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Abstract
Salmonella survives in low moisture products over an extended time. Salmonella also resists dry
heat, which questions the assumption that Salmonella outbreaks from intermediate moisture
foods result mostly from post-processing contamination. Some Enterobacteriaceae possess a
genomic island called the locus of heat resistance (LHR), which confers heat resistance. This
genomic island was also identified in Salmonella Senftenberg ATCC 43845, a strain with
exceptional heat resistance. This study aimed to determine whether the locus of heat resistance
improves survival of Salmonella during storage in low-moisture environments, and its resistance
to dry heat. The LHR-positive S. enterica Senftenberg ATCC 43845 and the LHR-negative S.
enterica Typhimurium ATCC 13311 were air dried and stored for up to 30 d at a relative
humidity (RH) of 10%, 55%, or 75%. Saturated salt solutions were used to maintain a constant
RH throughout storage. All experiments were conducted in triplicate and analyzed using oneway ANOVA. Cell counts of both strains of Salmonella were reduced by less than 1 log (CFU/g)
after 30 d of storage at 10% RH. At 75% RH, the viability of the LHR-positive S.
enterica ATCC 43845 was reduced by more than 8 log (CFU/g) after 3 d of storage, while
viability of the LHR-negative S. enterica ATCC 13311 was reduced only by 2 log (CFU/g) after
3 d of storage. To further confirm the effect of the LHR, S. enterica ATCC 13311 was
transformed with a plasmid pRK767 as a control or with pLHR, a plasmid obtained by cloning
the LHR under control of the native promotor in pRK767. Cell counts of the LHRcomplemented S. enterica ATCC 13311pLHR were reduced by 8 log (CFU/g) after 3 d of
storage at 75% RH, which is comparable to results for the LHR-positive wild type strain, and cell
counts of the LHR-negative S. enterica ATCC 13311pRK767 were reduced only by 3 log
(CFU/g). Survival under low RH conditions of an isogenic strain without kefB
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(S. enterica ATCC 13311pLHRΔkefB) indicated that kefB might have a specific role during
desiccation. Resistance to dry heat was determined by treatment at 110°C for 15 min. At a RH of
55% or lower, cell counts of all strains were reduced by less than 1 log (CFU/g). However, cell
counts of the LHR-positive S. enterica ATCC 43845 and S. enterica ATCC 13311pLHR were
reduced by 8 log (CFU/g) after heating to 110°C at 75% RH while the LHR-negative S.
enterica ATCC 13311 and S. enterica ATCC 13311pRK767 were reduced only by 6 log
(CFU/g). In conclusion, dried cells resist dry heat after equilibration in environments with a RH
of less than 60% irrespective of the presence of the LHR. The LHR increases resistance to wet
heat but reduces survival when cells are dried and reduces the heat resistance of dried cells.
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1. Introduction
Low moisture products are defined as foods that have a water activity (aw) of 0.85 or
lower and they appear to be dry or possess very low to no visible water (FAO/WHO, 2015).
Foodborne illness outbreaks from low aw foods (aw < 0.6) dating as early as 1973, from
powdered milk contaminated with Salmonella enterica serotype Derby, indicate that some
species have the ability to overcome the low aw hurdle for survival over an extended time (Finn
et al., 2013a).
A reduction in the amount of water available in foods is one of many ways of achieving
an environment in food that inhibits the growth of vegetative cells under non-refrigerated storage
conditions. Water activity describes the amount of water that is not attached to food components
and is available for various physico-chemical or biological reactions, such as enabling growth
and survival of micro-organisms. Water activity of foods represents the ratio of the partial vapor
pressure of water in a product at a certain temperature, compared to the partial vapor pressure of
pure water at the same temperature (Brown AD., 1990). Lowering the amount of water available
in a food matrix is a common food preservation technique as it inhibits microbial growth. While
the minimal aw needed for most bacterial growth is approximately 0.83 (ICMSF, 1996), bacterial
physiological functions are impaired at aw 0.6 or below; especially for Salmonella. Bacterial
growth is dependent on the amount of water available in a product; if that water is bound, it
impedes bacterial growth and survival during storage, resulting in a product with a low microbial
load. Hence, the process of lowering the water activity of foods, where high aw foods are
deliberately dried (with the addition of solutes or by air/low heat drying), or foods are composed
of low aw ingredients, is effective in inhibiting bacterial growth. However, even though survival
of microorganisms during storage in low aw conditions occur, the degree of microbial load
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reduction depends on factors such as storage humidity, the drying medium and temperature
exposure pre- and post-storage. While Salmonella require a aw of greater than 0.93 to grow and
survive, several studies have reported their ability to survive in low aw foods for an extended
period of time (Andino & Hanning, 2015; Hiramatsu et al., 2005; Gruzdev et al., 2012b;
Nummer & Smith, 2012). Depending on the food matrix, a reduction in the aw of foods inhibits
growth of Salmonella, indicating that the composition of the medium plays a major role in
controlling growth of pathogenic micro-organisms post-processing (Goepfert et al., 1970; Deng
et al., 2012).
The main source of contamination of low aw foods is often believed to be associated with
cross-contamination from environments and equipment where dormant Salmonella remain in a
state of reduced metabolic activity, with approximately 5% or less transcribed genome, in the
absence of moisture (Deng et al., 2012; Beuchat et al., 2013). However, the threat to food safety
increases if the dormant micro-organisms are exposed to more favorable conditions through
direct ingestion, which would stimulate growth in the intestinal tract of the host, as they remain
infectious. While a number of studies have assessed tolerance to low aw and subsequent
resistance to other stresses in Salmonella, the bacterial mechanisms involved in survival under
dry/desiccated conditions have not yet been thoroughly explored.

1.1 Salmonella.
Salmonella are Gram negative facultative rod-shaped bacteria, belonging to the
Enterobacteriaceae family. They are found within the intestinal tract of humans or animals, or
isolated from cross-contamination/shedding in soil, litter/manure, and food/feed products
(Andino & Hanning, 2015). In Canada, non-typhoidal Salmonella-related illnesses make up
approximately 5% of known foodborne illness cases; with poultry being the most common
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source of Salmonella (Health Canada, 2016). Salmonella, Campylobacter spp. and Clostridium
perfringens are considered to be the foodborne pathogens of the greatest concern in Canada
(Health Canada, 2016).

Non-typhoidal Salmonella are spread via the fecal-oral route, and

induces symptoms such as diarrhea, nausea, fever, nausea and abdominal cramps within 72 hours
of consuming infected food products (CDC, 2013; Health Canada, 2016). To date, Salmonella
still pose a great food safety risk, due to their ability to adapt to environmental conditions beyond
their normal growth conditions.

1.2 Salmonella outbreaks from low water activity products.
Salmonella, which are mesophilic bacteria with a temperature growth range of 2-54oC,
survive heat treatments greater than 60oC (Andino & Hanning, 2015; Mercer et al., 2015), and
increasing salmonellosis cases from low aw foods confirm their ability to survive in low aw foods
(Table 1). Another micro-organism, well known for its ability to survive in low to very low aw
foods, is Cronobacter sakazakii, which have caused foodborne outbreaks associated with infant
formula with a aw of 0.2 (Iversen & Forsythe, 2004; Breeuwer et al., 2003). Low aw food related
salmonellosis outbreaks have been associated with several Salmonella serotypes including
Tennessee, Agona, Montevideo, Typhimurium, Enteritidis, Infantis, and Senftenberg (Table 1).
While poultry remains the major source of Salmonella; at 70% in the US versus 29% in
Canada, an increasing number of outbreaks originate from fruit, vegetables, nuts and other low
aw products (CDC, 2013; Health Canada, 2016). Over the last 10 years, several outbreaks were
related to food products with aw as low as 0.1 to 0.7 (Finn et al., 2013a; Table 1). While it is
impossible to determine the exact infectious dose for individuals, investigation of past outbreaks
from low aw foods have resulted in the belief that Salmonella can have a much lower infectious
dose if present in low aw foods. While Salmonella have an infectious dose of 103 CFU/mL to
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induce an illness, outbreaks associated with low aw foods associated outbreaks have been traced
back to much lower infectious doses (Blaser & Newman, 1982; Gill et al., 1983; PHAC, 2011).
The increasing number of cases of salmonellosis from consumption of low aw product is a
troubling phenomenon, not only because of the high frequency of the outbreaks, but also the low
infectious dose. This implies that Salmonella is the most likely pathogen to contaminate low aw
products and is best adapted to survive extended periods of storage time in a dormant stage. A
salmonellosis infection is highly selective of the infective matrix; high infectious dose outbreaks
require growth in a high moisture product with a known level prior to ingestion, to cause an
infection in healthy adults (Mattick et al., 2001). The infective dose is lower for people with
weakened immune systems, as children and the elderly tend to develop symptoms after
consumption of contaminated high moisture products with counts as low as 10-1000 CFU/g
(Archer et al., 1998, Doyle & Mazzotti, 2000).

In low moisture products, however, the

infectious dose seems to vary depending on the contaminated product.
Table 1. Outbreaks of salmonellosis from low moisture foods over a period of 10 years. *
Water
activity
2007
Dry pet food
Schwarzengrund
0.5-0.6
2008
Wheat cereal
Agona
0.4-0.5
2009
Peanut butter
Typhimurium
0.3-0.4
2010
Spices
Montevideo
0.5-0.6
2011
Pine nuts
Enteritidis
0.6-0.7
2012
Peanut butter
Bredeney
0.3-0.4
2013
Tahini paste
Montevideo, Mbandaka
0.1-0.2
2014
Chia powder
Newport, Hartford
0.5-0.6
2015
Nut butters
Paratyphi
0.3-0.4
2016
Pistachios
Montevideo, Senftenberg
0.6-0.7
2017
Hazelnuts
Typhimurium
0.5-0.6
* Adapted from the CDC website (http://www.cdc.gov/salmonella/outbreaks.html)
Year

Product

Serovars
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1.3 Factors responsible for survival of Salmonella.
Adaptation to osmotic stress consistently leads to accumulation of compatible solutes in
bacteria, which triggers stress responses and subsequent survival to any other physical stresses.
Sleator and Hill, (2010) assessed the compatible solute uptake in Listeria monocytogenes during
stress, and observed that solute uptake induces a higher resistance to almost any preservation
method currently used by food industries (Sleator & Hill, 2010). However, pre-adaptation to one
stress does not automatically induce resistance to every other stress. Desiccated S. Typhimurium
had exceptional survival when exposed to 2% H2O2 for 30 min, up to 100 ppm sodium
hypochlorite and 0.25% didecyldimethylammonium chloride (DDAC), but their non-desiccated
counterparts were undetectable, and exposure to organic acids with a pH as low as 3 proved to be
more bactericidal to desiccation-adapted cells than to the non-adapted cells (Gruzdev et al.,
2011). While air-dried Salmonella induced resistance to temperatures greater than 70oC, a lower
temperature heat treatment had a bacteriostatic effect (Mattick et al., 2001). Cross-protection
between dry adaptation and heat resistance is strain dependent. Two different Salmonella
serotypes, previously adapted to acidic cantaloupe and watermelon juice had different stress
responses when pasteurized at 57oC; S. Saphra had a greater D57 value when compared to its
non-adapted counterpart, while acid adaptation made no difference to heat resistance of S. Poona
(Sharma et al., 2005). Out of three strains of Escherichia coli O157:H7 pre-adapted to starvation,
only two exhibited increased heat resistance (Rowe & Kirk, 2000).

