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SUMMARY

Salmonellais a major pathogerwidely spread and responsible of salmonellosis. It can cause
different symptoms, from simple gastroenteritis to the more dangerous typhoidSaveonellacan
infect humans, but also animalghich areits main reservoir. Humans are mostly infected tigiothe
consumption of animalerived food producs. Besides its impact on public health, anotiesjor
concern ofSalmonellais economic los$or the professional of the food sectors duedataminated
animals or food product&nd economic inactivity dut sickness leavelhe genusSalmonellais
dividedby a complexclassification system into €eciesg subspecies anahore than 2508erotypes.
The severity of salmonellosis is highly conditioned by, amongst other factoisfetied host species
and he serotype of the infectirgalmonella Therefore, the determination of the serotype is a first key
diagnostidor Salmonellacontrol Moreover, 6 serotypes and their variants S.Enteritidis S.Hadar,
S.Infantis S.Paratyphi B var. Jav&. Typhimurium including its monophasic variant 1,4,[5],12and
S. Virchow are particularly targeted by the legislation as to be excluded from the food ¢E&in
regulation N°2160/2003, Belgian royal decree 27/04/2007 and Belgian FASFC netéNBP
FDS/LABO/1557457 v8) with the aim to limit their transmission to humans. Unfortunately, the
classical methods foSalmonellaserotyping, i.e. slidagglutination and biochemical tests, are
expensive, time&onsuming and subjectiv&herefore highly trained andexperiencedtechnicans are
required to perform these techniquebkich are usually only fully mastered at National Reference
Centers (NRCs). Despite the fdlcatthese techniques are implemented worldwide since more than 80
years, they are ndully adaptedo the need of the field, especially for the professionals of the food
sector whoneedto rapidly, accurately and costfficiently detect the serotypes targeted by the
legislation Fortunately,during these last years, molecular techniques have shiben potential as
replacement method foBalmonellaserotype identification. Awide rangeof different moécular
technologies, based on the detection of molecular markers or on the analysis of sequencing data, are
described in the scientific literaturBasedon a critical review of @ame of these techniques, the
Multiplex Oligonucleotide ReactiecRCR(MOL-PCR)& Luminex method was selected the principle
in this PhD studyo develop a fast, costfective and accuratealmonellagenoserotyping system.

The first step of the new method development was to choose the serotypes to be Gigjatsh
serotypes and their variantgere selected based on theacurrencan the legislation, their clinical
relevance (invasive serotypes) and their prevalence indhkry and pork sectsrin Belgium i.e.
S.Agona, S. Anatum, S. BrandenburgS. CholeraesuisS. Derby, S. Enteritidisincluding its vaccine
variants AviPro SALMONELLA VAC E and Salmovac SES. Gallinarum including its variants
Gallinarum and Pulloruns. Hadar,S. Infantis, S. Livingstone,S. Mbandaka,S. Minnesota,S. Ohio,
S.Paratyphi B varJava S.Rissen,S. SenftenbergS. Typhimurium including its monophasic variant

1,4,[5],12:i- and S. Virchow. Secondly, molecular markers specific to the tadjeterotypes were
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selected fronSalmonellaEnteroBase (a database with the MLST sequences of more than 230 000
Salmonellaisolates), from the scientific literature afrdm genomic studiessing publicly available
andin-house produced Whole Genome Sequan¢WGS) datdachieving a number of 100 genomes
used for comparisonsgnd bioinformatics tools such as Gegenees and BioNumefibs marker
selection was particularly complex for the detection of the heterogeneous popul&idtacdtyphi B

var. Javawhere only one suitable marker could be retrieved among more thaitlidh Single
Nucleotide Polymorphism (SNP) positions obtained from a genomic comparisisnvaluable SNP
marker was used to develop in additianrealtime PCRas analternative methodor the rapid
identification of S. Paratyphi B and the determination of wariant Java, replacing a complard
subjective biochemical test. From this molecular markesglection, 4 MOELPCR assays were
developed i.e. he molecular markersiere recognized by probes throughligation-amplification
reaction (MOLPCR), followed by a capturing of the creatmuplicons by specific oligonucleotisle
coatedon color-coded microsphereghich arethemselves detected by a device through a fluorescence
reaction (Luminex technology)Additionally, a Decision Support System (DSS), hosted by a web
application, was created for an automatic interpretation of the Luminex results with recommendations
provided to the users, and for a centralization of the resulisdatabase to improve ti&almonella
surveillance in Belgium. The 4 modules and the DSS were validated by comparison with the classical
method,including more than 1300 strains amgching an accuracy above 99%. Finally, the complete
genoserotyping sysm was evaluated for its ability to completely identify aagglutinable isolates

which cannot be typed by the slidgglutination technique.

This PhD work showed that targeted molecular methadich as the MOIPCR & Luminex
technology, even though ntite most complete technigas compared to WGS, h#e potential to
improve the accuracy, cesind timeeffectiveness oBSalmonellaserotype identification in a routine
setting. The 4 MOLPCR assays developed herewgrdo 7.5 less expensive than thassiical methods
and they areable to completely identifyin 1 to 2 daysmore than 75% of the serotypes usually
encountered in Belgm. The developed genoserotyping system is complementary to WG&GS atel
workflow including both techniques was propdder global Salmonellasurveillanceand controlat a

