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Abstract 

 
Non-Typhoidal Salmonella is an important foodborne pathogen annually causing 

over 120,000 deaths worldwide. Cases and outbreaks of salmonellosis are typically 

associated with the consumption of contaminated animal products and more 

recently with a variety of other food types including fruits, vegetables, and 

confectionaries. Food manufacturers implement hurdle technology by combining 

more than one approach to prevent foodborne contamination, such as the use of 

preservatives, refrigeration, and high temperatures. Salmonella has the potential to 

evade these methods by invoking a stress response and can adapt to ever-changing 

environmental pressures. Multiple Salmonella strains are used simultaneously in a 

strain cocktail to assess survival during food challenge tests, but certain strains 

possess an increased resistance to stress, thus posing a greater risk to food safety. 

The variability of Salmonella survival in stresses relevant to food production was 

assessed to identify strains of importance and to determine the molecular 

mechanisms of stress tolerance. Sub-lethal heat treatment in a vegetarian food 

matrix, survival in desiccated conditions and growth in the presence of NaCl and 

organic acids were all investigated in a variety of Salmonella strains. S. Gallinarum 

strain 287/91 and S. Typhimurium strain SO1960-05 exhibited an increased 

sensitivity to stress. Variation in the survival of strains in stress conditions, indicated 

that response to stress is strain specific. A whole genome functional screen using 

transposon directed insertion site sequencing (TraDIS) contained 610,000 unique 

insertions in S. Typhimurium ST4/74 and was used to identify conditionally essential 

genes. Single gene knockouts of conditionally essential genes were constructed in 

ST4/74 to validate TraDIS results. An understanding of the diverse metabolic 

capacities of Salmonella strains, genes with central roles in food chain stress 

response, and phenotypic variation will result in a verified selection of target strains 

for process validations, improved processing, and more reliable risk assessments. 
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1.1 Salmonella Microbiology 
 

Organisms belonging to the Salmonella genus are Gram-negative, rod-shaped, and non-

spore forming. They are able grow in both aerobic and anaerobic conditions, known as 

facultatively anaerobic and are mostly motile, due to their flagella (Giannella, 1996). 

Salmonella possesses a ~4.8Mb genome, with a GC content of approximately 52% 

(Papanikolaou et al., 2009). Biochemically, Salmonella are oxidase negative and catalase 

positive (Ryan et al., 2017). Salmonella can grow at a range of temperatures between 2°C 

and 54°C, however the optimum growth ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ отϲ/Φ {ƛƳƛƭŀǊƭȅΣ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇIΩǎ 

are suitable for growth of Salmonella (pH 3.8-9.5), although the optimum pH is between 6.5 

and 7.5 (Jean-Yves, 1989).  

The Salmonella genus belongs to the Enterobacteriaceae family and is further classified into 

two species, Salmonella enterica (S. enterica) and Salmonella bongori (S. bongori) (Eng et al., 

2015). Salmonella enterica is categorised into six subspecies on phylogenetic basis, which are 

S. enterica subspecies enterica (or I), S. enterica subspecies salamae (or II), S. enterica 

subspecies arizonae (or IIIa), S. enterica subspecies diarizonae (or IIIb), S. enterica subspecies 

indica (or IV) and finally, S. enterica subspecies houtenae (or VI). These six subspecies are 

further divided into more than 2650 serovars on antigenic basis, with 1547 serovars 

designated to the subspecies enterica alone, compared to only 22 serovars for Salmonella 

bongori (Issenhuth-Jeanjean et al., 2014). Serovars belonging to subspecies I are adapted to 

mammals and avian species and are the causative agents of the majority of human cases of 

salmonellosis (Aviv et al., 2014).  

Salmonella is closely related to Escherichia coli (E. coli) and these two organisms are thought 

to have diverged over 100 million years ago (Ochman and Wilson, 1987). Salmonella was first 

discovered in 1885 by Daniel Elmer Salmon and Theobald Smith in the intestines of pigs 

showing signs of cholera disease (Fedorka-Cray et al., 2000). Salmonella enterica is the best 

studied species of Salmonella and within this species, subspecies enterica receives the most 

attention due to the high proportion of human infections it causes, predominantly by 

serovars S. Typhimurium and S. Enteritidis (Grimont and Weill, 2007).  The most commonly 

reported serovars infecting individuals from EU member states in 2016 were S. Typhimurium 

(including monophasic 1,4,[5],12:i:-) and S. Enteritidis (EFSA and ECDC, 2017). 
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1.2 Typhoidal and Non-Typhoidal Salmonella  
 

Salmonella can be classified as either typhoidal or non-typhoidal Salmonella (NTS), 

depending on the pathology of the disease in humans. Typhoidal Salmonella includes S. 

enterica serovars Typhi and Paratyphi A, B and C, which cause an enteric fever called typhoid 

fever and paratyphoid fever, respectively (Crump et al., 2015). Serovar Typhi is host 

ǊŜǎǘǊƛŎǘŜŘ ǘƻ ƘǳƳŀƴǎ ŀƴŘ ƛǘ Ŏŀƴ ōǊŜŀŎƘ ǘƘŜ ƛƴǘŜǎǘƛƴŀƭ ōŀǊǊƛŜǊΣ ǘǊŀǾŜƭƭƛƴƎ ǘƻ ǘƘŜ ƘƻǎǘΩǎ ƛƴǘŜǊƴŀƭ 

organs, such as the gall bladder, where it can survive and replicate (Dougan and Baker, 2014). 

Prevalence of typhoid and paratyphoid fever is high in low- and middle-income countries due 

to food and water contaminated with faecal matter (Mogasale et al., 2014). In 2000, it was 

estimated that typhoidal Salmonella caused nearly 22 million illnesses and over 210,000 

deaths worldwide (Crump et al., 2004). The highest burden of disease occurs in developing 

countries with poor hygiene infrastructure, such as Africa and South-East Asia, however, 

individuals in high-income countries are still at risk of contracting salmonellosis due to 

contaminated food products and enteric fever associated with travel to countries where 

typhoid/paratyphoid fever is endemic (Crump et al., 2004). Individuals can also contract 

typhoid fever if they are in contact with someone who sheds the bacterium in their faeces 

or onto food, such as the infamous Typhoid Mary who was an asymptomatic carrier of S. 

Typhi and unknowingly infected civilians whilst working as a cook in New York (Marineli et 

al., 2013).   

Non-typhoidal salmonellosis is notifiable in most European Union (EU) Member States and 

in the UK, the causative agent of salmonellosis, Salmonella spp., are notifiable to the UK 

Health Security Agency (UKHSA) as stated in the Health Protection (Notifiable) Regulation (SI 

2010/659). In 2016, over 96,000 cases of salmonellosis were reported from EU member 

states and notification rates were highest in the Czech Republic and Slovakia (EFSA and ECDC, 

2017). Incidence of salmonellosis usually presents itself as gastroenteritis and symptoms are 

usually self-limiting; diarrhoea, nausea, abdominal pains and fever (Crum-Cianflone, 2008). 

In healthy individuals, these symptoms usually manifest between 6 and 48 hours after 

ingestion of food and drink contaminated with Salmonella. The minimum infective dose is 

estimated to be between 105 and 1010 cells, depending on serovar and associated food type 

(McCullough and Eisele, 1951a; McCullough and Eisele, 1951b; McCullough and Eisele, 

1951c; Eisele and McCullough, 1951). In severe cases, individuals may be hospitalised if 

bloody diarrhoea is present, indicative of an invasive blood stream infection, or if 
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dehydration occurs. Albeit rare, death can occur in immunocompromised patients if not 

treated effectively (Hardy, 2004).  

1.3 Salmonella Nomenclature 
 

Serovars are classified using the Kauffman-White scheme, which differentiates Salmonella 

subtypes according to their antigenic composition: phase 1 and phase 2 flagella (H), somatic 

(O) and occasionally capsular (Vi). The O-antigen is comprised of 5-6 sugar units that form a 

polysaccharide situated in the bacterial cell outer membrane in the form of a 

lipopolysaccharide. The O-antigen is encoded by rfb genes and the H-antigens are encoded 

by fliB and fliC genes (Achtman et al., 2012). Each serovar is given an antigenic formula, 

written as O:H1:H2 and is unique depending on the agglutination reaction between antisera 

specific to epitopes situated on the antigens (Chattaway et al., 2021). Currently, there have 

been 46 O-antigens and 114 H-antigens identified, which gives rise to >2600 unique 

serotypes (Issenhuth-Jeanjean et al., 2014). Typing serovars using the Kauffman-White 

scheme can be inconsistent, especially when sub-typing biovars (or biotypes) due to 

biochemical differences, ŀƴŘ ǘƘŜ ǎŎƘŜƳŜ ƘŀǎƴΩǘ ōŜŜƴ ǳǇŘŀǘŜŘ ǎƛƴŎŜ нллт (Grimont and 

Weill, 2007; Chattaway et al., 2021). Furthermore, it requires more than 150 specific antisera 

and highly trained personnel to phenotype isolates (Wattiau et al., 2011). Molecular 

subtyping methods and phage typing can also be used to distinguish serotypes of Salmonella 

(Ricke et al., 2013). 