1.4 Mechanism of survival of Salmonella in low water activity conditions.
A cell, in a state of extreme dryness, lacks free water and nutrients required for normal
growth. Cellular integrity can be maintained as long as the pressure caused by the osmotic shift
does not go beyond what the cytoplasmic membrane and cell wall can sustain; but in extreme
5

cases, the stress can lead to irreparable damage to the cell. Osmotic imbalance is described as a
sudden shift in solute concentration externally, causing water to shift in or out of the cell to
balance the osmolality of the cell and the environment (Wesche et al., 2008).
Osmotic stress is often induced by exposure to high osmolality media, where the amount
of unbound water available to cells is restricted with the presence of ions and sugars. Osmotic
stress in the presence of sodium chloride not only induces osmotic stress, but also ionic stress
due to the presence of charged ions. In order to overcome the loss of water, cells respond by
activating a set of regulatory systems to restore intracellular osmotic balance for survival
(Bremer & Kramer, 2000). In Enterobacteriaceae, such as Salmonella and E. coli, these systems
primarily include active uptake of K+ ions and compatible solutes such as proline, ectoine,
glycine betaine and dimethylsulphoniopropionate, trehalose and glutamate biosynthesis,
modifications to cellular morphology, and fatty acid catabolism (Finn et al., 2013a; Kempf &
Bremer, 1998; Canovas et al., 2001). These solutes are said to be compatible, as their uptake
does not interfere with intracellular mechanisms required for growth and survival of bacterial
cells. In low aw environments, accumulation of these solutes has a protective effect on cellular
membranes by enabling molecular stability of the membranes for prolonged survival of cells
(Canovas et al., 2001, Purvis et al., 2005). While Salmonella can use compatible solutes to
maintain osmotic balance, solute selection affects the effectiveness of the solutes as Salmonella
favors uptake of betaine over proline-betaine, which is favored over proline (Csonka & Epstein,
1996, Abee & Wouters, 1999). Similarly, trehalose uptake plays an important role in desiccation
tolerance of air-dried E. coli, hydroxyectoine uptake was more beneficial than trehalose
biosynthesis during osmotic stress (Welsh & Herber, 1999; Manzanera et al., 2004).
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Salmonella survives in low moisture conditions for an extended period of time and the
presence and survival of Salmonella in farm environments, chicken litter, and food processing
areas is well documented (Chen et al., 2013; Russo et al., 2013). By adapting several Salmonella
strains to low moisture in thermally treated compost with minimum moisture content of 20%,
after exposure to 70°C, desiccation-adapted Salmonella in aged chicken litter, had higher
survival rates after 6 h than their non-adapted counterparts which only survived up to 2 h (Chen
et al., 2013). A salmonellosis outbreak in 2008 identified Salmonella Agona as the pathogen of
concern and was the same strain that had caused an outbreak from the same toasted wheat cereal
processing plant in 1998 (Russo et al., 2013). This highly resilient strain was believed to have
entered a dormant state after the initial outbreak 10 years prior, but was re-introduced into clean
processing areas during partial renovations in 2008 that unearthed the strain from areas that were
condemned after the 1998 outbreak. These examples confirm how resilient some strains of
Salmonella are when exposed to highly desiccated environments. Despite numerous studies on
desiccation in Salmonella, cellular adaptation and survival mechanisms involved during
desiccation stress are still far from being fully understood.

1.5 Genetic regulatory networks engaged during desiccation/osmotic stress.
Desiccation induces a variety of cellular responses in Salmonella but the fine-tuning of
gene regulation depends on the strain selected, the method of desiccation, the drying matrix, and
the drying surface. Multiple transcriptomic studies convincingly show that, irrespective of the
Salmonella serovar and drying matrices selected, desiccation induces an upregulation of a
multitude of genes involved in trehalose and glutamate biosynthesis, as well as fatty acid
catabolism (Li et al., 2012; Gruzdev et al., 2011, Finn et al., 2013a). However, differences with
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strain-specific and drying matrix-specific gene regulation were also observed, but expression of
gene regulation were the most common.
In order to understand the mechanisms involved during desiccation of Salmonella, it is
important to identify the genes responsible for inducing the desiccation stress responses. The
most common genes identified during stress are invA, dnaK, rpoE, otsB, kdpA and fadA (Fong &
Wang, 2016a; Deng et al., 2012; Li et al., 2012; Table 2). In an attempt to maintain basic cellular
functions during extreme stress, cells redistribute resources to remain metabolically active, and
as such, gene activation is selected based on which will ensure survival. For example, flagella
assembly is a high-energy process, and more often during extreme stress, cells divert energy
from flagella assembly to lower energy processes to promote survival (Li et al., 2012; Finn et al.,
2013b). Dead cells can also be a nutrient source for the surviving cells during stress; some
bacteria are known to produce extracellular polymorphic substances (EPS) during cell death
induced by desiccation (Gruzdev et al., 2011). Desiccation killed 50% of Salmonella cells, and
the EPS residues from the dead cells provided a source of extracellular solutes, which
contributed to the overall nutrient content of the environment surrounding the surviving
desiccated Salmonella cells (Gruzdev et al., 2011).
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Table 2. Up and downregulation of genes in Salmonella exposed to desiccation stress.
Gene

Regulated Description

Function

References

Drying matrix
Deionized water,
LB broth, peanut oil
(aw 0.3)

rpoE

✓

Alternative
sigma factor σE

Stress response in
low aw

33, 51

rpoS

✓

General stress
response

1, 36, 110,
105

*

otsA

✓

RNA polymerase
sigma factor (σS)
Trehalose-6phosphate
synthase
Trehalose-6phosphate
phosphatase
Phosphoglucose
mutase
Proline/betaine
transporter
K+ translocating
ATPase (A)
Glutamate
synthase large
subunit
Glutamate
synthase small
subunit

Trehalose
biosynthesis

23, 74, 98,
111

LB broth, PBS, M9
(2% glucose)

Trehalose
biosynthesis

23, 44, 74,
98, 111

LB broth, peanut
oil, PBS, M9 (2%
glucose)

otsB

✓

Pgm

✓

proP

✓

kdpA

✓

gltB

✓

gltD

✓

iscA

✓

nifU-like protein

iscS

✓

sodA

✓

sufD

✓

nifU

✓

yhgI

✓

Cysteine
desulphurase
Manganese
superoxide
dismutase
Cysteine
desulphurase
modulator
Scaffolding
protein
Putative
thioredoxin-like
protein

cyaY

✓

yggX

✓

Bacterial frataxin
ortholog
Oxidative stress
related protein

Trehalose
biosynthesis
Uptake of osmoprotectants
Potassium ion
transport

23

LB broth

43, 63

LB broth,
TYG(NaCl)

51, 71

Deionized water

Glutamate
biosynthesis

51, 74

Deionized water,
PBS

Glutamate
biosynthesis

53, 74

Deionized water,
PBS

51

Deionized water

72

*

Fe-S assembly in
low [Fe]

114

*

Fe-S assembly in
low [Fe]

51

Deionized water

Fe-S cluster
formation

10, 51, 74

Deionized water,
PBS

Fe-S cluster
formation

53

Deionized water

3, 115

*

115

*

Fe donor for Fe-S
assembly
Fe-S cluster
repair

Fe donor for
cluster repair
Fe donor for
cluster assembly
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Table 2
continued
fadA

✓

fadB

✓

rpoE

x

dnaK

x

invA

x

3-ketoacyl-CoA
thiolase
FA oxidation
complex (α
subunit)
Alternative
sigma factor σE
Heat shock
chaperone
protein
Invasion protein

Degradation of
LCFA

42, 44, 45,
74

PBS, peanut oil (aw
0.52)

Degradation of
LCFA

42

LB broth

Stress response in
low aw

44

peanut oil (aw 0.52)

Encodes HSP70
protein

44

peanut oil (aw 0.52)

Invasion and
pathogenicity

44

peanut oil (aw 0.52)

*No mention of drying matrix
✓: upregulated
x: downregulated

1.5.1 Downregulation of invasion genes during desiccation stress.
The invA gene is involved in invasion and pathogenicity of Salmonella and is upregulated
in high aw conditions in S. Typhimurium. However, during desiccation stress, downregulation of
the invA gene is observed (Fong & Wang, 2016a), which suggests that energy redirection occurs
during stress by inducing dormancy in pathogenicity-related genes, in favor for genes involved in
survival during desiccation stress.

1.5.2 Regulation of RpoE/RpoS during stress.
The rpoE gene encodes for an alternate sigma factor σE, involved in the activation of a
series of genes in response to various stressors, and the rpoS gene encodes for the general stress
response alternative sigma factor, σS. RpoE regulation in Salmonella is aw-dependent; it is
downregulated when cells are dried in peanut oil with a aw of 0.52 (Fong & Wang, 2016a), but
air-drying or drying in peanut oil with a aw of 0.3 results in upregulation of the rpoE gene
(Gruzdev et al., 2012a; Deng et al., 2012). In E. coli, RpoE was responsible for survival under
high temperature stress where regular σ factors could not function properly by managing mis10

folded proteins within the cytoplasm (Hiratsu et al., 1995). RpoS triggers a stress response
against osmotic shock, heat, starvation, and oxidative stress (Dodd & Aldsworth, 2002). The
rpoS gene is induced in Salmonella when exposed to low moisture conditions (Pratt et al., 2016),
and ΔrpoS mutants are known to become sensitive to heat, starvation and acid stress (Abee &
Wouters, 1999; Dodd & Aldsworth, 2002; Rees et al., 1995). While an upregulation of rpoE is
observed after thermal stress in S. Typhimurium and S. Tennessee, desiccation induces a
downregulation of rpoE (Fong & Wang, 2016a). The σE heat shock factor, encoded by the rpoE
gene (Raina et al., 1995), improved survival of S. Typhimurium at 37oC exposed to 0.85% NaCl
solution while the σS factor was upregulated to a greater extent than σE at a NaCl-mediated aw of
0.96 (McMeechan et al., 2007). It is likely that both the amount of unbound water available
intracellularly, as well as the method of induction of desiccation could affect expression of rpoE
in Salmonella.

1.5.3 Regulation of the dnaK gene during stress.
The gene dnaK encodes for the heat shock chaperone protein HSP70, which is required
for binding and stabilization of other proteins during heat stress. Heat shock proteins (HSPs)
generation is mediated by the heat shock transcription factor σH (RpoH) in response to heat
stress, and once the temperature is lowered to regular growth temperatures, HSP generation
slows down to normal levels (Rudolph et al., 2010). Exposure to mild heat induces subsequent
heat resistance through the upregulation of dnaK which induces resistance by increasing the
production of protein-stabilizing chaperones. When faced with low aw conditions, dnaK is
downregulated during storage for 6 h in peanut oil (Fong & Wang, 2016a), but upregulated after
air-drying (Gruzdev et al., 2012a). This indicates that the matrix used for drying induces
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different cellular regulatory networks in Salmonella, which can either induce cross-protection to
subsequent stresses, or be detrimental to their survival.