national level.
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Salmonella is een bkngrijke ziekteverwekker, wipkrspreid en verantwoordelijk voor
salmonelloseDe bacterikan verschillende symptomen veroorzakgaandevan eenvoudige gastro
enteritis tot de gevaarlijkere tyfu§almonellakan mensen infecteren, maar ook dieren die he
belangrijkste reservoir vormen. Mensen worden meestal besmet door de consumptie van dierlijke
producten. Naast de impact op de volksgezondhgidheteconomisch verliegoor de professional in
de voedingssector als gevolg van besmette dieregeobnamineerd voedsglen economische
inactiviteit als gevolg van ziekteverlaihdee belangrijle bezorgihedengerelateerd aaBalmonella
Het geslachSalmonellas via een complex classificatiesysteaerdeeldin 2 soort@, 6 ondersoorten
en meer dan 800serotypes. De ernst van de salmonellose worttler anderesterk bepaald doate
geinfecteerde gastheersoort en het serotype van de infecterende [Sadtadeella Daarom is de
bepaling van het serotype een eerste belangrijike diagnose voor de ibgswrgd Salmonella
Bovendien zijn 6 serotypes en hun variantenS.Enteritidis S.Hadar,S. Infantis,S.Paratyphi B var.
Java,S. Typhimurium met inbegrip van de monofasische variant 1,4, [5], 12nS.Virchow in het
bijzondervermeld inde wetgeving om van de voedselketen te worden uitgeslotervéiEbidening nr.
2160/2003, Belgisch koninklijk besluit 27/04/2007 en Belgisch FAVV notaVBRFDS / LABO /
1557457 v8), met als doel hun overdracht op mensen te beperken. Helaas zijn de klassgdenme
voor serotypering varSalmonella d.w.z. deglasplaatagglutinatie en biochemische tests, duur,
tijdrovend en subjectieDaarom zijn hoogpgeleide en geéxperimenteerde technici vereist om deze
technieken, die meestal alleen volledig in NatierRRéferertie Centes (NRC's)beheersdzijn, uit te
voeren. Ondanks het feit dat deze technieken sinds meer dan 80 jaar wereldwijd geimplemignteerd
zijn ze niet volledig aangepast aan de behoefta hetwerkveld, vooral voor de professionals in de
voedingssector die de serotypamrmeld in de wetgevingnel, nauwkeurig en kostenefficiént moeten
kunnendetecteren. Gelukkig hebben moleculaire technieken de afgelopen jaren hun potentieel als
vervangingsmethodeoor de identificatie vanSalmonellaserotypelaten zien. Een breed scala aan
verschillende moleculaire technologieén, gebaseerd op de detectie van moleculaire markers of op de
analyse van sequentiegegeveif) in de wetenschappelijke literatubeschreen. Op basis van een
kritische beoordeling van enkele van deze technieken, werd de Multiplex Oligonucleotide Reaction
PCR (MOL-PCR) & Luminexmethode als principe om dfit doctoraatswerken snel, kosteneffectief
en nauwkeuriggalmonellagenoserotypingysteem te ontwikkelemgekozen.

De eerste stap bij de ontwikkeling van de nieuwe methode wadepalernvan de serotypedie
geidentificeerd moesten kunnen wordAchttien serotypes en hun varianten werden geselecteerd op
basis van hurvermeldingin de wetgeving, hun klinische relevantie (invasieve serotypes) en hun
prevalentie in de pluimveeen varkenssector in Belgiée. S. Agona, S. Anatum, S. Brandenburg,
S.Choleraesuis $.Derby, S. Enteritidis inclusief de vaccinvarianten AviPro SALMONELLA VAE
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en Salmovac SES. Gallinarum inclusief de varianten Gallinarum en Pullor@rHadar,S. Infantis,
S.Livingstone,S.MbandakaS.MinnesotaS.Ohio, S.Paratyphi B var. Jav&.RissenS.Senftenberg,
S.Typhimurium inclusief zijn monofasische vartan4, [5], 12: i:- enS.Virchow. Vervolgens werden
moleculaire mekers die specifiek zijn voor de beoogde serotypes geselecteer8alnionella
EnteroBase (een databamiet de MLSTsequenties van meer dan 230.@20monellaisolater), uit de
wetenschappelijke literatuur esia genomische studies met behulp yabliek beschikbare en eigen
gegenereerde Whole Genome SequendiiG$) gegevens (waarbij 100 genomeerdengebruikt
voor vergelijkingen) en bioinformatie@olszoals Gegeneeen BioNumerics. Dezearkerselectie was
bijzonder complex voor de detectie van de heterogene populati€.\Raratyphi B var. e waar
slechts één geschikte rker uit meer dan 3 miljoen posities van Single Nucleotide Polymorghism
(SNP) verkregen uieen genomische veliking, kon wordengevonden. Deze waardevolle SNP
merker werd gebruikt onbijkomend een reatime PCRassayte ontwikkelen als een alternatieve
methode voor de snelle identificatie v&nParatyphi B en de bepaling van zijn variantalater
vervanging van een complexe en subjectieve biochemischéJiede selectie van deze moleculaire
merkers werden 4 MOIPCRassays ontwikkeldDit wil zeggen dat de moleculaireerkersdienden
herkende worderdoor sondesia een ligatieamplificaiereactie (MOLLPCR), gevolgd dodret vangen
van debekomenamplicons door specifieke oligonucleotiden gecoat op kleurgecadrgctbsfere,
die zelf door een apparagia een fluorescentiereactie (Luminechnologi¢ werden gedetecteerd.
Bovendien werceenbeslissingsondersteunend syteem (Decision Support SyB®8), gehost door
een webapplicatie, gecreéerd voor een automatische interpretatie van de Lenedudtaten met
aanbevelingen aan de gebruikers, en voor een centralisatidevresultaten iaen databankm de
surveillance varBalmonellain Belgié te verbetererDe 4 modules emhet beslissingsondersteunend
systeenwerdenin vergelijking met de klassieke methagkevalideerdyaarbij meer dan 300 stammen
gebruikt werdepnresulterend ireen nawkeurigheid van meer dan 99%. Uiteindelijk werd het complete
genoserotypingysteem op zijn vermogen om ai#gglutineerbare isolaten die niet kunnen worden
getypeerd door dglasplaatagglutinatietechniekvolledig te identificerengeévalueerd.

