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Abstract

NonTyphoidalSalmonellas an important foodborne pathogeannually causing
over 120,00 deaths worldwideCases and outbreaks sdlmonellosisare typically
associatedwith the consumption of contaminatednimal productsand more
recently with a variety of other food types including fruits, vegetables,and
confectionaries Food manufacturersimplement hurdle technology by combining
more than one approach to prevent foodborne contamination, such as the use of
preservatives, refrigeration, and high temperatur&simonelléhas the potential to
evadethese methods by invoking a stress respoasd can adapt to evechanging
environmental pressuresdMultiple Salmonellastrains are usedsimultaneouslyin a
strain cocktailto assess survival durinipod challenge tests, but certain strains
possess an ineased resistance to stresdhus posinga greater risk to food safety.
The variability ofSalmonellasurvival in stresses relevant to food productiamms
assessed toidentify strains of importance ando determine the molecular
mechanismsof stress tolerage. Sublethal heat treatmentin a vegetarian food
matrix, survival in desiccated conditions and growth in the presence of NaCl and
organic acids were all investigated in a varietysafmonellastrains S.Gallinarum
strain 287/91 and S Typhimurium strain S0196005 exhibited an increased
sensitivity to stressvariation in the survival of strains in stressnditions indicatd

that response to stress is strain speci#icwhole genome functional screen using
transposondirected insertion site sequencing(TraDIScontained 610,000 unique
insertionsin S Typhimurium ST4/74 anglasused to identifyconditionally essential
genes Singlegene knockouts of conditionally essential genes were constructed in
ST4/74 to validate TraDIS resul#&n understanding of thediverse metabolic
capacities ofSalmonellastraing geneswith central roles in food chain stress
responseand phenotypic variabn will result in a verified selection of target strains

for process validations, improved processing, and more reliable risk assessments.
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Chapter One

Introduction



1.1 Salmonellaicrobiology

Organisms belonging to th8almonellagenusare Gramnegative,rod-shaped,and nor

spore forming. They are able grow in both aerobic and anaerobic conditions, known as
facultatively anaerobic and are mostly motile, due to their flagéBannella, 1996)
Salmonellapossessesa ~4.8Mb genome, with a GC content of approxietat52%
(Papanikolaotet al., 2009) Biochemically Salmonellaare oxidase negative and catalase

positive (Ryanet al,, 2017) Salmonellacan grow at a range of temperatures between 2°C

and 54°C, however the optimugrowth i SYLISNJ G dzNS A& ot1c/ ® {AYAf I D
are suitable for growth ocalmonellgpH 3.89.5), although the optimum pH is between 6.5

and 7.5(JeanYves, 1989)

TheSalmonellayenus belongs to the Enterobacteriaceae family and is further classified into
two speciesSalmonella entericés entericg and Salmonelldbongori(S bongor) (Enget al.,

2015) Salmonellaentericais categorised into six subspecies on phylogenetic basis, which are
S. enteita subspeciesnteria (or 1), S. entericasubspeciessalamae(or Il) S. enterica
subspeciesirizonag(or ll1a),S. entericaubspeciesliarizonagor 111b),S. entericaubspecies

indica (or 1V) and finallyS. entericasubspeciedioutenae(or VI). Thesaix subspecies are
further divided into more than 2650 serovars on antigenic basis, with 1547 serovars
designated to the subspecientericaalone, compared to only 22 serovars f8almonella
bongori(IssenhuthJeanjearet al., 2014) Serovars behging to subspecies | are adapted to
mammals and avian species and are the causative agents of the majority of human cases of

salmonellosigAvivet al., 2014)

Salmonellas closely related t&scherichiacoli(E. colj and these two organisms are thought

to have diverged over 100 nmidh years aggOchman and Wilson, 198 Balmonellavas first
discovered in 1885 by Daniel Elmer Salmon and Theobald Smith in the intestines of pigs
showing signs atholera diseas@-edorkaCrayet al., 2000) Salmonella enterice the best
studiedspeciesof Salmonellaand within this pecies subspeciegntericareceives the most
attention due to the high proportion of human infections it causes, predominantly by
serovarsS. Typhimurium ands.Enteritidis(Grimont and Weill, 2007)The most commonly
reported serovars infecting individuals from EU memdtates in 201&vere S.Typhimurium
(including monophasic 1,4,[5],12)iandS.Enteritidis(EFSA and ECDC, 2017)



1.2 Typhoidal and NefiyphoidaSalmonella

Salmonellacan be classified as eithdiyphoidal or non-typhoidal Salmonella(NTS),
depending on the pathology of the disease in humans. Typh&@dahonellaincludessS.
entericaserovars Typhi and Paratyphi A, B and C, which cause an enteric fevetyqailgid

fever and paratyphoid fever, respectivelyCrump et al, 2015) Serovar Typhi is host
NBaldNROGSR G2 Kdz¥lya FyR AdG OFy oNBFOK GKS
organs, such as trgall bladcer, where it can survive andplicate(Dougan and Baker, 2014)
Prevalence ofyphoid andparatyphoid fever is high in lovand middleincome countries due

to food and waer contaminated with faecal mattgfMogasaleet al.,, 2014) In 2000, it was
estimated thattyphoidal Salmonellacaused nearly 22 million illnesses and over 210,000
deaths worldwidg(Crumpet al., 2004) The highest burden of disease occurs in developing
countries with poor hygiene infrastructure, such as Africa and SBast Asia, however,
individuals in highncome countries are still at risk of contracting salmonellosis due to
contaminated food poducts and enteric fever associated with travel to countries where
typhoid/paratyphoid fever is endemi¢Crumpet 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 infamoUuyphoid Mary who was an asymptomatic carrierSf
Typhiand unknowingly infected civilians whilst working as a cook in New {\dakineli et

al., 2013)

Nontyphoidal salmonellosids notifiable in most European Union (EU) Member States and

in the UK, the causative agent of salmonelloSialmonellaspp., are notifiable tahe UK

Health Security Agency (UKH&4astated in the Health Protection (Notifiable) Regula{i®h
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). Incidencefessalmonellosis usually presents itself as gastroenteritis and symptoms are
usually seHimiting; diarrhoea, nausea, abdominal pains and fei@mumcCianflone, 2008)

In healthy individuals, these symptoms usually manifest between 6 and 48 hours after
ingestion of food and drink contaminated wialmonellaThe minimum infective dosks
estimated tobe betweenl0® and 13°cells, depending on serovand associated food type
(McCullough and Eisele, 1951a; McCullough and Eisele, 1951b; McCullough and Eisele,
1951c; Eisele and McCullough, 195h) severe cases, individuals may be hospitalised if

bloody diarrhoea is presentindicative of an invasive blood stream infectioor, if



dehydration occurs. Albeit rare, death can occuinmmunocompromised patients if not

treated effectively(Hardy, 2004)