1.5.4 Compatible solute uptake during osmotic/desiccation stress.
Even though bacterial cell walls can withstand considerable osmotic pressure, an
increasing osmolality can negatively impact bacterial growth rate. When faced with conditions
such as osmotic shock, desiccation and extreme heat, uptake of extracellular compatible osmoprotectants is activated, and the expression of trehalose biosynthetic operon (otsBA) is
upregulated. Osmo-protectants are low molecular weight compounds that can easily enter or
leave a cell to maintain proper intracellular osmotic balance (Fong & Wang, 2016a). The genes
proP, proU and osmU, encoding for the transporters responsible for osmo-protectant uptake,
show high up-regulation during desiccation. Mutations in the ProP system affects survival in
Salmonella. Finn et al., (2013b) observed that mutations in the ProU and OsmU systems still
provided surviving cells only if the ProP system was fully functioning whereas ΔproP mutants
did not survive irrespective of functioning ProU and OsmU systems.
Genes otsB and otsA encode for the enzymes trehalose-6-phosphate phosphatase and
trehalose-6-phosphate synthase, respectively, and are induced by osmotic shock, desiccation,
extreme cold and elevated heat exposure for trehalose synthesis in vivo (Canovas et al., 2001;
Purvis et al., 2005). The pgm gene encodes for the enzyme phospho-glucose mutase, which is
required for the conversion of glucose-6-phosphate to glucose-1-phosphate, a precursor to
numerous sugars produced in vivo (Canovas et al., 2001). Trehalose is a non-reducing
disaccharide which, during desiccation or dehydration stress, functions as a water molecule
replacement. It forms a viscous layer surrounding macromolecules to inhibit protein movement
and membrane damage, until the required level of intracellular water is replenished (Purvis et al.,
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2005). High trehalose concentrations within cells help them maintain the necessary turgor
pressure to withstand exposure to media with minimal unbound water.
Trehalose production not only enables survival in extreme dehydration conditions, it also
induces thermotolerance. Trehalose production improved the growth of S. Typhimurium at
higher temperatures and improved growth of E. coli under osmotic stress (Canovas et al., 2001;
Hengge-Aronis et al., 1993). Higher levels of trehalose biosynthesis have also improved growth
of E. coli in high osmolality media at 41oC (Purvis et al., 2005).
Mutations of either ots genes or the pgm gene decreased survival of either species during
osmotic stress and prolonged storage. At temperatures greater than 45oC, growth and survival of
bacterial cells with the impaired pgm gene can be maintained with supplementation of galactose
and glycine betaine in the growth media. Even with an impaired otsA gene, addition of glycine
betaine replaced the trehalose requirement for growth under stress; however, addition of
galactose did not. Galactose goes through the same pathway as trehalose production, and an otsA
mutant would inhibit trehalose production for cell survival (Canovas et al., 2001). While otsBA
mutations do not impair increased thermotolerance induced by high solute concentration, a
combination of high osmolality and elevated temperature exposure significantly reduces
thermotolerance of a pgm or otsBA mutant of S. Typhimurium. Media containing hexose sugars
or inorganic salts tend to improve trehalose production and subsequent survival of strains during
stress; however, concentrated pentose sugars-containing media, are less beneficial (Purvis et al.,
2005).

1.5.5 Activation of the potassium ion active transport channel during stress.
Dehydration of S. Typhimurium SL 1344 induces upregulation of 90 genes involved in
ribosome structure, amino acid transport and metabolism, stress response, transcription, energy
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production and conversion, inorganic ion transport, and lipid/carbohydrate transport and
metabolism, while 7 genes, 4 of which are involved in maintaining the virulence plasmid in
Salmonella, were downregulated (Gruzdev et al., 2012a). The highest induction was in the
kdpABC genes encoding for potassium ion (K+ ) active transport channels. K+ channels maintain
osmotic balance through the flow of K+ ions in and out of the cell, and are activated under
osmotic stress or low K+ growth conditions (Record et al., 1998).
Bacteria have the ability to maintain normal internal levels of K+ through the induction of
several K+ uptake systems. Both E. coli and Salmonella have three major K+ transporters: Kup,
Trk and Kdp. As Kup and Trk systems both have low affinity to K+ ions, they are activated to
induce K+ uptake in high [K+] growth conditions. However, as the extracellular K+ concentration
decreases and the normal K+ uptake level cannot be maintained, the Kdp system is activated and
takes over as the main K+ uptake system (Ballal et al., 2007). The Kdp-ATPase system is present
in a variety of Gram negative (Salmonella and E. coli) and Gram positive (Bacillus spp. and
Clostridia spp.) species and are required to maintain osmotic balance, regulate intracellular pH,
genetic expressions and activate cellular enzymes (Laimins et al., 1981). Under low [K+]
conditions, E. coli induces the expression of the K+-dependent ATPase (Kdp-ATPase) for K+
uptake from the surrounding environment in an effort to maintain the normal intracellular [K+].
The E. coli Kdp-ATPase system is made up of four protein subunits KdpF, KdpA, KdpB, and
KdpC, that are encoded by genes located on the KdpFABC operon (Ballal et al., 2007). While
KdpA binds and transports K+ ions, KdpB acts as a phosphorylation site, KdpC is required for
the Kdp-ATPase assembly and KdpF for complex stability. With a high affinity for K + ions, the
Kdp-ATPase system is more effective in maintaining osmotic balance intracellularly than the
other potassium uptake systems. The Kdp-ATPase system is independent of compatible solute
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uptake and is only activated when a low K+ ion concentration is detected. In fact, exposure to a
NaCl-mediated osmotic shock in Cyanobacteria spp. suppressed expression of the Kdp system,
thus confirming that Kdp induction is not mediated by osmotic shock (Ballal et al., 2005; Alahari
et al., 2001). A ∆kdpA mutant does not enable long term Salmonella survival at 4oC, indicating
that a modification of the K+ regulatory channels affect Salmonella survival post-desiccation and
during long-term cold storage (Gruzdev et al., 2012a).

1.5.6 Glutamate synthesis.
Glutamate synthesis is initiated intracellularly to maintain osmotic balance during stress,
and glutamate makes up almost 90% of the amino acids present in gram-negative bacteria in high
osmolality media (Csonka & Epstein, 1996). There are two glutamate synthesis pathways which
either require only glutamate dehydrogenase, or both glutamate synthetase and glutamate
synthase.

A high intracellular K+ concentration induced higher glutamate dehydrogenase

activity, which led to the assumption that a high concentration of intracellular K + ions act as a
stimulus for glutamate synthesis (Csonka & Epstein, 1996). Glutamate synthesis is believed to
facilitate the accumulation of osmo-protectants during desiccation stress (Finn et al., 2013a).

1.5.7 Function of Fe-S clusters during desiccation/osmotic stress.
Fe-S clusters are iron co-factors produced from the combination of bio-available iron
with elemental sulphur, and are responsible for cellular processes such as electron-transfer,
activation of genetic expression, enzyme activity and also act as Fe-S storage compounds
(Gruzdev et al., 2011; Kiley & Beinert, 2003). Cluster formation helps to prevent oxidation when
cells are exposed to desiccation stress, as oxidation is a major cause of cell death during
desiccation. Fe-S clusters are present in [2Fe-2S], but the majority are assembled as [4Fe-4S]
forms onto proteins in the presence of cis-residues, which are responsible for iron coordination
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(Ding et al., 2004). It is estimated that the concentration of iron present in bacteria for iron cofactor biosynthesis is approximately 10 μM, as the majority of the iron present within a system is
not bioavailable or stored in storage proteins such as ferritin (Ayala-Castro et al., 2008).
The Isc (Fe-S), Suf (S) and Nif (nitrogen fixation) system pathways are responsible for
inducing Fe-S cluster formation. It is believed that the Isc pathway is required for housekeeping
cluster formation, while the Nif pathway is for enzyme-related cluster formation. The Suf
pathway is induced under stressful conditions (Ayala-Castro et al., 2008). The iscA gene has a
high affinity to iron, which makes it a great iron donor. It also has the ability to coordinate Fe-S
cluster formation and maturation, and is believed to be responsible for free iron collection during
cluster formation (Ding et al., 2004). While bacteria such as E. coli have both Isc and Suf
pathways for Fe-S cluster formation, other bacteria such as Mycobacterium tuberculosis utilize
only the Suf pathway (Huet et al., 2005). Previous studies have indicated that the Suf pathway is
better equipped for Fe-S cluster formation under stressful conditions such as oxidative or
starvation stress in E. coli. The Suf pathway likely assembles the Fe-S clusters in low
intracellular concentrations of bioavailable iron (Outten et al., 2004; Takahashi & Tokumoto,
2002). Furthermore, deletion of the SufD gene resulted in growth defects during stress,
confirming the importance of the Suf gene for Fe-S assembly during stress (Outten et al., 2004).
During dehydration, cells of Salmonella undergo some level of oxidation and dehydration
induces an upregulation of a number of oxidation stress-response genes, including iscA (nifUlike protein gene), sufD (cysteine desulphurase modulator gene) and yhgI (putative thioredoxinlike protein gene) (Gruzdev et al., 2012a). Upregulation of the nifU and nifS genes was also
observed; these genes encode scaffolding proteins involved in Fe-S cluster formation (Gruzdev
et al., 2012a).

16

In S. Typhimurium, the CyaY protein enables cluster biosynthesis and repair of clusters
affected by oxidation, while the YggX protein enables Fe-S cluster formation and repair during
extreme oxidative stress (Velayudhan et al., 2014; Gralnick & Downs, 2001). The CyaY protein,
a bacterial homologue to the human protein frataxin, acts as an iron donor during Fe-S assembly,
while YggX, another iron donor, is more involved in cluster repair than assembly (Adinolfi et al.,
2009; Velayudhan et al., 2014). However, this is in contradiction with Adinolfi et. al. (2009),
who claimed that the protein CyaY binds to cysteine desulphurase, encoded by the gene iscS, to
act as an Fe-dependent inhibitor of the Fe-S cluster formation (Adinolfi et al., 2009).

1.5.8 Fatty acid catabolism induction during desiccation/osmotic stress.
Detection of an increased level of cyclopropane fatty acids (CFAs) is an indication of
starvation or desiccation in bacterial cells, as CFAs protect cells against a range of stresses.
Lipoproteins and phospholipids make up the fatty acid components present in bacterial cell
membranes. To protect from stress, Salmonella cells induce modification of their fatty acid
profiles to lower membrane fluidity during the stress. Since with desiccation more energy is
needed by cells to survive, an increase in fatty acid degradation is observed as the fadA gene is
upregulated to produce and have more ATP available for cells to increase production of stressresponse proteins. The lower the lipid content of the cell membrane, the more rigid the cell
membrane becomes, which prevents further loss of intracellular water during desiccation.
The fad locus is known to induce an upregulation of a variety of genes upon exposure to
desiccation and starvation stress (Fong & Wang, 2016a). The most significantly induced
expression in desiccation resistant S. Tennessee and desiccation sensitive S. Typhimurium LT2
was involved in the fatty acid metabolism pathway (51% in S. Tennessee v/s 35% in S.
Typhimurium); with the fadA gene having the highest level of upregulation after 2 h of air drying
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at 11% relative humidity (Li et al., 2012). The fadA gene is a fatty acid catabolic gene that
encodes for FadA (3-ketoacyl-CoA thiolase), an enzyme involved in the degradation of long
chain fatty acid into acetyl-CoA that, in turn, generates more ATP for cellular usage through the
TCA cycle. The higher the intracellular energy production, the better the survival under stress
conditions, which would explain the upregulation of the fadA gene during desiccation stress (Li
et al., 2012; Kim et al., 2001)

1.6. Heat resistance of Enterobacteriaceae.
Survival of Salmonella during long-term starvation, desiccation and/or osmotic stress
allows them to be resistant to food preservation processes, especially thermal treatments
(Kieboom et al., 2006; Russo et al., 2013; Goepfert & Biggie, 1968; Mercer et al., 2015).
Formation of Fe-S clusters, uptake of compatible solutes and a higher level of CFAs during
desiccation stress, protects cells against a wide range of stresses such as heat, oxidative, and acid
stresses, which implies that exposure to desiccation generates cells that are more resistant to
other stresses. It is well established that the heat resistance of Salmonella is greatly impacted by
the food matrix; the greater the amount of solids, fat, carbohydrates and lower unbound water all
contribute to thermal resistance in Salmonella. Figure 1 shows the heat resistance of Salmonella
in various matrices at a aw of 0.5 or lower. The type of solute present in the drying matrix also
has an effect on heat resistance. The presence of glycerol does not improve heat resistance,
whereas the presence of sucrose increased the D-value (Mattick et al., 2001). Microbial species,
growth conditions (stationary-phase grown versus exponential-phase grown), and previous
exposure to stress, all contribute to heat resistance. Using a dry-adapted versus a non-adapted
inoculum affects the heat resistance of Salmonella on treated almonds (ABC, 2007; Du et al.,
2010; Danyluk et al., 2005). Similarly, stationary-phase cells have a greater ability to survive
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stress, such as desiccation, in comparison to exponential-phase cells (He et al., 2011; Breeuwer
et al., 2003; Danyluk et al., 2005; Humpfrey et al., 1995; Ng et al., 1969).

