2007) 99.3 0.97
R-TCACAGCGCAAGACAAA

168 F-TGGGGAGCAAACAGGATTAG Karatzas et al. (2010) 60.1 0.99
R-TAAGGTTCTTCGCGTTGCTT

Target Genes

Imol038 F-GGCTTAGAAACCGTATCCTT Bae et al. (2012) 86.4 0.99
R-CCTGCTTCTGCCTTAGTTAC

oppA F-GGATGATGTAGCTATTCAACCACTT  Cabrita et al. (2015) 88.5 0.98
R-GTAAGTGTAATCTGGACCAAATGGA

gadD?2 F-AATACCTTGCCCATGCAGTC Karatzas et al. (2010) 88.7 0.96
R-GGCTTGGAAATCTTGGATGA

Imol722 F-CCACGAATGGAAATTTTGCT Cabrita et al. (2015) 88.4 0.99
R-CGTGAATTCCAGCTGCTTTTA

sigB F-TCATCGGTGTCACGGAAGAA Mataragas et al. (2015¢) 83.6 0.99

R-TGACGTTGGATTCTAGACAC

E - Efficiency of each primer pair estimated from standard curves using the equation, g = (1((=1/slove) _ 1) x 100

F - Forward, R - Reverse, R? — Goodness of fit of the regression line for efficiency determination.
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7.4 Results

7.4.1 Acid stress-induced persistence

Figure 7.1 shows the surviving populations of L. monocytogenes strains ATCC19115 and
159/10 exposed to increasing doses of lactic acid (0 — 31.37 mM of undissociated acid)
including the MIC (empirically determined to be 0.98 mM (pH 6.8). A steady decline in
surviving populations was observed at acid levels of 0.98 mM to 14.57 mM for strain
ATCCI19115 and acid levels of 0.98 mM to 23.37 mM for strain 159/10. There was no
significant difference in surviving populations at acid levels in excess of 14.57 mM for both
strains. A residual survivor population averaging 2.7Logio CFUml™! for strain ATCC19115
and 3.4Logio CFUmI™! for strain 159/10 remained in the broth regardless of increasing acid

concentrations.
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Figure 7.1: Surviving population of L. monocytogenes cells subjected to increasing lethal
doses of lactic acid in BHI broth. A - L. monocytogenes ATCC19115, B - L. monocytogenes
159/10. Bars with different letters indicate significant differences (p < 0.05).
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7.4.2  Death kinetics of L. monocytogenes cells treated with lethal concentration of lactic
acid

The death kinetics of L. monocytogenes cells treated with the highest concentration of lactic

acid (31.37 mM), is shown in Figure 7.2. A biphasic death curve typical of persister cell

survivors was observed for strain ATCC19115. In the first phase of inactivation (first 8 h of

exposure), a rapid decline from 9.1Logio CFUml™! to 2.9Logio CFUml™! was observed for this

strain with the surviving tolerant population killed slowly over the remaining period. In the

case of strain 159/10, a near log-linear decline in the surviving population was observed from

9.5Logio CFUmI! to 3.0Logio CFUml! in 24 h.

-~ ATCC19115 Control
-2 ATCC19115 Treatment

-+ 159/10 Control
-+ 159/10 Treatment

Log1o CFU/ml

0 1 1 1 1 1 1
0 4 8 12 16 20 24

Time (h)

Figure 7.2: Death kinetics of L. monocytogenes cells subjected to lethal lactic acid treatment
at 31.37 mM.
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7.4.3  Susceptibility of persister isolates upon re-exposure to lactic acid

Figure 7.3 shows the susceptibility of persister isolates obtained from 24 h survivors of lactic
acid treatment (31.37 mM). Survivors of acid treatment represented by colonies picked from
BHI agar plates were re-grown in fresh BHI broth and their stationary phase cultures were
subjected to re-treatment with 31.37 mM lactic acid. With the exception of one persister
isolate of L. monocytogenes 159/10, no significant differences (p > 0.05) were observed in
the susceptibility of persisters compared to the parental control cells an indication the lack of

acquired resistance among the L. monocytogenes acid stress survivors.
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Figure 7.3: Survival of L. monocytogenes cells re-grown from persister survivor isolates
upon re-exposure to lactic acid treatment at 31.37 mM. A - L. monocytogenes ATCC19115, B
- L. monocytogenes 159/10. On each bar graph, P1 — P5 represent persister survivor isolates.
Asterisk indicates a significant difference in survival compared to control cells (p < 0.05).
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7.4.4 Effect of nutrient availability on L.. monocytogenes persistence

The effect of nutrient availability on the susceptibility and persister cell formation of L.
monocytogenes subjected to lactic acid treatment at 31.37 mM is shown in Figure 7.4. When
L. monocytogenes overnight cultures were re-suspended in fresh and dilute BHI broth
followed by acid treatment, persister cell survivors were significantly higher (p < 0.05) in
fresh BHI broth than in nutrient deficient dilute and spent broth. However, there was no
significant difference (p > 0.05) in the survivor population between treatments made in dilute

and spent BHI broth in both strains.
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Figure 7.4: Effect of nutrient availability on persistence and tolerance of overnight cells of L.
monocytogenes ATCC19115 and 159/10 re-suspended in fresh and dilute (1:9) BHI broth and
treated with 31.37 mM lactic acid. For each strain, bars with the same letters are not
significantly different (p < 0.05).
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7.4.5 Metabolic activity of persister cells

Flow cytometry analysis (Figure 7.5) showed that persister survivors at a standardized cell

count had a lower CFDA fluorescence signal compared to overnight control cells. The

fluorescence signal was similar to that unstained control cells.
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Figure 7.5: Flow cytometry histograms of normalized cell counts indicating reduced CFDA

fluorescence of surviving L. monocytogenes cells after exposure to lethal acid stress. A -
ATCC19115, B —159/10.

In order to understand the physical changes in cell structure accompanying the shift from
normal to persister cell state, scanning electron microscopy analysis was done on stationary
phase control cells and persister cell survivors of lethal acid stress (Figure 7.6). Notably, non-
treated control cells were mostly shorter rods with smooth outer surfaces while persister cells
appeared as slightly elongated rods with a lot of granular surface structures that resembled

extracellular vesicles. In addition, evidence of filamentation was observed in one image of

strain ATCC19115 persister cells.
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Control cells Cells subjected to severe acid stress

Figure 7.6: Scanning electron micrographs of L. monocytogenes ATCC19115 (A) and
159/10 (B) control cells and cells subjected to severe acid stress. Red arrows indicate the
presence of extracellular vesicles in cells subjected to severe acid stress cells for both strains.
The green arrow in image C indicates filamentation observed in ATCC19115 cells subjected
to severe acid stress.
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7.4.6 Expression of stress response genes in cells re-grown from persister survivors

The relative expression levels of the studied stress response genes in cells re-grown from
persister survivors under mild acid growth are shown in Figure 7.7. The general stress
response regulator gene sigB (> 1.5Log> fold) and the acid stress response gene gadD2 (> 0.1
Log> fold) were generally up-regulated under conditions of mild acid stress, while the cold
stress response genes OppA (< -0.5Log> fold) and /mol722 (-1.28Log> fold) were down-
regulated in both control cells and revived persister survivors of both strains. However, no
significant differences (p > 0.05) were observed in the expression levels of sigB, gadD2,
OppA, Imol722 in cells re-grown from persister survivors compared to the control cells
grown under similar conditions. Only the PTS encoding gene /mol038 showed a significant
(p = 0.0012) down-regulation in revived persister cells of strain ATCC19115 (Figure 7.7 A)
compared to control cells. A -3.97Log: fold down-regulation was observed in cells re-grown
from persister survivors compared to control cells (0.77 Log: fold up-regulation).
Interestingly, the same gene was up-regulated in both control cells and persister survivors of
strain 159/10 growing under mild acid conditions (Figure 7.7 B), although no significant

differences (p > 0.05) were observed.