1.3Salmonell&Nomenclature

Serovars are classified using the KauffAfdinite scheme, which differentiateSalmonella
subtypes according to their antigenic compositiphase 1 and phase 2 flage{td), somatic
(O)and occasionally capsular (Mihe QGantigen is comprised of-6 sugar units that form a
polysaccharide situated in the bacterial cell outer membrane in the form of a
lipopolysaccharide. The-@ntigen is encoded bsfb genes and the dntigens are encoded

by fliB and fliC genes(Achtmanet 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 antigef@hattawayet al., 2021) Curently, there have

been 46 Gantigens and 114 {dntigens identified, which gives rise to >2600 unique
serotypes(IssenhuthRJeanjeanet al, 2014) Typing sercars using the Kauffmawhite
scheme can be inconsistent, especially when-tying biovars (or biotypes) due to
biochemical differencess YR (G KS aO0OKSYS KI &y Qi(Grimdrd ghd dzLIR I { S
Weill, 2007; Chattawagt al., 2021) Furthermore, it requires more than 150 specific antisera
and highly trained personnel to phenotype isolatefWattiau et al., 2011) Molecular
subtyping methods and phage typing can also be tisetistinguish serotypes @almonella
(Rickeet al., 2013)

A nucleotide sequencbased methodtermed multiHlocus sequence typing (MLSa3signs

a sequence type (ST) to each isolate according to seven species dependent housekeeping
genes. MLST was first developed for useNigisserria meningitidisa Gramnegative
pathogen which causes meningocatdisease, however more recently it was found to be
advantageous in the categorisation of other pathogenic spe(idsgiden et al, 1998)
Isolates with identical housekeeping gene fragments will be assigned the same sequence
type (Turner and Feil, 2007)n Salmonellathe seven housekeeping genes aleaN, hemD

hisD, aroCsucA, purE and thrfil_eekitcharoenphoret al., 2012) More recently, whole
genome sequencing (WGS) has been used to classify diffSa&nmonellaisolates into
serovars based on their sequence type. Each year ~8,000 isolates are transferred to the
Salmonellareference servicSRSht the UKHSArom hospitab around the country to
undergo whole genome sequencing. Whole genome sequencing replaced traditional typing
methods atUKHSAI.e KauffmaANhite Scheme) in 2015 and is the current method used for

surveillance oBSalmonellanfections(Ashtonet al.,, 2016)



1.4 Salmonell@athogenicity

SCRLIKAYdzNRdzY LI GK23SyAOAiGe gta FTANRG RSAONROG
in Guinea Pig&entet al., 1966; Takeuchi, 1968.Typhimurium is often studied in mice to

act as model organism faryphoid infection in human&arter and Collins, 19Y.4n mice,S.
Typhimurium passes through the intestinal mucosa from the lumen in the small intestine, via
enterocytes or microfold cells (M Cel({@jakeuchi, 1967)The bacterial cells then enter the
reticuloendothelial systemwhere they evade killing by neutrophils by residing inside
macrophages and dendritic cel{®lills and Finlay, 1994)Specific virulence factors .
Typhimurium enable the bacteria to survive and thrive in these stressful environmental

conditions primarily encoded on two pathogenicity islands,-ERhd SP2.

Salmonellastrains possess amge of virulence factors making them pathogenic to a variety
of host speciesMost virulence genes are docated in areas of the chromosoroe plasmid
and are termed Salmonella pathogenicity islands (SPI), whicire acquired from
bacteriophage or plasmidda horizontal gene transfer, and contribute to the evolution of
the speciefQueet al,, 2013) ¢ KSNB KI @S 0 ScBayact@ige8, Nowever SRIt L Q&
and SRR are the most studiedsalmonellanfects host intestinal epithelial cells by secreting
effectors through a type Il secretion system (T3SS) encod&Pdinand in some serovars,
Salmonellapathogenicity island 2 (SB). SPil can besituated on the chromosomer
plasmidand contains aproximately 40 genegncodingT3SSL, chaperone proteins, effector
proteins and regulatorsThe T3S& is comprised of pteins,includinglinvG, PrgH and PrgK
whichwork together to deliver effector proteins to the ho& P41 dependent invasion(Que

et al,, 2013) These effectors are translocated into the cytaptaof the host cell and causes
inflammation as a consequence of bacterial invagiHiobbieet al, 1997) SPi1 is not
present inE. coli(or related organisms) but is found both Salmonellaspecies and all
serovars indicating that SP1 was acquiredrom an ancestral lineage shared between all
serovars after the divergence 8almonelldrom E. coli whereas SF2 is only present il
enterica which suggests that SPIlwas acquired after the divergence of the two species
(Groisman and Ochman, 199TheSPi2 T3S8omprises 44 genes amlessential for growth

in different hosts and plays a role during both intestinal and disseminated infg@&ispham

et al, 2001; HansefVester and Hensel, 2001)



1.5 Salmonell&pidemiology

Ingestion of contaminated food caused almost 600 million cases of diarrheal disease and
420,000 deaths worldwide in 2010 and over half of these cageare the aetiological agent
could be iéntified, were caused by pathogenic bacteria suchEali, Campylobactemd
non-typhoidalSalmonellgdNTSYWHO, 2015)it has been estimated that almost 94 million
cases of gastroenteritis occur globally each year dugaimonellaspecies, 80.3 million of
which were predicted to be foodborne, accounting for approximately 155,000 deaths
annually(Majowiczet al., 2010) Typically, food poisoning outbreaks are mammmonly
linked to animal products, such as meat and eggs, with poultry being one of the major
reservoirs of pathogenic bacteria (~20% of cag8shchezt al, 2002) However, more
recently there has been a significant increase in foodborne illnesses associated with fresh

produce(Heredia and Garcia, 2018)

1.6 Sources oSalmonell&Contamination

Salmonellahas been implicated as the causative bacterium in a variety of food poisoning
cases relating to different types of food products. Tradisithyy Salmonellawas primarily
thought to infect poultry and eggs, however, more recently a number of other meats and
fresh produce have all been responsible for salmonell@sisviset al.,, 2016) Salmonellds

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 defecati@amaset al., 2018)
Enteropathogens, includingalmonellacan be found contaminating water sources used for
crop irrigation. The bacteria often come from animal faeces, soil anagewveflow, and

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

reservoirg(Tyrrelet al.,, 2006)

According to the Centres of Disease Control and Prevention (CDC), over 40% of foodborne
illnesses in the US can be tradeatk to fresh produce being the source of infect{@ainter

et al, 2013) Recent foodborne outbreaks 8&lmonelldinked to fresh produce include; pre

cut melon contaminated wittsalmonellaAdelaide infecting 77 people in multiple US states

in 2018 (CDC, 2018aMaradol papayas contaminated with vario8slmonellaserovars
isolated from the fruit imported from Mexico, efhich, SalmonellaAnatum caused 1 death

(CDC, 2017aand cucumbers contaminated witBalmonellaPoona in 40 US states in



2015/2016 resulting in 907 cases, 204 hospitalisations and 6 dé@ih&, 2016)Fresh
produce is a highisk 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 illiféddO, 2015)

In 2005, an outbreak d& Typhimurium in the UK and Finlamésassociated with iceberg
lettuce imported from Spain that had been irrigated with wastewdfeakkineret al., 2005)

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

leadingtocoloh & GA2Y | YR &dzLILINB & a A 2 y(Klekset al,RE7; LI | y i Q

Schikoreet al., 2012) Fertilisation of crops using animal manure/ slurry, abattoir waste and
sewage will directly contaminate the soil and crops to which it is appliedttopotentially

pathogenic bacteri§Natviget al., 2003; Krzyzanowskt al., 2014; Heaton and Jones, 2008)

The UKHSAreported that Salmonellaspecies were responsible for nearly 50% of all
foodborne disease outbreaks between 1992 and 2Q@rmley et al, 2011) The