Heat resistance in low aw foods (aw < 0.6) *

Log10 (D-value[min])

1000
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1
Wheat flour Animal feed Chocolate
(70°C)
(70°C)
(70°C)

Chocolate
(90°C)

Nut butters
(70°C)

Nut butters
(90°C)

Figure 1. Heat resistance of multiple Salmonella strains in various matrices with aw of 0.6 or
less. The box plot shows log10 D-value (min) of Salmonella strains from previous studies treated
at 70°C or 90°C, treated in 5 different matrices; 1 strain was tested in wheat flour (aw 0.2-0.6;
Archer et al., 1998), and 1 strain was tested in animal feed (aw 0.2; Liu et al., 1969), 6 of the
strains were tested in chocolate (aw 0.5; Goepfert & Biggie, 1968; Lee et al., 1989; Krapf &
Gatenbein-Demarchi, 2010; Barrile & Cone, 1970; da Silva do Nascimento et al., 2012), and 8
strains were tested in nut butters (aw 0.3-0.5; Villa-Rojas et al., 2013; He et al., 2011; He et al.,
2013; Ma et al., 2009).
*Adapted from Chen et al., 2009.

Most low aw foods undergo some type of thermal treatment as one of the processing steps
prior to packaging and storage. Validation studies have confirmed that specific heat treatments
are effective in producing a 5-log reduction of bacterial counts, which meets the US federal
requirements of at least having a 4-7 log reduction of vegetative foodborne pathogenic bacteria
both in a laboratory setting and within various food matrices (Little et al., 2009; AIOE, 2012).
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However, Salmonella control in low aw food products and processing environments is
challenging, as the D-values for thermal inactivation of Salmonella in food products increases
astronomically when treating low aw food products as compared to high aw food products
(Calhoun & Frazier, 1966). Thermal treatments performed on a 5-strain cocktail of S. enterica
and E. coli O157:H7, air-dried and stored in peanut butter (aw of 0.4) showed that 1 h exposure to
72oC only resulted in less than 2-log reduction of both strain sets, but when the temperature was
increased to 90oC, a log reduction of 5.5-log and 7.1-log was observed in the S. enterica and E.
coli cocktails, respectively (He et al., 2011).
Extreme heat resistance of Salmonella stimulated by low moisture environments in
various food matrices is a phenomenon that was, and is still being studied (McDonough &
Hargrove, 1968; Mattick et al., 2001; Krapf & Gatenbein-Demarchi, 2010; Santillana-Farakos et
al., 2014). Adapting Salmonella strains to low moisture conditions using a high-solute broth (aw
of 0.65) then exposure to 55 to 60°C was detrimental to their survival, while strains exposed to
greater than 70°C showed exceptional heat resistance (Mattick et al., 2001). Thermal treatments
on Salmonella during chocolate conching results in a D60 of 306 min in cocoa butter, and D60 of
1008 min in dark chocolate (Krapf & Gatenbein-Demarchi, 2010).

1.6.1 The locus of heat resistance (LHR) mediates heat resistance of
Enterobacteriaceae.
Thermal resistance is also well studied in Escherichia coli and studies have shown that
heat stress is detected by the outer membrane porin (Omp) precursors, which induces the
activation of σE and σH, which are bacterial transcription factors, required for RNA synthesis to
induce the transcription of heat shock proteins (HSPs) and other genes needed for cellular
recovery (Noor, 2015). While most strains of E. coli are heat sensitive, studies have confirmed
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the presence of heat resistant strains in the food chain with D60 values from 5 to 60 min (Mercer
et al., 2015; Dlusskaya et al., 2011).
Using comparative genomic analysis, Mercer et al. (2015) identified 6 genes arranged on
an approximately 14kb genomic island that were unique to strains phenotypically classified as
highly heat resistant. This island was termed the locus of heat resistance (LHR), and exhibited a
D60 value of greater than 5 min in highly heat resistant strains of E. coli AW1.7 (Mercer et al.,
2015). The LHR is comprised of 16 open reading frames (orfs; Figure 2) flanked by mobile
elements. A BLAST (basic local alignment search tool) search located orfs 2, 9, 11, 13, 15 and
16 only in highly heat resistant strains such as E. coli AW1.7 (Mercer et al., 2015; Dlusskaya et
al., 2011). The remaining ten orfs have convincing orthologs in other strains, but they were not
identified in the same specific cluster as within the LHR. Additionally, the frequency of the LHR
present within E. coli genomes is approximately 2% (Mercer et al 2015).
To further understand and confirm the role of the LHR in heat resistance, Mercer et al.
(2015) cloned the full LHR and fragments of the LHR onto the low-copy vector pRK767 prior to
transformation into the heat-sensitive Escherichia coli AW1.7 derivative, E. coli AW1.7ΔpHR1.
The authors noted that E. coli AW1.7ΔpHR1pLHR had a very similar survival pattern as did the
wild-type heat resistant E. coli AW1.7; confirming that presence of the LHR confers high heat
resistance in E. coli AW1.7.
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Figure 2. The locus of heat resistance (LHR), characterized from Escherichia coli AW 1.7. The
LHR, known to induce highly heat resistance in some Enterobacteriaceae, is a 14.469 kb sized
operon, made up of 16 open reading frames (orfs). Orfs 2, 9, 11, 13, 15 and 16 are orthologs that
were found to be unique to highly heat resistant strains only. The black-lined orfs (2, 3, 7, 8, 9,
11, 12, 13, 14, 16) encode for predicted proteins such as heat shock proteins (small HSP C2;
orf2, HSP 20; orf7), proteases (Clp protease; orf3, Zn-dependent protease; orf15, DegP-like;
orf16), hypothetical proteins belonging to the YfdX family (orf8, orf9), other hypothetical
proteins (orf10, orf11) a thioredoxin (TRX) (orf12), a potassium/hydrogen (K+/H+) exchanger
(orf13), and a phosphate starvation gene (PsiE) (orf14) (Li & Gänzle, 2016; Mercer et al. 2017).
The grey-lined orfs (1, 4, 5, 6, 10, 15) are less likely to be expressed, in comparison to the blacklined genes.
Sequence similarities indicate that some proteases found within the LHR cluster are
similar to proteases from other strains, which further confirmed that moderately heat resistant
and heat sensitive strains possess orthologs to some of the genes found on the LHR cluster.
Therefore, a strain possessing the entire LHR sequence will express high heat resistance, and
strains that have partial fragments of the operon would exhibit partial to no heat resistance. This
was confirmed by Mercer et al., (2015) who separated the operon into three fragments: fragment
one with orf 1-7; fragment two with orf 8-10; and fragment three with orf 11-16. Each fragment
was transformed individually, as well as in groups, and strains with fragments 1 and 2 exhibited
moderate heat resistance (D60 < 5min), confirming that fragment 3 is required to induce
prolonged resistance to heat stress. All 16 orfs, as shown in Figure 2, are required to confer high
heat resistance.
Studies conducted on the thermal resistance of Salmonella indicate that, in comparison
with other Salmonella strains in pasteurized liquid egg, S. Senftenberg is one of the most heat
resistant strains (Winter et al., 1946; Davidson et al., 1966). Genetic analyses in other
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Enterobacteriaceae strains revealed the presence of the LHR, in other genera such as Salmonella
enterica and Enterobacter (Mercer et al., 2017). Phylogenetic analysis of S. Senftenberg
identified two thermotolerant loci (TLPQC1 and TLPQC2) on a 341.3 kb plasmid (pSSE-ATCC
43845); a plasmid that has properties similar to the IncHI2 R478 plasmid, but lack the antibiotic
genes (Nguyen et al. 2017). Furthermore, a BLAST analysis confirmed that the identity of the
genes on the second locus (TLPQC2) closely resembles the LHR in E. coli AW1.7 (Nguyen et
al. 2017). Analysis of PCR products in this study confirmed that Salmonella enterica serovar
Senftenberg ATCC 43845 possessed all three fragments that make up the LHR; which was
responsible for the heat resistance exhibited by S. Senftenberg. This was further confirmed
through the transformation of the wild-type, heat sensitive, and LHR-negative Salmonella
enterica serovar Typhimurium ATCC 13311 with the LHR constructed on an empty plasmid
(pRK767). The transformed strain, S. Typhimurium ATCC 13311pLHR, had a D60 > 5 min,
proving that the LHR is also responsible for thermal resistance in LHR-positive Salmonella
(Mercer et al., 2017). As such, it is possible that presence of both thermotolerant loci are not
required to induce high heat resistance in Salmonella.
Resistance to heat in Salmonella differs in a high aw environment, in comparison to low
aw conditions. While a study on over 300 strains confirmed that S. Senftenberg 775W was the
most resistant strain in an aqueous medium (Ng et al., 1969), in a low aw environment, heat
resistance of S. Typhimurium surpasses that of S. Senftenberg 775W (Goepfert & Biggie, 1968;
Liu et al., 1969).
In order to properly validate a processing step, a number of factors need to be monitored,
including the strain selected for the validation as using a known heat sensitive strain for a
thermal inactivation validation step would not provide the data necessary to design a plan that
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would reduce the microbial load, especially if heat resistant strains are present. Bacterial stress
responses include changes to cellular morphology, membrane modification, gene regulation and
altering their cellular metabolism for survival. These responses trigger chaperone proteins and
other components that, often than not, confer cross-protection against other stresses to ensure
their survival. How different stresses trigger responses and how those responses induce crossprotection is a matter that requires more in-depth research to ensure that current microbial
reduction strategies employed by the food industry are properly targeted. It is still not clear how
many genes are involved in inducing resistance to desiccation and subsequent heat stress in
Salmonella, and how the drying matrix, experimental methods, or strain selection affect survival.
Much of the data currently available only offer a general idea of the interaction between
desiccation and extreme heat resistance of Salmonella, but more work is needed in this area.
Understanding the molecular mechanisms involved in Salmonella survival in low aw stress is
highly significant as it provides more detailed understanding of how Salmonella regulatory
networks engage when faced with stressful conditions to further improve current interventions
for Salmonella control. The data presented in this study will help bridge some of the knowledge
gaps in the area of extreme heat resistance demonstrated by Salmonella adapted to low aw
conditions.

1.7. Research objectives
This study aimed to analyse and understand the survival and heat resistance of
desiccation-adapted Salmonella stored under low water activity conditions. It is hypothesized
that the LHR contributes to the survival of LHR-positive Salmonella enterica, adapted to low
moisture conditions.
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The specific objectives are:
1. To understand the regulation of the LHR in dried Salmonella enterica
2. To compare and contrast the effectiveness of the LHR in survival of LHR positive
and LHR negative strains of Salmonella and Escherichia coli in low moisture
conditions
3. To assess the impact of the LHR on the survival of dried Salmonella and E. coli
after a short term, high heat exposure

2. Materials and Methods
2.1 Strains and Growth Conditions.
Cultures of Salmonella enterica serovar Senftenberg ATCC 43845 (LHR positive;
Mercer et al., 2017), Salmonella enterica serovar Typhimurium ATCC 13311 (LHR negative),
Escherichia coli AW1.7 (LHR positive; Mercer et al., 2015) and Escherichia coli
AW1.7ΔpHR1, a heat sensitive and LHR negative, derivative of AW1.7 (Pleitner et al., 2012),
were sub-cultured in Tryptic Soy (TS) (Difco, Becton Dickinson, US) broth, and maintained at
-80°C in 70% glycerol. Prior to each experiment, the frozen cultures were streaked on TS agar
plates, and incubated aerobically at 37°C overnight (O/N). Isogenic strains of S. enterica serovar
Typhimurium ATCC 13311 (S. typhimurium pLHR, and S. Typhimurium pRK767) were
previously generated by inserting the LHR, constructed on an empty plasmid pRK767 containing
a tetracycline resistance (tetR) gene, into the wildtype LHR negative strain (Mercer et al., 2017).
The isogenic stock cultures were also maintained at -80°C in 70% glycerol, prior to streaking
onto TS agar plates containing 15 mgmL-1 tetracycline-HCL and incubated aerobically at 37°C.
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2.2 Experimental design
2.2.1 Heat treatment to confirm presence of the LHR.
To confirm that the strains possessed or lacked the LHR, a heat test was performed. Both
Salmonella

and

E.

coli

strains

were

inoculated

from

culture

stocks

stored

at

-80°C onto TS agar plates, and incubated O/N at 37°C. Several colonies were picked from each
plate, and incubated O/N in fresh TS broth. A 100 μL aliquot of each O/N culture was transferred
into sterile PCR tubes and heated at 60°C for 5 min, using a PCR thermocycler (Eppendorf
MastercyclerTM ep Gradient; Eppendorf, Hamburg, Germany). Enumeration of the surviving
colonies was done by plating the serially diluted treated samples onto TS agar plates and
incubating the plates O/N at 37°C.