Dit promotieonderzoekeeft aangetoondht een gerichte moleculaire methode zoals de MOR
& Luminex-technologie, hoewel niet de meesthaustievaechniek in vergelijking met WGS, het
potentieel heeft om de nauwkeurigheid, kostrtijdeffectiviteit vanSalmonellaserotypeidentificatie
in een routine omgevinig verbeteren. De 4 MOBCRtesten die hier ontwikkeldierden zijn tot 7,5
minder duur dan de klassieke methoden en ze zijn in staat om binnen 1 tot 2 dagen meer dan 75% van
de serotypgmeestaln Belgi€ aangetroffente identificeren. Het ontwikkelde genoserotypsygteem
is complementair aan WGS en een ideale workfleaarin beide techniekegecombineerd worden,

werd voorglobalesurveillance en controle vé&almonellaop nationaal niveauoorgesteld.
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CHAPTER 1
Introduction

1.1.General context

Salmonellais a major pathogen responsible of salmonellosis, a disease which manifests as
gastroenteritis, typhoid fever or even silent symptoms. Ppaibogen can infect both animals and
humans, and is transmitted to the lattexinly through the consumption of food. At the beginning of
the 20" century, Salmonellawas responsible of huge outbreaks andciefé@ about 00 people in
New York between 196 and 1907At thattime, the knowledge about transmission was not complete
andit wasnot easy to find the origin of these outbredst one famous cassas reported by Georges
Soper, a sanitary enginegrecialized in typhoid casesho was charged byé rich Warren family to
investigate why 6 of the 11 family members living in New York suffered from typhoid fever between
27 August and 3 September 196k noticed that Mary Mallon, the cook of the family, had previously
served in 8 families among whighhad experienced cases of typhoid fever. Nevertheless, Mary Mallon
never showed strong signs of illness duBabmonellayphi(themainpathogen described as responsible
for typhoid fever at that timegnd refused to be considered as the cause of outbreaks. Finally, even if
she was not really cooperating, Georges Soper, helped by the police, succeeded to obtain stool samples
from Mary Mallon.Salmonellatyphi was isolated from these samples and confirthedcook as an

healthy i.e. asymptomaticarrier, spreading the dangerous invasive bacteria responsible of typhoid
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fever, everywhere she worked. After 2 years of quarantining, Mary Mallon was released in exchange of
her will to not work anymore with fooetlated jobs, something that she did not respect in the following
years and she continued to contaminate people. Later, she was caught again by the sanitary authorities
who put her in quarantining until her death in 1938. An autopsy revealesiainadndh typhiwas still

present in her gallbladder. At that time, no vaccine nor antibiotic treatment were available against
Salmonellaand the mortality rate was highpproaching 15%Mary Mallon was proven responsible for

the contamination of at least 1220pée, including 5 deaths, and suspected of ewere (Marineli et

al. 2013; Soper 1939)

This famous story, KRigorevl), shews héwToutirdak invdstightians,y o
including accurate identifican and characterization of the causative agent, are important key steps to
trace the source of the contaminatinrorder toconfinethe outbreakMore generally, the monitoring
and surveillance ofalmonellais of major importance for public health, withe aim to limit the

spreading of the bacterdand theitransmission to and between humans.

e The Extracrdinary Predic-
g ament o f Mary Mallon.a e
> ork's (uarantine

PARTIE QEETEIATEY UhERY VRS

NS

Figure 1: Mary Mallon as ATyphoid Maryo in t
(Marineli et al. 2013)

Since its official report in 1884 by Dbaniel ElImer Salmon, a veterinary pathologisio isolated
therod-shaped bacteriufnom the intestines of pigs showing signs of swine fever, the classification and
nomenclature oBalmonellahas cosiderably evolved and its genus has been subdivided into a great
number of different types and variaftsE n g et al . 2015; Ry anThes® 6 Dwy er
different types result in different clinical manifestations and affect the hosts differently, making their
identification mandatoryvhen isolatingSalmonellafrom the field. Consequently, there is a need for
routine laboratories to use the best and most efficient method for the identificationSafiitihenella
types. Ideally, this method must be rapid, robust, inexpensive, easyléoem in the laboratories and

resulting in objective data that can be easily shared worldwide.
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1.2. The pathogenSalmonella
1.2.1.The complex classification structure

The genussalmonellas currentlypartitioned in a completaxonomicstructure including species,

subspecieserotypes and variants defined byWkite-Kauffmam-Le Minor (WKL) schemdGrimont

and Weill 2007, Ry an, . Bawbverymtrsyuch a lorg) tinfedagdhiy 2017 )

nomenclature was even more complex wittsalmonellsserotypes believed to be differ&Gdlimorrllia
species (such &almonella typhmentioned in the Typhoid Mary stgrgection 1.1 until that a new
nomerclature was proposed in 1987 Minor and Popoff 1987nd updatethe following years until
arriving atthe actuaWKL classificationwhich will bedescribedn this section.

First, Salmonellds divided into 2 specieSalmonella entericandSalmonella bongoriSecondly,
the specieSalmonella entericas itself subdivided into 6 subspecies, historically numbered with roman
numbers fom | to VI but alsonamed:enterica(l), salamae(ll), arizonae(lll a), diarizonae(lllb)
houtenag(lV) andindica (VI). The subspeciesi$ more encountered in warbiooded animals whe
subspecies Ito VI are isolated from coldlooded animals anthe environment even though some
human cases have been repart€dese species and subspecies are discriminated based on their
biochemical characteristicpresented later isection 1.4.2.