02y adzYLIiA2y 27F LRdzZ dNE YSIO YR KSyQa S$33a
containing Salmonell&Enteritidis PT4 in epidemiological stud{€oyleet al., 1988; Kessealt

al.,, 2001) In 1988, a report about the risk of consuming raw eggs or undercooked food
containing eggs was released due to the correlation betw8eknteritidisand chicken
products (Desinet 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 algboproduct

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 requirSalaibnella

isdates from animals or birds to be report¢ddCNVSF, 1993)

1.7 Control oSalmonellan the Food Chain

A voluntary, industrjed vaccination scheme was introduced in 1994 and 1998 for broiler
and laying flocks, respectivelpesinet al., 2013; Wardet al.,, 2000) Eggs that had been laid

by vacinated 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 besfore dates should be stamped tonthe

egg shells and boxes, in addition to vaccination ag&abkhonellaf all young hens, in order



G2 NBOSAGS a[ ABrdy, 2018) InVtheé2016 AGMESER (Kdvisory Committee on
the Microbiological Safety of Food) report, the advice for vulnerable individuals not to eat
runny eggs was updated, and itrisew considered safe for these individuals to consume
partly cooked eggs. This is because the prevaleh&almonellan 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 Liorcode of practicd ACMSF, 2016)

Thermal processing and pasteurisation are common methods often used to eradicate food
spoilage microorganisms in food products, includBajmonda (Silva and Gibbs, 2012

mild heat treatment (<95°C) is applied to the food product for a specified amount of time to
inactivate vegetative pathogenic cells. Higgk food products (generally those from animal
origin) are stored, transported and sold at temperatures below i ¥€fiigerated conditions

to minimise the growth of pathogenic bactefi@ilva and Gibbs, 2012As consmer demand

for minimally processed food products increases, alternative processing methods are
emerging. Methods such as highessure processing, use of pulsed electric fieldayor
Ultra-Violet (UV) light, use of ozone and the use of extremely logueacy magnetic fields
(ELFMF) could all replace traditional thermal processing meth¢Asgyri et al, 2018;
Korolczuket al., 2006; Lim and Harrison, 2016; Tor&lal,, 2013; Sudarti, 201650meof

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 producf{keeet al, 2018; Alwi and Ali, 2014; Kiet al., 2013;
Mukhopadhyayet al., 2014; Palekagt al., 2015; Mahmoud, 2010Even though there are
measures in place to reduce the prevalenceSaflmonellain the food chain, complete
eradication is unlikely. However, improved farming practices such as correctly storing and
usinganimalexcremen, and increased biosecurity will help improve food safgétyumphrey,
2004)

1.8 Stres$esponse irBalmonella

Salmonellaare ableto 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)Salmonellds often ingested and therefore must evade multiple defence
mechanisms in the host. The first mechanism thasirhe 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



peptides and increased osmolarityhilst also competing with the gut microbiota for
nutrients and spacéRychlik and Barrow, 2003)ne 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 andsurvival strategies include starvation stress, acid stress, oxidative stress,
thermal stress, antimicrobial peptide stress, osmotic stress, desiccation stress and iron stress
(Spector and Kenyon, 2012 Gramnegative bacteria, stress responisgegulated by the
alternative sigma facter rpoE and rpo$ but alsoby CpxRABae&SRand ZraSRtwo-
component systems}he phage shock response and the Rcs phosphorelay systgohall

form part ofthe envelope stress response (ES8RJ are activated by various conditionsSn

Typhimurium(Table 1 (Rowleyet al., 2006)

Envelope Stress Response Stress/Condition
Extracytoplasmic function (ECFmediated Heat Shock
Cold Shock

Oxidative Stress
Carbon energygource starvation
Glucose to maltose, citrate or succinate shift
Stationary phase (LB medium)
Overexpression of OMPs
Growthin vivo(pathogenesis)
CpxRAmediated Pathogenesis
Phage shockesponse Dissipation of protormotive force
High temperature
Pathogenesis

Tablel. Stresses and conditions known to activate the envelope stress respon& Tryphimurium Adapted

from Rowleyet al. (2006)



1.8.1Sigmamediated stress response

1.8.1.1 RpoE

The outer membrane of the cell is maintained by the extracytoplasmic sigma fpotef 5,

which senses damaged proteins situated in the outer membrane and in the area between
the cell wall and plasmanembrane (periplasmic spacéRouviéreet al, 1995) In the
absence of envelope stred)oEfunction is inhibited by an inner membrane protein (RseA)
and prevents attachment to RNA polymerase. During envelope stress, RseA is cleaved by
proteasesDegSand RseRalso known agaelLand ecfB. In the cytoplasm SspBecruits the
ATRdependent protease ClpXB bind to the RpoERseA complexresulting in the
separation of RpoE from RseRpoE is then able to bind to RigAlymerase as a cofactor
and initiatestranscription of Rpolependent genes anekpressiorof the * Eregulon Figure

1) (Humphreyset al., 1999; Albaet al., 2002) RpoEis an essential gene in the absence of
stress inE. colj but notSalmonellahoweverlack ofrpoEcausesS Typhimurium to become
more sensitive to reactivexygen species (ROS) and antimicrolfidlsmphreyset al., 1999;
Testermaret al., 2002) A recent study discovered thaiss of the lipopolysaccharide (LPS)
O-antigenrendersa rpoEmutant toxicin SalmonelldAmaret al., 2018) Several genes are
regulated byrpoE includinghtrAwhichis an important gene for pathogenesisSalmonella
(Johrson et al,, 1991) Additionally, SurA and FkpA are involved in protein foldin& in
Typhimurium and are also regulated by Rgb&rtigalongueet al., 2001; Humphreyst al.,

2003)
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SRNA (MicL, MicA, RybB)

Figurel. Schemaic diagram of bacterial sigmenediated stress responsé Fmediated stress response Gram
negative bacteri@mccurs in response to misfolded proteins in the outer membrane, and cleava§érom RseA,

results in transcription of &-dependent genesTaken fronHewset al. (2019)

1.8.1.2 RpoS

Nonspecific stress response mechanismssaimonellaare well defined and include the
master alternative sigméactor *>(or * %), commonly referred to as RpoS. RpoS expression
is induced in bacterial cells when adverse environmental conditions are sensed and upon
entering stationary phase of growthowever low levels of RpoS can also be detected during
exponential growth phaséLange and Hengeggronis, 1991; Baptistat 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 star{iatiewenet al.,

1998) Additionally, RpoS regulation has beeextensively studied inE coli and S
Typhimurium, and Sis essential for biofilm formation and virulen¢elengge, 2011; Dong

and Schellhar, 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 indicatespgbat
transcriptional regulation is more important for regulation of RpoS than originally suggested
(Lagoet al,, 2017) In S Typhimurium, virulence plasmid gensp\) arecontrolled by and

are required for systemic host infecti¢hleiskaneret al.,, 1994) Similarly, RpoS enables the
expression of genes which increase tolerance to stresduding katE (catalase)poxB

(pyruvate oxidasendogt (methyltransferag) (Chenet al., 1996; IbaneRuizet al., 2000)
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1.8.1.3 RpoH