2.2.2 Preparation of the dry inoculum for use in experiments
Several colonies were picked from TS agar plates containing colonies of Salmonella
Senftenberg ATCC 43845, Salmonella Typhimurium ATCC 13311, E coli AW1.7 and E. coli
AW1.7ΔpHR1, and incubated aerobically in 5 mL TS broth O/N at 37°C for the preparation of
the dry prepared inoculum. An aliquot of each O/N inoculum was sub-cultured (1%) into fresh
TS broth and incubated at 37°C between 18 to 20 h. A 100 μL portion of the stationary phase
inoculum was spread onto TS agar plates (made with 20 mL TS agar) and incubated aerobically
for 24 h at 37°C to produce a bacterial lawn (Danyluk et al., 2005).
The bacterial lawns were harvested from the surface of the plates with 1 mL of sterile
TSB broth, and 1 mL of 0.1% peptone per strain, per plate, and into sterile 1.5 mL microcentrifuge tubes. The harvested cells were washed three times by centrifugation (10,000 g for 3
min) at room temperature and re-suspended in each sterile media respectively to a final cell
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count of approximately 2.0 x 1011 CFUmL-1. The cell count per mL was determined with serial
dilutions and plating onto TS agar. Sterile 0.1% peptone was used as the dilution medium
throughout the remainder of the experiments.

2.2.3 Adaptation to dry conditions and culture storage at specific water activities
(aw).
A 25 μL aliquot of each re-suspended inoculum was transferred into individual sterile
Co-star 24-well micro-titer plates (Corningware; Sigma-Aldrich, Darmstadt, Germany), and airdried in a biosafety cabinet for 5 h. Dehydrated silica gel beads, and saturated solutions of
sodium bromide and sodium chloride were used to create an aw of 0.1, 0.55 and 0.75 respectively
(Table 3), measured using a water activity meter (AquaLab PRE; Decagon Devices, WA, USA).
A glass-bottomed air-tight container was used as a desiccator, containing different the desiccants
mentioned to create the desired aw of 0.1, 0.55 and 0.75. The plates were stored in the desiccators
for up to 30 days at 37°C. Sterile 0.1% peptone (100 μL) was added to each well, and the dried
pellets were scraped the bottom of the wells and re-suspended using a pipet tip, and then serially
diluted and plated onto TS agar plates, which were incubated aerobically O/N at 37°C prior to
enumeration to determine cell counts.
Table 3: Desiccants used to modulate the storage humidity at 37oC.

Desiccants
Silica gel beads
Sodium bromide
Sodium chloride

Water activity
(aw)
0.1
0.55
0.75

Weight
(g)
100
104.9
33

Temperature
(°C)
37
37
37
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2.2.4 Deletion of the LHR from S. Senftenberg ATCC 43845.
An attempt to delete the plasmid containing the LHR from S. Senftenberg ATCC 43845
was done using the plasmid curing protocol described by Pleitner et al. (2012), with 0.1%, 0.5%
and 10% sodium dodecyl sulphate (SDS). This method was selected as it proved successful in
creating a heat-sensitive derivative (E. coli AW1.7ΔpHR1) of the heat resistant E. coli AW1.7.
Several single colonies were inoculated into 5 mL TS broth, and incubated O/N at 37 °C. The
cultures were sub-cultured (10 %) into fresh broth with the various SDS concentrations, and
incubated successively as the temperature increased from 37 °C to 42 °C, to plateau at 46 °C for
a total of 10 subcultures. After each subculture, 100 μL was plated onto TS agar plates and 12
colonies from each plate was inoculated into fresh TS broth and grown O/N at 37 °C. A 100 μL
aliquot of each O/N culture was transferred into PCR tubes, and heated at 60 °C for 30 min in the
PCR thermocycler. The heated samples were transferred into fresh broth and incubated O/N at
37°C. Tubes with no growth were assumed to be strains that had lost the LHR.

2.2.5 Generating the S. Typhimurium ATCC 13311pLHRΔkefB isogenic strain.
S. Typhimurium pLHRΔkefB was generated by the insertion of the modified LHR (LHR
ΔkefB) construct into the wildtype LHR negative Salmonella Typhimurium ATCC 13311. A
pRF1-2-3C clone was generated from the LHR through the deletion of ORF13, and constructed
onto the tetR plasmid pRK767, prior to transformation into E. coli DH5α (Nguyen, unpublished
report).

The modified LHR plasmid (pLHRΔkefB), was purified from E. coli DH5α and

transformed into the wild-type LHR negative S. Typhimurium through electroporation, and
grown on 15 mgmL-1 tetracycline-HCL TS (TStet) agar plates, to generate the isogenic S.
Typhimurium ATCC 13311pLHRΔkefB.
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Several S. Typhimurium ATCC 13311 colonies were inoculated into 5 mL fresh TS broth
for 24 h, and incubated for 2 h in fresh TS broth. Cells were kept on ice all throughout the
experiment. Using a plasmid preparation kit (GeneJet plasmid mini-prep kit; Fisher Scientific,
Toronto Canada), the modified LHR plasmid, pLHRΔkefB, was purified from E. coli DH5α
(Nguyen, unpublished report) and kept on ice. The transformation was done as per a modified
version of the High Efficiency Transformation protocol (New England BioLabs). A 500 μL
aliquot was transferred into a sterile micro-centrifuge tube, centrifuged (5000 g for 4 min) and
washed three times using 400 μL of 10% glycerol, maintained at 4 °C. The pellet was resuspended in 80 μL of 10% glycerol, and 5 μL of the extracted plasmid was added. The tube was
incubated for 5 min on ice, then poured into a transformation cuvette (80 μL) for the
electroporation (200 Ohms, 2.5 kv, 25 capitance), using a transformation apparatus (BIO-RAD
E. coli PulserTM; Bio-Rad Laboratories, California, USA). After the transformation, 900 μL of
super optimal broth with catabolite repression (SOC) media (Nguyen, unpublished report) was
poured into the cuvettes, transferred into a sterile micro-centrifuge tube, and incubated at 37 °C
for 1 h to encourage growth in the nutrient-rich medium. Transformants were selected by plating
100 μL of the inoculum, and the remaining 900 μL on TStet agar plates and incubated O/N at
37 °C.
Plasmid insertion was confirmed with a colony PCR, using forward (F) and reverse (R)
primer pairs (Table 4, 5) designed on Geneious (Biomatters, Auckland, New Zealand) to amplify
three separate primer target regions of the LHR (Mercer et al., 2015). Colonies from each plate
were transferred into 24.75 μL of a PCR master-mix solution (Table 6) for each primer pair, and
amplified using a PCR thermocycler (Eppendorf MastercyclerTM ep Gradient; Hamburg,
Germany). Fragment amplification was done at an annealing temperature of 64 °C for 30 s, using
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recombinant Taq DNA polymerase (Invitrogen, Ontario, Canada). Agarose gel electrophoresis
(120V for 1 h on 1% agarose 0.5X TBE gel) was used to analyze the amplified products of the
PCR, and visualized using SYBRsafe staining on the AlphaImager HP System.

Table 4: Primers used to identify the three fragments, with fragment sizes and respective orfs,
which make up the LHR.

Fragments
F1
F2
F3

Fragment size
(kb)
6
3.3
7

ORFs

Primers

1 to 7
8 to 10
11 to 16

HR-F1(F), HS-R1(R)
HR-F2.2(F), HR-R2(R)
HS-F1(F), HR-R3(R)

Primer target region
size (kb)
1.7
2.8
2.8

Table 5: Primer sequences used in this study for each primer pair.*
Primers
Direction
HR-F1
Forward (F)
HS-R1
Reverse (R)
HR-F2.2
Forward
HR-R2
Reverse
HS-F1
Forward
HR-R3
Reverse
*Mercer et al., 2015

Primer sequence (5' -> 3')
GCTGTCCATTGCCTGA
AGACCAATCAGGAAATGCTCTGGACC
TGTCTTGCCTGACAACGTTG
ATGTCATTTCTATGGAGGCATGAATCG
GCAATCCTTTGCCGCAGCTATT
CTAGGGCTCGTAGTTCG

Table 6: Colony PCR reagents and volumes.
Master-mix reagents
Nuclease free water
10X buffer
Forward primer (F)
Reverse primer (R)
MgCl2
dNTPs

Volume
(μL)
18.5
2.5
1.25
1.25
0.75
0.5
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2.2.6 Survival of isogenic strains at different water activities.
An inoculum of wild-type and isogenic strains of Salmonella spp. were prepared as
described in paragraph 2.2.2, and stored at an aw of 0.75 for up to 3 d at 37 °C. Samples were
serially diluted and plated onto TS agar plates O/N at 37 °C for enumeration. Statistical analysis
was performed using a two-way ANOVA.

2.2.7 Survival at 110°C of air-dried strains.
A 20 μL aliquot of prepared wild-type and isogenic Salmonella and E. coli inoculum
were air-dried in 12x35 mm borosilicate glass vials (Screw-capped glass vials, Fisher Scientific,
Toronto, Canada) for 7 h in a biosafety hood. The vials were loosely closed, and equilibrated for
24 h at a aw of 0.75. The vials were placed into Pyrex round media storage bottles (Corning Inc.,
NY, USA), which was immersed into an oil bath containing pre-heated canola oil (Crisco, JM
Smucker, USA) at 110 °C for 5, 15 and 30 min (see Appendix). The temperature was checked
using a thermometer to ensure that it was at 110°C prior to every run. After heating, sterile broth
(1 mL) was added to the dried pellets, cells were re-suspended, then serially diluted and plated
on TS agar plates. Plates were incubated aerobically at 37°C O/N prior to enumeration. All
experiments were done in triplicate. Statistical analysis was performed using an unpaired T-Test.

2.2.8 Survival of air-dried strains exposed to dry heat at 110°C.
The same steps were taken as described above for preparation of the inoculum. Using a
heat-resistant floating micro-centrifuge (1.5-2.0 mL) tube rack (Fisher Scientific, Toronto,
Canada), the vials were exposed to direct heat at 110°C for 5 min. A 1 mL aliquot of sterile broth
was added to the dried pellet to re-suspended cells, serially diluted and plated on TS agar plates.
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Plates were incubated aerobically at 37°C O/N prior to enumeration. All experiments were done
in triplicate. Statistical analysis was performed using an unpaired T-test.

3. Results
3.1 Heat resistance of Salmonella and E. coli.
To confirm the heat resistance of LHR positive strains, S. Senftenberg ATCC 43845, S.
Typhimurium ATCC 13311, E. coli AW 1.7 and E. coli AW1.7ΔpHR1 were heated to 60°C for
5 min. The samples were plated onto TS agar plates, and incubated for 24 h prior to cell counts.
S. Senftenberg and E. coli AW 1.7 were exceptionally resistant to heat (Figure 3), whereas S.
Typhimurium and E. coli AW 1.7ΔpHR1 were not heat resistant.