 A nucleotide sequence-based method, termed multi-locus sequence typing (MLST), assigns 

a sequence type (ST) to each isolate according to seven species dependent housekeeping 

genes. MLST was first developed for use in Neisserria meningitidis, a Gram-negative 

pathogen which causes meningococcal disease, however more recently it was found to be 

advantageous in the categorisation of other pathogenic species (Maiden et al., 1998). 

Isolates with identical housekeeping gene fragments will be assigned the same sequence 

type (Turner and Feil, 2007). In Salmonella, the seven housekeeping genes are dnaN, hemD, 

hisD, aroC, sucA, purE and thrA (Leekitcharoenphon et al., 2012). More recently, whole 

genome sequencing (WGS) has been used to classify different Salmonella isolates into 

serovars based on their sequence type. Each year ~8,000 isolates are transferred to the 

Salmonella reference service (SRS) at the UKHSA from hospitals around the country to 

undergo whole genome sequencing. Whole genome sequencing replaced traditional typing 

methods at UKHSA (i.e Kauffman-White Scheme) in 2015 and is the current method used for 

surveillance of Salmonella infections (Ashton et al., 2016). 
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1.4 Salmonella Pathogenicity 
 

S. ¢ȅǇƘƛƳǳǊƛǳƳ ǇŀǘƘƻƎŜƴƛŎƛǘȅ ǿŀǎ ŦƛǊǎǘ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ мфслΩǎ ǳǎƛƴƎ ŦƭǳƻǊŜǎŎŜƴǘ ƳƛŎǊƻǎŎƻǇȅ 

in Guinea Pigs (Kent et al., 1966; Takeuchi, 1967). S. Typhimurium is often studied in mice to 

act as model organism for Typhoid infection in humans (Carter and Collins, 1974). In mice,  S. 

Typhimurium passes through the intestinal mucosa from the lumen in the small intestine, via 

enterocytes or microfold cells (M Cells) (Takeuchi, 1967). The bacterial cells then enter the 

reticuloendothelial system, where they evade killing by neutrophils by residing inside 

macrophages and dendritic cells (Mills and Finlay, 1994). Specific virulence factors in S. 

Typhimurium enable the bacteria to survive and thrive in these stressful environmental 

conditions, primarily encoded on two pathogenicity islands, SPI-1 and SPI-2.   

Salmonella strains possess a range of virulence factors making them pathogenic to a variety 

of host species. Most virulence genes are co-located in areas of the chromosome or plasmid 

and are termed Salmonella pathogenicity islands (SPI), which are acquired from 

bacteriophage or plasmids via horizontal gene transfer, and contribute to the evolution of 

the species (Que et al., 2013).  ¢ƘŜǊŜ ƘŀǾŜ ōŜŜƴ ƻǾŜǊ мл {tLΩǎ characterised, however SPI-1 

and SPI-2 are the most studied. Salmonella infects host intestinal epithelial cells by secreting 

effectors through a type III secretion system (T3SS) encoded on SPI-1 and in some serovars, 

Salmonella pathogenicity island 2 (SPI-2).  SPI-1 can be situated on the chromosome or 

plasmid and contains approximately 40 genes, encoding T3SS-1, chaperone proteins, effector 

proteins and regulators. The T3SS-1 is comprised of proteins, including InvG, PrgH and PrgK, 

which work together to deliver effector proteins to the host (SPI-1 dependent invasion) (Que 

et al., 2013). These effectors are translocated into the cytoplasm of the host cell and causes 

inflammation as a consequence of bacterial invasion (Hobbie et al., 1997).  SPI-1 is not 

present in E. coli (or related organisms) but is found in both Salmonella species and all 

serovars, indicating that SPI-1 was acquired from an ancestral lineage shared between all 

serovars after the divergence of Salmonella from E. coli, whereas SPI-2 is only present in S. 

enterica, which suggests that SPI-2 was acquired after the divergence of the two species 

(Groisman and Ochman, 1997). The SPI-2 T3SS comprises 44 genes and is essential for growth 

in different hosts and plays a role during both intestinal and disseminated infection (Bispham 

et al., 2001; Hansen-Wester and Hensel, 2001).  
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1.5 Salmonella Epidemiology  
 

Ingestion of contaminated food caused almost 600 million cases of diarrheal disease and 

420,000 deaths worldwide in 2010 and over half of these cases, where the aetiological agent 

could be identified, were caused by pathogenic bacteria such as E.coli, Campylobacter and 

non-typhoidal Salmonella (NTS) (WHO, 2015). It has been estimated that almost 94 million 

cases of gastroenteritis occur globally each year due to Salmonella species, 80.3 million of 

which were predicted to be foodborne, accounting for approximately 155,000 deaths 

annually (Majowicz et al., 2010). Typically, food poisoning outbreaks are more commonly 

linked to animal products, such as meat and eggs, with poultry being one of the major 

reservoirs of pathogenic bacteria (~20% of cases) (Sanchez et al., 2002). However, more 

recently there has been a significant increase in foodborne illnesses associated with fresh 

produce (Heredia and García, 2018).  

 

1.6 Sources of Salmonella Contamination 
 

Salmonella has been implicated as the causative bacterium in a variety of food poisoning 

cases relating to different types of food products. Traditionally, Salmonella was primarily 

thought to infect poultry and eggs, however, more recently a number of other meats and 

fresh produce have all been responsible for salmonellosis (Jarvis et al., 2016). Salmonella is 

a zoonotic pathogen and can be passed onto humans via both livestock and domestic animals 

(Schofield, 1945). The bacterium usually lives in the intestinal tract of warm and cold blooded 

animals, and can be shed into the environment through defecation (Lamas et al., 2018). 

Enteropathogens, including Salmonella, can be found contaminating water sources used for 

crop irrigation. The bacteria often come from animal faeces, soil and sewage overflow, and 

it has been estimated that 71% of irrigation water in the UK comes from these surface water 

reservoirs (Tyrrel et al., 2006).  

According to the Centres of Disease Control and Prevention (CDC), over 40% of foodborne 

illnesses in the US can be traced back to fresh produce being the source of infection (Painter 

et al., 2013). Recent foodborne outbreaks of Salmonella linked to fresh produce include; pre-

cut melon contaminated with Salmonella Adelaide infecting 77 people in multiple US states 

in 2018 (CDC, 2018a), Maradol papayas contaminated with various Salmonella serovars 

isolated from the fruit imported from Mexico, of which, Salmonella Anatum caused 1 death 

(CDC, 2017a) and cucumbers contaminated with Salmonella Poona in 40 US states in 
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2015/2016 resulting in 907 cases, 204 hospitalisations and 6 deaths (CDC, 2016). Fresh 

produce is a high-risk food commodity because it is commonly eaten raw or with minimal 

processing to eradicate pathogens. Infants, immunocompromised, elderly and pregnant 

individuals are at the highest risk of contracting a foodborne illness (WHO, 2015).   

In 2005, an outbreak of S. Typhimurium in the UK and Finland was associated with iceberg 

lettuce imported from Spain that had been irrigated with wastewater (Takkinen et al., 2005). 

Salmonella cells can adhere to plant material and penetrate the plants internal organs, 

leading to colonƛǎŀǘƛƻƴ ŀƴŘ ǎǳǇǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ǇƭŀƴǘΩǎ ƛƳƳǳƴŜ ǎȅǎǘŜƳ  (Klerks et al., 2007; 

Schikora et al., 2012). Fertilisation of crops using animal manure/ slurry, abattoir waste and 

sewage will directly contaminate the soil and crops to which it is applied to with potentially 

pathogenic bacteria (Natvig et al., 2003; Krzyzanowski et al., 2014; Heaton and Jones, 2008).  

The UKHSA reported that Salmonella species were responsible for nearly 50% of all 

foodborne disease outbreaks between 1992 and 2008 (Gormley et al., 2011). The 

ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ ǇƻǳƭǘǊȅ ƳŜŀǘ ŀƴŘ ƘŜƴΩǎ ŜƎƎǎ ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ǘƘŜ Ƴƻǎǘ ŦǊŜǉǳŜƴǘƭȅ ŀǎ 

containing Salmonella Enteritidis PT4 in epidemiological studies (Coyle et al., 1988; Kessel et 

al., 2001). In 1988, a report about the risk of consuming raw eggs or undercooked food 

containing eggs was released due to the correlation between S. Enteritidis and chicken 

products (Desin et al., 2013). The advice was given to elderly people, infants, pregnant 

women and immunocompromised individuals to only consume eggs which had been 

properly cooked. Recommendations that eggs were to be considered a short-life product 

were given, and therefore eggs should be refrigerated below 8°C throughout the production 

chain and be consumed within 3 weeks of being laid. Following on from these 

recommendations, a zoonoses order was established in 1989 that required all Salmonella 

isolates from animals or birds to be reported (ACMSF, 1993).  