Th sigma factor RpoH¥®) isone of the main regulators of heat shock responsE.igaland
Salmonelladuring logphase aerobic growth, but not during stationary phase or anaerobic
growth (DiazAcosta et al, 2006) During elevated temperatures,rpoH causes RNA
polymeraseo initiate transcription in more than 30 heat shock prote{rsSPs)However, at
30°C, intracellular levels opoHis low and is inhibited through interaction with the DnaK
chaperone system (@K, Dnadnd GrpE) during nestress conditions, although Grpas
been shown to reverse this inhibitidGameret al.,, 1996) At high temperatures, Rpokls

a higher affinity for RNA polymerase than Rpo9.(

1.8.2Twocomponent systemmediated stress gponse

1.8.2.1 CpxRA

The conjugative pilus expression (Cpx) response is well characterised inn€gative
bacteria and is a canonical tsammponent system acting through the histidine kinasensor
CpxAandcognateresponse regulator CoXRumphreyset al., 2004) During envelopestress,
CpxA phosphorylates and transfers a phosphate group to ,GpuRever CpxA activity can
be inhibited by CpxfDaneseet al., 1995; Raivio and Silhavy, 199Xumerous stresses have
been shown to active CpxRA, includatigaline pH, antimicrobials and coppand mutations

in CpxRA increased sensitivity to these stregBesese and Silhavy, 1998; Audratmal.,
2013; Yamamoto and Ishihama, 200Bgletion ofcpxAdecreases the expression of genes

encoded by SPI and affects cell invasion & TyphimuriumNakayamaet al., 2003)

1.8.2.2 PhoPQ

PhoPQ is a critical twoomponent systemwhich allows Salmonellato adapt to the
intracellular vacuole environment, after being taken up by macrophages following invasion
of epithelial cellsPhoPQ consists of a membrane bound sensor kinase, PhoQcgtusalic
response regulator, PhoP. Initiation of the PhoPQ cascade res@tgophosphorylation of
PhoQ, which leads to phosphorylation of PhH@aderet al., 2005)The PhoPQ system in
Salmonellacan beactivated during growth iran acidic pHor exposure to antimicrobial

peptides, but can also be repressed when expds® high concentrations ofdivalent
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cations, such as Mg(Prostet al., 2007; Véscowt al., 1996) In Gramnegative bacteria, the
outer membrane of the cell is congged 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 thmemuteane
(Nikaido, 2003) The outermembrane protects the cell from antibiotics and the innate
immune system by regulating lipid A structure and altering membrane permeabBitigPQ
regulateslipid A modificationand resultsin the addition orremoval of an acyl group from

lipid A via upregulation of the genes encoding PagP and(Ragldham and Trent, 2013)

1.8.2.3 OmpR/EnvZ

OmpR/EnvZ is a twoomponent system which responds to changesosmolarity, pH,
temperature,and growth phaseEnvZ, is a sensor kinase whilgtectsenvironmental stess

and is phosphorylatkby adenosine triphosphateATB. The response regulator, OmgRen
catalyses thdransmissionof the phosphate group from histidine to a conserved aspartic
acid residue(Kenney and Anand, 2020Yhe twocomponent system regulates the
expression of OmpF and OmpC (outer membrane proteins), which differ from one another
due to their pore size and subsequent flow rdidikaido and Vaara, 8%). In low osmotic
environments, the outer membrane porin is OmpF, whereas in high osmotic environments,
transcription ofompFis inhibited and the major porin becomes Om{@nney and Anand,
2020) In S Typhimurium, OmpR aids cytoplasmic acidification by repressingati€/BA
operon, preventing pH neutralisatiq€hakrabortyet al., 2015). Additionally, acidification in
response to osmotic stress also occurs through repressigpo8by OmpRChakrabortyet

al., 2017)
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1.9Project Rationale

The main aim of this project is to investigate thdiversityin stress responsebserved in
strains ofSalmonellaentericg specifically in foodthain related stressesand identify the
mechanisms usetb surviveunder stresses oheat, desiccationrefrigerated storage, NaCl
and organic acid. Thecentral hypothesisis that genetic variation opathogeric strains of
Salmonellaesults in differences ithe ability to survivestress andherefore the associated

risk to food safety and consumer healhil be identified

Currently, here is a gap irscientific knowledgeregardingthe control of Salmonellain
vegetarian food product$?athogenmactivationdatais crucial in f@d production to ensure

food safety, and an understanding of the genetic basis of this phenotypic vari@tion
response to stresses commonly used to prevent foodborne contaminatitrresult in a
rational selection of target strains for process validaidmproved processing, and more
reliable risk assessments. At presefttod challenge testsely onspecifictest strains for
which data and clear relevanege missingespecially regarding low moisture fogdsd do

not include strains with an increadetolerance to stress The hypothesis is based on
preliminary data indicating considerable variation in response to processing stresses, even

in closely relateccalmonellavariants.

Understanding phenotypic variatiosnd stress responsemmongstSalmonellastrains will
contribute to the development ofmilder processing techniquethat maintainfood safety
integrity, which not only satisfies consumer demand for minimally processed foods, but also
abides bygovernmenal efforts towarrant the productior2 ¥ WK S | fsfiekpecilNanh T2 2 R
the UK as the government has numerous schemes in place to reduce the salt, sugar, and fat
content in food productsChanges to agricultural practices, for example the abolishment of
antibiotic use as growth promoters in animal husbandry, may also éffaichonellasurvival

in the food chain, and further exemplifies the need for a study understanding phenotypic
diversity. Additionally,it is important to understand how strain variationaentributing to

the continued high incidence &almonellaas a foodborne contaminantvhich will further

aid food safety.The project impactis that scientific data that will be translated into
recommendations for consumersegulators, and industry to esure safe supply and
consumption of plant protein product©Overall, a better understanding of the mechanisms

underpinningfood chain related stress respongeSalmonellawill be achieved
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19.1

Objectives

Determine the genetic variability amongdiversestrains ofSalmonellaenterica

Assess phenotypic variation in survivalS#imonella enterican response to heat
inactivation, desiccation, refrigerated storage, NaCl and organis acid

Investigate the molecular mechanismfobd chain related stress responisg whole
genome functional screen using saturating transposon mutagenesis and transposon

directed insertion site sequencing (TraDIS)
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Chapter Two

Phenotypic variability @d@almonella
entericain foodchain related stress

16



2.1 Introduction

The ability ofSalmonellato survive and replicate when exposed to stress can result in
persistence of the bacterium in food producBacterial stress is often encountered during

food processing and storage, and can be defined as any physical, nutritional or chemical
process whicltan result in sulbethally injured bacteria or cell deafWescheet al., 2009)
Stresses commonly encountered throughout the food chain incktidEmical and physical
agents, such as high and low temperatures, desiccation, and preservatives such as organic
acids and salt. Exposure to certain stresses in the fis@n can also contribute to cross
protection of Salmonellaagainst other stresses, fexample, exposure to acid and salt stress

can increase the heat resistanceSEnteritidis(Kanget al., 2018)

Desiccation can be used as a food preservation technique to extend thdifheffproducts

and consequently, these products typically have a-lester adivity (ay < 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 temperatfénnet al.,, 2013a; Labuza, 198@ome

food products have a naturally lewater activity, such as natand honeyFinnet al,, 2013a)
Tolerance to desiccation enables bacterial cells to survive extreme dehydration and
overcomethe structural, physiological, and biochemical changes that result from exposure
to this environmental stres§. | f Y 2 yal8lity tosufvie in lowwater activity has resulted

in multiple foodborne outbreaks such as in puffetieat cerealand dried cocout caused

by S.Mbandaka andS. Typhimurium respectively(CDC, 2018b; CDC, 201884t 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 produdisrupts 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 deatbavidsoret 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 pathogengSilva 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(Ebrahimiet al., 2018) Understanding the thermal characteristics of
bacterial strains is important when establishing cooking requirements of a food product. The

decimal reduction time (alue) is the time needed to reduce cell viability bipd. (or 90%)
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at a specific tempetare. A linear, firsorder 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 pathogeas in
food product(Berk, 2009) The Bvalue 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 lin@azzoleet al., 2003)

Refrigeration is another common manufacturing method to prevent the growth of food
spoilage organisms. Cetthain managementGCM) 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 wWiteghet

al., 2018)

Organic acids are used as preservatives in food manufacturing and can be defined as organic
compounds lhat retain acidic properties, such as lactic, acetic and citric (Saderet al.,

2008) These acids inhibit the growth of bactelig increasing the permeability of the cell
membrane, which lowers the pH inside the cell and causes loss of intracellular components
(Sundberg and JonssorQas).