Reduction of cell counts
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Figure 3: Reduction of cell counts after heating for 5 min at 60°C for S. Senftenberg ATCC
43845(LHR positive) ( ) and S. Typhimurium ATCC 13311(LHR negative) ( ), E. coli AW
1.7(LHR positive) ( ) and E. coli AW 1.7ΔpHR1(LHR negative) ( ). Data are means ±
standard deviation of the average of three replicates for each strain.
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3.2 Survival of Salmonella spp. at various water activities.
Survival of Salmonella spp. in TS broth was measured after storage for up to 30 days.
Bacterial lawns of wild-type S. Senftenberg and S. Typhimurium were washed and air-dried in
micro-titer plates, and stored in a desiccator at varying humidity levels prior to sampling on TS
agar plates. Figure 4 shows that storing LHR positive and LHR negative Salmonella at a aw of
less than 0.55 survival did not show a difference with presence or absence of the LHR in
Salmonella. However, during storage in intermediate humidity conditions (aw 0.75), cell counts
of the wild-type LHR positive S. Senftenberg ATCC 43845 decreased faster than cell counts of
the LHR negative S. Typhimurium ATCC 13311. Sampling of the Salmonella strains stored at a
aw of 0.75 was halted after day 10, as S. Senftenberg ATCC 43845 counts were below detection
limit after 10 d of storage.
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Figure 4: Survival of Salmonella Senftenberg ATCC 43845 and Salmonella Typhimurium
ATCC 13311, dried in TS broth, after exposure to three aw and storage for up to 30 d. S.
Senftenberg ATCC 43845 and S. Typhimurium ATCC 13311 were air-dried for 5 h, then stored
in an air-tight container using desiccants with varying water activities: (
) ATCC 43845 at
aw 0.1; (
) ATCC 13311 at aw 0.1; (
) ATCC 43845at aw 0.55; (
) ATCC
13311 at aw 0.55; (
) ATCC 43845at aw 0.75; (
) ATCC 13311at aw 0.75. The
(
) represents the maximum limit for cell count reduction. Data are means ± standard
deviation of the average of three replicates.
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Survival of wild-type Salmonella spp. after drying in sterile 0.1% peptone and stored for
up to 10 days was also assessed. Figure 5 shows the survival of Salmonella spp. that prepared
with 0.1% sterile peptone as the drying medium.

At a aw of 0.75, the LHR positive S.

Senftenberg ATCC 43845 and S. Typhimurium ATCC13311pLHR were less resistant to drying
than the LHR negative S. Typhimurium ATCC 13311 and ATCC 13311pRK767. However, cell
counts were reduced faster when compared to the same strains dried in a TS broth medium
(Figure 4).
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Figure 5: Survival of wild-type and isogenic Salmonella Senftenberg ATCC 43845 and
Salmonella Typhimurium ATCC 13311, after exposure to three aw and storage for up to 10 d.
Salmonella spp. were air-dried in sterile 0.1% peptone for 5 h, then stored in an air-tight
container using desiccants with varying water activities: (
) ATCC 43845 at aw 0.1;
(
) ATCC 13311 at aw 0.1; (
) ATCC 43845at aw 0.55; (
) ATCC 13311 at
aw 0.55; (
) ATCC 43845at aw 0.75; (
) ATCC 13311at aw 0.75;
(
) ATCC 13311pLHR; (
) ATCC 13311pRK767. The (
) represents the
maximum limit for cell count reduction. Data are means ± standard deviation of the average of
three replicates.
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3.3 Survival of Escherichia coli spp. at different water activities.
Survival of wild-type Escherichia coli spp. was assessed after storage for up to 30 days.
Concentrated inoculum of wild-type E. coli AW1.7 and E. coli AW1.7ΔpHR1 suspended in TS
broth, were air-dried in micro-titer plates, and stored in a desiccator under varying humidity
levels prior to sampling on TS agar. At a aw of 0.75, cell counts of E. coli decreased irrespective
of presence of the LHR (Figure 6).
12
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Figure 6: Survival of E. coli AW1.7 and E. coli AW1.7ΔpHR1, dried in TS broth, after exposure
to three aw and storage for up to 30 d. E. coli spp. were air-dried for 5 h, then stored in an airtight container using desiccants with varying water activities: (
) AW1.7 at aw 0.1,
(
) AW1.7ΔpHR1 at aw 0.1, (
) AW1.7 at aw 0.55, (
) AW1.7ΔpHR1 at aw
0.55, (
) AW1.7 at aw 0.75, (
) AW1.7ΔpHR1 at aw 0.75. The (
)
represents the maximum limit for cell count reduction. Data are means ± standard deviation of
the average of three replicates.

LHR positive and negative E. coli strains dried in sterile 0.1% peptone medium was also
assessed. Figure 7 shows that cell counts of both LHR positive and negative strains had no
greater than 3-log reduction at a aw of 0.55 or greater for up to 10 d. However, strains stored at a
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aw of 0.1 died faster between 2 and 3 d of storage. Further sampling of the E. coli strains stored at
the varying water activities was stopped after 10 d of storage.
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Figure 7: Survival of E. coli AW1.7 and E. coli AW1.7ΔpHR1, dried in sterile 0.1% peptone,
after exposure to three aw and storage for up to 10 d. E. coli spp. were air-dried for 5 h, then
stored in an air-tight container using desiccants with varying water activities: (
) AW1.7 at
aw 0.1, (
) AW1.7ΔpHR1 at aw 0.1, (
) AW1.7 at aw 0.55, (
) AW1.7ΔpHR1
at aw 0.55, (
) AW1.7 at aw0.75, (
) AW1.7ΔpHR1 at aw0.75. The (
)
represents the maximum limit for cell count reduction. Data are means ± standard deviation of
the average of three replicates.

3.4 Deletion of the LHR from wild-type LHR positive, S. Senftenberg ATCC 43845.
To confirm the deleterious effect of the LHR, deletion of the wild-type LHR positive S.
Senftenberg ATCC 43845 was attempted using the same curing protocol which was effective in
deletion of the LHR from E. coli AW1.7 (Pleitner et al., 2012; Mercer et al., 2015). The protocol
failed to generate LHR-negative derivatives of S. Senftenberg as the PCR results indicated
presence of the LHR. Several other attempts also proved to be ineffective; the sub-culturing in
increased temperatures and SDS concentrations did not induce a deletion of the LHR from S.

36

Senftenberg ATCC 43845. Therefore, an isogenic strain of S. Typhimurium ATCC 13311,
generated from another study (Mercer et al., 2017) was used instead, to assess the effect of the
LHR on the survival of dried Salmonella spp.

3.5 Survival of wild-type and isogenic Salmonella Typhimurium after exposure to aw
of 0.75.
Comparison of the wild-type and isogenic Salmonella strains was performed to confirm
the deleterious effect of the LHR during storage under dry conditions. The inoculum was
prepared as previously described, and air-dried in micro-titer plates. Sampling was performed for
3 d, as counts for the LHR positive wild-type and isogenic strains were below detection limit
after 3 d of incubation at 37°C. The wild-type LHR positive S. Senftenberg had a very similar
survival pattern compared to the isogenic S. Typhimurium ATCC 13311pLHR (Figure 8).
Similarly, the wild-type S. Typhimurium ATCC 13311 survives the drying treatment just as well
as the isogenic strain with the empty plasmid S. Typhimurium ATCC 13311pRK767. This
confirms that the LHR is responsible for the poor survival of LHR positive Salmonella spp. after
drying and storage in intermediate humidity conditions.
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Figure 8: Reduction of cell counts of S. Senftenberg ATCC 43845 and S. Typhimurium ATCC
13311, S. Typhimurium ATCC 13311pLHR, and S. Typhimurium ATCC 13311pRK767, after
drying and storage for up to 3 d. Salmonella strains were air-dried for 5 h in TS broth, then
stored in a desiccator at a water activity of 0.75, for up to 3 days: (
) ATCC 43845, (
) ATCC 13311, (
) ATCC 13311pLHR, (
) ATCC 13311pRK767. The
(
) represents the maximum limit for cell count reduction. Data are means ± standard
deviation of the average of three replicates.

3.6 Transformation of pLHRΔkefB into S. Typhimurium ATCC 13311.
Colony PCR was performed on all strains to confirm the presence of the LHR; results
shown in Figure 9 indicate the presence, and lack of, the LHR in S. Typhimurium ATCC
13311pRK767 and S. Typhimurium ATCC 13311pLHR, respectively. Successful transformation
of the modified LHR (pLHRΔkefB) into the wild-type LHR negative S. Typhimurium is shown
in Figures 10 and 11. Amplification of the LHR fragments of the wild-type S. Senftenberg
ATCC 43845 and isogenic strains S. Typhimurium ATCC 13311pLHR and S. Typhimurium
ATCC 13311pLHRΔkefB are visible (Figure 11).
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Figure 9: Gel electrophoretic analysis of PCR products recovered from a colony PCR of the
isogenic strains, S. Typhimurium ATCC 13311pRK767 and S. Typhimurium ATCC 13311pLHR
on a 1% agarose 0.5X TBE gel (120V for 1 h) with SYBRsafe staining. A 1kb+ ladder was used
to identify the approximate size of the amplified bands. Lack of bands on the first three columns
indicate absence of the LHR in ATCC 13311pRK767, followed by the amplified fragments F1,
F2 and F3 of the LHR positive ATCC 13311pLHR.

43845

13311

AW1.7

AW1.7ΔpHR1 13311pLHRΔkefB

Control

Figure 10: Gel electrophoretic analysis of PCR products obtained from amplifying fragments 1,
2 and 3 of the LHR in wild-type and isogenic Salmonella and E. coli strains. The image was
obtained after loading the PCR products onto 1% agarose 0.5X TBE gel, and ran at 120V for 1 h
with SYBRsafe staining. A 1kb+ ladder was used to identify the approximate size of the
amplified bands. The first six columns on the gel indicate the wild-type LHR positive and LHR
negative S. Senftenberg (43845) and S. Typhimurium (13311), respectively, where only the F2
band of S. Senftenberg showed the amplification. The next six sets are the wild-type E. coli AW
1.7 and its derivative, E. coli AW 1.7ΔpHR1 respectively, where only the F2 band of E. coli AW
1.7
showed
the
amplification.
The
last
six
columns
represent
S. Typhimurium ATCC13311pLHRΔkefB, showing an over amplification of the F2 band, and
the control containing the master-mix reagents only.
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Figure 11: Gel electrophoretic analysis of PCR products obtained from amplifying fragments 1,
2 and 3 of the LHR in wild-type and isogenic Salmonella strains. The image was obtained from
loading the PCR products onto 1% agarose 0.5X TBE gel, and ran at 120V for 1 h with
SYBRsafe staining. A 1kb+ ladder was used to identify the approximate size of the amplified
bands. The first six columns on the gel indicate the wild-type LHR positive ATCC 43845 (the F3
band was not properly amplified) and LHR negative ATCC 13311 respectively. The next six sets
are the isogenic strains, S. Typhimurium ATCC13311pLHR (the F1 band was not properly
amplified) and S. Typhimurium ATCC 13311pRK767 respectively. The last six columns
represent the isogenic S. Typhimurium ATCC13311pLHRΔkefB and the control containing the
master-mix reagents only. A previous gel electrophoretic analysis of PCR products (data not
shown) only identified fragments 2 and 3 in S. Typhimurium ATCC13311pLHRΔkefB.

3.7 Survival of S. Typhimurium ATCC 13311pLHRΔkefB after storage at aw of
0.75.
The survival of S. Typhimurium ATCC 13311pLHRΔkefB under dry conditions was
assessed after storage for 3 d. The inoculum for the new isogenic strain was prepared in 0.1%
peptone, together with the other two wild-type and isogenic Salmonella strains. As shown in
Figure 12, S. Typhimurium ATCC13311pLHRΔkefB survives better than the LHR positive S.
Typhimurium ATCC13311pLHR, but dies faster than the LHR negative S. enterica
ATCC13311pRK767. This indicates that the absence of kefB on the LHR enables better survival
than the full operon during storage at aw of 0.75 for at least three days. Assessing the survival of
the S. Typhimurium ATCC13311pLHRΔkefB in 0.1% peptone salt was also attempted but, due
to time constraints, was not completed. The preliminary data (data not shown) indicated that
presence of NaCl in the drying medium decreased the survival in comparison to the strain dried
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in 0.1% peptone. The potassium/hydrogen antiporter therefore, might have an important role in
survival and storage of LHR positive dried Salmonella spp.