Then, the subspecies are divided into serotypes counting for a tdtabef among whicthe most
commonl 586 belong to the subspec&rericaand represent 9% of the isolate@almonellaThe
serotypeqalso named serovaare determined through tloharacterization of 3 antigenic sitasthe
surface of the bacteribe.the somatic antigen O and the 2 flagellar antidals® named phaseil and
H2, by anantigenantibody agglutination reactidallowing theWKL schemdGrimont and Weill 2007;
IssenhuthJeanjean et al. 2014 healphabetic or numericabdes corresponding to each serum positive
for the agglutination reactignfurther explainedin sectionl1.4) are allocated to the serotype of the
bacteria. These serotypes are thus defined Hyeir somatic and flagellaantigenic formula each
separated bg ¢ o | o.e.O:HTIH2 ékg forinstance 1,4,[5],12:i:1,20r 3,{10H 15 15,34 :e,hi,w
(Figure 2).

To simplify these formulas, a name was attributed to all the serotypes of the subamieciea
When this antigenic classification system was first used 80 years ago, names were given to certain
serotypes in relation to the disease they triggered (serovar Typhi) or the host they infected (serovar
Abortusovis (sheep), serovar Typhiurium (nouse) or serovar Choleraeis (pig)), although these
clinical relationships were not always correct. Later, to avoid any confusion, serotype names were given
according to the location where they were isolatedtli@r first time.For example, the serotype
1,42:c:e,n,z15 is namefalmonella entericasubsp.enterica serovar Antwerpjn reference tahe
Flemish city where it was first isolated, and is abbreviggatimonellaAntwerp. However, the

abbreviatiorS. Antwerp is also commonly found in the scientifterature( Ry an, O&6 Dwyer ,

an
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2017) and this type of abbreviated nomenclatwi#l be used throughout this manuscri@ome
Salmonellaserotypes express only one flagellar antigeg. & Enteritidis with formula 1,9,12:g,m)
or are noAnotile (eg. S.Gallinarum with formula 1,9,1P:7).

S. Typhimurium S. Meleagridis
H1 H2 H1 H2
[_lﬁ[—% I l 1T l 1
1,4,[51,12 i : 1,2 3,{10{15K1534} : eh : |w

Figure 2: Antigenic nomenclature of 2 Salmonella serotypes.

O: somatic antigens O; H1: flagellar antigens H1; H2: flagellar antigens H2; __: underlined antigens are
determined by phage conversion, which means that they are present only if the culture is lysogenized
by the corresponding converting phage; [ ] : antigens in square brackets are present or absent in the
formula but without relation to phage conversion; { } : antigens in curly brackets are exclusive, which
means that they cannot coexist together in the formula. For S. Meleagridis, the O formula can be O:3,10,
0:3,15 or 0:3,15,34 but never all these nhumbers at the same time.

Finally, somebiochemical or motility characteristiesetested (further detailed in sectitr.2) to
discriminate variants inside a serotype. This is for example the foagbe frequently isolated
monophasic variant &. Typhimurium (,4,[5],12:i:7), which does not express the H2 antigen 1,2, or
the variant Java of the serotype Paratyphi B §.€2aratyphi B var. Java) which has the ability to
ferment thedextrorotabry L(+)-tartrate (dJ (Malorny, Bunge, and Helmuth 2003jor the latter, dT
fermenting and noffiermentingS. Paratyphi B isolateare sometimedesignateds. Paratyphi B dT+
and S.ParatyphiB dT-, respectively,in the scientific literature including in this manuscript
Biochemical tests are also used for the discrimination between the 2 variants Gallinarum and Pullorum
of the serotype GallinaruChristensen et al. 1992; Shivaprasad 2000)

The classification cBalmonellas a topic constantly in discussion in the scientific community and
still evolving. The nomenclature presented above, basqghenotypiccharacteristis, is worldwide
usedsine yearshy the public health authorities and recommended bywbdd Health Organization
(WHO) Collaborating CentreBut with theadventof the genetic era and the use of molecular tools for
the study ofheSalmonellayenome, this classificatias put nto questiorfAchtman et al. 2012)ndeed,
someSalmonelldasolates were basically clustered together based on their shared antigenic formula while
the molecular analyses of their genome showed a high variability between straisame serotype
This is for example the cagar S.Parayphi B isolatesclustered in the same serotype because of their
sharedantigenic formuldl,4,[5],12:b:1,2 while recentstudiesreported a high genetic diversity in this
group andlivided191S.Paratyphi Bstrainsinto 10 different PhyloGroups (PGsasel on the analysis
of their genoméConnor et al. 2016%imilarly, for the most common serotypes suck ag/phimurium

and S. Enteritidis, a discrimination below the serotype leielsometimes requiredndeed some
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serotypsand their ariants can be discriminatédo subtypesisingmolecularsultyping methods such
as Pulsd Field Gel Electrophoresis (PFGE), MultiLocus Variablenber tandem Analysis (MLVA)
or Single Nucleotide Polymorphism®P) typing based on Whole Genome Sequencing (WGS).