Under conditions of cold stress, relative expression levels of the general stress response
regulator, and the cold response genes were positive for both strains with only marginal
changes in the acid stress response gene gadD?2 (Figure 7.8). Statistically, no significant
differences were observed in the expression levels of sigB, gadD2, OppA, Imol722 in re-
grown persister cells compared to the actively growing control cells grown under cold stress
conditions. The only gene to show any significant differences (p < 0.00001) in levels of
expression between persisters and control cells grown at 10°C was the PTS encoding

Imol1038. In L. monocytogenes ATCC19115, a 10.27Log> fold up-regulation was observed in
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control cells compared to a -0.63 Logz fold down-regulation in persister survivors (Figure 7.8
A) while in strain 159/10, a 12.89Log> fold high up-regulation was observed in control cells

compared to a -5.40 Log> fold down-regulation in persister survivors (Figure 7.8 B).

140



47 =3 CONTROL PERSISTER SURVIVOR

EXN

NN
NN

Relative Expression Fold Change (Log,)

-6+ A1
*
'8 T T L) L) L)
sigB gadD2 oppA Imo1722 Imo1038
Genes
B 15- 3 CONTROL PERSISTER SURVIVOR

104

MY —

Relative Expression Fold Change (Logs)

54
0 227 % I L
4
-5 T T T T T
sigB gadD2 oppA Imo1722 Imo1038

Genes

Figure 7.7: Relative gene expression profiles of L. monocytogenes cells re-grown from
persister survivors and control cells grown to stationary phase in BHI broth supplemented
with 0.08 mM undissociated lactic acid (pH6.3). Strain ATCC19115 (A) and strain 159/10
(B). Asterisks indicate significant differences in expression between the cells re-grown from
persister survivors and control cells (p < 0.05).
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Figure 7.8: Relative gene expression profiles of L. monocytogenes cells re-grown from
persister survivors and control cells grown in BHI broth at 10°C for 10 d. Strain ATCC19115
(A) and strain 159/10 (B). Asterisks indicate significant differences in expression between the
cells re-grown from persister survivors and control (p < 0.05).
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Figure 7.9: PCA classification of expression levels of L. monocytogenes stress response genes
and re-growth conditions of persister and control cells projected on a PC1 and PC2 scale.

7.4.7 Multivariate analysis of gene expression profiles

The presence of any correlation in the expression profiles of the stress response genes and the re-
growth conditions of L. monocytogenes persister and control cells was assessed using PCA
(Figure 7.9). The first two principal components (PC1 and PC2) were used to show the
relationship between the expression levels in the stress response genes and the re-growth
conditions of the persister survivors as they accounted for 66.44% of the total variability.

Generally, the expression of the genes gadD2 and sigB were negatively correlated with that of
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oppA and Imol722. A Significant correlation was found only between the genes oppA and
Imo1722 (Pearson correlation coefficient = 0.60). Changes in the expression of the cold stress
response genes oppA and Imol722 were related to growth of both cells re-grown from persister
survivors and control cells under cold conditions in both strains. In contrast, increases in the
expression of sigB and the acid stress response gene gadDZ2 were strongly associated with mild
acid re-growth of L. monocytogenes 159/10 control and cells re-grown from persister survivors.
The expression of the PTS encoding /mo1038 was associated mainly with control cells growing
under both mild acid and cold stress conditions (positive values of PC2) except for revived acid

grown persister survivors of strain 159/10.

7.5 Discussion

This study demonstrated that a residual population of highly tolerant L. monocytogenes cells
survives lethal lactic acid stress treatment in broth. Given a MIC of 0.98 mM of undissociated
acid, increasing acid concentrations of up to 31.37 mM, could not achieve a complete
elimination of L. monocytogenes cells resulting in a surviving population averaging 2.7Logio
CFUml! for strain ATCC19115 and 3.4Logio CFUml! for strain 159/10 from initial populations
of ca. 10° CFUml!. In order to test if this surviving population owed its tolerance to
development of resistance or a transient phenotypic switch, the susceptibility of survivor isolates
to a severe acid re-exposure proved that the survivor population was phenotypically similar to
the control population. These observations provided an indication that to large extent, L.
monocytogenes severe acid stress survivors are phenotypic variants of the parental generation
whose enhanced tolerance is not attributable to genetically mediated resistance. While both

genetically mediated resistance and transient phenotypic switch result in enhanced tolerance and
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therefore confer persistence and survival under conditions of lethal stress, the former arises from
heritable mutations and therefore results in stable stress resistant mutants (Abee et al., 2016)
while the latter arises from non-heritable phenotypic changes (Maisonneuve and Gerdes, 2014)
conferring transient stress tolerance. Such a transiently tolerant cell state has previously been
identified as the dominant survival state (80%) in L. monocytogenes cells exposed to heat and
high hydrostatic pressure (Van Boeijen et al., 2011, 2010) and the findings of this study provide
an indication that a similar cell state may also be responsible for the survival of severe acid

stress.

The mechanisms responsible for the phenotypic switch that results in the formation of the
persister cell state have not been elucidated for L. monocytogenes. However, based on studies
with E. coli, persister cells enter into a state of reduced metabolic inactivity that results in growth
cessation (Wood et al., 2013). In this study, the observed lower levels of green fluorescence
emission of lethal acid stress survivors (indistinguishable from that of unstained control cells),
provided an indication that lethal stress survivors of L. monocytogenes exhibit a reduced
enzymatic activity suggesting that such cells could be in a state of growth arrest. This a
proposition that has been made by many researchers supporting the theory of growth arrest as a

means of severe stress survival (Amato et al., 2014; Pu et al., 2017, 2016).

The level of persistence observed in acid treatments done in nutrient-rich fresh BHI broth and
dilute as well as spent BHI broth indicated that nutrient availability is an important factor in L.
monocytogenes persistence. This observation has previously been made for L. monocytogenes

exposed to lethal nisin treatments (Wu et al., 2017) and it implies that under conditions of lethal
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stress, the presence of nutrients is necessary to provide resources needed to support the switch to
the persister cell state, thus giving support to the theory of actively generated persister cells as a
stress response mechanism (Nguyen et al., 2011). The implications of this nutrient enhanced
persistence must be viewed in the context of L. monocytogenes survival in food systems which in
spite of the presence of antimicrobials such as organic acid preservatives, the abundance of

nutrients is likely to promote long-term survival and persistence of the pathogen.

An important aspect of the microscopic morphology of L. monocytogenes cells exposed to lethal
acid stress observed in this study was the formation of extracellular membrane vesicles. The
widespread extent of vesiculation observed in all treated cells (persister survivors and dead cells)
suggests that this is part of a general response to lethal acid stress. In the only study to have
profiled the composition of membrane vesicles from L. monocytogenes, the researchers
identified transporters, stress response proteins, metabolism, and virulence agents as part of the
protein constituents of the vesicles (Lee et al., 2013). The significance of this bacterial vesicular
secretion system has been attributable to the need for bacteria to exploit a wider area of their
environment under conditions of stress (Kulp and Kuehn, 2010). It could, therefore, be inferred
that for L. monocytogenes persister survivors, enhanced vesiculation is an additional survival
strategy under the conditions of lethal stress. In particular, the presence of effector proteins in the
vesicles could play a role in sensing changes in the environment that help the dormant cells to

arise and switch back to an active state.

In addition to vesiculation, filamentation was observed in only one case of L. monocytogenes

ATCCI19115 acid-treated cells. Several studies have reported such morphological changes in
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bacterial cells induced by sub-lethal stress (Liu et al., 2017; Stackhouse et al., 2012). The current
theory on the mechanism of filamentation in bacterial cells is that filaments arise from defects in
cell division (Jones et al., 2013). Given the unlikely occurrence of cell growth under the lethal
acid stress used in this study, it is possible that such filaments existed in the stationary phase
cultures prior to acid treatment. While the filament formation is not likely to be related to
persister cell state, as it is associated with dividing cells, it probably enhances survival under
lethal stress and may consequently also enhance persistence. Because filament formation is a
reversible process under optimum conditions, their formation has huge consequences for the
enumeration of pathogens in foods resulting from an underestimation of bacterial numbers as

many cells are enumerated as a single colony on solid media (Jones et al., 2013).