 

1.7 Control of Salmonella in the Food Chain 
 

A voluntary, industry-led vaccination scheme was introduced in 1994 and 1998 for broiler 

and laying flocks, respectively (Desin et al., 2013; Ward et al., 2000). Eggs that had been laid 

by vaccinated chickens were stamped with a lion mark, which certifies that the eggs have 

been produced in accordance with UK and EU law. This law stipulates that there should be 

full traceability of hens, eggs and feed, and best-before dates should be stamped onto the 

egg shells and boxes, in addition to vaccination against Salmonella of all young hens, in order 
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ǘƻ ǊŜŎŜƛǾŜ ά[ƛƻƴ ǎǘŀƳǇέ ŀǇǇǊƻǾŀƭ (Gray, 2018).  In the 2016 ACMSF (Advisory Committee on 

the Microbiological Safety of Food) report, the advice for vulnerable individuals not to eat 

runny eggs was updated, and it is now considered safe for these individuals to consume 

partly cooked eggs. This is because the prevalence of Salmonella in UK eggs has dramatically 

reduced in the past few years, and nearly 90% of all eggs in the UK are produced according 

to the British Lion code of practice (ACMSF, 2016) .  

Thermal processing and pasteurisation are common methods often used to eradicate food 

spoilage microorganisms in food products, including Salmonella (Silva and Gibbs, 2012). A 

mild heat treatment (<95°C) is applied to the food product for a specified amount of time to 

inactivate vegetative pathogenic cells. High-risk food products (generally those from animal 

origin) are stored, transported and sold at temperatures below 7°C in refrigerated conditions 

to minimise the growth of pathogenic bacteria (Silva and Gibbs, 2012). As consumer demand 

for minimally processed food products increases, alternative processing methods are 

emerging. Methods such as high-pressure processing, use of pulsed electric field/ X-ray or 

Ultra-Violet (UV) light, use of ozone and the use of extremely low frequency magnetic fields 

(ELF-MF) could all replace traditional thermal processing methods (Argyri et al., 2018; 

Korolczuk et al., 2006; Lim and Harrison, 2016; Torlak et al., 2013; Sudarti, 2016). Some of 

these alternative methods are already being used, including the use of chlorinated 

compounds, ozone, UV light and irradiation to control the prevalence of spoilage 

microorganisms on fresh products (Lee et al., 2018; Alwi and Ali, 2014; Kim et al., 2013; 

Mukhopadhyay et al., 2014; Palekar et al., 2015; Mahmoud, 2010). Even though there are 

measures in place to reduce the prevalence of Salmonella in the food chain, complete 

eradication is unlikely. However, improved farming practices such as correctly storing and 

using animal excrement, and increased biosecurity will help improve food safety (Humphrey, 

2004).   

  

1.8 Stress Response in Salmonella  
 

Salmonella are able to survive and thrive in a variety of conditions and adapt to numerous 

hosts because of internal mechanisms that react to external environmental stressors 

(Humphrey, 2004). Salmonella is often ingested and therefore must evade multiple defence 

mechanisms in the host. The first mechanism that must be evaded is the acidic environment 

of the stomach. Next, surviving cells must be able to adapt to a more anaerobic environment 

in the intestines and must also be able to cope with exposure to bile salts, antimicrobial 
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peptides and increased osmolarity, whilst also competing with the gut microbiota for 

nutrients and space (Rychlik and Barrow, 2005). One example of a stress response regulatory 

mechanism is the production of stress proteins during transcription, by sigma factors, which 

help the bacteria survive environmental shifts, such as temperature and pH. Other stress 

responses and survival strategies include starvation stress, acid stress, oxidative stress, 

thermal stress, antimicrobial peptide stress, osmotic stress, desiccation stress and iron stress 

(Spector and Kenyon, 2012). In Gram-negative bacteria, stress response is regulated by the 

alternative sigma factors rpoE and rpoS, but also by CpxRA, BaeSR and ZraSR (two-

component systems), the phage shock response and the Rcs phosphorelay system, which all 

form part of the envelope stress response (ESR) and are activated by various conditions in S. 

Typhimurium (Table 1) (Rowley et al., 2006).  

 

Envelope Stress Response Stress/Condition 

Extracytoplasmic function (ECF) ̀ -mediated Heat Shock  
Cold Shock  

Oxidative Stress  
Carbon energy-source starvation  

Glucose to maltose, citrate or succinate shifts  
Stationary phase (LB medium)  

Overexpression of OMPs  
Growth in vivo (pathogenesis) 

CpxRA-mediated Pathogenesis 

Phage shock response Dissipation of proton-motive force  
High temperature  

Pathogenesis 
 

Table 1. Stresses and conditions known to activate the envelope stress response in S. Typhimurium. Adapted 

from Rowley et al. (2006).
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1.8.1 Sigma-mediated stress response 
 

1.8.1.1 RpoE  
 

The outer membrane of the cell is maintained by the extracytoplasmic sigma factor rpoE (ˋE), 

which senses damaged proteins situated in the outer membrane and in the area between 

the cell wall and plasma membrane (periplasmic space) (Rouvière et al., 1995). In the 

absence of envelope stress, RpoE function is inhibited by an inner membrane protein (RseA) 

and prevents attachment to RNA polymerase. During envelope stress, RseA is cleaved by 

proteases DegS and RseP (also known as yaeL and ecfE). In the cytoplasm, SspB recruits the 

ATP-dependent protease ClpXP to bind to the RpoE-RseA complex, resulting in the 

separation of RpoE from RseA. RpoE is then able to bind to RNA-polymerase as a cofactor 

and initiates transcription of RpoE-dependent genes and expression of the ̀ E-regulon (Figure 

1) (Humphreys et al., 1999; Alba et al., 2002). RpoE is an essential gene in the absence of 

stress in E. coli, but not Salmonella, however lack of rpoE causes S. Typhimurium to become 

more sensitive to reactive oxygen species (ROS) and antimicrobials (Humphreys et al., 1999; 

Testerman et al., 2002). A recent study discovered that loss of the lipopolysaccharide (LPS) 

O-antigen renders a rpoE mutant toxic in Salmonella (Amar et al., 2018). Several genes are 

regulated by rpoE, including htrA which is an important gene for pathogenesis in Salmonella 

(Johnson et al., 1991). Additionally, SurA and FkpA are involved in protein folding in S. 

Typhimurium and are also regulated by RpoE (Dartigalongue et al., 2001; Humphreys et al., 

2003).  
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Figure 1. Schematic diagram of bacterial sigma-mediated stress response. ̀ E-mediated stress response in Gram-

negative bacteria occurs in response to misfolded proteins in the outer membrane, and cleavage of È  from RseA, 

results in transcription of ̀E-dependent genes. Taken from Hews et al. (2019).  

1.8.1.2 RpoS 
 

Non-specific stress response mechanisms in Salmonella are well defined and include the 

master alternative sigma factor ̀ S (or ̀ 70), commonly referred to as RpoS. RpoS expression 

is induced in bacterial cells when adverse environmental conditions are sensed and upon 

entering stationary phase of growth, however low levels of RpoS can also be detected during 

exponential growth phase (Lange and Hengge-Aronis, 1991; Baptista et al., 2022). RpoS 

encodes a sigma factor (sigma s) and controls the expression of a large number of genes 

involved in osmotic stress, heat shock, oxidative DNA stress and starvation (Loewen et al., 

1998). Additionally, RpoS regulation has been extensively studied in E. coli and S. 

Typhimurium, and ̀S is essential for biofilm formation and virulence (Hengge, 2011; Dong 

and Schellhorn, 2010).  Previously, RpoS stress response was thought to mainly involve 

transcription, however a large number of genes have been identified recently that are down-

regulated at the protein level, rather than at the transcript level, which indicates that post-

transcriptional regulation is more important for regulation of RpoS than originally suggested 

(Lago et al., 2017). In S. Typhimurium, virulence plasmid genes (spv) are controlled by ̀ S  and 

are required for systemic host infection (Heiskanen et al., 1994). Similarly, RpoS enables the 

expression of genes which increase tolerance to stress, including katE (catalase), poxB 

(pyruvate oxidase), and ogt (methyltransferase) (Chen et al., 1996; Ibanez-Ruiz et al., 2000).  
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1.8.1.3 RpoH 
 

Th sigma factor RpoH (̀32) is one of the main regulators of heat shock response in E. coli and 

Salmonella during log-phase, aerobic growth, but not during stationary phase or anaerobic 

growth (Díaz-Acosta et al., 2006). During elevated temperatures, rpoH causes RNA 

polymerase to initiate transcription in more than 30 heat shock proteins (HSPs). However, at 

30°C, intracellular levels of rpoH is low and is inhibited through interaction with the DnaK 

chaperone system (DnaK, DnaJ and GrpE) during non-stress conditions, although GrpE has 

been shown to reverse this inhibition (Gamer et al., 1996). At high temperatures, RpoH has 

a higher affinity for RNA polymerase than RpoS (ˋ70).  

 

1.8.2 Two component system- mediated stress response 
 

1.8.2.1 CpxRA 
 

The conjugative pilus expression (Cpx) response is well characterised in Gram-negative 

bacteria and is a canonical two-component system acting through the histidine kinase sensor 

CpxA and cognate response regulator CpxR (Humphreys et al., 2004). During envelope stress, 

CpxA phosphorylates and transfers a phosphate group to CpxR, however CpxA activity can 

be inhibited by CpxP (Danese et al., 1995; Raivio and Silhavy, 1997).  Numerous stresses have 

been shown to active CpxRA, including alkaline pH, antimicrobials and copper, and mutations 

in CpxRA increased sensitivity to these stresses (Danese and Silhavy, 1998; Audrain et al., 

2013; Yamamoto and Ishihama, 2006). Deletion of cpxA decreases the expression of genes 

encoded by SPI-1 and affects cell invasion by S. Typhimurium (Nakayama et al., 2003). 