12

Reduction of cell counts
Log10 (N/N0)

10
8

*#

*#

6

*#

4
*

2
0
0

1

2

3

Time (days)

Figure 12: Reduction of cell counts of wild-type Salmonella spp. (S. Senftenberg ATCC 43845
and S. Typhimurium ATCC 13311) and LHR-inserted strains (S. Typhimurium ATCC
13311pLHR, S. Typhimurium ATCC 13311pLHRΔkefB and S. Typhimurium ATCC
13311pRK767) after drying and storage for up to 3 d. Salmonella strains were air-dried for 5 h in
0.1% peptone, then stored in a desiccator at a water activity of 0.75, for up to 3 days: (
)
ATCC 43845, (
) ATCC 13311, (
) ATCC 13311pLHR, (
) ATCC
13311pLHRΔkefB, (
) ATCC 13311pRK767. The (
) represents the maximum limit
for cell count reduction. Error bars represent the ± standard deviation of the average of three
replicates for each strain at the specified aw. Statistically significant (P<0.001) differences
between isogenic LHR-positive and LHR-negative strains of the same species are indicated by an
asterisk (*). Statistically significant (P<0.001) differences between isogenic strains carrying
pLHR or pLHRΔkefB are indicated by a number sign (#).
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3.8 Preliminary assessment of heat resistance of dried Salmonella and E. coli strains.
Air-dried inocula were heated to determine how drying affected the heat resistance of the
LHR positive strains. The air-dried inocula were stored at a aw of 0.1, 0.55 and 0.75 prior to
thermal treatment. Initial experiments were performed with strains of Salmonella and E. coli that
were air-dried in glass vials and placed in Pyrex bottles. At a aw of less than 0.75, no change in
survival of both Salmonella and E. coli was observed after 5 min of heating, irrespective of the
presence of the LHR (Figure 13). However, after storage at a aw of 0.75, an increase in the cell
count reduction for LHR positive for both wild-type and isogenic Salmonella strains was
observed. Figure 13 also illustrated a reduction in cell counts after storage and heating for 15
min, which indicates that E. coli spp. can survive storage at a aw of <0.55, irrespective of the
LHR. Both wild-type and isogenic Salmonella strains had noticeable differences in reduction in
cell counts when comparing the presence or absence of the LHR as the aw increased from 0.1 to
0.55 after heating for 15 min. Exposure to 110°C greatly reduced the survival of LHR positive
wild-type and isogenic strains of Salmonella and E. coli equilibrated at a aw of 0.75. Based on the
results, comparison of LHR positive to LHR negative Salmonella strains was more pronounced
for the samples equilibrated at aw 0.55 prior to heating, which confirmed that equilibration at an
intermediate aw inhibits the protective effects of the LHR during heat stress in S. Senftenberg
ATCC 43845. No visible difference was observed from the E. coli strains, which indicated that
air-drying and equilibration at varying water activities increases strain sensitivity irrespective of
the LHR, in comparison to Salmonella spp.
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Figure 13: Combined graphs of the reduction in cell counts of LHR positive and LHR negative
wild-type (S. Senftenberg ATCC 43845 and S. Typhimurium ATCC 13311) and isogenic (S.
Typhimurium ATCC 13311pLHR, S. Typhimurium ATCC13311pLHRΔkefB and S.
Typhimurium ATCC 13311pRK767) Salmonella and E. coli strains after storage at various aw
and heat treated for 5 and 15 min. Strains were air dried for 5 h in glass vials prior to storage in
modified environments simulating an aw of 0.1, 0.55 and 0.75, for 24 h: ( ) ATCC 43845, ( )
ATCC 13311, ( ) ATCC13311pLHR, ( ) ATCC 13311pRK767, ( ) E. coli AW1.7, ( ) E.
coli AW1.7ΔpHR1. The log reduction of the air-dried, non-heat treated cells was approximately
1.8 log(CFU/g), and no significant difference was observed among strains. Vials were
transferred into pyrex bottles, then exposed to 110°C for 5 and 15 min in an oil bath containing
pre-heated canola oil. Data are means ± standard deviation of the average of three replicates for
each strain at the specified aw. Statistically significant (P<0.05) differences between LHR-positive
and LHR-negative strains of the same species are indicated by an asterisk (*).

3.9 Heat resistance of dried Salmonella and E. coli at 110°C
As the preliminary assessment confirmed that equilibration at a aw of 0.55 results in the
greatest difference between LHR positive and LHR negative Salmonella strains, aw of 0.55 was
selected to assess the effect of exposing Salmonella strains to 110oC for 5 min. The data shown
in Figure 14 confirmed that while heating indirectly using a Pyrex bottle required 15 min of
heating to observe a difference between the LHR positive and LHR negative Salmonella;
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however, only 5 min was required if the glass vials were in direct contact with the pre-heated
canola oil. This set of experiments also confirms that air-drying and equilibration at low aw
inhibits the heat resistance properties that the LHR exhibits in LHR positive Salmonella enterica.
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Figure 14: Heating of air-dried wild-type and isogenic Salmonella and E. coli spp., equilibrated
at a aw of 0.55 for 24 h in glass vials at 110oC for 5 min: ( ) ATCC 43845, ( ) ATCC 13311, (
) ATCC13311pLHR, ( ) ATCC 13311pRK767, ( ) E. coli AW1.7, ( ) E. coli
AW1.7ΔpHR1. Data are means ± standard deviation of the average of three replicates for each
strain at the specified aw. Statistically significant (P<0.05) differences between LHR-positive and
LHR-negative strains of the same species are indicated by an asterisk (*).

Discussion
The aim of this study was to identify the role of the LHR in desiccation survival of
Salmonella enterica (S. Senftenberg and S. Typhimurium), in comparison to E. coli (E. coli
AW1.7 and E. coli AW1.7ΔpHR1) in a controlled aw environment. Additionally, the effect of
desiccation on LHR-mediated high heat resistance was evaluated. The protocol that eliminated
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the LHR from E. coli AW1.7 did not eliminate it from S. Senftenberg ATCC 43845. The LHR
is situated on plasmids in Cronobacter sakazakii (Gajdosova et al., 2011) and Klebsiella
pneumoniae (Bojer et al., 2010); however, it is most likely chromosomally included in
Salmonella. Therefore, to confirm the role of the LHR during dry storage and subsequent heat
stress, and to assess the role of kefB on the LHR, isogenic strains of S. Typhimurium, i.e. the
LHR positive; S. Typhimurium ATCC 13311pLHR, S. Typhimurium ATCC 13311pLHRΔkefB
and the LHR negative S. Typhimurium ATCC 13311pRK767 were generated and included in the
experiments.

4.1 Influence of the drying matrix during desiccation
Salmonellosis outbreaks from low aw products confirm that the low water content of a
product decreases the effectiveness of thermal treatments, and that an infectious dose much
lower than 106 CFU/g (Todd et al., 2008) from different Salmonella serovars can provoke an
infection (Archer et al., 1998, Doyle & Mazzotti, 2000). It is speculated that the nature of the
food, such as a low aw and high fat content, can protect the cells from the harsh environment in
the stomach. Salmonella inoculated in high fat peanut butter survived better when exposed to a
simulated gastro-intestinal system, which might contribute to the low infective doses observed in
low aw foods (Aviles et al., 2013). This improved survival in the peanut butter matrix compared
to control cells supports the theory that the low infectious doses from contaminated foods such as
chocolate and peanut butter relates to improved survival in the gastrointestinal environment
enhanced by food components. Furthermore, using a contaminated non-fat dry milk powder,
increased the survival of Salmonella in a food model composed of 20% milk powder and 80%
peanut butter, in comparison to using contaminated peanut butter instead, in the same model
formulation (Li et al., 2014).
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Research reported in this thesis indicated that presence of NaCl in the drying medium
impedes survival of LHR positive Salmonella enterica stored at intermediate aw conditions (aw
0.75); which was also observed by Hiramatsu et al. (2005), who demonstrated that the presence
of NaCl in the drying matrix lowered the survival of Salmonella on paper discs. While presence
of salt in a growth medium is known to induce ionic and osmotic stress, sucrose induces only
osmotic stress. Osmotic stress response mechanisms in Salmonella are dependent on the nature
of the solute; a higher upregulation of the kdpFABC genes was observed for K+ ion transport
when cells were exposed to 0.3 M NaCl, in comparison to 0.6 M sucrose (Balaji et al., 2005). A
higher survival of Salmonella was observed in a low aw food and in a simulated desiccation
model only if sucrose was present in the drying matrix (Hiramatsu et al., 2005). However,
current knowledge about the role of carbohydrate in heat resistance of Salmonella is
contradictory. Strains grown in a low carbohydrate medium have higher heat resistance (Ng et
al., 1969), a combination of high carbohydrate and lower fat peanut butter (33% fat, 42%
carbohydrates) induces heat resistance of Salmonella adapted to aw of 0.8 (He et al., 2011)
whereas low carbohydrate and high fat peanut butter (49% fat, 24% carbohydrates) lowered the
heat resistance of Salmonella (He et al., 2013) exposed to 90oC for 20 min.
In E. coli, while sucrose uptake was more beneficial for survival of dried E. coli K-12, E.
coli NISSLE 1917 was more effective in using trehalose as an osmo-protectant during
desiccation stress (Louis et al., 1994). Furthermore, the decrease in survival of dried LHR
positive and negative E. coli in TS broth (aw of 0.75) in comparison to dried E. coli in 0.1%
peptone (aw of 0.75) in this study, indicated that presence of NaCl and other solutes in TS broth
enabled survival in extreme dry conditions, but absence of the solutes induced resistance as the
storage aw increased to 0.75. This is in accordance with the study conducted by He et al. (2011),
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who reported a 5-log reduction of an air-dried five-strain cocktail of E. coli 0157:H7 stored in
peanut butter (aw of 0.4) with 0.25% NaCl, in comparison to a 3.2-log reduction in salt-free
peanut butter. However, they used a strain cocktail, which unfortunately does not afford
differentiation among strains or serotype specificity when exposed to both stresses.

4.2 Effect of a controlled aw environment on stressed cells
Desiccation induces a loss of intracellular water, which triggers regulation of genes for
the activation of a multitude of stress responses to inhibit further water loss. Salmonella can
survive in low aw foods for weeks, months, or years (Russo et al., 2013; Archer et al., 1998;
Podolak et al., 2010). In Salmonella exposed to stress in low aw foods, the upregulation of the
fadA gene occurs which confirm that CFAs are involved during desiccation stress (Fong &
Wang, 2016b; Li et al., 2012). CFA upregulation is known to induce resistance to heat, pressure
and acid, but lowers the fluidity of the membrane making it more stable to environmental
stresses (Chen & Gänzle, 2016). Lowering the fluidity of the membrane restricts the intracellular
water from leaving the cell, enabling cell survival when exposed to low water conditions.
Strains in this study were dried in TS broth and in 0.1% peptone. Several studies have
confirmed the survival of Salmonella on dry surfaces for extended times (Humphrey et al., 1995;
Gruzdev et al., 2012b; Finn et al., 2013a), which is in agreement with the results of this study
where survival over 30 days for both LHR positive and negative Salmonella was observed after
storage at a aw of less than 0.6 in either drying media. Similar to Salmonella, Staphylococcus
aureus and Cronobacter spp. also survive low aw conditions for extended times (EdelsonMammel et al., 2005; Beuchat et al., 2013). The protective effect of TS broth on survival of dried
E. coli at aw of 0.1 observed in this study is in accordance with the protective effect of glucose
observed by Louis et al. (1994) after air-drying E. coli K-12 in minimal media. They also
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observed that air-drying (aw of 0.1) induced better survival of E. coli K-12 in comparison to
freeze-drying. It is possible that the presence of dextrose (D-glucose) in TS broth promotes
biosynthesis of trehalose in E. coli, which increased the resistance to extreme desiccation
observed in this study.
Data from this study confirmed that after equilibration at aw of 0.75, heat inactivation of
Salmonella required temperature that exceeds the temperatures used for pasteurization of liquid
or moist foods irrespective of the LHR. This is in accordance with He et al. (2013), who
observed an approximately 5-log reduction of S. Typhimurium, equilibrated to aw of 0.8, after
exposure to 90oC for 20 min. However, poor survival of the wild-type and isogenic strains
equilibrated at aw of 0.55 confirmed that the LHR does have a more pronounced negative effect
on survival of Salmonella. A potential explanation for this observation is that equilibration to
lower aw conditions trigger cellular responses that take away the ability of the cell to overcome
subsequent high heat stress in favor of survival during desiccation stress.