The lack of any significant differences in the expression levels of sigB, gadD2, OppA, Imol722
genes in control and cells re-grown from persister survivors under conditions of mild acid and
cold stress gave emphasis to the fact that when L. monocytogenes survivors of lethal stress
resume growth, they are not different from the parental generation from which they evolved in
terms of tolerance to future stress exposures. Of these genes, sigB is a general stress response
regulator controlling the transcription of over 200 genes involved in stress tolerance in L.
monocytogenes and therefore plays a role under conditions of both acid and cold stress growth
(O’Byrne and Karatzas, 2008). The lack of any significant difference particularly in the level of
sigB transcripts between cells re-grown from persister survivors and control cells is perhaps an
indication of the unlikely role of the gene in persister survival. In one study that investigated the
potential role of sigB in persister cell formation in L. monocytogenes, Knudsen et al. (2013)

concluded that persister survival in L. monocytogenes was independent of this general stress
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response regulator. This is contrary to observations from other Gram-positive bacteria such as
Staphylococcus aureus where TA systems responsible for the persister cell state are co-
transcribed with sigB operons under stress conditions (Fu et al., 2007). It would appear therefore
that the lack of any link between the general stress response and the persister survival state of L.
monocytogenes could have implications on the expression levels of sigB and sigB-dependent
stress response genes in cells re-grown from such survivors. Thus the transcription levels of the
sigB-dependent gadD?2, OppA, and Imol722 genes were not significantly affected in cells re-
grown from persister survivors. Moreover, the lack of differential expression in these genes
reinforces the theory of phenotypic switching that is the basis of persister cell definition (Brauner

et al., 2016).

The only significantly altered expression levels in cells re-grown from persister survivors was
that of the PTS enzyme Il encoding /mol038. The PTS system is responsible for the
phosphorylation and transport of sugars in bacterial cells (Liu et al., 2013). Differences in the
relative expression levels of /mol038 are likely related to the ability to utilize nutrients under
conditions of stress. While the exact reason for the reduced expression in cells re-grown from
persister survivors could not be established, it is likely that this is a feature emanating from the
gene expression profiles of the severely stressed cells by epigenetic means. Bae et al. (2012)
found that PTS coding genes were generally down-regulated in response to salt stress in L.
monocytogenes with the expression levels of Imol038 specifically sensitive to salt concentration.
Considering that a reduced metabolic activity is central to the persister cell state, it is possible
that transcriptional signals triggering growth arrest such as ppGpp also result in reduced

expression of genes for nutrient uptake. Once these cells resume growth, particularly under mild
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stress conditions as was the case in this study, some of gene expression patterns associated with
the state of reduced growth may still continue into subsequent generations of revived cells
through epigenetic inheritance (Day, 2016). The reduced relative expression levels of PTS genes
represented by that of Imol038 would imply a reduced ability to utilize nutrients by some
survivors of lethal acid stress which would subsequently also imply a reduced growth potential.

The potential phenotypic manifestations of this is a hypothesis that would need to be tested.

Overall, the patterns of gene expression revealed by PCA analysis indicated a link between mild
acid growth and the positive expression of sigB and the acid stress response gene gadD2 and a
link between cold growth and the positive expression of cold stress response genes /mol722 and
oppA. The positive correlation between sigB and gadD?2, although not significant, was a
reflection of the dependence of the acid tolerance response on sigB regulation (Wemekamp-
Kamphuis et al., 2004) while the negative correlation with cold response genes is an indication
that cold stress response genes could be subject to some other regulation in addition to sigB
(Cabrita et al., 2015). Cold adaptation of L. monocytogenes has previously been identified to be
subject to regulation by the alternative sigma factor 54 (¢°*) which may act redundantly with
sigB (Tasara and Stephan, 2006). The association of /mol038 up-regulation with control cells of
both strains and its down-regulation with cells re-grown from persister survivors provided the
main difference between the two cell states and led to the inference that when L. monocytogenes
persister survivors resume growth under conditions of mild stress, the cells adapt to the mild

stress by reducing nutrient uptake.
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7.6 Conclusions

When L. monocytogenes cells are challenged with lethal lactic acid treatment, a small fraction of
highly tolerant cells survives the stress treatment. The surviving cells display a reduced
metabolic activity indicating that survival of lethal stress in L. monocytogenes is due to the
development of a dormant persister cell state. Moreover, the susceptibility of cultures re-grown
from such survivors is not different from that of the parental generation indicating that such
persister survivors are phenotypic variants with no acquired stress resistance. In addition, SEM
morphology of the treated cells showed evidence of extracellular membrane vesicles inferring
that survival of such persister cells could be aided by some other active means in addition to
metabolic inactivity. Gene expression profiles of cells re-grown from persister survivors under
conditions of mild stress show that for most of stress response genes, expression levels are not
significantly different from parental control cells an indication of a lack of heritable genetic
differences. However, revived cells have reduced transcript levels of the PTS system coding
gene /mol038, an indication that a down-regulation of PTS systems probably accompanies the
persister cell state and that there is a potential transfer of such expression patterns in revived cells
through epigenetic inheritance. This study shows that a persister cell state may be responsible for
the long-term survival and persistence of L. monocytogenes under conditions related to foods and
also that such persister cells may possess altered phenotypic characteristics when they re-grow in

contaminated foods.
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8 CHAPTER 8: GENERAL DISCUSSION

This general discussion focuses on a review of the methods applied in this study. The discussion
also looks at the main findings of this study from the different research chapters and attempts to

consolidate them with respect to the global objectives of the research.

8.1 REVIEW OF METHODOLOGY

Four strains of L. monocytogenes were utilized in this study, three of which were obtained from
the Department of Food Science and Biotechnology, University of Free State, having been
isolated from an avocado processing plant (Strydom et al., 2013) as well as strain ATCC19115.
The justification for the choice of these strains was based on the fact that there were readily
available and that the three strains represented the most recent isolates from a food processing
environment and thus would possess some characteristics reflecting of L. monocytogenes

survival in foods.

8.1.1 Stress treatments and induction of cell injury

In Chapter 4, the focus of the study was to examine the behavior of stress injured L.
monocytogenes cells in terms of their resuscitation and growth kinetics under different
temperature conditions in broth. In order to do that, the study had to induce cell injury in 4
strains of L. monocytogenes using three forms of stress that the organism would routinely
encounter in the food value chain possibly as control or preservation hurdles. In the study, acid

stress (pH 4.2 in saline solution), osmotic stress (10% NaCl solution) and heat stress (55°C for 30
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min in PBS) were used to induce injury. The considerations for using these levels of stress was to
enhance sufficient level of cell injury given the known tolerance of the organism to these stresses
(O’Driscoll et al., 1996; Skandamis et al., 2008). A previous study by Kennedy et al. (2011) had
also shown that similar conditions could induce sufficient cell injury in L. monocytogenes.
Secondly, the work intended to harvest and separate injured cells from non-injured cells by
FACS cell sorting with the objective of studying the resuscitation and growth behavior of these

cells without the interference of non-injured cells.

8.1.2 Flow cytometry and FACS

While it could be envisaged that the different forms of stress would affect different cellular
targets, ranging from the cell membrane, the transmembrane potential, enzymes, and nucleic
acids, the assessment of injury adopted for in this work was based on cell membrane damage.
The considerations for this approach was that an intact cell membrane is almost a universal
requirement for cell viability (Grégori et al., 2001; Stiefel et al., 2015), thus making the loss of
membrane integrity to be a universal indicator of cell injury. However, the findings of the study
seem to indicate that while membrane integrity could be well related to cell viability following
acid and salt stress, there was no such relationship with heat stress. Therefore, the assessment of
heat-induced cell injury and cell sorting could have been best done with alternative indicators of
injury. The study of Kramer and Thielmann (2016), specifically noted that the transition from
live to dead state in bacterial cells under thermal stress begins with the loss of respiratory
activity, nutrient uptake and protein pump activity before the loss of membrane integrity, an
indication that cells sorted on the basis of membrane integrity as injured cells could, in fact, be in

a dead state. Hence, more representative indicators of heat-induced injury could have been the
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loss of nutrient uptake ability. For instance, fluorescent indicators such as 2-NBDG (2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose) and 3,3’-dihexylocarbocyanine
iodide have utilized for as indicators of loss of glucose uptake and respiratory activities
respectively in heat-induced injury of bacterial cells (Arku et al., 2011; Kramer and Thielmann,

2016).