1.2.2.Pathogenicityand virulence

Salmonellacan causeamonellosis by the ingestion obntaminatedood or water Consequently,
this pathogetas to survive thdigestive systerhefore infecting the hosttestinesFor doing that, ne
of theremarkablecharacteristisof Salmonellds its ability toquickly adapt to harstonditions Indee,
thesebacteriacansecrete a set of protective proteins to hatftbeacid environmerdf the stomactor
to survive in théntestinal mucosa composed of digestive enzymes, bile salts amdiarttbial peptides
(Audia, Webb, and Foster 2001; Rychlik and Barrow 2008ice arrived in the intestigeSalmonella
uses fimbrial adhesins to adhere tog¢péheliumand 2Type Three Secretion SysteTTSSs), TTSS
1 and TTSL, to invadeand survive irthehostcells. The TTSS is agedlelike structure whicltreats
a channel in thénost cell membrang allowing the pathogen to inject virulence proteins, also called
effecor proteins in thecytoplasm The TTSS1 and the associated effector pmogeareencoded by
genese.g.invAinvolved in the cytoplasmic export machineoy the SalmonellaPathogenic Island 1
(SPHL). Theeffector proteingnjected by the TTSS proceedo arearrangment of theenterocyteactin
cytoskeleton leading to its ruffling and finallyto the uptake of the bacteri8asically, Salmonella
regulates its own entry by hijacking host functioAsother action of thee effector proteins is the
induction of a pranflammatoryresponse, causing the typical symptoms of gastroenteritis such as
diarrhea Once internalized by the host cell into a vacuole name&ahmonellaContairing Vacuole
(SCV), the bacteriatay safe ahhidden from the immune systeand can replicatel'o survive in this
SCV, othewirulenceproteinsareinjected in the host cell thoughe TTSS2, erncoded by genes of the
SPF2. This time, the r@ of theseeffector proteings to block the fusion betwaethe SCV and thbost
cell lysosome, avoiding the killing of the bacteria, and imgpghe latter to survivdo the harsh
conditiors of the SCV environment, i.dew nutrients, low pH antbw Mg?* and C&" concentration.
These immune escape mechanismsaise employed byalmonellawhen this one is phagocyted by

macrophageéEng et al. 2015; Foley et al. 2013)

1.2.3.Clinical manifestatiorand host specificity depending on the serotype

From a clinical point of view, Salmonellacan be divided into 2 forms depending on its
pathogenicity profilan humans typhoidaland nortyphoidal (Figure 3). The Typhoidal Salmonella
(TS) are strictlyspecificto humanswho are their unique reservoir, and include the serotypesi and
Paratyphi (A, B or C)These serotypeare responsible of the dangerous typhoid and paratyfdwads,

both known as enteric fevahatare potentially life threateningith a mortality rate estimated at 10%
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without antibiotic treatment low dose of infecting cells is sufficient to trigger the symptoms of this
disease including headache, abdahpain and diarrhea, followed by the onset of fever which can reach
415°C. The TS are transmitted between humans through the ingestion of water and food contaminated
by the waste of infected people. Consequently, despite thiba&€S are present wallide,theenteric

fever is mainly a problem indevelopingcountries which do no dispose of an efficient wastewater
treatmen{Eng et al. 2015; WHO 2019)

All the Salmonellaserotypes other than Typhiné Paratyphi are considered as Nioyphoidal
Salmonella(NTS) and are commonly found in the inteatiract of wild and domesticanimals,
including livestock that aretheir major reservoir All the NTS arepotentially pathogenic for humans
but the infectiordose must generally egher than for TSnfections They araesponsible of thiess
dangerous gastroenterijtisausing an inflammatory conditi in thegastrointestinal tracaccompanied
by symptoms such as diarrhea, vomiting, nausea, headache and abdominal cramps. NTS infections have
a shorte incubation period (§2h) thanTS infections (7 days or morahd they argenerallycleared
by infected peopleén 10 days or lesBut if the patientbelong to a risk population such as infants,
elderly, pregnant womeor immunocompromised peoplidey candevelop more severe symptoms.
Additionally, if the NTS succeed to break the intestinal barriereamdr the bloodstream, the simple
gastroenteritis can evolve in bacteremia and other intestinal complications. When it happens, high fever
similar to the enteric fever is observed and the immune response triggered bye¢hentiaatan lead to
a septic slhck with a high mortality ratéEng et al. 2015; Heredia and Giar@018; Jessica and Beau
2019) Almost all theSalmonelleserotypes can trigger bacteremia, but some invasive serclygess
S.Dublin andS.Choleraesuisire more known to be responsible of this outcome. Some studies made
the hypothesis that thpresence ofspv genes encodedon a virulence plasmidand involved in
mechanisms for persistence in the hosyld helpthese serotypet® survive in theSCV for a longer
period beforehost cellapoptosisand thusthis explairs their ability to be morernvasive(Guiney and
Fierer 2011; Andino and Hanning 2015)

AlthoughSalmonellecan sometimesolonizethe intestinal tract of animaigithout provoking any
symptomsthus making thena healthy asymptomaticarrier, this bacterium is also a pathogen for a
wide range ofinimalspecies and is not only restricted to humans. Indeed, wild, domestigesiock
animals can develombnonellosis with similar symptonasfor humansncluding gastroenteritis and
erteric fever. Actually, theéSalmonellaserotypes can be clustered in 3 groups depending on their host
specificity. Some of them are hespecific, whichmeans they are strictly limited to a small number of
relatedhostspeciesn which they will cause systac diseaseThis is for instance the cafs S.Typhi

andS.Gallinarum which are highly invasiveerotypes adapted bmman and bird species, respectively.
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Additionally, the 2 variants. Gallinarum var. Gallinarum an8. Gallinarum var. Pullorum, affect
differently their hosts depending on the age of the birds. Indeed, similarly as for the risk populations
mentionedearlier for humans, the variant Gallinarum triggering the fowl typhoid is more associated
with adult birds while the variant Pullorum causing the Pullorum disease is more found in young birds
and is even responsible of deiaeshell chicks.