 

1.8.2.2 PhoPQ 
 

PhoPQ is a critical two-component system which allows Salmonella to adapt to the 

intracellular vacuole environment, after being taken up by macrophages following invasion 

of epithelial cells. PhoPQ consists of a membrane bound sensor kinase, PhoQ and a cytosolic 

response regulator, PhoP. Initiation of the PhoPQ cascade results in autophosphorylation of 

PhoQ, which leads to phosphorylation of PhoP (Bader et al., 2005).The PhoPQ system in 

Salmonella can be activated during growth in an acidic pH or exposure to antimicrobial 

peptides, but can also be repressed when exposed to high concentrations of  divalent 
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cations, such as Mg2+ (Prost et al., 2007; Véscovi et al., 1996). In Gram-negative bacteria, the 

outer membrane of the cell is composed of lipopolysaccharide (LPS) and 

glycerophospholipids (GPL), and the hydrophobic interaction between the membrane 

component of LPS (lipid A) and GPL, anchors the LPS to the surface of the outer membrane 

(Nikaido, 2003). The outer membrane protects the cell from antibiotics and the innate 

immune system by regulating lipid A structure and altering membrane permeability. PhoPQ 

regulates lipid A modification and results in the addition or removal of an acyl group from 

lipid A via upregulation of the genes encoding PagP and PagL (Needham and Trent, 2013).  

 

1.8.2.3 OmpR/EnvZ 
 

OmpR/EnvZ is a two-component system which responds to changes in osmolarity, pH, 

temperature, and growth phase. EnvZ, is a sensor kinase which detects environmental stress 

and is phosphorylated by adenosine triphosphate (ATP). The response regulator, OmpR, then 

catalyses the transmission of the phosphate group from histidine to a conserved aspartic 

acid residue (Kenney and Anand, 2020). The two-component system regulates the 

expression of OmpF and OmpC (outer membrane proteins), which differ from one another 

due to their pore size and subsequent flow rate (Nikaido and Vaara, 1985). In low osmotic 

environments, the outer membrane porin is OmpF, whereas in high osmotic environments, 

transcription of ompF is inhibited and the major porin becomes OmpC (Kenney and Anand, 

2020). In S. Typhimurium, OmpR aids cytoplasmic acidification by repressing the cadC/BA 

operon, preventing pH neutralisation (Chakraborty et al., 2015). Additionally, acidification in 

response to osmotic stress also occurs through repression of rpoS by OmpR (Chakraborty et 

al., 2017). 
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1.9 Project Rationale 
 

The main aim of this project is to investigate the diversity in stress response observed in 

strains of Salmonella enterica, specifically in food chain related stresses, and identify the 

mechanisms used to survive under stresses of heat, desiccation, refrigerated storage, NaCl 

and organic acids. The central hypothesis is that genetic variation of pathogenic strains of 

Salmonella results in differences in the ability to survive stress and therefore the associated 

risk to food safety and consumer health will be identified.  

Currently, there is a gap in scientific knowledge regarding the control of Salmonella in 

vegetarian food products. Pathogen inactivation data is crucial in food production to ensure 

food safety, and an understanding of the genetic basis of this phenotypic variation in 

response to stresses commonly used to prevent foodborne contamination will result in a 

rational selection of target strains for process validations, improved processing, and more 

reliable risk assessments. At present, food challenge tests rely on specific test strains for 

which data and clear relevance are missing, especially regarding low moisture foods, and do 

not include strains with an increased tolerance to stress.  The hypothesis is based on 

preliminary data indicating considerable variation in response to processing stresses, even 

in closely related Salmonella variants.  

Understanding phenotypic variation and stress responses amongst Salmonella strains will 

contribute to the development of milder processing techniques that maintain food safety 

integrity, which not only satisfies consumer demand for minimally processed foods, but also 

abides by governmental efforts to warrant the production ƻŦ ΨƘŜŀƭǘƘƛŜǊΩ ŦƻƻŘs, especially in 

the UK as the government has numerous schemes in place to reduce the salt, sugar, and fat 

content in food products. Changes to agricultural practices, for example the abolishment of 

antibiotic use as growth promoters in animal husbandry, may also affect Salmonella survival 

in the food chain, and further exemplifies the need for a study understanding phenotypic 

diversity. Additionally, it is important to understand how strain variation is contributing to 

the continued high incidence of Salmonella as a foodborne contaminant, which will further 

aid food safety. The project impact is that scientific data that will be translated into 

recommendations for consumers, regulators, and industry to ensure safe supply and 

consumption of plant protein products. Overall, a better understanding of the mechanisms 

underpinning food chain related stress response in Salmonella will be achieved. 
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1.9.1 Objectives  
 

1. Determine the genetic variability amongst diverse strains of Salmonella enterica  

2. Assess phenotypic variation in survival of Salmonella enterica in response to heat 

inactivation, desiccation, refrigerated storage, NaCl and organic acids  

3. Investigate the molecular mechanism of food chain related stress response by whole 

genome functional screen using saturating transposon mutagenesis and transposon 

directed insertion site sequencing (TraDIS)  
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2.1 Introduction 
 

The ability of Salmonella to survive and replicate when exposed to stress can result in 

persistence of the bacterium in food products. Bacterial stress is often encountered during 

food processing and storage, and can be defined as any physical, nutritional or chemical 

process which can result in sub-lethally injured bacteria or cell death (Wesche et al., 2009). 

Stresses commonly encountered throughout the food chain include chemical and physical 

agents, such as high and low temperatures, desiccation, and preservatives such as organic 

acids and salt. Exposure to certain stresses in the food chain can also contribute to cross-

protection of Salmonella against other stresses, for example, exposure to acid and salt stress 

can increase the heat resistance of S. Enteritidis (Kang et al., 2018).  

Desiccation can be used as a food preservation technique to extend the shelf-life of products 

and consequently, these products typically have a low-water activity (aw < 0.85). Water 

activity is the ratio of water vapour pressure in a food product compared to the water vapour 

pressure of pure water at a specified temperature (Finn et al., 2013a; Labuza, 1980). Some 

food products have a naturally low-water activity, such as nuts and honey (Finn et al., 2013a). 

Tolerance to desiccation enables bacterial cells to survive extreme dehydration and 

overcome the structural, physiological, and biochemical changes that result from exposure 

to this environmental stress. {ŀƭƳƻƴŜƭƭŀΩǎ ability to survive in low-water activity has resulted 

in multiple foodborne outbreaks such as in puffed-wheat cereal and dried coconut caused 

by S. Mbandaka and S. Typhimurium, respectively (CDC, 2018b; CDC, 2018c). Salt is also 

commonly used as a preservative, and it works by preventing bacterial growth by lowering 

the water activity of food. The addition of salt to food products disrupts the osmolarity of 

the cells, by causing water to flow into or out from the cell. This causes damage to the cell 

membrane and results in cell death (Davidson et al., 2012).  

Thermal treatment, using water, steam, or thermal radiation, is one of the most effective 

methods of eliminating foodborne pathogens. During pasteurisation, a heat treatment of 

between 65°C and 95°C is applied to the food product for a specified amount of time to 

inactivate vegetative pathogens (Silva and Gibbs, 2009). Exposure to these high 

temperatures causes small cytoplasmic ions to leak out of the cell, and irreversible damage 

to the cell membrane  (Ebrahimi et al., 2018). Understanding the thermal characteristics of 

bacterial strains is important when establishing cooking requirements of a food product. The 

decimal reduction time (D-value) is the time needed to reduce cell viability by 1-log (or 90%) 
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at a specific temperature.  A linear, first-order kinetics model is typically used to determine 

D-values for each foodborne pathogen, which can predict the linear inactivation of cells and 

deduce the time and temperature combination required to kill all vegetative pathogens in a 

food product (Berk, 2009). The D-value can be calculated from the thermal death curve of 

the bacterium at a constant temperature by using the negative reciprocal of the slope of the 

linear regression line (Mazzola et al., 2003).  

Refrigeration is another common manufacturing method to prevent the growth of food 

spoilage organisms. Cold-chain management (CCM) involves implementing the control, 

transportation, and storage of perishable goods at refrigerated temperatures, to guarantee 

food safety by inhibiting the growth of foodborne pathogens and minimise waste (Singh et 

al., 2018).  

Organic acids are used as preservatives in food manufacturing and can be defined as organic 

compounds that retain acidic properties, such as lactic, acetic and citric acid (Sauer et al., 

2008). These acids inhibit the growth of bacteria by increasing the permeability of the cell 

membrane, which lowers the pH inside the cell and causes loss of intracellular components 

(Sundberg and Jönsson, 2005). 