The technique of FACS cell sorting provides a powerful high throughput means of separation of
cell subpopulations with special features from a mixture of cells (Amor et al., 2002). The ability
to resolve injured cells from mixed populations of non-injured live and dead cells depends on a
proper setting of gates to separate the subpopulations. For that purpose, this study utilized control
cells consisting of live non-injured cells and dead cells to set up the gates. This approach has
been used in previous cell sorting studies such as Stephens et al. (2000) and Kennedy et al.
(2011). In this study, a confirmation of sort purity was done using a bead sort which confirmed a
purity > 99%. However, the argued limitation of this approach is the lack of a more physical
means of confirmation of the injury state of sorted cells. To that extent, the inclusion of
fluorescence microscopy could have provided an extra assurance and a complete elimination of

any potential spillover of live cells from the boundaries of the different gates.

As observed in this study and also in the study by Kennedy et al. (2011), not all sorted cells
could re-grow on non-selective media. Although the potential of irreversible loss of viability due
to the stress treatments could be an explanation, the toxicity of fluorescent stains on the already
injured cells could be an additional possibility. The fluorescent label PI, used as the marker of

cell integrity loss in this study was used at concentrations recommended in the BD™
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Biosciences cell viability kit which has been optimized and validated for several bacterial species
such as E. coli, Staphylococcus epidermidis, Pseudomonas aeruginosa and Bacillus globigii
(Alsharif and Godfrey, 2002, 2001). While this protocol is an established method for the
quantification of cell injury, it has recommendations on cell sorting. With the additional step of
cell sorting, the likelihood of PI and the sorting process affecting the downstream processes of
cell recovery is a possibility. Notwithstanding these drawbacks of fluorescent probes, the
technique of sorting cells based on their fluorescence characteristics remains the most convenient
way of cell separation, with PI being the leading marker of cell damage (Strauber and Miiller,
2010; Yang et al., 2015). Despite the likely effects of fluorescent labels on the recovery ability of
sorted cells, the stains do not have any effect on resuscitated cells. The restoration of the cell
membrane and an energized state enables such cells to actively remove PI by efflux pumps (Joux

and Lebaron, 2000).

8.1.3 Resuscitation conditions and kinetic modeling

In order to study the resuscitation and growth kinetics of sorted injured cells, the experimental
design was meant to enable a comparison between injured cells and non-injured cells not
exposed to stress. For an objective comparison, non-injured control cells (harvested from the
late-log phase stage) were normalized to the same numbers as those of injured cells. The choice
of the growth stage was governed by the need to use control cells in a balanced state of growth.
With the onset of the stationary phase, a change in gene expression profile results in the
development of stress tolerance responses (Llorens et al., 2010). The incubation conditions for
the resuscitation of injured cells were at 37°C, 25°C, and 4°C. The first two conditions fall within

the growth temperature range for L. monocytogenes (Cole et al., 1990) and were selected to
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represent the optimum, and ambient temperatures respectively. Because most RTE foods
implicated in listeriosis outbreaks are often kept under refrigerated storage for a long time, the
temperature of 4°C was chosen to represent refrigeration storage conditions. In practice,
however, L. monocytogenes ability to multiply in low-temperature stored foods is exacerbated by
abuse especially with evidence that most domestic and retail refrigerator are well in excess of
4°C and are in some instances > 10°C (James et al., 2008). An inclusion of an additional
temperature value at 10°C would have added some valuable insight on the fate of injured cells in
a context of temperature abuse. Because of the slow rate of resuscitation at 4°C, the number of
sampling intervals over a 15 d period were not enough to use for the estimation of growth
parameters by the Baranyi and Roberts (1994) model. Although the growth kinetics could not be
established at 4°C, it was still pertinent that the ability of injured cells to resuscitate under such
low-temperature conditions was examined as this relates in a practical way to the safety of low-

temperature stored RTE foods contaminated with injured L. monocytogenes.

Given that the major challenge in L. monocytogenes is in RTE foods that support its growth.
Hence, the choice of BHI broth as a resuscitation medium was premised on its general ability to
support growth and permit repair of injured cells. However, the interpretation pathogen
responses in broth must be treated with caution as it is not always easy to extrapolate the growth
behavior of pathogens in broth to their behavior in foods. Despite these limitations, the use of

BHI broth was considered satisfactory for the study of sorted injured cells.

Of the several deterministic growth models available for estimation of microbial growth

parameters, the model of Baranyi and Roberts (1994), is considered to widely acceptable as it
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incorporates an aspect of the physiological state of the cells and thus is ideal for the estimation of
the lag phase duration (Baranyi and Roberts, 1994; Swinnen et al., 2004). Additionally, the
model has been incorporated into user-friendly software (DMFit) (Institute of Food Research,

Norwich, England) in which the growth parameters are reported in a biologically relevant way.

8.1.4 Stress and population dynamics in soft cheese

In Chapter 5, the focus was to understand the fate of L. monocytogenes cells surviving acid and
osmotic stress exposures as both injured and non-injured tolerant cells in a model RTE food.
Heat treated cells were not included in this part of the study as most of the heat-injured cells
were from the earlier findings (Chapter 4), incapable of re-growth. A lactic soft cheese, produced
by a lactic acid fermentation of pasteurized milk to an average pH of 4.2 and a total titrable
acidity of 0.64%, was used as model RTE food. The final average pH of 4.2 meant that the soft
cheese belonged to the category of foods incapable of supporting L. monocytogenes growth in
term of Codex categorization (Codex Alimentarius Commission (CAC), 2009). As a no-growth
food, an inoculation level of 10* — 10° CFUmI! was used in order to study the survival and
inactivation kinetics of the organisms over a 15-day storage at 4°C. In reality, however, it is the
category of RTE that can support L. monocytogenes growth (pH > 4.4) that are the most high risk
with regards to listeriosis (Codex Alimentarius Commission (CAC), 2009). It would have been
desirable therefore if a typical growth supporting RTE food was included in the study as it would
have given the study the added dimension of assessing the behavior of both injured and non-
injured tolerant L. monocytogenes cells in an RTE food capable of supporting growth. Despite

this limitation, this study was able to highlight some of the dangers of stress tolerance responses
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in enhancing L. monocytogenes survival and persistence at levels that are at risk to the safety of

non-growth supporting RTE foods.

The mathematical models applied in studying the population changes of stressed L.
monocytogenes cells in the soft cheese were a collection of equations describing different shapes
of inactivation curves (Peleg, 2000). The lack of linearity in microbial responses to non-thermal
treatment processes, results in inactivation curves that are alterations of the first order log-linear
kinetics such as; linear curves preceded by a shoulder; linear curves with a tail; and biphasic
linear curves (Peleg, 2003) or curves with convex and concave shapes (Albert and Mafart, 2005).
Of the four equations used in this work, two of them were variations of the log-linear
inactivation response (log-linear with tail and biphasic) and the other two (weibull and weibull
with tail) were variations of the weibull model, a model that can describe microbial responses
showing concave and convex responses. Variations in microbial responses mean that essential
parameters for predicting bacterial behavior in foods such as the inactivation rates must be based
on the model giving the most accurate response. In this study, a LoF analysis followed by the AF
and BF tests were utilized to test the adequacy of the four models in describing the bacterial
responses. Although there are several methods of defining model accuracy, the LoF test is
considered a first step in choosing suitable models as it measures the deviation of a model from
experimental error (Drosinos et al., 2006). Because it was not possible to get one model passing
the LoF test for all strains and treatments, two models (log-linear with tail and weibull) that
passed the test for the most number of experimentals were used to obtain inactivation parameter
and further subjected to AF and BF tests. The AF and BF tests are complementary measures

proposed by Ross (1996). They are simple indices that provide a more practical interpretation of
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model performance by providing model bias and accuracy in estimating the actual responses of
microorganisms in foods. For practical purposes, it is important to avoid models that

underestimate the risk (fail-dangerous) of microbial growth or survival in foods (Ross, 1996).