The second grp of serotypes are hesstricted, which means thare usually associated with
lor 2 closely related host species but are also sometimes able to infect other hosts. For example,
S.Choleraesuis anfl. Dublin are known to cause systemic diseasgigs and ruminants but can also
infect humans and other species. Finally, the third and largest group is composed of serotypes which
can infect a broader range of host species without a strong species specificity. Belonging to this group,
S.Enteritidis, everthough more associated with poultry, can infect humans and other species, similarly
as S. Typhimurium which can contaminate birds, pork, cattle and humans. In poultry, these 2 non
invasive serotypes lead to low or undetectaptaptomgDemirbilek 2016; Andino and Hanning 2015)

In conclusion, the severity and the type of disease trigger&ahlmyonellas highly related to its
serotype but also tthe infectingdose,the strain virulencethe hostspecies, its age and itsmune
statug(Figure 3).

1.3. The importance ofmonitoring Salmonellafor public health
and for its economicimpact

1.3.1.Theglobal burden ofSalmonella

Salmonellais a pathogen ofmajor concernthat is responsible of enteric fever and gastroenteritis
worldwide In the developed countries like those of the European Uiity), the TSresponsible of
enteric fever arendercontrol asonly few cases ardiagnoseaach year. Indeed, only 1116onfirmed
typhoid/paratyphoid fever cases were reporteHurope in2016 (033 cases per 100 000 population)
mostly due to people traveling back from endemic regions and accounting for 82.5% of tiECBs&s
2018) In Belgium, less than 1.46% of tt&almonellaisolates serotyped by the National Reference
Center (NRC) were identifieth 2018asS. Typhi (0.67%),S. Paratyphi A (0.23%) o8&. Paratyphi B
(0.56%) (NRCdatg. Consequently, theurrentstudyfocusesmore onthe NTS whichareone of the
most common fodbornepathogen, accountingfor around 93.8 million foodborne illnesses and 155
000 deaths per year worldwi@Eng et al. 2015Moreover it is feared tht the number of deathdue

to salmonellosiswill increasen the futurebecause othe emergence ahulti-drugresistant(MDR)
serotypeqNair, Venkitanarayanan, and Johny 2018) Europe Salmonellais the secondcause of
foodborne infections due t@anotic agentsafterCampylobacteinfections, with 91 662 cases reported
in 2017 resulting in a notification rate of 19.7 cases per 100 000 populdtigure 4) (EFSA 2018)

This foodornepathogen is highly associated with large outbreaks, especially during the sseas@n
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where an incre&sof the cases is observed each yeathis period According tothe European Food

Safety Authority(EFSA), the overall economic impact of human salmonellosis has been estimated at

more than 3 billion of euros per yeEFSA 2019a) This includes the cost of investigations for

di agnostic

S,

(Oxford Analytica 2012)
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Figure 4: Reported numbers and notification rates of confirmed human zoonoses in the
EU, 2017 (EFSA 2018). Note: Total number of confirmed cases is indicated in parenthesis at the end

of each bar; *Exception: West Nile fever where total number of cases were used; ?Exception: congenital
toxoplasmosis notification rate per 100 000 live births.

The estimation of salmonellosis is largelyderestimateds a lot of cases are not diagnosed nor
reportedHavelaar et al. 2013; Mellou et al. 2013; Mglbak et al. 2Qhdked, a fraction of the infected

people develop mild symptoms (or even silent symptoms), they have the knowledge that the body can

cure the disease by itself or they cannobraffthe cost of a medical consultation, and thus they do not

seek healthcare and are hence not captured by the surveillance system. Some other cases are unreported

because the infected people attend healthcare but the infection is not diagnosed orasisdlizge the

pathogen is not isolated. Indeed, to be captured by a labolseed surveillance system, a sick

individual must (1) seek for a medical consultation, (2) have a sample (stool, urine or blood) requested,

Fall
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(3) submit a sample for testing, (4etcausative agents must be properly isolated and identified by a
valid laboratory method and finally (5) the positive result must be reported to the surveillance system
(Thomas et al. 2013Y he surveillance system is managed byNR€s which also master the reference
techniques for identification and characterization. The multiplication factor, which is the ratio between
the symptomatic cases and the number of cases reported to the surveillance system, was determined to
be 20 for wn-typhoidal salmonellosis in Franceigure 5) (Van Cauteren et al. 2015)his means that

for every case reported to the NRC, 20 other cases occurred and are not diagnosed nor reported. But it
must be mentioned that salmonellos&s not the obligation to be reportedhe competent authorities

in all the EU countries. For instance Belgium France, Luxembourg and Spain the reporting of human
salmonellosis is made on a voluntary basis, and in the Ulsohaedpathogen is reported rather than

the diseas€Gibbons et al. 2014)

Surveillance
case

Confirmed case

X (e

Laboratory analysis \ .9
)
Y
Sampling request \ O%
o
S
Medical consultation \ ‘%}

/ I Symptomatic case | \

Figure 5: Under-reporting and under-diagnostic factors
(adapted from Van Cauteren, 2016)