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 provideobust protection against food spoilage and pathoige
microorganismgLeistner, 2000)However, consumer demaridr minimally processed food

is increasingalong with increasing pressure from the government for food manufacsuie
produce healthier food productsTherefore,an understandingof how pathogens behave
under stress will aid irthe development of processing techniques which satigiyese
requirementsT 2 NJ WKSI f G KASND LINRRdzO( & = TosasegsKthadzi O2 Y
effectiveness of preservation and exclusion of pathogewpically, multiple Salmonella
strains are used together in a stragocktailto assess survival durirfigod challenge tests,

but certain strains possess an increased resistance to stit@ss,posinga greater risk to

food safety Understanding strain variation will improve modelling of consumer risk of
contamination ofSalmonellain food products(Whiting and Golden, 2002J-urthermore,
determining the phenotypic variability &almonellan food chain related streswiill result

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

more reliable sk assessments
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2.1.1 Aims

1. Explore genetic variability amongSalmonellsstrains

2. Determine phenotypic variation amongSalmonellastrains in response to heat,
desiccation, refrigeratiorflaCland organic acids

3. Identify Salmonellastrains exhibitingncreased tolerance or sensitivity to footain

related stress
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2.2 Methods

2.2.1 Preparation ahedia

LuriaBertani (LB) broth(10g/L NaCl, 10g/L Tryptone, 5g/L Yeast Extré@atymedium
LMMO01029 was prepared bysuspending 25g in 1L of distilled water and sterilised by
autoclaving at 121°C for 15 minutes. LB g@ag/L NaCl, 10g/L Tryptone, 5g/L Yeast Extract,
15g/L agar) (FormediumdbMM0102 was prepared by mixing 25g powder with 1L distilled
water and sterilisd by autoclaving for 15 minutes at 121°C. Phosphate Buffered Sai$ (
(Oxoid,BR0014as prepared bylissolving 1 tablet in 200mL distilled water and sterilised

by autoclaving at 121°C for 15 minutes

2.2 2 Bacteriaktrains andculture

Fourteen S enterica strains were used in the present study, isolated from human
salmonellosis caseanimals,and food. Strains included in the studkre acquired fronKen
Sanderson athe Salmonellasenetic Stock Centre (SGSC) at the University of Calgary. These
strainsbelonged to the serovar Typhimurium (5 strains), Kedougou (1 strain), Newgort (
strains), Infantis (1 strain), Heidelberg (1 strain), Enteritidis (1 strain), Kentucky (1 strain),
Gallinarum (1 strain) and Schwarzengrund (1 strain). Stock culaireach strain were
stored in individual Cryovials (Corning)-80°C in 50% Glycerol. Working cultures were
prepared by scraping the frozen stdoko a 5mL Bbroth bottle and incubating overnight at
37°C with shaking set to 200rp®erovars to be incluatl 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 environn{@iable 3. A range of
serovars were also chosen to belimed from across the phylogeny, to incorporate as much

genetic diversity as possible.
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Serovar

Sequence Type (ST  Phage Type* Strain name Alternative names* Source
Typhimurium ST19 ND ST4/74 NA Cattle
Typhimurium ST568 DT56 S0767603 NA Avian
Typhimurium ST19 U288 S0196605 NA Pig
Typhimurium ST34 DT193 S0469809 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

* ND ¢ not determined, NA; not applicabé

Table2. Salmonella entericatrains used during this studyincluding information regardindpeir sequence/phage type, and their source of isolation (if known).
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2.23 Preparation and storage of the vegetarian food product

Individual packets of a wheat and pea protéiased vegetarian prodii¢each pack totalling
210g) were subjected to an-pack irradiation treatment and were supplied by Nésfbr

use throughout the studyThe 210g packets of food product remained at 4°C until opened,
and once opened, each pack was divided into 13g postiand transferred to individual
sterile plastic bags inside a microbiological safety cabineta@aéz). Each 13g portion of

food product was frozen aR0°C and thawed at room temperature prior to use.

2.24 Wholegenomesequencing andtrain phylogeny

Salmonellastrains were cultured overnight at 37°C in LB broth and DNA was extracted using
aMaxwell RSC 48 instrument (Promed&450pandassociatedMaxwell RSCultured cells
DNAKkit (Promega, AS162@)NA concentratiomas 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 (lllumina) andha@le genome sequencing was performed using a
NextSeq500 (lllumina). Data was uploaded to IRNd&thewset al.,, 2018)and the quality

of pairedend reads was evaluated using Fast@@drews, 2010)Antigenc formula was
predicted using SeqSero2 (version 1.2.1) using painebishort read fastq sequences as the
input to identify serotypgZhanget al., 2019) SNIPPY (version 4.3(6eemann, 2015yas

used to identify single nucleotide polymorphisms (SNPs) betv#edmonellastrains used in

this study and the&s.bongoriN26808 reference, and snippgore produced a core alignment

file from all of the sequences included. The core alignment fronpgripre was used as the
input for RaxML(Stamatakis, 2014p construct a maximum likelihood phylogenetic tree of
the 14 Salmonellastrains used in the study and the tree was plottezing ggtregYuet al.,
2017)in R (version 4.1(jTeam, 2021Yhe treewas rooted usings bongoriN26808 as an
outgroup and the tip was dropped when generating the tree image iPdXwise SNP
differences between strains was determined using -gigts (Seemanret al, 2018)and
plotted as a matrix with pheatma(Kolde, 2012)n R (version 4.1(Team, 2021)SNFsites
(version 2.3.3jPageet 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

generaed 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 m@nynany method, where

multiple query and reference genomes were ugédinet al., 2018)

2.25 Heat Inactivation

2.25.1 Submergd Tube Method

The submerged tube method was used to determine the thermal deat®admonella

serovars, based on a method previously descriffeelcket al., 1992) Phosphate Buffered

Saline (PBS) (9.9mL, pH4,70.01mM) 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 at45%Coc/ OAY Hc/ Ay OSBph8nyiiudmd | yR
strain SL184 at a concentration of 5x2CFU/mL (adjusted using BB®as injected into to

SIOK (§(dzoS dzaAy3 | DlFa ¢A3IKE a&8NAy3dIS o1 YAf
NN2138R Duplicate Hungate tubes were heated for 30 seconds at each temperature and
immedigely plunged into an iced water bath to rapidly codl2 NJ I O2y i NBt X | mn
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 dil{@€410°)

usingPBS (1in10)and 20D 2 F S| OK RA f dznABagdrplatd, ia duplicate S R 2 y |
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-{alue) ofS Typhimurium strain SL1344 at 63°C,

sterile glass Hungate tubes containing 9.9mL PBS were inoculated wifkl 16f0S
Typhimurium strain SL1344 at a concentration of $XaBU/mL. Tubes were removeaorin