For the purposes of understanding how co-contamination of soft cheese with mixed strains
influences the diversity of surviving populations, GTGs PCR fingerprinting was chosen to profile
the genetic relatedness of surviving populations to the parental strains used. While the strains
were previously typed with pulsed-field gel electrophoresis (PFGE) (Strydom et al., 2013), there
was a need to find a more economical and convenient means of separating the strains and
repetitive elements PCR (REP-PCR) was considered ideal under the conditions of the study. The
resolution power of REP-PCR is much lower than PFGE in the subtyping of L. monocytogenes
as seen in the study of Zunabovic et al. (2012). However, considering that the objective and
design of the study, the application of the technique was merely to match the fingerprint patterns
of the surviving population to that of the inoculated strain. Hence the GTGs PCR fingerprint
patterns of the four strains were done before the cocktail was made. When it was evident that two
strains 159/10 and 243 could not be distinguished using this technique, strain 243 was then
excluded from the analysis in all experiments of the cheese challenge so that only strains with
distinctly identifiable GTGs patterns were used. The inability of GTGs fingerprinting to
distinguish the two strains which were hitherto subtyped by PFGE indicated the inferiority of this
technique alone in subtyping of L. monocytogenes. A more improved resolution ability of REP-
PCR can be achieved by including more than one primer in the analysis as in studies by Chou

and Wang, (2006) and Zunabovic et al. (2012).
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8.1.5 FT-IR spectroscopy

In Chapter 6, the biochemical changes accompanying stress responses in L. monocytogenes were
elucidated using FT-IR microspectroscopy. This technique is based on the vibration behavior of
biomolecules exposed to infrared radiation and therefore it reflects the changes in the main
constituents of the cell such as lipids, carbohydrates, proteins, and nucleic acids (Alvarez-
Ordofiez et al., 2011), thus it reflects the changes in the structural components such as the cell
membrane and other physiological changes such as alterations in protein structure as well as
DNA damage (Alvarez-Ordoniez et al., 2011). The strength of this technique is that unlike other
methods for analyzing cellular changes such as fluorescence-based and chromatographic
methods, it is label-free and non-invasive, requiring no cell lysis (Le Roux et al., 2015a).
Because of the complexity of the bacterial spectra, due to numerous overlapping absorption
peaks, differences between studied cells are not easily discernible unless the spectra are
subjected to processing and chemometric analysis. When combined with chemometric analysis,
the technique has been used to distinguish between injured, and live as well the effects of
different stress exposures on microbial cells (Alvarez-Ordofiez et al., 2010; Zoumpopoulou et al.,
2010). The limitation of this technique is that it is expensive and requires a huge capital outlay to
set up. This is especially the case with the microspectroscope which incorporates a specialized
IR microscope in addition to the normal FT-IR equipment. However, once established, routine
analysis is less expensive compared to fluorescence-based and chromatographic methods.
Because of technical challenges of long equipment breakdown, only the acid stress effect was
analyzed using this technique. For that analysis, two strains (69 and 159/10) that showed
different susceptibilities to acid stress in Chapter 4 and 5 were utilized. SEM was included to

provide some information on the ultrastructural changes in the cells resulting from acid
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treatment. While the power of SEM provided information on the morphological and cell surface
changes on the acid-treated cells, it does not give information on the effects of stress within the
cell. The inclusion of transmission electron microscopy (TEM) would, therefore, have provided

additional information on the internal cellular changes.

8.1.6 Lactic acid-induced persistence

A lactic acid treatment in BHI broth was used to study the acid-induced persistence of L.
monocytogenes. Persistence is routinely observed as the ability of an organism to survive high
concentrations of an antimicrobial agent without the development of resistance. In most cases,
where such studies involve antibiotics, microbial exposures are done in antibiotic-supplemented
broth (Joers et al., 2010; Knudsen et al., 2013). A similar approach was also used to study the
nisin induced persistence of L. monocytogenes (Wu et al., 2017). The concentrations of the lactic
acid in the treatments were expressed in terms of the undissociated form of the acid in order to
account for the buffering effect of the broth which lowers the effective concentration of the lactic
acid in the broth. Graded doses of the undissociated acid in excess of the MIC (0.98 mM to 31.37
mM) were used to check for the existence of persister survivors that occur regardless of
increasing concentration in line with the established criteria of identifying such cells (Knudsen et
al., 2013). The justification for using lactic acid in the experiment was that it is the main
antimicrobial agent in lactic soft cheese from which the persistence of L. monocytogenes strains
used in this study was initially observed (Chapter 5). As the main inhibitory agent, it was
hypothesized to be the main inducer of persistence. In addition, it is a commonly used acid as a

preservative and acidulant in foods.
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8.1.7 Metabolic status of persister survivors

Flow cytometry coupled with CFDA labeling was used to assess the metabolic activity of
persister cells recovered from a 24 h treatment with 31.17 mM lactic acid. CFDA is a non-
fluorescent ester that is converted to a green fluorescent product by cellular esterases of
metabolically active cells. The method provides a way of confirming the metabolic status of
bacterial cells. A potential weakness of this method is a sometimes weak fluorescence signal
(Hoefel et al., 2003). However, the method was able to distinguish the fluorescence signal of

acid treated cells which was the same as that of unstained cells.

8.1.8 Considerations for RT-qPCR in gene expression

RT-gPCR was used to monitor the gene expression profile of revived persister cells. This
technique relies on the synthesis of cDNA from the available mRNA transcripts of bacterial
cells. The technique requires an immediate stabilization of all mRNA in the sample to avoid loss
and an efficient conversion of the mRNA to cDNA. A commercial RNA extraction kit, ZR
Fungal/Bacterial RNA MiniPrep™ kit (Zymo Research) was utilized. Most commercial RNA
extraction kits incorporate an RNA stabilizing agent such as Trizol reagent in the lysis buffer. A
commercial RT-PCR kit, QuantiNova® SYBR® Green RT-PCR Kit (Qiagen) with an optimized
master mix of reverse transcriptase and Taq DNA polymerase. Relative expression using the
AACTt method (Livak and Schmittgen, 2001) was utilized to quantify the expression levels of
stress response genes in revived persister cells compared to control cells. This method requires
reliable stably expressed internal reference genes for normalization and two house-keeping genes
(gap and 16S) were chosen reference genes. However, after analyzing the amplification

efficiency, the /6S gene was excluded from the analysis because of low amplification efficiency.
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The RT-qPCR technique is useful in cases where the expression profiles of a selected small
number of target genes are required. It is hence difficult to extract the complete transcriptomic
profile of the cells using this method. RNA microarrays can overcome this challenge by
providing a global analysis of the complete transcriptome of the organism thus showing the
whole set of up-regulated and down-regulated genes (Cordero et al., 2016). Notwithstanding
these challenges, the RT-qPCR is a very sensitive method that is amenable to analyses involving

a small set of genes as was the case in this study.

8.1.9 Growth conditions for the revival of persister survivors and choice of stress response
genes

Growth conditions for the revival of persister survivors were chosen to represent the conditions
that the pathogen likely encounters in contaminated foods. In many RTE foods, low pH and aw
often combined with refrigeration are common hurdles for the control of L. monocytogenes
growth. Hence persister survivors were revived under mildly acidic conditions and under also
conditions of slightly abusive temperature (10°C). The choice of stress response genes was based
on literature evidence that the expression levels of such genes in L. monocytogenes can serve as

stress resistance biomarkers (Mataragas et al., 2015c).