Modern food manufacturing practices rarely rely on one form of preservation to inhibit 

microbial growth in food products, rather, a combination of multiple techniques are 

commonly used to provide robust protection against food spoilage and pathogenic 

microorganisms (Leistner, 2000). However, consumer demand for minimally processed food 

is increasing, along with increasing pressure from the government for food manufacturers to 

produce healthier food products. Therefore, an understanding of how pathogens behave 

under stress will aid in the development of processing techniques which satisfy these 

requirements ŦƻǊ ΨƘŜŀƭǘƘƛŜǊΩ ǇǊƻŘǳŎǘǎΣ ǿƛǘƘƻǳǘ ŎƻƳǇǊƻƳƛǎƛƴƎ ŦƻƻŘ ǎŀŦŜǘȅΦ To assess the 

effectiveness of preservation and exclusion of pathogens, typically, multiple Salmonella 

strains are used together in a strain cocktail to assess survival during food challenge tests, 

but certain strains possess an increased resistance to stress, thus posing a greater risk to 

food safety. Understanding strain variation will improve modelling of consumer risk of 

contamination of Salmonella in food products (Whiting and Golden, 2002). Furthermore, 

determining the phenotypic variability of Salmonella in food chain related stress will result 

in a verified selection of target strains for process validations, improved processing, and 

more reliable risk assessments.  
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2.1.1 Aims  

 

1. Explore genetic variability amongst Salmonella strains   

2. Determine phenotypic variation amongst Salmonella strains in response to heat, 

desiccation, refrigeration, NaCl and organic acids  

3. Identify Salmonella strains exhibiting increased tolerance or sensitivity to food chain 

related stress 
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2.2 Methods 
 

2.2.1 Preparation of media 
 

Luria-Bertani (LB) broth (10g/L NaCl, 10g/L Tryptone, 5g/L Yeast Extract) (Formedium, 

LMM0102) was prepared by suspending 25g in 1L of distilled water and sterilised by 

autoclaving at 121°C for 15 minutes. LB agar (10g/L NaCl, 10g/L Tryptone, 5g/L Yeast Extract, 

15g/L agar) (Formedium, LMM0102) was prepared by mixing 25g powder with 1L distilled 

water and sterilised by autoclaving for 15 minutes at 121°C. Phosphate Buffered Saline (PBS) 

(Oxoid, BR0014) was prepared by dissolving 1 tablet in 100mL distilled water and sterilised 

by autoclaving at 121°C for 15 minutes.  

 

2.2.2 Bacterial strains and culture 
 

Fourteen S. enterica strains were used in the present study, isolated from human 

salmonellosis cases, animals, and food. Strains included in the study were acquired from Ken 

Sanderson at the Salmonella Genetic Stock Centre (SGSC) at the University of Calgary. These 

strains belonged to the serovar Typhimurium (5 strains), Kedougou (1 strain), Newport (2 

strains), Infantis (1 strain), Heidelberg (1 strain), Enteritidis (1 strain), Kentucky (1 strain), 

Gallinarum (1 strain) and Schwarzengrund (1 strain). Stock cultures of each strain were 

stored in individual Cryovials (Corning) at -80°C in 50% Glycerol. Working cultures were 

prepared by scraping the frozen stock into a 5mL LB broth bottle and incubating overnight at 

37°C with shaking set to 200rpm. Serovars to be included in this study were selected due to 

their invasiveness, their ability to cause disease in humans and food production animals, or 

because they were isolated from food or food production environment (Table 2). A range of 

serovars were also chosen to be included from across the phylogeny, to incorporate as much 

genetic diversity as possible. 
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* ND ς not determined, NA ς not applicable 

Table 2. Salmonella enterica strains used during this study. Including information regarding their sequence/phage type, and their source of isolation (if known). 

Serovar Sequence Type (ST) Phage Type* Strain name Alternative names* Source 

Typhimurium ST19 ND ST4/74 NA Cattle 

Typhimurium ST568 DT56 S07676-03 NA Avian 

Typhimurium ST19 U288 S01960-05 NA Pig 

Typhimurium ST34 DT193 S04698-09 NA Cattle 

Typhimurium ST34 ND B54Col9 NA Chicken 

 Kedougou ST1543 NA B37Col19 NA Cattle 

Infantis ST32 NA S1326/28 SGSC4905 Chicken 

Heidelberg ST15 NA SL476 SGSC4915, CVM30485 Turkey 

 Enteritidis ST11 PT4 P125109 SGSC4901, BA394 Human 

Schwarzengrund ST322 NA SL480 SGSC4919, CVM35940 Human 

Gallinarum ST331 NA 287/91 SGSC4691, BA395 Chicken 

Newport ST45 NA SL254 SGSC4910, E20002725 Human 

Newport ST118 NA SGSC4157 NA Unknown 

Kentucky ST152 NA SL479 SGSC4918, CVM35942 Human 
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2.2.3 Preparation and storage of the vegetarian food product 
 

Individual packets of a wheat and pea protein-based vegetarian product (each pack totalling 

210g) were subjected to an in-pack irradiation treatment and were supplied by Nestlé for 

use throughout the study. The 210g packets of food product remained at 4°C until opened, 

and once opened, each pack was divided into 13g portions and transferred to individual 

sterile plastic bags inside a microbiological safety cabinet (Herasafe). Each 13g portion of 

food product was frozen at -20°C and thawed at room temperature prior to use.  

 

2.2.4 Whole genome sequencing and strain phylogeny   
 

Salmonella strains were cultured overnight at 37°C in LB broth and DNA was extracted using 

a Maxwell RSC 48 instrument (Promega, AS4500) and associated Maxwell RSC cultured cells 

DNA kit (Promega, AS1620). DNA concentration was quantified using a Qubit 3.0 fluorometer 

(Invitrogen) and dsDNA broad range assay kit (Invitrogen, Q32850). DNA sequencing was 

conducted in house by the QIB sequencing team. Genome libraries were prepared using the 

Nextera XT index kit (Illumina) and whole genome sequencing was performed using a 

NextSeq500 (Illumina). Data was uploaded to IRIDA (Matthews et al., 2018) and the quality 

of paired-end reads was evaluated using FastQC (Andrews, 2010). Antigenic formula was 

predicted using SeqSero2 (version 1.2.1) using paired-end short read fastq sequences as the 

input to identify serotype (Zhang et al., 2019). SNIPPY (version 4.3.6) (Seemann, 2015) was 

used to identify single nucleotide polymorphisms (SNPs) between Salmonella strains used in 

this study and the S. bongori N268-08 reference, and snippy-core produced a core alignment 

file from all of the sequences included. The core alignment from snippy-core was used as the 

input for RaxML (Stamatakis, 2014) to construct a maximum likelihood phylogenetic tree of 

the 14 Salmonella strains used in the study and the tree was plotted using ggtree (Yu et al., 

2017) in R (version 4.1) (Team, 2021).The tree was rooted using S. bongori N268-08 as an 

outgroup and the tip was dropped when generating the tree image in R. Pairwise SNP 

differences between strains was determined using snp-dists (Seemann et al., 2018) and 

plotted as a matrix with pheatmap (Kolde, 2012) in R (version 4.1) (Team, 2021). SNP-sites 

(version 2.3.3) (Page et al., 2016) was used to determine the number of nucleotides covered 

by all isolates included in the study and was executed using the core full alignment file 

generated from the SNIPPY output, including the options to output monomorphic sites and 
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columns containing ACGT nucleotides only. FastANI (version 1.3) was used to determine the 

average nucleotide identity between strains, using the many-to many method, where 

multiple query and reference genomes were used (Jain et al., 2018). 

 

2.2.5 Heat Inactivation  
 

2.2.5.1 Submerged Tube Method 
 

The submerged tube method was used to determine the thermal death of Salmonella 

serovars, based on a method previously described (Peck et al., 1992). Phosphate Buffered 

Saline (PBS) (9.9mL, pH 7.4, 0.01mM) was dispensed into glass Hungate tubes (Sciquip, 2047-

16125) and sterilised by autoclaving (121°C, 15 minutes). Hungate tubes containing PBS were 

submerged in a water bath at 45°C-соϲ/ όƛƴ нϲ/ ƛƴŎǊŜƳŜƴǘǎύ ŀƴŘ млл˃[ ƻŦ S. Typhimurium 

strain SL1344 at a concentration of 5x108 CFU/mL (adjusted using PBS) was injected into to 

ŜŀŎƘ ǘǳōŜ ǳǎƛƴƎ ŀ Dŀǎ ¢ƛƎƘǘ ǎȅǊƛƴƎŜ όIŀƳƛƭǘƻƴΣ нснлоύ ŀƴŘ нмDȄ мΦрέ ƴŜŜŘƭŜ ό¢ŜǊǳƳƻΣ 

NN2138R). Duplicate Hungate tubes were heated for 30 seconds at each temperature and 

immediately plunged into an iced water bath to rapidly cool. CƻǊ ŀ ŎƻƴǘǊƻƭΣ ŀ млл˃[ ŀƭƛǉǳƻǘ 

of S. Typhimurium strain SL1344 was injected into a Hungate tube containing 9.9mL PBS but 

remained at room temperature. The contents of the tubes were serially diluted (100-10-5) 

using PBS (1 in 10) and 100˃[ ƻŦ ŜŀŎƘ Řƛƭǳǘƛƻƴ ǿŀǎ ǎǇǊŜŀŘ ƻƴǘƻ an LB agar plate, in duplicate, 

and incubated overnight for 16 hours at 37°C. Surviving colonies on each LB agar plate were 

enumerated and the CFU/mL calculated. 

 

To determine the decimal reduction time (D-value) of S. Typhimurium strain SL1344 at 63°C, 

sterile glass Hungate tubes containing 9.9mL PBS were inoculated with 100µL of S. 