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

O2y G AYyAYy3a dddY[S Typhifnurivmisiraih SMB44 wpm-tédriperature

(~25°C). After heat treatment, the contents of the Hungate tubes were serially ditL@éd (

109y t.{ YR mnn>[ 2F SIOK RAftfdziAzy 6l a &LNB
for approximately 16 hours overnight at 37°C. C@erwere enumerated after XBour

incubation and the viable count (CFU/mI) was determined. ™alle was calculated from
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the linear regression equation between 0 and 30 seconds at &B88Cbetween 0 and 50

seconds for 60°@ S Typhimurium strain SL1344

2.25.2 Thermal Cell Heating Method

Thinwalled, duminium thermal cell§Figure 3 were supplied by Nedlto imitate the
thermal inactivation experiments conducted in their research centre. An overnight culture

of the teststrain(Table 3 was prepared in 5mL LB broth and incubated at 37°C with shaking

at 200rpm. A 1mL aliquot of the overnight culture wagdissed 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 5xf0CFU/mL with PBS arsfored in a refrigerator at -2°C for a

maximum of 2 hours.

Figure2. Photograph ofaluminium thermal cells provided by Nesilfor heat inactivation experimentsThe

chamber holds up to 1g of food product and tBeings create a watetight seal.

A 750mg portion of vegetarian food product was measured into the centre of the thermal
cell in sterile conditions and aub aliquot of culture at a concentration of 5¥X0FU/mL was
inoculated into the food sample in Bdividual spots. The thermal cells were sealed using the
O-ring, metal disk and lid providd&igure 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 Kthermocouple (RS Pro, 3&250) to monitor the temperature over the duration

of the experiment. The thermocouple was attached to a08Ghermocouple data logger
(Pico Technology, PP222) and the temperature was recorded for the duration of the
experiment b 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=lhermal cells were removed in -B@cond
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, CLS480055)
mixed with PBS in a 1 in 10 dilution (w/v) and vortexed for 10 seconds. JA 20iguot of

the supernatant was diluted 1 in 10 with PBS in a CytoOnedibplate (StarlabCC7672
7596. To determine viable colony forming units,LOof each dilution was pipetted onto a
square 12x12cm LB agar plate (Scientific Laboratory SupjileS)PET3008)using a
multichannel pipette and incubated inverted at 30°C overnight. Surviving colonies were
enumerated after overnight incubation for 18ours at 30°C and the log ratio survival

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

2.26 Long Term Survival at Refrigerated Temperatures

Strains were grown to stationary phase for 18 hours at 37°C in 5mL LBamdth 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 2.5xPCFU/mL and refrigerated at 4°C. Welis CytoOne 24vell plate
(Starlab, CC7672Z7524) were filled with 750mg thawed vegetarian food product and
inoculated with 5QIL of each strain at 2.5x1CFU/mL. Plates were maintained at 4°C for 5
weeks. An initial assessment of viable counts that cneldecovered for each strain was
determined by immediately transferring the well contents into 5mL LB broth and viable
countsdetermined by plating serial dilutions (1 in 10) using PBS. For CFU/mL cquntd, 5
each dilution was spot plated (in triplicgtento 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 platinlg & each serial dilution onto an

LB agar plate. Plates werincubated 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.

2.27 Desiccation

Strains were cultured for 18 hours3mL LB broth at 37°C with shaking at 200rpm. Overnight

cultures were centrifuged at 13,300rpm for 4 minutes and the supernatant discarded. The
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pellet was resuspended in an equal volume of PBS and adjusted to a concentration of
approximately 5x19CFU/mL th PBS. The first column of a-@8@ll CytoOne plate was filled

with 50uL of each strain at a concentration of ~5%X0FU/mLPlates were left to desiccate

in a safety cabinet for 2hours and the temperature and relative humidity was measured
using a thermohygrometer. Control wells containingilb®f each strain at ~5x4CFU/mL

were mixed with 15QL PBS per well, andub of e@h 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-Rdurs, desiccated wells were
rehydrated with 20QL PBS and serially dilat€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 eachtmin.

2.28 Growth in the presence of organic acids

Salmonellaentericastrains were cultured for 18 hours in 5mL LB broth at 37°C with shaking
at 200rpm. A 14mM citric acid (Thermo Fisher Scienfifi®450250 solution and a 12mM
acetic acid (SL&HE1012 solution were prepared in LB broth and filter sterilised using a
0.2uM Minisart PES Syringe Filter (Sartoril8532K. Two 100mL bottles of LB broth were
adjusted to pH 5.8 with 14mM and 12mM citric acid and acetic acid, respectively, using a
benchop pH meter (Mettler Toleda30046240. 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 adiicand
12mM acetic acigupplemented LB broth solutions were inoculated withL5f each test
strain that had been preadapted to pH 5.8 at a concentration of approximately $x10
CFU/mL. A 204 aliquot of inoculated organic acid solution for each straas transferred

to a 96well U-Bottom plate (Greinerl63320, in triplicate wells. LB broth (positive) controls
for each strain and noimoculated (negative) controls were both included. Growth was
measured at OB0OOnmusing aFluostar Omegalate reader(BMG Labtech) for 22 hours,
with measurements taken every 5 minutes at 37°C with-pesasurement shaking. Three

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

Salmonelleentericastrains were grown to stationary phase for 18 hours at 37°C in 5mL LB
broth. Cultures were diluted to a concentration of approximately $x28U/mL using LB
broth. 5mL LB broth containing 6% NaCl was aliquoted and inoculatedpithf ®ach strain

at a oncentration of approximately 5x2@CFU/mL. Each well of a-9&ll U-Bottom plate

was filled with 20QL of inoculated salt solution for each strain (in triplicate). Nwoculated

LB broth controls (with and without NaCl), and inoculated LB broth contrete included.
Growth was measured at @DOnmusing aluostar Omegplate reader at 37°C for 22 hoyrs
with measurements taken every 5 minutes with preeasurement shaking. Three

independent experiments were conducted for each strain.

2.210 StatisticaAnalysis

A oneway ANOVA, witlan uncorrectedC A a KeGdWdaificant differenc@ Sy test, was

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

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

analysis (AUC) was conducted on each replicate for each strain during growth in NaCl and
organic acids usinGraphpad prism (version 8.0.2)he difference in AUC was calculated by

deducting the AUC in the stress condition from théQAin LB brothA two-way ANOVA with

multiple comparisonsand uncorrected CA a KSNR& [ SlFad &aA3ayAFAOlyi
conductedon the difference in AU@nalysis in Graphpad Prism (version 8.0.2) comparing

the meandifference in AU®f eachstrain compared to the mean of. Typhimurium strain