8.2 RESEARCH FINDINGS

In this study, the influences of L. monocytogenes stress responses on three main aspects that
relate to food safety were examined. These three aspects were the influence on; cell injury and
resuscitation; persistence and persister cell formation; and population dynamics in an RTE food

product. These aspects are discussed separately in the following parts of this discussion.
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8.2.1 Influence of strain heterogeneity and stress variability on cell injury response and
resuscitation kinetics of injured cells

This study (in Chapter 4), found varying responses among L. monocytogenes strains in terms of
the extent of cell injury upon exposure to acid, osmotic and heat stresses and also in terms of the
resuscitation kinetics of sorted injured cells. Variations among strains are attributable to genetic
heterogeneity within the species, which is a driving force in the adaptive evolution of the
organism (Lianou and Koutsoumanis, 2013). Several studies have cited strain variability as a key
factor influencing the differences in inactivation responses of L. monocytogenes to stresses such
as acid and heat (Arguedas-Villa et al., 2014; Lianou et al., 2006; Rodriguez et al., 2016). The
implication of such variability is that the response behavior of one strain cannot be extended to
other strains (Lianou and Koutsoumanis, 2013). Another important finding was that the extent of
cell injury varied significantly among the three forms of stress, with acid stress causing the
highest loss of cell integrity and osmotic stress causing the least. Different forms of stress affect
different targets on the bacterial cell, hence the extent of cell injury would be expected to differ.
Acid stress, in particular, is known to affect the trans-membrane electrochemical gradient that
leads to a loss of membrane potential (Alakomi et al., 2000), while osmotic stress impacts on the
osmotic potential and cell turgor (Wood, 1999). Considering that the method of assessing cell
injury in this study was the uptake of the membrane-impermeant dye PI which reflects a loss of
membrane integrity, stress treatments that impact membrane permeability would result in a
higher degree of cell injury than treatments that affect other cellular targets. In addition to its
direct effects on the trans-membrane potential, acid stress has been proven to cause

permeabilization of bacterial cells (Alakomi et al., 2000) thus it would result in higher uptake of
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PI and higher percentage injury. On the other hand, the cellular targets for heat stress include
enzymes and nucleic acids with membrane integrity loss often occurring after (Kramer and
Thielmann, 2016). This implies that the extent of cell injury arising from heat stress was
potentially underestimated in this study as most of the treated cells were observed as membrane
intact. This underestimation of cell injury to heat was also manifested as a complete lack of
growth for sorted cells suggesting that although these cells were considered viable in terms of

membrane integrity indicators, they had in fact lost viability.

When injured cells were FACS sorted and resuscitated in BHI broth, differences (related to strain
and stress variabilities) were observed only in the lag phase duration. The lag phase duration is
the time it takes for an organism to commence exponential growth following an environmental
transition (Swinnen et al., 2004). In the context of injured cells, it is an indicator of the period of
repair. What was discernible from these findings was that variability in the extent of cell injury
attributable to strain and stress factors influence the period of injury repair, but once the cell
damage has been repaired, the growth rates of the strains are the same. Thus the key factor with
regards to the food safety implications of injured cells is their ability to repair. However, it has to
be noted that the resuscitation of the injured cells in this study was done in BHI broth which
makes it difficult to make extrapolations about the fate of such cells in a food system. Although
injured cells are known to be sensitive to many inhibitory agents that non-injured cells are able to
tolerate (Wesche et al., 2009), and are expected to be sensitive to the sub-lethal stress hurdles
used in preservation of RTE foods, it is still necessary to be able to predict the fate of such cells

in foods especially for RTE foods that are at risk of L. monocytogenes growth.
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8.2.2 Trade-offs between stress tolerance and growth ability possibly explain the differences
in stress susceptibility and growth ability of L. monocytogenes strains

A striking finding of this study was the consistent lack of culturability on selective agar for strain
69 after all stress treatments, an observation that was inconsistent with the high level of
membrane intact (TO-positive/PI-negative) cells. Consequently, this resulted in a big gap in the
extent of cell injury as measured by flow cytometry and differential plating. What was discerned
from this, and therefore was used throughout this thesis was that this strain is intrinsically
susceptible to stress. Although most of the cells were deemed membrane intact on the basis of
impermeability to PI, the susceptibility to selective agents used in PALCAM agar suggested that
these cells become more sensitive to inhibitory agents once they are stressed. Moreover, the
same strain exhibited the shortest period of repair for its injured cells following cell sorting and
was the only strain capable of resuscitation after heat injury. What was deduced from the
response of this strain was that, while stressed cells of this organism have an increased sensitivity
to inhibitory agents the same cells have a high growth ability when growth conditions permit.
The possible explanation for this behavior lies in the theory of self-preservation and nutritional
competence (SPANC) (Ferenci, 2005). This theory, based on the trade-offs between stress
resistance and growth ability is an adaptational tool in living organisms that underpins intra-
species diversity (Ferenci, 2016). This balance means that the more stress tolerant an organism
is, the less efficient it is in nutrient utilization. In E. coli, the control of this balance is achieved
through the regulation of levels of the general stress response, RpoS, and the stringent response
regulator ppGpp (Ferenci, 2005). Strain-specific variations in the levels of RpoS and ppGpp have
been established in E. coli (Ferenci et al., 2011). In L. monocytogenes, no available information

is yet available on the regulation of stress resistance and growth ability trade-offs. However,
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based on evidence from studies on E. coli, it is likely that the low-stress tolerance of L.
monocytogenes 69 and its quick resuscitation in BHI broth could be related to low levels of the

general stress response regulator (sigB).

The differences in stress susceptibility and growth ability of L. monocytogenes strains have
immense implications on food safety. On exposure to sublethal stresses hurdles, strains that
possess better stress susceptibilities, survive preservation hurdles as process survivors (Yousef
and Courtney, 2003) whose potential deleterious effects include subsequent contamination of
finished products. On the other hand, while susceptible strains might not survive food processing
hurdles, the ability of low numbers of such cells contaminating foods will also impose serious
consequences especially for RTE foods that are capable of supporting L. monocytogenes growth.
The differences in stress susceptibilities of strains also have implications with respect to survival
and strain competition in contaminated foods. Although the lineage and serotype of these strains
were unknown, the differences draw parallels with the known fact that some L. monocytogenes
strains belonging to lineage II are better competitors in the food environment than other lineages

(Orsi and Wiedmann, 2016).

8.2.3 Individual strain susceptibility and stress tolerance responses influence population
dynamics in lactic soft cheese

Apart from the potential food safety impacts of injured cells (the focus of Chapter 4), a lot of

cells were observed to survive the stress exposures as non-injured cells (Figure 4.2). Because of

the stress exposure, the non-injured cell fraction potentially consists of stress hardened tolerant

cells (Yousef and Courtney, 2003). Hence the interest in Chapter 5 was on how such cells behave

when they potentially contaminated a model RTE food. What was established from this study
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was that while stress exposure reduces the inactivation rate for some strains, the opposite occurs
in other strains. This is potentially attributed to variability in the intrinsic stress resistance of
individual strains. The quick inactivation of strain 69 with upward concave inactivation curves
(Figures 5.1 - 5.3) was consistent with its intrinsic susceptibility to stress discussed earlier. The
already stressed cells are sensitized to the subsequent exposure to the food stress hence
accelerating their death (Barker and Park, 2001). The physiological basis of this sensitization
stems from the extra homeostatic burden that such already stressed cells have to cope with when
subjected to the subsequent food stress (Skandamis et al., 2008). For the other two strains,
however, the development of stress tolerance responses appear to be the cause of the enhanced
survival in the soft cheese. Stress tolerance responses are adaptive responses that protect an
organism against future exposures of the same or different stress factors (Brauner et al., 2016).
The development of stress tolerance response imposes the biggest threat to food safety as it
renders food preservation hurdles ineffective (Yousef and Courtney, 2003). Also of concern was
the observation of osmotic stress-treated cells were also tolerant to the food stress which is
predominantly based on an acid stress hurdle implying a cross-tolerance between osmotic and
acid stress (Alvarez-Ordofiez et al., 2015). The practical implication of these findings is that, for
a pathogen like L. monocytogenes, whose prominence in RTE foods is a result of the lack of
lethal hurdles post-processing, stress tolerance responses have a potential for enhanced survival
in foods and for an RTE food that does not support L. monocytogenes growth like a lactic soft
cheese, contamination of the product with higher than the safety threshold (10> CFUg™") levels of
the pathogen would result in sustained survival of the pathogen for the duration of the product