Typhimurium strain SL1344 at a concentration of 5x108 CFU/mL. Tubes were removed from 

the water bath at 10, 20, 30, 40 and 50 seconds after inoculation and plunged into iced water, 

with a swirling motion to rapidly cool. A control was prepared by inoculating a Hungate tube 

ŎƻƴǘŀƛƴƛƴƎ фΦфƳ[ t.{ ǿƛǘƘ млл˃[ ƻŦ S. Typhimurium strain SL1344 at room-temperature 

(~25°C).  After heat treatment, the contents of the Hungate tubes were serially diluted (100-

10-5) ƛƴ t.{ ŀƴŘ млл˃[ ƻŦ ŜŀŎƘ Řƛƭǳǘƛƻƴ ǿŀǎ ǎǇǊŜŀŘ ƻƴǘƻ [. ŀƎŀǊ όƛƴ ŘǳǇƭƛŎŀǘŜύ ŀƴŘ ƛƴŎǳōŀǘŜŘ 

for approximately 16 hours overnight at 37°C. Colonies were enumerated after 16-hour 

incubation and the viable count (CFU/ml) was determined. The D-value was calculated from 
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the linear regression equation between 0 and 30 seconds at 63°C and between 0 and 50 

seconds for 60°C in S. Typhimurium strain SL1344. 

 

2.2.5.2 Thermal Cell Heating Method 
 

Thin-walled, aluminium thermal cells (Figure 2) were supplied by Nestlé to imitate the 

thermal inactivation experiments conducted in their research centre. An overnight culture 

of the test strain (Table 2) was prepared in 5mL LB broth and incubated at 37°C with shaking 

at 200rpm. A 1mL aliquot of the overnight culture was dispensed into a microcentrifuge tube 

and pelleted by centrifugation at room temperature for 4 minutes at 13,300rpm. The 

supernatant was discarded, and the pellet resuspended in 1mL PBS. The culture was adjusted 

to a concentration of 5x108 CFU/mL with PBS and stored in a refrigerator at 2-4°C for a 

maximum of 2 hours.  

 

 

 

 

 

Figure 2. Photograph of aluminium thermal cells provided by Nestlé for heat inactivation experiments. The 

chamber holds up to 1g of food product and the O-rings create a water-tight seal. 

 

A 750mg portion of vegetarian food product was measured into the centre of the thermal 

cell in sterile conditions and a 5µL aliquot of culture at a concentration of 5x108 CFU/mL was 

inoculated into the food sample in 3 individual spots. The thermal cells were sealed using the 

O-ring, metal disk and lid provided (Figure 2). The inoculum was left to equilibrate within the 

food sample for 1 hour at 4°C.  For each experimental group, one thermal cell was attached 

to a type K thermocouple (RS Pro, 363-0250) to monitor the temperature over the duration 

of the experiment. The thermocouple was attached to a TC-08 thermocouple data logger 

(Pico Technology, PP222) and the temperature was recorded for the duration of the 

experiment to monitor reproducibility of conditions between replicates. Thermal cells were 

simultaneously placed into a water bath maintained at 60°C. The temperature inside the 

thermal cells (as measured by the thermocouple) increased to the 60°C in approximately 45 
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seconds and this was treated as time=0. Thermal cells were removed in 10-second 

increments and immediately plunged into an iced water bath to rapidly cool. Once cooled, 

the food sample was transferred to a sterile 15mL centrifuge tube (Corning, CLS430055) and 

mixed with PBS in a 1 in 10 dilution (w/v) and vortexed for 10 seconds. A 300µL aliquot of 

the supernatant was diluted 1 in 10 with PBS in a CytoOne 96-well plate (Starlab, CC7672-

7596). To determine viable colony forming units, 10µL of each dilution was pipetted onto a 

square 12x12cm LB agar plate (Scientific Laboratory Supplies (SLS), PET3008) using a 

multichannel pipette and incubated inverted at 30°C overnight. Surviving colonies were 

enumerated after overnight incubation for 18 hours at 30°C and the log ratio survival 

determined. Five independent experiments were conducted for each strain at 60°C.  

 

2.2.6 Long Term Survival at Refrigerated Temperatures  
 

Strains were grown to stationary phase for 18 hours at 37°C in 5mL LB broth and a 1mL 

aliquot was pelleted using centrifugation at 13,300rpm for 4 minutes. The supernatant was 

discarded, and the pellet resuspended in an equal volume of PBS. Cultures were adjusted to 

a concentration of 2.5x109 CFU/mL and refrigerated at 4°C. Wells of a CytoOne 24-well plate 

(Starlab, CC7672-7524) were filled with 750mg thawed vegetarian food product and 

inoculated with 50µL of each strain at 2.5x109 CFU/mL. Plates were maintained at 4°C for 5 

weeks. An initial assessment of viable counts that could be recovered for each strain was 

determined by immediately transferring the well contents into 5mL LB broth and viable 

counts determined by plating serial dilutions (1 in 10) using PBS. For CFU/mL counts, 5µL of 

each dilution was spot plated (in triplicate) onto LB agar and incubated at 30°C for 18 hours. 

After 5 weeks, the contents of the wells from the experimental plates were transferred to 

5mL LB broth, and viable counts enumerated by plating 5µL of each serial dilution onto an 

LB agar plate. Plates were incubated at 30°C for 18 hours. Surviving colonies were 

enumerated and the log ratio survival calculated. Four independent experiments were 

conducted for each strain from 2 biological replicates.  

 

2.2.7 Desiccation 
 

Strains were cultured for 18 hours in 5mL LB broth at 37°C with shaking at 200rpm. Overnight 

cultures were centrifuged at 13,300rpm for 4 minutes and the supernatant discarded. The 



26 

pellet was resuspended in an equal volume of PBS and adjusted to a concentration of 

approximately 5x108 CFU/mL with PBS.  The first column of a 96-well CytoOne plate was filled 

with 50µL of each strain at a concentration of ~5x108 CFU/mL. Plates were left to desiccate 

in a safety cabinet for 24-hours and the temperature and relative humidity was measured 

using a thermohygrometer. Control wells containing 50µL of each strain at ~5x108 CFU/mL 

were mixed with 150µL PBS per well, and 5µL of each serial dilution was spot plated, in 

triplicate, onto LB agar plates. Plates were incubated at 30°C for 18 hours and surviving 

colonies were enumerated the following day. After 24-hours, desiccated wells were 

rehydrated with 200µL PBS and serially diluted (1 in 10) with PBS. Each dilution was spot 

plated onto a square LB agar plate (in triplicate) and incubated overnight at 30°C. Surviving 

colonies were counted, and the log ratio survival calculated. Three independent experiments 

were conducted for each strain.  

 

2.2.8 Growth in the presence of organic acids 
 

Salmonella enterica strains were cultured for 18 hours in 5mL LB broth at 37°C with shaking 

at 200rpm. A 14mM citric acid (Thermo Fisher Scientific, 110450250) solution and a 12mM 

acetic acid (SLS, CHE1012) solution were prepared in LB broth and filter sterilised using a 

0.2µM Minisart PES Syringe Filter (Sartorius, 16532K). Two 100mL bottles of LB broth were 

adjusted to pH 5.8 with 14mM and 12mM citric acid and acetic acid, respectively, using a 

benchtop pH meter (Mettler Toledo, 30046240). A 1mL aliquot of overnight culture of each 

strain was mixed with 4mL LB broth supplemented with either citric or acetic acid at pH 5.8 

for 30 minutes, to initiate the acid shock response. 5mL aliquots of 14mM citric acid and 

12mM acetic acid-supplemented LB broth solutions were inoculated with 5µL of each test 

strain that had been pre-adapted to pH 5.8 at a concentration of approximately 5x108 

CFU/mL. A 200µL aliquot of inoculated organic acid solution for each strain was transferred 

to a 96-well U-Bottom plate (Greiner, 163320), in triplicate wells. LB broth (positive) controls 

for each strain and non-inoculated (negative) controls were both included. Growth was 

measured at OD600nm using a Fluostar Omega plate reader (BMG Labtech) for 22 hours, 

with measurements taken every 5 minutes at 37°C with pre-measurement shaking. Three 

independent experiments were conducted for each strain.  
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2.2.9 Growth in the presence of salt  
 

Salmonella enterica strains were grown to stationary phase for 18 hours at 37°C in 5mL LB 

broth. Cultures were diluted to a concentration of approximately 5x108 CFU/mL using LB 

broth. 5mL LB broth containing 6% NaCl was aliquoted and inoculated with 5µL of each strain 

at a concentration of approximately 5x108 CFU/mL. Each well of a 96-well U-Bottom plate 

was filled with 200µL of inoculated salt solution for each strain (in triplicate). Non-inoculated 

LB broth controls (with and without NaCl), and inoculated LB broth controls were included. 

Growth was measured at OD600nm using a Fluostar Omega plate reader at 37°C for 22 hours, 

with measurements taken every 5 minutes with pre-measurement shaking. Three 

independent experiments were conducted for each strain.  