1.3.2.Salmonellan foodproducing animals

Humans are mostly infected Balmonellahrough the consumption of contaminated food products
as diversified as animal meat, animal products (bfinly eggs), dairy products (including cheese),
sweets, chocolateyegetable or seafood products. In 2017, the most incriminated food vehicles
responsible oSalmonellaoutbreaks were: eggs & egg products (36.8%), bakery products (16.7%) and
meat & meat praucts (8.2%)EFSA 2018) Indeed, dishes prepared with contaminated raw eggs, egg
products and insufficiently heated poultry meat and pork are concerned. Consequently, it is highly
important to monitofSalmonellain the foodproducing animal sector, firgor the protection ofthe
consumersut also fothe maintenance of animal productivitydeed, when speaking ab&sdlmonella

infections in farm animals composed for instance of poultry, pork and cattle, 2 patterns can be described.
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At the one hand the livestock can be infedigdostrelated invasive serotypes lilgCholeraesuis in
pork orS.Gallinarum in poultry, leading to the manifestation of symptoms such as diarrhea or fever,
and resulting in a high mortality rate. In these cases, the livestock contamination wiltdeasty
noticed and one of theoncerns of the breeder will be the economic loss linked to the decrease in
productivity (weight | oss, abortions, milk produ
to the quarantining and medical treatmehdiseased animal&vangelopoulou et al. 2015; Oxford
Analytica 2012) At the other hand, the livestock can be contaminated by other unrestricted host
serotypes, such & Enteritidis orS. Typhimurium which will trigger limited or silent symptoms not
easily noticeable by the farmers without specific conligshlmonellosis symptoms can be detected and
the disease is properly diagnosed, this will also have an economic impact for the breeders asdelaborat
above. But if the symptoms are not noticed, the infected animals risk to not be excluded from the food
chain and they will be able to potentially trans8étimonellaand cause salmonellosis to humans.

Despite aconstant improving of hygiene and diseasatrol inthe food sectorpork, poultry and
associated products such as eggs, are still the main so@akmnellaransmission to humaitisrough
food consumption(Pires, de Knegt, and Hald 201Many factors could be involved ilivestock
contaminationThe presence of wild animalodents or insecis the environment of the farm can be
vectors of transmission as well as trendling by humans in slaughtering, fqudcessingnd storage
proceduresif the hygiene standards are not carefully respe@etbs 2008) The world globalization
has oriented the consumer habits into more protdineidiet and ths the increase of animal products
consumptionSome studies project that this kindaahsumptioncanachieve 376 millions of tons in
2030 (Dhama et al. 2013)Such a demandonduces to an intensive animal production, with a more
complex management of the food safdhcreasing theisk of defective processing practices and
contamination byoodbornepathogenst multiple points from the farm to the fofideredia and Garcia
2018)

1.3.3.The surveillance and monitoring 8lmonellaserotypes

For a better understanding of the epidemiolog@afnonellaand the limitatbn ofits transmission
to humans, the determination of tigecies and subspecies is not sufficient. Indeed, there is a need to
go under the subspecies level and for thatstretypingprovides helpful information anthis is the
basis ofall Salmonellasurveillance program First, when isolatingSalmonellait is important to know
whetherit belongs to an invasiveerotypepotentially dangerous for the host and requiring a medical
treatment or a quarantinirigr farm animals Secondly, the determination of the serotype is the initial
point to start outbreaknvestigations andrace the source of the contaminati@ven though the
subtypingof the strains (i.etyping below the serotype leveal usually additionally require@ourdan
da Silva et al. 2018; Leekitcharoenphon et al. 2019; Pijnacker et al.. 20i9putbreak traceability
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allows the professional of the food sector to conductiefit disinfection procedusewhere it is
effectively neededbut also to perform corrective actioasdidentify new outbreak vehiclewith the

aim to avoid further contaminatio&ngelo et al. 2015; GambirBhirley et al. 2018; Mbdonas et al.
2018) With the globalization and the world exchanges,3aémonellacontaminations are most of the
time not restricted to a state or a country. The serotypiSglofionellsstrains providesraintemational
languagaised sincenanyyearsby laboratories to easily ahedataduring multi-state outbreaks. Finally,
the surveillance of the circulating serotypes and the evaluation of those that are the most involved in
outbreaks help the food authorities to estahlibat are theerotypes to combat priority. Indeed, gen

if more than 1 500 serotypes exist in B&monella entericaubspeciesnterica less than 100 account
for most human infection€DC 2019)and only 5 represestl more than 70% dahe Europearhuman
casesn 2017, includingS.Enteritidis(49.1%) S.Typhimurium (13.4%) monophasi&. Typhimurium
(1,4,[5],12:i7) (8%), S. Infantis (2.3%) and S. Newport (1.2%) The suveillance of the prevalent
serotypeggives also information about their preferred sourd®ken isolated from food or animal
sourcesSalmonellas preferably found in broiler flocks (67.2%), broiler meat (11.3%), turkey flocks
(6.5%), laying hesflocks (6.4%), pig meat4.0%), cattle (1.6%) and pigs (1.4¥Bigure 6) (EFSA
2018)

S. Infantis

Broiler

S. Typhimurium

Cattle

S. Enteritidis

Pig l

S. Typhimurium, monophasic |

S. Newport
Layers I

Figure 6: Sankey diagram of the distribution of the EU top-five Salmonella serotypes
in human salmonellosis acquired in the EU, across different food and animal sources
(broiler, cattle pig, turkey and layers), by source, EU, 2017 (EFSA 2018)

But it must be noticed thdihe composition of thiop 5 most prevalent serotypes can slightly vary
between member states of the EU. In Belgium, the surveillan&alafonellais performed by the
National Reference LaboratofNRL) and the NRC, which are part of an international network through

the European Center for Disease prevention and Control (ECDC) akdH®e Briefly, the Belgian
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NRC performs the serotyping 8almondh samples isolated from human, food or animal sources by
first-line laboratoriesand sent on a voluntary basihe samples coming from food and animals are
collected by the Federal Agency for the Safety of the Food Chain (FASFC) and the veterinary
laboraories (DGZ for Flanders and Arsia for Wallonia), respectivBmplesan also be sent to the

NRL by private companie§almonellasolation is made directly by these laboratories or by the NRL
after transport of the sampléghe isolates are then trapsfed to the NRC for complete identification

Finally, isolates from human samples are sent by hospitals or clinical laboratories directly to the NRC
(Figure 7).