4.3 Species variation in survival during desiccation
Thermal treatments such as pasteurization provide safe food products for consumption
and extend storage life by lowering the microbial load of the products (Corantin et al., 2005; Ma
et al., 2009). However, previous low aw-related salmonellosis outbreaks have confirmed that
thermal treatments are less effective when applied in low aw food products (Table 1). While the
majority of Salmonella serovars are rapidly killed at pasteurization temperatures, some, such as
Salmonella enterica serovar Senftenberg ATCC 43845 express remarkable resistance to 60°C or
higher in high aw food products (Ng et al., 1969; Davidson et al., 1966; Kornacki & Marth,
1993); a resistance that was recently attributed to presence of the LHR (Mercer et al., 2017).
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Stationary-phase grown Cronobacter sakazakii exhibit remarkable survival to heat stress
(Gajdosova et al., 2011; Breeuwer et al., 2003), and this resistance is related to the presence of
the LHR (Mercer et al., 2015). Furthermore, LHR negative Cronobacter sakazakii mutants
exhibited a lowered tolerance to osmotic stress (Orieskova et al., 2013), which confirmed that
not only does the LHR enable heat resistance, but in presence of the required solutes, the LHR
can also improve survival during osmotic stress. As such, it was expected that LHR positive
Salmonella and E. coli would display similar resistance to desiccation and subsequent dry heat
exposure. NaCl-mediated heat resistance was demonstrated by Mattick et al., (2001), Pleitner et
al., (2012), and Peña-Meléndez et al., (2014) in Salmonella and E. coli. An upregulation of the
LHR genes was observed after osmotic stress induction and growth in a medium containing 14% NaCl induced higher heat resistance in LHR positive E. coli AW1.7 (Mercer et al., 2015;
Pleitner et al., 2012). A significant increase in survival (D60 > 20min) of LHR positive
Salmonella and E. coli is observed after exposure to a growth medium containing 4% NaCl
(Mercer et al., 2017). However, data from this study indicates that presence of NaCl in the drying
medium impedes survival of LHR positive Salmonella enterica stored at intermediate aw
conditions (aw 0.75).
Although the heat resistance data in this study demonstrate a pronounced difference when
comparing Salmonella to E. coli, Miller et al., (1972) observed no significant difference when
comparing the heat resistance of strains of Salmonella to E. coli during spray-drying of milk.
They observed a greater survival of Salmonella during spray-drying of milk powder with a final
aw of 0.6, compared to drying to a aw of 0.3 (Miller et al., 1972), which differs from the results of
this study that did not show any significant difference in survival of strains equilibrated at aw
0.55 or at 0.1, irrespective of the LHR. However, milk powder is a much more nutrient-dense
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drying matrix than TS broth, and the variations in solute uptake could be responsible for the
contradictory results.

4.4 Species and strain variations in survival after desiccation and high heat stress
High heat treatments (110-140oC) are used for applications such as oil roasting of tree
nuts, or dry roasting of cocoa beans for chocolate making and it is important to note that dry heat
exposure results in a more pronounced heat resistance in comparison to wet heat (Krapf &
Gatenbein-Demarchi, 2010; Abd et al., 2012). Exposure to 127oC in hot oil for 1.5 min
effectively reduced cell counts of S. Enteritidis and S. Senftenberg 775W inoculated on almonds
by 5-log while retaining the required sensory aspect of roasted almonds (Du et al., 2010).
Treating pecans with hot air (120oC) for 20 min only gave a 2-log reduction (Beuchat & Mann,
2011), thus indicating that the contact method used on nuts defined the effectiveness of the
thermal treatment. The current study confirms that, after exposure to wet heat, LHR positive
Salmonella and E. coli strains exhibit exceptional heat resistance in comparison to their LHR
negative counterparts. Additional protein expression work identified orf2 (small HSP C2) and
orf7 (HSP 20) as heat shock proteins and orf3 (Clp protease), orf15 (Zn-dependent protease) and
orf16 (DegP-like protease) as heat-activated proteases on the LHR (Li & Gänzle, 2016). While
heat shock proteins enable folding of newly synthesized proteins and prevent protein unfolding
and aggregation, proteases excise and remove mis-folded or damaged proteins to induce greater
protein turnover during heat-induced stress.
However, exposure to dry heat significantly lowers the protective effect of the LHR in
Salmonella. Air-drying induces a downregulation of dnaK (Fong & Wang, 2016a), and the fact
that the LHR does not induce heat resistance under dry conditions, indicates that the genes
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encoding heat chaperone proteins and proteases of the LHR may not be useful for survival of
heat stressed LHR positive Salmonella exposed to and stored in dry conditions.
Exposure to 57oC in wet conditions induces a higher heat resistance in S. Senftenberg
than in S. Typhimurium (Ng et al., 1969), which is expected due to the presence of the LHR.
Genes identified on the LHR prevent protein mis-folding and denaturation, membrane damage
and prevents oxidative stress during wet heat exposure. The increased survival of dried S.
Typhimurium over the LHR positive S. Senftenberg after exposure to 110oC in this study, while
unexpected, is not unique as others have reported survival of S. Typhimurium at low aw. Kirby &
Davies, (1990) demonstrated that storage of S. Typhimurium LT2 at a aw of 0.57 in TS broth,
greatly increased the heat resistance of the strain. Mattick et al. (2001) observed greater survival
of air-dried S. Typhimurium (aw of 0.65 or less) after exposure to > 70oC, whereas exposure to
65oC or lower induced cell death. However, it seems that presence of the LHR is more
detrimental, than beneficial for dried Salmonella exposed to high heat stress, an observation that
was further confirmed by exposing the LHR positive S. Typhimurium ATCC 13311pLHR to dry
heat. This variation among organisms can also be explained by the uptake of osmo-protectants,
which are known to play a crucial role during desiccation survival in Salmonella and E. coli.
This might explain why S. Typhimurium survived better during storage and subsequent heat
stress, than did S. Senftenberg. Presence of the LHR, while beneficial during wet heat exposure,
might actually inhibit osmo-protectant uptake during adaptation to drying, which is beneficial for
LHR negative strains such as S. Typhimurium. Geopfert & Biggie, (1968) also observed S.
Typhimurium survived dry heating better than S. Senftenberg in melted chocolate (low aw and
high sucrose), irrespective of the fat content of the chocolate. It is possible that in their case, the
sucrose content enabled higher survival during heat and desiccation stress. Salmonella desiccated
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on paper discs also responded better to desiccation stress if sucrose was present in the drying
matrix (Hiramatsu et al., 2005).
While Salmonella and E. coli show comparable heat resistance, they behave very
differently when exposed to desiccation stress. The lack of difference between LHR positive and
negative E. coli survival, was unexpected. However, since E. coli AW1.7ΔpHR1 is a heat
sensitive derivative of E. coli AW1.7, it is possible that the mechanisms engaged for desiccation
survival are separate from heat resistance mechanisms that the heat sensitive derivative “lost”
during plasmid curing of E. coli AW1.7.

4.5 Effect of kefB on desiccation survival of S. Typhimurium ATCC
13311pLHRΔkefB
Comparative genomic analysis identified kefB as a gene on the LHR, which encodes for a
potassium/hydrogen antiporter (Mercer et al., 2015). The purpose of using the isogenic strain
without kefB (S. Typhimurium ATCC 13311pLHRΔkefB) was to determine the role of the K+/H+
antiporter during desiccation. The KefB gene encodes for a K+ efflux system, which is activated
in the presence of glutathione and an electrophile such as methylglyoxal or N-ethylmaleimide
(Ferguson et al., 1997). While previous literature mention several predicted mechanisms utilized
by Salmonella for desiccation survival (Finn et al., 2013a), none have assessed the possible role
of the glutathione-gated K+ efflux system. This system enables cell survival by switching
intracellular K+ for extracellular H+ ions to induce acidification of the cytoplasm. Cytoplasmic
acidification, in turn, neutralize electrophiles that are generated through the breakdown of sugars
and other compounds and prevent cellular toxicity (MacLean et al., 1998). It is possible that the
expulsion of intracellular K+ ions increases extracellular [K+], which impedes the activation of
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the Kdp-ATPase system during desiccation. Data collected with the isogenic Salmonella
indicated that the antiporter contributes to survival during dry storage.
While lack of NaCl improves survival of LHR positive dried Salmonella, it is possible
that the other LHR genes have an impact on survival during storage at intermediate water
activity. Considering how the strains were dried in TS broth, there is also a possibility that other
solutes present in TS broth might have contributed to that deleterious effect. However, had this
experiment been repeated in 0.1% peptone salt instead of TS broth, a better comparison would
have shed more light on the effect of the K+/H+ antiporter during desiccation stress without the
presence of other solutes.

4.6 Conclusion
There are still a lot of unresolved questions about the mechanisms involved in survival of
Salmonella in low aw foods. Based on all the data from previous studies that have analyzed
current pathogen-control processing steps in the industry, it would be worthwhile to reassess
those steps in an effort to further reduce outbreak risks. As was presented in this study, S.
Senftenberg, a highly heat resistant strain, is resistant to extreme desiccation but not to
intermediate water activity storage conditions, while S. Typhimurium is more desiccation
resistant than S. Senftenberg at intermediate water activity. Furthermore, equilibration at an
intermediate water activity has a bactericidal effect on LHR-positive dried Salmonella enterica
prior to dry heat exposure in the presence of sodium chloride and dextrose (D-glucose) in TS
broth. This bactericidal effect however, seems to be species specific as no change was observed
in E. coli. As such, the appropriate strain selection is crucial when planning validation studies.
It is also important to understand the mechanisms behind heat resistance in Salmonella
from low aw food products, and how low aw interacts with resistance to heat in Salmonella.
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Current pasteurization temperatures are ineffective when treating highly contaminated low aw
foods, and exposure to a longer or higher temperature does not increase the log reduction of the
contaminated product. Once HSPs and proteases are generated, the heat resistant strains can
withstand high heat exposure for an extended time, thereby rendering the thermal processes
futile. As such, a reassessment of the infectious dose of Salmonella as well as current thermal
processes, is required when dealing with contaminated low aw food products. Moreover, strain
adapted to drying and subsequent storage was performed in broth and peptone only; had this
experiment also been repeated in a food matrix, it would have provided additional information
on whether the LHR behaves any differently if strains were treated in a food matrix.
Understanding the molecular mechanisms involved in Salmonella survival in low aw stress is
highly significant as it provides more in-depth understanding of how regulatory networks for
gene expression in Salmonella engage when faced with stressful conditions. This knowledge can,
in turn, be used to further improve current interventions for control of foodborne pathogens in
low water activity products.
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Appendix

Reduction of cell counts
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Figure 15: Reduction in cell counts of LHR positive and LHR negative wild-type and isogenic
Salmonella and E. coli spp. after storage at various aw prior to heat exposure for 30 minutes.
Strains were air dried for 5 h in glass vials prior to storage in modified environments simulating
an aw of 0.1, 0.55 and 0.75, for 24 h: ( ) ATCC 43845, ( ) ATCC 13311, ( )
ATCC13311pLHR, ( ) ATCC 13311pRK767, ( ) E. coli AW1.7, ( ) E. coli AW1.7ΔpHR1.
Vials were transferred into a pyrex bottle, then treated at 110°C for 30 min in an oil bath. Data
are means ± standard deviation of the average of three replicates.
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