 

2.2.10 Statistical Analysis  
 

A one-way ANOVA, with an uncorrected CƛǎƘŜǊΩǎ least significant difference (LSD) test, was 

conducted in Graphpad prism (version 8.0.2) on the log ratio survival data of each replicate 

mean compared to the mean of S. Typhimurium strain ST4/74. An area under the curve 

analysis (AUC) was conducted on each replicate for each strain during growth in NaCl and 

organic acids using Graphpad prism (version 8.0.2). The difference in AUC was calculated by 

deducting the AUC in the stress condition from the AUC in LB broth.  A two-way ANOVA with 

multiple comparisons and uncorrected CƛǎƘŜǊΩǎ [Ŝŀǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ǘŜǎǘ ǿŀǎ 

conducted on the difference in AUC analysis in Graphpad Prism (version 8.0.2) comparing 

the mean difference in AUC of each strain compared to the mean of S. Typhimurium strain 

ST4/74. 
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2.3 Results 
 

2.3.1 Establishment of a strain collection of diverse serovars  
 

A collection of 14 strains from nine different serovars of Salmonella enterica with distinct 

epidemiology and risk to food safety were chosen to be included in this study. Strains of 

serovars Enteritidis, Typhimurium, Newport, Infantis and Kentucky were chosen as they are 

amongst the top ten serovars most frequently isolated from human infections in the UK 

(UKHSA, 2021). One strain of S. Enteritidis was included due to the serovars association with 

asymptomatic infection of poultry and because it is a frequent contaminant of eggs. This 

serovar remains the most frequently isolated from human infection in the UK, however S. 

Infantis and S. Kentucky are increasingly isolated from poultry samples in some countries. 

Serovars were also chosen if they had previously been associated with Salmonella outbreaks. 

Outbreaks of S. Kentucky have occurred in Europe and therefore S. Kentucky strain SL479 

was chosen to be included in the current study. Two strains of S. Newport were included due 

to their frequent association with outbreaks in fruits and vegetables, such as lettuce, papaya, 

and tomatoes (Lienemann et al., 2011; CDC, 2017b; Greene et al., 2008). S. Typhimurium is 

the second most isolated serovar in human infections and is widely distributed in livestock 

and wild animal zoonotic reservoirs. Additionally, a S. Typhimurium strain had previously 

been implicated during an outbreak in lettuce in England and Wales and therefore 

representative strains of S. Typhimurium were also included in the current study (Horby et 

al., 2003). 

All strains included in the study were subjected to whole genome sequencing and serovar 

classification using Seqsero2, a computational method used to predict serotype from 

genomic sequencing data. Seqsero2 predicted one strain in the collection, originally denoted 

as S. Dublin strain SGSC4157, as a S. Newport strain, and reviewing the literature revealed 

that this strain is frequently variably reported as either a Dublin strain or a Newport strain 

(Sangal, 2009; Tullio, 2018). For simplicity, this strain will be classified as a Newport strain in 

the present study, based on the in-silico analysis. Host restricted serovars, including S. 

Gallinarum and S. Typhimurium U288 were included in the present study, as well as strains 

of broad host range, such as other S. Typhimurium strains. Two monophasic S. Typhimurium 

strains were included in the strain collection, as over 50% of all human S. Typhimurium 

infections in the UK were caused by the monophasic ST34 clone during the past 10 years 

(EFSA, 2010; Moreno Switt et al., 2009). Furthermore, there was recent large, multi-country 
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outbreak of Salmonella in chocolate products associated with monophasic S. Typhimurium 

ST34 strains (ECDPC and EFSA, 2022). 

 

2.3.2 Genomic diversity of Salmonella enterica 
 

The diversity of Salmonella enterica strains used throughout this study was assessed using 

the core SNP alignment from SNIPPY to construct maximum likelihood phylogenetic tree to 

explore genetic relatedness between strains (Figure 3A). The genome of the reference strain, 

S. bongori strain N268-08, was 4.83Mb in size. The core alignment was 2,297,416bp, which 

is approximately 48% of the reference genome, with 194,239 variable sites. In the shared 

genome, strains of S. Typhimurium differed by no more than 600 SNPs, whereas strains of 

different serovars, such as S. Gallinarum and S. Kentucky differed by more than 20,000 SNPs 

(Figure 3B). It is evident that S. Gallinarum and S. Enteritidis are closely related serovars and 

the two strains used during this study only differed by 2,591 SNPs in this analysis (Figure 3B). 

Strains to be used during the study were selected to incorporate as much genetic diversity 

as possible within Salmonella enterica subspecies I, but also because they were isolated from 

either humans or animals.  
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Figure 3. Phylogenetic relatedness of Salmonella strains. (A) Maximum likelihood phylogenetic tree of Salmonella 

enterica subspecies I serovars used during study generated from core alignment. The tree is rooted using S. bongori strain 

N268-08 as an outgroup. (B) Heatmap showing SNP distance between each strain used during study on a log10 scale. S. 

bongori strain N268-08 was used as the reference.  

A 

B 
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2.3.3 Salmonella strains had an average nucleotide identity > 98% 
 

The average nucleotide identity (ANI) was computed for strains included in the study as 

another method to determine the genetic relatedness between strains (Figure 4). ANI is a 

computational method that measures the similarity in nucleotide sequences in the coding 

regions of two genomes, and the similarity is expressed as a percentage. The species 

threshold is typically set to 95%, so any ANI values <95% would suggest different species 

(Goris et al., 2007). All 14 strains were included in both the reference and query lists, ensuring 

that all strains were compared to one another. S. Schwarzengrund strain SL480 was the strain 

least similar to all of the other strains included in the study, with an ANI range of 98.13- 

98.34%. The most similar to S. Schwarzengrund strain SL480 was S. Kentucky strain SL479 

whereas the most distantly related strain was S. Newport strain SGSC4157. The two S. 

Newport strains (SL254 and SGSC4157) had an ANI of 98.93%. S. Enteritidis strain P125109 

and S. Gallinarum strain 287/91 were most similar overall and had an ANI of 99.77%. S. 

Heidelberg strain SL476 and S. Typhimurium strain SO1960-05 were 99.01% similar, closely 

followed by the other S. Typhimurium strains. S. Infantis strain S1326/28 had the greatest 

ANI with S. Typhimurium strain ST4/74 at 98.78% and was also most like the other S. 

Typhimurium strains, than any other serovar. S. Kedougou strain B37 Col19 had an ANI of 

98.81% with S. Kentucky strain SL479. All S. Typhimurium strains had an ANI >99.8% to one 

another, and monophasic strains were more closely related to each other, than to the other 

S. Typhimurium strains included (Figure 4). 
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Figure 4.  Average nucleotide identity of Salmonella strains used in the study. Average nucleotide identity was 

determined using FastANI. Smaller ANI values, represented by a paler shade of blue, signify a lower homology 

and a greater phylogenetic distance between strains. 

 

2.3.4 Heating S. Typhimurium SL1344 for 30 seconds at 60°C delivers a 4.6-log 

reduction in cell viability 
 

To evaluate the survival of S. Typhimurium strain SL1344 during inadequate inactivation 

temperatures e.g. to simulate issues with cooking or processing and to quantify the 

temperature at which rapid cell death starts to occur, the heat inactivation kinetics of S. 

Typhimurium strain SL1344 was assessed at 45-63°C in PBS using the submerged tube 

method (Figure 5). There was minimal cell death between 45°C and 57°C when cells were 

heated for 30 seconds. At 59°C, there was a 0.5-log reduction in cell viability after 30 seconds, 

which increased as temperature increased. At 61°C, there was a 3.2-log reduction in cell 

viability after 30 seconds of heating. The greatest log reduction, at 4.6-log, was seen at 63°C 

for S. Typhimurium strain SL1344 (Figure 5). 
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Figure 5. Inactivation of S. Typhimurium strain SL1344 during heating between 45°C and 63°C. The log CFU/mL 

of SL1344 heated for 30 seconds at different temperatures in PBS buffer was determined using the submerged 

tube method. Each point represents the mean (± SE) of two technical replicates. 

 

2.3.5 The vegetarian food product protects S. Typhimurium strain SL1344 cells when 

heated at 60°C 
 

To determine the decimal reduction time (D-value) at 60°C and 63°C in PBS, which is the time 

taken to achieve a 1-log reduction in cell viability, cells of SL1344 were heated in 10 second 

increments from 0-50°C in PBS (Figure 6). After heating SL1344 for 20 seconds at 63°C, there 

was a 3.5-log reduction in cell viability. At 30 seconds, the log-reduction increased by ~1-log, 

to a 2.4-log reduction in cell viability. There were no cells recovered after 40 and 50 seconds 

of heating at 63°C (Figure 6). SL1344 was also heated at 60°C in 10-second increments, and 

cells were still recovered after 50 seconds of heating (Figure 6). A ~1-log reduction was 

observed after 10 seconds of heating at 60°C and a 3.2-log reduction was achieved after 20 

seconds. The greatest log reduction occurred at 50 seconds of heating at 60°C, at a 4.7-log 

reduction (Figure 6). The resulting D-values calculated from the linear regression of SL1344 

at 60°C and 63°C were 10.6 and 5.9 seconds, respectively.  

S. Typhimurium strain SL1344 was heated in both PBS and the vegetarian food product using 

the submerged tube method, to compare both heating matrices (Figure 6). Heating the cells 

of SL1344 at 60°C for 50 seconds in the vegetarian food product delivered a 3.5-log reduction 

in cell viability (Figure 6). There was only a one second difference between the D-values 
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observed at 60°C for PBS and the vegetarian food product at 10.56 and 11.48 seconds, 

respectively.   