STA4/74.
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2.3 Results

2.3.1 Establishment of a strain collection of divemevars

A collection of 14 strains from nine different serovarsSafmonella entericaith distinct
epidemiology and risk to food safety wechosen to beancluded 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 fronmiam infectionsin the UK
(UKHSA, 2021(pne strain ofs Enteritidiswas included due to the serovaaissociatiorwith
asymptomatic infection of poultry antecause it isa frequent contaminant oéggs. This
serovar remains the most frequety isolated from human infectiom the UK howeverS
Infantis andS Kentucky aréncreasingly isolated frorpoultry samples in some countries
Serovars were also chosen if they had previously been associate8aiititonellaoutbreaks.
Outbreaksof S Kentuckyhaveoccurred in Europe and therefoi® Kentucky strain SL479
was chosen to be included in theroent study. Two strains o& Newport were included due

to their frequent association with outbreaks in fruits and vegetables, sadéthice, papaya,

and tomatoegLienemanret al,, 2011; CDC, 2017b; Greegieal,, 2008) S Typhimurium is

the second most isolated seravin human infections and is widely distributed in livestock
and wild animal zoonotic reservoirs. AdditionallySaTyphimurium strain had previously
been implicated during an outbreak in lettuce in England and Wales and therefore
representative strain®f S Typhimurium were also included in the current stueprbyet

al., 2003)

All strains included in the study were subjected to whole genome sequencing and serovar
classification usingseqser@, a computational method used to prediserotype from
genomic sequencing dat&egsero?2 predictedne strain in the collection, originalienoted

asS Dublin strain SGSC4157,a88 Newportstrain, and reviewing lie literature revealed
that this strain is frequentlyariably reportedas eithe a Dublin strain or a Newport strain
(Sangal, 2009; Tullio, 2018)pr simplicity, this strain will be clafésd as a Newport strain in

the presen study, based on then-silico analysis Host restricted serovars, including
Gallinarumand S Typhimurium U288 were included in the present study, as well as strains
of broad host range, such as oth@rTyphimurium strains. Two monophaSclyphimurium
strains were included in the strain collection, ager 50%of all humanS Typhimurium
infectionsin the UKwere caused by thenonophasic ST34 clerduring the past 10 years

(EFSA, 2010; Moreno Swettal,, 2009) Furthermore, there wasecentlarge multi-country
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outbreak ofSalmonellan chocolate products associated with monophaSidyphimurium
ST34 strainfECDPC and EFSA, 2022)

2.32 Genomic diversity ddalmonellanterica

The dversity of Salmonella entericatrains used throughout this study was assessed using
the core SNP alignment from SNIPPY to construct maximum likelgigdagenetic tree to
explore genetic relatedness between straiRig(re3A). The genome of the reference strain,

S bongoristrain N26808, was 4.83Mb in size. The core alignment was 2,297,416bp, which
is approximately 48% of the reference genome, witl, 239 variable sites. In the shared
genome, strains o& Typhimurium differed by no more than 600 SNPs, whereas strains of
different serovars, such & Gallinarum ané.Kentucky differed by more than ZID0 SNPs
(Figure3B). It is evident thatS Gallinarum and.Enteritidis are closely related serovars and
the two strains used during this study only differed by SNPs in this analydtsgure3B).
Strains to be used during the study were selected to incorporate as much genetic diversity
as possible withisalmonella entericaubspecies I, but also because they were isolated from

either humans or animals.
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Figure 3. Phylogenetic relatedness ofalmonellastrains. (A) Maximum likelihood phylogenetic tree &almonell
entericasubspecie$serovars used during study generated from core alignniEine treeis rooted usingds.bongoristrain
N26808 as an outgroup. (B) Heatmap showing SNP distance between gachused during study on a log10 scak&
bongoristrain N26808 was used as theference.
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2.33 Salmonellatrains 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 straifigure 4. ANlis a
computationalmethod thatmeasures 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 suggestndiffipecies
(Goriset al., 2007) All 14 strains were included in both the reference and query lists, ensuring
that all strains were compared to one anoth&:Schwarzengrundtrain SL48Was the strain

least similar toall of the other strains included in the study, with an ANI range of 98.13
98.34%. The most similém S.Schwarzengrundtrain SL48@vasS Kentuckystrain SL479
whereas the most distantly related strain w& Newport strain SGSC415The two S
Newpot strains(SL254 and SGSC4157) hadANI of 98.93%g.Enteritidisstrain P125109

and S. Gallinarumstrain 287/91were most similar overall and had an ANI of 99.73%.
Heidelbergstrain SL47@&nd S.Typhimuriumstrain SO196@05 were 99.01% similar, cldge
followed by the otherS.Typhimurium strainsS. Infantis strain S1326/2&ad the greatest

ANI with S. Typhimuriumstrain ST4/74at 98.78% and was also most like the ott&r
Typhimurium strains, than any other serov& Kedougoustrain B37 Collfad an ANI of
98.81% withS Kentuckystrain SL479AIlS. Typhimuriumstrains 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 include@Figure 4.
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Figure4. Average nucleotide identity oSalmonellastrains used in the studyAverage nucleotide identity was
determined using-astANISmaller ANI values, represented by a paler shade of blue, signify aHowmalogy

and a greatephylogenetic distance between strains.

2.34 HeatingS Typhimurium SL1344 for 30 seconds at 60°C deliverd@y4.6
reduction in cell viability

To evaluate the survival & Typhimurium strain SL1344 during inadequate inactivatio
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 kinetic& of
Typhimurium strain SL1344 was assessed a63t& in PBS using the submergebtet
method (Figure5). There was minimal cell death between 45°C and 57°C when cells were
heated for 30 seconds. At 59°C, there was d@gFeduction in cell viability after 30 seconds,
which increased as tempaiure increased. At 61°C, there was a-[®@ reduction in cell
viability after 30 seconds of heating. The greatest log reduction, adbg,6vas seen at 63°C

for S Typhimurium strain SL134Bigureb).
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Figure5. Inactivation of S. Typhimurium strainS11344 during heating between 45°C and 637@e bg CFUhL
of SL134eated for 30 seconds alifferent temperatures in PBS bufferas determined using the submerged

tube method Each point represents the meahSE) of two technical replicates.

2.35 The vegetarian food product prote@sTyphimurium strain SL1344 cells when
heated at 60°C

Todetermine the decimal reduction time {Zalue) at 60°C and 63°C in PBS, which is the time
taken to achieve a-log reduction in cell viability, cells of SL1344 were heated in 10 second
increments from 660°C in PBEigure6). After heating SL1344 for 20 seconds at 63°C, there
was a 3.890og reduction in cell viability. At 30 seconds, the-teduction increased by ~lbg,

to a 2.4log reduction in ceNiability. There were no cells recovered after 40 and 50 seconds
of heating at 63°@Figure6). SL1344 was also heated at 60°C irséGond incrementsand

cells were still recovered after 50 seconds of heafiRigure 6). A ~Xlog reduction was
observed after 10 seconds of heating at 60°C and #08.2eduction was achieved after 20
seconds. The greatest log reduction occurred at 50 seconds of heating at 60°C, -&da 4.7
reduction(Figure6). The resulting Bralues calculated from the linear regression of SL1344

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

S.TyphimuriumstrainSL1344 was heated in both PBS #revegetarian food product using
the submerged tube method, to compare both heating matridégyre6). Heating the cells
of SL1344 at 60°C for 5Ccemds in the vegetarian food product delivered a-® reduction

in cell viability(Figure6). Therewasonly a one second difference between thevBlues
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observed at 60°C for PBS and the vegetarian food product at 10.56 and 11.48 seconds,

respectively.
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Figure6. Difference in nactivation kinetics of S Typhimuriumstrain SL1344 in PBS and the vegetarian food

product. Reduction inog CFU/m of S.Typhimuriumstrain SL1344 i vegetarian food produdheatedat 60°C,

and PBS buffer heated d&toth 60°Cand 63°Gat different time intervalsEach point represents the mean of two

technical replicates. The linear regression equation is calculated using the individual replieaies;
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2.36 S.Gallinarunstrain 287/91is most sensitive to refrigerated storage