shelf-life.
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As explained earlier that the implications of strain heterogeneity means that responses of L.
monocytogenes cannot be extrapolated from one strain (Lianou and Koutsoumanis, 2013). It is
often argued that the challenge of strain heterogeneity in predicting pathogen responses in foods
can be overcome by using a cocktail of mixed strains in challenge tests (Beaufort, 2011).
However, because of the potential for strain competition, the measured data essentially derives
from the most dominant strain thus underestimating the behavior of individual strains whose
survival potential in the absence of strain competition could be much higher (Lianou and
Koutsoumanis, 2013). What was established from the mixed strain challenge tests was that strain
159/10 out-lived all strains and was the only survivor after 15 days of cheese storage. It has
already been established that competition among L. monocytogenes in co-cultures can cause the
suppression of less competitive strains by the dominant strain (Zilelidou et al., 2016b, 2016a).
The underlying mechanisms for these observations, however, have yet to be explained. What
makes it even difficult to explain the survival of strain 159/10 over the other strains is that most
strain competition studies so far have been done in growth experiments, while the conditions of
this study involved inactivating conditions. According to a hypothesis, posited by Cornforth and
Foster (2013), there is a relationship between microbial competition and stress response. In their
arguments, the authors suggest that several of the major bacterial stress responses detect
ecological competition by sensing cell damage caused by interfering microflora. The support for
this hypothesis is that microorganisms secrete inhibitory substances such as antibiotics and

bacteriocins only in response to biotic stress.
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8.2.4 Acid stress results in disruption of protein structure, nucleic acid conformations, and
cellular polysaccharides

Based on findings from FT-IR analysis, it can be concluded that the effects of acid stress on L.
monocytogenes cells involve disruptions of protein secondary structure, nucleic acid
conformations, and cellular polysaccharides. The mechanism of antimicrobial action of acids
probably explains these biomolecular changes. The disruption of the internal pH of the cells due
to the influx of H" protons causes the protonation of essential functional groups in biomolecules
(Krulwich et al., 2011). The change in the ionic states affects the stability of many biomolecules
with potential effects on proteins, for example, causing loss of normal conformation and loss of
biological activity. Based on the comparison of the spectral changes of L. monocytogenes 69 and
159/10 whose phenotypic susceptibilities to stress were contrastingly different, the main
distinguishing feature in their responses to acid stress were changes in acyl chains of membrane
lipids. Changes in acyl chains of membrane lipids influence membrane fluidity (Yoon et al.,
2015). It is therefore suggested that membrane composition in strain 69 that likely influence an
increase in fluidity when stressed is key to its intrinsic susceptibility to stress. Some stresses such
as low temperature and alkaline stress have been associated with increased fluidity in L.
monocytogenes (Alonso-Hernando et al., 2010; Annous et al., 1997). It was, however, interesting
that while stress treatment seemed to cause a change in membrane fluidity in this strain, results
from flow cytometry analysis (Chapter 4) seemed to show that this did not result in an increased

uptake of PI by stressed cells.
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8.2.5 Persister cell formation facilitates L. monocytogenes persistence and survival of lethal
acid stress

In Chapter 7 of this thesis, the focus was to understand some of the underlying facts behind L.
monocytogenes persistence in foods and food processing environments. The ability of L.
monocytogenes to survive for prolonged periods of time in foods and habitats associated with
food processing is well acknowledged as key food safety factor with regards to listeriosis
outbreaks (Larsen et al., 2014). Remarkably, the factors commonly used to explain L.
monocytogenes persistence in the context of food processing environments such as resistance to
disinfectants and formation of biofilms have not fully accounted for this phenomenon
(Carpentier and Cerf, 2011). The findings of this study indicated that a subpopulation of
persistent L. monocytogenes cells survives high levels of lethal acid stress. Importantly, the
susceptibility of representatives of such stress survivors when re-subjected to the acid treatment
indicated a lack of acquired resistance. What could be deciphered from this was that most of the
stress survivors of L. monocytogenes are phenotypic variants of the original population. Unlike
the development of resistance which is genetically mediated and therefore heritable, phenotypic

variants result from a transient state of tolerance to lethal stress (Brauner et al., 2016).

Based on studies with E. coli, the theory accounting for the development of persister cells is that
these are cells that avoid the effect of stress by transition into a dormant, metabolically inactive
state (Wood et al., 2013). Consistent with this theory, the acid stress survivors in this study
showed a lower enzymatic activity compared to actively growing control cells. In terms of the
dormancy theory, the switch from an actively growing to a dormant state arises from variations

in gene expression at individual cell level with the attendant effect of producing phenotypically
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different subpopulations in a genetically identical cell population (Maisonneuve and Gerdes,
2014). At the core of the phenotypic switch is variations in the expression levels of the toxin-
antitoxin (TA) operon of individual cells (Balaban, 2011). The TA operon codes for a protein
toxin that inhibits cell growth and an RNA or protein antitoxin that regulates the activity of the
toxin (Radzikowski et al., 2017). Cells with higher than threshold expression of the toxin are
associated with cessation of growth which underlies the persister cell state (Radzikowski et al.,
2017). In steady state log phase cultures, a very small subpopulation of cells may present a
dormant state, an indication that the regulation of expression of TA operons is stochastic
(Radzikowski et al., 2016). However, under conditions of stress, regulatory genes with
pleiotropic effects such as the general stress response regulator sigB and the stringent response
regulator guanosine tetraphosphate (ppGpp) can mediate a switch on of the TA operon leading to
enhanced persister cell formation (Amato et al., 2013; Radzikowski et al., 2017). It has been
argued that the ecological significance of bacterial cells entering a dormant state is a bet-hedging
strategy in which dormant cells formed under conditions of environmental stress act as a seed
bank for future revival of the population when conditions become favorable (Lennon and Jones,
2011). This theory of phenotypic heterogeneity that leads to persister cell formation appears
suitable for explaining the persistence of L. monocytogenes in foods and processing
environments given that persistent L. monocytogenes strains survive in these environments
despite the routine use of inhibitory and lethal concentrations of disinfectants, without any

evidence of acquired resistance (Carpentier and Cerf, 2011).

Although surviving cells could not be separated from dead cells the findings of this study

indicated at least that lethal acid stress treatment is accompanied by the formation of
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extracellular vesicles. Extracellular membrane vesicles have been identified and extensively
studied as a secretory system in Gram-negative bacteria emanating from the outer membrane
(Kulp and Kuehn, 2010). In Gram-positive bacteria, the formation of such vesicles has not
received much attention as the absence of the outer membrane and the presence of a thick cell
wall has been thought to preclude their formation (Brown et al., 2015). However recent studies
have since identified the occurrence of such vesicles in some Gram-positive bacteria (Lee et al.,
2009; Rivera et al., 2010). Based on profiling of their composition, it is now established that as a
secretory system, extracellular membrane vesicles contain a variety of effector proteins that
enable bacterial cells to exploit environments beyond their immediate vicinity without having to
move around (Kulp and Kuehn, 2010). In the context of L. monocytogenes stress survival, it
could be reasoned that the formation of these vesicles is a potential response mechanism
accompanying stress survival. It is possible that these vesicles could play a part when surviving

persisters emerge from their state of growth arrest.

8.2.6 Gene expression profiles of persister survivors upon growth resumption

The fact that cells re-grown from persister survivors of acid stress were not different from the
parental generation in terms the relative expression profiles of most of the stress response genes
studied (sigB, gadD2, oppA, and Imol722) is a reflection of a lack of heritable stress resistance.
This conclusion is based on the fact that stress resistance results from heritable mutations that
confer the resistance characteristic to future generations (Brauner et al., 2016). Given that the
persister survivors were revived under conditions of mild acid and cold stress, a development of
resistance would have resulted in increased expression levels of the acid stress response gene

gadD?2 as well as the cold stress response genes oppA and /mol722 in addition to the general
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stress response gene sigB. One previous study has shown that acid stress resistant variants of L.
monocytogenes carrying mutations in the rpsU gene, encoding ribosomal protein S21 have
elevated levels of glutamate decarboxylase, a product of the gadDT operon (Metselaar et al.,
2015). The implication of these findings is to suggest that the persister cells as a long-term
survival states of the pathogen do not possess any growth advantage compared to the parental

population when they resume growth.