  

Figure 6. Difference in inactivation kinetics of S. Typhimurium strain SL1344 in PBS and the vegetarian food 

product. Reduction in log CFU/mL of S. Typhimurium strain SL1344 in a vegetarian food product heated at 60°C, 

and PBS buffer heated at both 60°C and 63°C at different time intervals. Each point represents the mean of two 

technical replicates. The linear regression equation is calculated using the individual replicate y-values.  
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2.3.6 S. Gallinarum strain 287/91 is most sensitive to refrigerated storage  
 

Sub-optimal heat treatment or cross contamination during storage of vegetarian foods may 

result in survival or even replication of Salmonella. To investigate whether the strains of 

Salmonella included in this study were able to replicate and persist in the vegetarian food 

product, the food product was inoculated with Salmonella and incubated at 4°C for 5 weeks 

(Figure 7). The incubation period mimics the typical shelf-life of the vegetarian food product, 

so it was important to assess Salmonella survival over this time-period. On average, there 

was no increase in viable counts for any strains during the 5-week experiment. S. Gallinarum 

strain 287/91 was the strain most affected by 5-week storage at refrigerated temperatures 

and resulted in a ~0.6-log reduction in cell viability and was significantly different (p < 0.0001) 

to the control strain S. Typhimurium strain ST4/74 (Figure 7). The strain showing the greatest 

tolerance to long term storage at refrigerated temperatures was S. Infantis strain S1326/28, 

with only a ~0.04-log reduction in cell viability. S. Infantis strain S1326/28, S.  Kedougou strain 

B37 Col19, S. Typhimurium strain SO1960-05 and S. Schwarzengrund strain SL480 all showed 

a significant increased ability to survive long periods of time at 4°C compared to ST4/74 

(Figure 7). 

 

  
 

 

Figure 7. Variability in Salmonella survival during long term refrigerated storage. The log ratio survival of 14 

Salmonella strains used during this study was determined after storage at refrigerated temperature (4°C) for five 

weeks, in the vegetarian food product. Individual data points represent each technical replicate, and the symbol 

represents the biological replicate. 
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2.3.7 S. Gallinarum strain 287/91 is most sensitive to heat inactivation   
 

To determine the variation in survival of Salmonella strains in response to heat stress, strains 

were heated in the vegetarian food product and viable counts determined (Figure 8). 

Salmonella strains were subjected to heat inactivation at 60°C for 30 seconds using a thermal 

cell (Figure 2) similar to what is used by the food production industry during food pathogen 

challenge tests. Reduction in viable counts in the food matrix ranged from 0.4-log to 2-log. 

Viable counts of S. Gallinarum strain 287/91 reduced by approximately 2-log and was the 

most heat sensitive strain used during this study. The cell viability of S. Gallinarum strain 

287/91 after heating was significantly different to the control strain S. Typhimurium ST4/74 

at p < 0.0001. Conversely, the most heat resistant strain was S. Kedougou strain B37 Col19 

(Figure 8). S. Typhimurium strain SO1960-05 also exhibited higher cell death when heated at 

60°C for 30 seconds and was also significantly different to the control strain (p = 0.0004). The 

log-ratio survival of S. Kentucky strain SL479 and S. Schwarzengrund strain SL480 was 

ǾŀǊƛŀōƭŜΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ƛǘΩǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ŎƻƴŎƭǳŘŜ ǿƘŜǘƘŜǊ ǘƘŜǎŜ ǎŜǊƻǾŀǊǎ were more heat 

sensitive than some of the other serovars included in this study (Figure 8).  
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Figure 8. Variability in heat resistance of Salmonella strains in a vegetarian food product. Log ratio survival of 

Salmonella strains after heat inactivation at 60°C for 30 seconds in a thermal cell containing 750mg vegetarian 

food product. Each Individual data point represents a biological replicate.  
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2.3.8 S. Typhimurium strain SO1960-05 is most sensitive to desiccation  
 

To assess the risk to food safety due to the ability of Salmonella to survive in low-moisture 

food, the variation in survival of Salmonella strains during desiccation was assessed for 24-

hours at an average relative humidity and temperature of 39% and 21°C, respectively (Figure 

9). All strains decreased in cell number during 24-hour desiccation to different extents 

(Figure 9).  S. Typhimurium strain SO1960-05 had an average log reduction in cell viability of 

2.50 after 24-hour desiccation. This was significantly different (p = 0.0014) to the control 

strain, S. Typhimurium strain ST4/74, which had an average log reduction in cell viability of 

1.74. S. Kentucky strain SL479 was also significantly different to the control strain (p = 0.0027) 

and had an average log reduction in cell viability of 2.49 (Figure 9). There were two strains 

which showed an increased tolerance to desiccation, S. Typhimurium strain B54 Col9 and S. 

Typhimurium strain SO4698-09. Both these strains were significantly different to the control 

strain (p = 0.0301 and p = 0.0358, respectively), and each had an average log reduction in cell 

viability of ~1.2. There was a lot of variation in cell viability observed between biological 

replicates, but also between technical replicates.  
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Figure 9. Variability of desiccation tolerance in Salmonella strains. Log ratio survival of Salmonella strains after 

desiccation in a safety cabinet for 24 hours at an average relative humidity of 39% and an average temperature 

of 21°C. Each biological replicate is plotted as a separate point and represents the mean of five technical 

replicates.  
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 2.3.9 S. Typhimurium strain ST4/74 growth is inhibited by 10% NaCl  
 

Sodium chloride (NaCl) is commonly used as a preservative in food products, so to determine 

the effect NaCl has on the growth and survival of Salmonella, S. Typhimurium strain ST4/74 

was subjected to increasing NaCl at industry relevant concentrations (1-13%) in LB broth and 

growth kinetics were measured as optical density (OD600nm) (Figure 10).  In LB broth, which 

contains 1% NaCl as standard, growth was initiated after approximately 3 hours of incubation 

and followed a sigmoidal growth curve. At a NaCl concentration of 2-4%, S. Typhimurium 

strain ST4/74 growth was like that observed in the LB broth control. At 5% NaCl, lag time was 

increased, and growth began at ~5 hours after initial incubation (Figure 10). At 6% NaCl, lag 

time was longer than observed in 1-5% NaCl, and growth began at ~7 hours. The maximum 

OD600nm reached with 6% NaCl was ~1.1. Growth of S. Typhimurium strain ST4/74 in 7% 

NaCl began at about 9 hours, indicating a longer lag time than the other salt concentrations. 

The maximum OD600nm reached for S. Typhimurium strain ST4/74 in 7% NaCl was ~0.9 

(Figure 10). Minimal growth was observed within 20 hours at 8% and 9% NaCl, with 

OD600nm barely exceeding 0.2 for both concentrations. There was no growth observed 

during the 20-hour experiment in LB broth supplemented with 10% NaCl and above. LB broth 

containing 6% NaCl was identified as the concentration in which Salmonella begins to be 

affected by the addition of NaCl, and is therefore in a stressed state, but can still proliferate, 

with cells remaining viable.  

Figure 10. Growth of S. Typhimurium strain ST4/74 in different salt concentrations. Growth was measured as 

OD600nm in LB broth containing various NaCl concentrations (as %). Each line represents the mean of three 

biological replicates, each containing three technical replicates. 
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2.3.10 S. Gallinarum strain 287/91 grows poorly in 6% NaCl 

 

To assess the variability in NaCl stress response for various Salmonella enterica serovars, 

strains were grown in LB broth containing 6% NaCl and growth kinetics were measured using 

OD600nm (Figure 11A). Strains were also grown in LB broth, which typically contains 1% 

NaCl, for comparison (Figure 11B). A 6% concentration of NaCl was chosen due to preliminary 

studies in S. Typhimurium strain ST4/74 which showed 6% NaCl as an ideal concentration to 

begin to see a decrease in survival but not complete cell death. The lag times differed 

between strains, and S. Gallinarum strain SL287/91 had the longest lag phase in 6% NaCl out 

of all the serovars tested and growth occurred after ~12 hours incubation in 6% NaCl, 

whereas growth was initiated between 5 and 9 hours for other serovars (Figure 11A). Growth 

of all strains in LB broth started within 5 hours of incubation, however S. Typhimurium strain 

SO1960-05 exhibited a very short log-phase and proceeded to stationary phase, where the 

graph plateaued, at ~4 hours (Figure 11B). S. Gallinarum strain 287/91 had a longer lag time 

compared to the other strains when grown in LB broth, however after this initial delay, this 

strain had a similar sigmoidal growth curve to the other strains (Figure 11B).  
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An R-package, called Growthcurver, was used to determine the growth rate (r-value), 

maximum culture density and doubling time for each strain grown in LB broth containing 6% 

NaCl and in typical LB broth (1% NaCl) (Table 3). To quantify the carrying capacity and growth 

rate (r-value), Growthcurver fits a logistic equation to the growth curve data provided and 

the equation can be defined as: 
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Figure 11. Variation in the growth of Salmonella strains when exposed to 6% salt. Growth was measured as 

OD600nm in 14 different strains Salmonella in (A) LB broth containing 6% NaCl and (B) LB broth (1% NaCl). Each 

data point represents the mean of 3 biological replicates and each biological replicate consisted of three technical 

replicates. 
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