Suboptimal heat treatment or cross contamination during storage of vegetarian foods may
result in survival or even replication &almonella To investigat whether the strains of
Salmonellancluded in this study are able to replicate and persist in the vegetarian food
product, the food product was inoculated wigalmonellaand incubated at 4°C for 5 weeks
(Figure7). The incubation period mimics the typical shifi of the vegetarian food product,
so it was important to assesalmonellasurvival over this timgeriod. On average, there
was no increase in viable counts for any strains during theék experimentS Gallinarum
strain 287/91was the strain most affected byBeek storage at refrigerated temperatures
and resulted in a ~0-bg reduction in cell viability and was significantly different (p000)

to the control strainS TyphimuriunstrainST4/74(Figure?). The strain Bowing the greatest
tolerance to long term storage at refrigerated temperatures \Bakfantisstrain S1326/28
with only a~0.04-log reduction in cell viabilitys Infantisstrain S1326/28S. Kedougotstrain
B37 Col19S TyphimuriunstrainSO196@5 andS Schwarzengrunstrain SL48@ll shoved

a significant increased ability to survive long periods of time at 4°C compared to ST4/74
(Figure?).
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Figure7. Variability in Salmonellasurvival during longerm refrigerated storage.Thelog ratio survival of.4
Salmonellastrainsused during this study was determinatter storage at refrigeratetemperature (4°C) for five

weeks, in the vegetariafood product Individual data points represent each technical replicate, and the symbol
represents the biological replicate.
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2.37 S.Gallinarum strain 287/9 most sensitive to heat inactivation

Todetermine the variation in survival &lmonellatrains in response to heat stress, strains
were heated in the vegetariafood product and viable counts determinedrigure 8).
Salmonellastrains were subjected to heatactivation at 60°C for 30 seconds using a thermal
cell (Figure 2 similar towhat is used by the food production industry during food pathogen
challenge tests. Reduction in viable counts in the food matrix ranged frofo@# 2log.
Viable counts of& Gallinarumstrain 287/91reduced by approximately-bg and was the
most hed sensitive strain used during this study. The cell viabilit$.&allinarumstrain
287/91 after heating was significantly different to the control str&@nTyphimuriumST474

at p < 0.0001. Conversely, the most heat resistant strainSv&®dougotstrain B37 Col19
(Figure8). S Typhimuriunstrain SO196@5 also exhibited higher cell death when heated at
60°C for 30 seconds and was also significalitigrent to the control strain (p = 0.0004). The
log-ratio survival ofS Kentuckystrain SL47%nd S. Schwarzengrundstrain SL480vas
GENAFO0oESE YR UKSNBET2NE Al0Qa Rwefefor®@ teati (2 O

sensitive than some of the oghn serovars included in this studyigure).
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Figure8. Variability in heat resistance ofalmonellastrains in a vegetarian food product.og ratio survival of
Salmonellastrains after heat inactivation at 8C for 30 seconds in a thermal cell containing 750mg vegetarian

food product. Each Individual data point represents a biological replicate.
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2.38 S Typhimurium strain SO1966 is most sensitive to desiccation

To assess the risk to food safety due to the abilitalimonellao survive in lowmoisture

food, the variation in survival cdalmonellsstrains during desiccation was assessed for 24
hours at an average relative humidity and temperature of 39% and 21°C, respedtigeire(

9). All strains decreased in cell number during-t#ur desiccation to different extents
(Figure9). S.Typhimurium strain SO1961b had an average log reduction in cell viability of
2.50 after 24hour 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 2H§ure9). There were two strains
which showed an increased tolerance to desiccat®yphimurium strain B54 Col9 aid
Typhimurium strain SO46980. Both these strains were significantly different to the control
strain (p = 0.801 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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Figure9. Variability of desiccation tolerance irSalmonellastrains.Log ratio survival dalmonellastrains 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 mésa taichnical

replicates.
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2.39 S TyphimuriumstrainST4/74 growth is inhibitealy 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 survivaBafmonella, STyphimuriumstrain ST4/74

was subjected tancreasingNaCl at industry relevant concentratiofis13%) in LB broth and
growth kinetics were measured as optical dengi®y600nm)(Figure 10. In LB broth, which
contains 1% NacCl as standard, growth was initiated after approximately 3 hours of incubation
and fdlowed a sigmoidal growth curveAt a NaCl concentration 0f4%,S Typhimurium
strainST474 growth was like that observed in the LB broth control. At 5% NacCl, laguase
increased, and growth beg at ~5 hours after initial incubatiofrigure 10. At 6% NacCl, lag

time waslonger than observed in-%% NaCl, and growth bagat ~7 hours. The maximum
OD600nm reached with 6% Nafds~1.1. Growth ofS Typhimurium strairST4/74 in 7%
NaCl begnat about9 hours, indicating a longer lag time than the other salt concentrations.
The maximum OD600nm reached farTyphimurium strairST474 in 7% NaCl was ~0.9
(Figure 10. Minimal growth was observed within 20 hours at 8% and 9% NacCl, with
OD600nm barely exeeling 0.2 for both concentrations. There was no growth observed
during the 26hour experiment in LB broth supplemented with 10% NaCl and above. LB broth
containing 6% NaCl was identified as the concentration in w8almonellabegins to be
affected by the addition of NaCl, and is therefore in a stressed state, but can still proliferate,

with cells remaining viable.

1.5
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2% NaCl
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5% NaCl
6% NaCl
7% NaCl
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Figure10. Growth of S. Typhimurium strain ST4/74 in different salt concentration&rowth wasmeasured as
OD600nmin 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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2.310S Gallinarum strain 287/91 grows poorly in 6% NaCl

To assess the variability in NaCl stress response for va8alnsonella entericaerovars,
strains were grown in LB broth containing 6% NaCl and growth kinetics were measured using
OD600nm Kigure11A). Strains were also grown in LB broth, which typically contains 1%
NaClfor comparisonFigurel1B). A6% concentration of NaCl was chosen due to preliminary
studies inS Typhimurium strairsT474 which showed 6% NaCl as an ideal concentration to
begin to see a decrease in survival but not complete cell death. The lag timesdiffer
between strains, an& Gallinarunstrain SL287/9had the longest lag phase in 6% NaCl out
of all the serovars testeénd growth occurred after ~12 hours incubation in 6% NacCl,
whereas growth was initiated between 5 and 9 hours for other serovagsi{e11A). Growth

of all strains in LB broth started within 5 hours of incubation, how&s&yphimuriumstrain
S019605 exhibited a very short leghase and proceeded to stationary phase, where the
graph plateaued, at ~4 hourBigurel1B). S Gallinarunstrain287/91had 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 strafigure11B).
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Figurell. Variation in the growth ofSalmonellastrainswhen exposed t06% salt Growth wasmeasured a
OD600nmin 14 different strainsSalmonellan (A) LB broth containing? NaCl and (B) LB brott?4 Nagl Eacl

data point represents the mean of 3 biological replicates and each biological replicate consthteg tefichnica
replicates

An Rpackage, called Growthcurver, was used to determine dghewth rate (rvalue)
maximum culture density and doubling time for each strain grown in LB broth containing 6%
NaCl and in typical LB broth (1% N&Ciple 3. To quantify the carrying capacity and growth
rate (rvalue), Growthcurver fits a logistic equation to thewth curve data provided and

the equation can be defined as:
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