Notwithstanding the fact that most of the genes analyzed showed a lack of heritable resistance,
this study also found that cells re-grown from persister survivors had reduced relative expression
levels of PTS enzyme II encoding /mol038 gene. It is difficult to discern how survivors that
showed a lack of heritable resistance could have a different expression profile from their parental
cells. The potential explanation for this lies in the possibility that the switch that results in
growth arrest and formation of persister cells is accompanied by a down-regulation of PTS
genes. This reasoning is supported by previous observations that expression of PTS genes is
down-regulated in response to stress (Bae et al., 2012) and also by the fact that persister cell
development is itself based on a reduction of metabolic activity and growth arrest (Amato et al.,
2013). It has been argued that some phenotypic traits such as gene expression levels can be
transmitted from parent to offspring through epigenetic means (Day, 2016; Gefen and Balaban,
2009). Based on this theory, it would imply that the down-regulation of /mo/038 in cells re-
grown from persister survivors is a characteristic inherited from the dormant state. For instance,
regulators such as ppGpp that are associated with the dormant state of persisters can be passed on
to generations of revived cells at higher than normal levels (Korch et al., 2003). can reasonably

result in variations in expression of genes for nutrient uptake. The potential for such regulators
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being transferred to revived cell generations could result in variations in the transcription of

genes for nutrient uptake.

It should be emphasized, however, that the expression profiles of bacterial cells are complex and
subject to control by many regulatory networks. More comprehensive approaches based on
single-cell analysis techniques are necessary to decipher the changes in persister cells as they
transition back to actively dividing cells as well as their subsequent generations. Notwithstanding
these limitations, the findings of this study make it possible to conclude in a broad sense, if the
persister cell state contributes to L. monocytogenes persistence and if such survivors of extreme
environmental stress possess any growth advantage when they resume growth under conditions

pertinent to RTE foods.

The food safety implications of L. monocytogenes persister cell formation are potentially
significant. It is not surprising that one of the questions recently posed by Buchanan et al. (2017)
in a review of the outcomes of a workshop of experts hosted by the Joint Institute of Food Safety
and Applied Nutrition (JIFSAN) in Maryland, USA in 2015, whose purpose was to evaluate the
latest information on risk factors of L. monocytogenes was the extent to which persister cells are
a factor in the pathogen’s survival in foods. This study provides some attempt to decipher the
basis of L. monocytogenes persistence under food relevant conditions and what the findings
showed was that, although persister cells have not been given much attention, as a cause of L.
monocytogenes persistence, such cells are likely the main long-term survival states of the
pathogen in food processing environments. What is also concerning from the findings of the

study is the extent to which such cells can survive lethal stress implying that their eradication
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from food processing environments could be potentially difficult. The positive aspect though is
that such cells did not show any acquired resistance to mild stress factors used as preservation
hurdles implying that RTE foods in the no-growth category should be protected. However, RTE

foods that support L. monocytogenes growth could be at risk if contaminated.
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9 CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

This study revealed that flow cytometry and differential plating show differences in assessment
of stress-induced cell injury. Based on flow cytometry and fluorescent staining using membrane
integrity indicators, this study showed that acid (pH 4.2), heat (55°C for 30 min) and osmotic
(10% NaCl solution) stresses result in varying levels of cell injury that is also influenced by L.
monocytogenes strain heterogeneity. In general, acid stress causes higher levels of cell membrane
damage than heat and osmotic stresses an indication that the antimicrobial mechanism of acid
stress involves membrane damage more than the other stress factors. When injured cells are
FACS sorted into BHI broth, only acid and osmotic stress injured are capable of re-growth an
indication that while membrane integrity is a good indicator of cell injury and viability loss due
to acid and osmotic stress, it is not a sufficient indicator of heat stress-induced injury. Based on
analysis of resuscitation kinetics of sorted cells at 37 and 25°C, the duration of the lag phase, is
the main difference in the resuscitation behavior of injured cells indicating that repair is
dependent on the extent of injury determined by the form of stress and strain variabilities. Once
injured cells repair the cellular damage, their growth rate is not different from non-injured cells
regardless of the form of stress and strain differences and resuscitation conditions. This study
also found that low temperature (representative of refrigerated storage conditions) cannot prevent
resuscitation of injured L. monocytogenes cells. Also revealed by this study was that stress-
susceptible strains (that lack growth on selective media after stress exposure) have the shortest
repair period after cell sorting indicating a potential trade-off between stress tolerance and

growth ability in L. monocytogenes.
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This study also revealed that the inactivation kinetics of L. monocytogenes strains in lactic soft
cheese (a low pH based RTE food) are influenced by individual strain susceptibilities to acid and
osmotic stress pre-exposures. In stress-susceptible strains (based on the response of strain 69),
acid and osmotic stress pre-exposures result in enhanced inactivation of the pathogen in lactic
soft cheese an indication that stress exposures induce cell injury that sensitizes the susceptible
cells to the acidity of the food. In contrast, the same exposures result in enhanced survival for
tolerant strains an indication that stress exposures also result in the induction of tolerance
responses that protect the tolerant cells against the acidity of the soft cheese. While both acid and
osmotic stress exposures cause the development of tolerance responses, the acid tolerance
response imposes a better protection of L. monocytogenes against the acidity of the soft cheese.
Based on genetic profiling of surviving populations from a mixed strain challenge, this study
shows that one persistent L. monocytogenes strain out-lives and dominates the microflora after
15 days of cheese storage an indication that the measured inactivation kinetics is potentially
attributable to one longest surviving and persistent strain. This may have implications with
regards the quantification of the responses of the pathogen in RTE foods. As could be established
from this study, more cautious estimates for prediction of L. monocytogenes responses in foods
can be obtained from the inactivation kinetics data of hardened cells pre-exposed to stress and

also from persistent strains that survive the longest in contaminated foods.

With regards to cellular targets of acid stress, this study shows that in both stress-susceptible and
tolerant strains, disruptions of protein secondary structure, nucleic acid conformations, and

cellular polysaccharides occur as shown by FT-IR spectral analysis. The distinguishing feature of
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the acid stress response of the susceptible, strain 69 and tolerant strains appears to be in the cell
membrane lipids with disruptions of lipid acyl chains showing the most significant differences.
These stress-induced changes in membrane lipids are probably related to the phenotypic
susceptibility this strain. Along with the biomolecular effects, the formation of extracellular

membrane vesicles is part of the acid stress response of susceptible strains.

When L. monocytogenes cells are challenged with lethal lactic acid treatment, a small fraction of
highly tolerant persistent cells survives the treatment. The surviving population has no acquired
acid resistance and owes its tolerance to a metabolically inactive state characteristic of persister
cells. Moreover, the transition into the persister cell appears to be accompanied by the formation
of extracellular membrane vesicles probably as an active response in aid of metabolic inactivity.
When the persister survivors are revived under conditions of mild acid and cold conditions, their
relative expression levels of some stress response genes are not different from their control
parental generation an indication of a possible lack of heritable genetic differences.
Notwithstanding the general lack of heritable genetic differences, revived persister survivors
show a significantly lower level of expression of the PTS system coding gene /mol038. With
reduced nutrient uptake being a feature of persistence, it is probable that a down-regulation of
PTS systems is part of the persister cell state and that there is a potential carry-over of such

expression patterns in revived cells through epigenetic means.

Even though this study provided some valuable information on the possible behavior of stress-
injured and persister cells, there is also a need for a more expanded focus on the potential for

resuscitation and growth of such cells in different RTE foods especially those that have the
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potential to support L. monocytogenes growth. More detailed studies on the physiology of these
stress-induced cell states can help to decipher and close some of the knowledge gaps with
regards to the contributions of such cells in food safety. To that extent, the application of high
throughput techniques such as whole genome sequencing, pan-genome analysis, RNA
microarrays, proteomic and cell sorting approaches should be valuable in understanding the
physiology and genetic basis of L. monocytogenes survival and persistence. Over and above the
physiology and genetics of stress injured and persister cells, there is a need to carry out detailed
phenotypic characterizations with respect to growth behavior in RTE foods under different
conditions. This is particularly recommended because the conclusions on the behavior of both
injured and persister cells in this study were based on growth in broth. It is further recommended
that studies on these cells should be extended to include the virulence and dose-response
characteristics. and Such studies should ultimately lead to the development of new models for

use quantitative risk assessment.
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