— Animal samples

Arsia \

DGZ FASFC — Food samples
— Human samples
Clinical Private
laboratories companies

Hospitals

Figure 7: Origins of Salmonella isolates sent to the NRC
for serotyping and surveillance.

The Belgian NRC reported that the 5 most prevalent serotypes isolated from human cases were
20172018:S. Typhimurium (24%), monophasicS. Typhimurium (1,4,[5],12:F) (19%), S. Enteritidis
(17%),S.Infantis (2%) and. Derby (2%)As for theSalmonelldsolated from animal and food sources
in the same period, they belonged mainlySolnfantis (31%),S. Paratyphi B var.Java (9%),
S.Enteritidis (8%), monophasicS. Typhimurium (1,4,[5],12:F) (7%) andS. Typhimurium (6%)

(Figure 8). S. Enteitidis was historically known to be the most prevalent serotype in Belgium in the
beginning of the 2000s with a high number of reported cases. But the introduction at a national level of
an obligation to vaccinate layBocks with live attenuated strain$ S.Enteritidis drastically decreased

the incidence of human salmonellosis and foodborne outbreaks due to this Sgotigrd et al. 2008)

The inoculated vaccine strain 8f Enteritidis triggers an immunisation of tfeimals but without

persisting in the flocks because of drifting mutations in its metabelnes
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m S. Infantis
B S. Paratyphi B var. Java
B S. Enteritidis

S. 1,4,[5],12:i:-
B S. Typhimurium
uS. Cerro
m S. Livingstone
H S. Agona
B S. Mbandaka
E S. Derby
m S. Rissen
B S. Minnesota

S. Senftenberg
Other

6% 7% 8%

Figure 8: Prevalence of the Salmonella serotypes isolated from food and animal
samples in Belgium between 2017 and 2018 (Data NRC)

1.3.4.The Salmonellaseroypes subjected to an official control in the food
sector

The high prevalence of NTS infections in Europe conducted the European and member state
authorities to set in place strong monitoring of this pathogen to manage the risks from farm to retail,
espedlly in the poultry sector, artd protect the consumer hea(hntunes et al. 2016; Martingkvilés
et al. 2019; Pires, De Knegind Hald 2011)Indeed, to prevenBalmonellainfections, surveillance
program for the timely detection of this pathogen along the food chain (animal feed, living animals,
slaughterhouses, retail sector, and restaurants) and appropriate sanitargsregaswquire(Bertrand
et al. 2016) Consequentlythe EU regulation N°2160/2003 was create®003 and updated ithe
following years with the aim to reducéhe maximum perceage of adult breeding flocks @allus
gallus, laying hensand broilers positive for sometargetSalmonellaserotypesto 1% or lessThese
target serotypes were defined based on their public health significance taking into account the criteria
describedn Annex lll of Regulation (EC) No 2160/2003: (a) the most freq@ainonellaserotypes
associated with human salmonellosis; (b) the route of infection; (c) whether any serotype shows a rapid
and recent ability to spread and cause disease in humans and/or animals; and (d) whether any serotype
shows increased virulence, e.g. regagdinvasiveness or resistance to relevant therapies for human
infections. These criteria, included in the Belgian regulation (Belgian royal decree 27/04/2007 and
Belgian FASFC note BRIN-FDS/LABO/1557457 v8), are rather complex as different serotypes are

targeted and different corrective measures are applied depending on the breeding type. For food
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producing animals (i.e. broilers and laying hens), the serotypes subjected to an official control through
this regulation aré&.Enteritidis andS. Typhimurium ncluding its monophasic variatt4,[5],12:ix.

These 3 targets are also subjected to an official control in adult breeding floGaludg gallus in

addition toS.Hadar,S. Infantis, S.Virchow andS. Paratyphi B var. Java. Although the latter was not
initially listed in the EU regulation N°2160/2003, it was included in the Belgian law because particularly
prevalent in Belgium. When these targeted serotypes are isolated in poultry farms, some corrective
measures must be taken. For instance, for layemg land breeding flocks, it is stated in the regulation
that if one of their respective targeted serotypes is detected, the entire flocks must be eliminated by
logistic slaughtering (at the end of elggying for laying hens), strict disinfection of the famust be
performed and absence of any serotyp8alfmonellehas to be proven before the installation of a new
animal batch. Additionally, eggs coming from laying hens and intended for human gdiasuare
restricted to foodapplications including a thavic treatmentConcerning hatching eggs from adult
breeding, they must be eliminated when the eggs are already incubated; if they were not already
incubated they can, besides elimination, also be transferred to food processing for human consumption,
when including a heat treatmefFASFC circulars PCCB/S2/418588 and PCCB/S2/409035). For
broilers, logistic slaughtering is based on the presen&alofionellaspp. but serotyping is performed

to instruct hygiene measures at the fdFFASFC circularPCCB/S2/58816). As it is mandatory to
vaccinate adult breeding flocks and laying hensGaflus galluswith a live attenuated strain of
S.Enteritidis(FASFC circulars PCCB/S2/418588 and PCCB/S2/40908% sometimes required to

make the discrimination betweeretlvild-type and vaccine strains, when isolating this serotype, if the
vaccination is too close to the sampling period.

Salmonelleofficial controls in the pork sector were in pldoeBelgiumuntil 2015, but they were
discontinuedafterwards because tomrstraining for the breeders dnwith o real impact on the
Salmonellgorevalence in porkreeding Thereforethese last yeathe Salmonellecontrol measures in
the pork sector were more focused on global hygiene improvement along the food chain and evaluation
of Salmonellaraccine efficiency. However, the surveillance and monitoring db#imonellaserotypes

circulating in pork farms is dtistrongly recommended by the competent authorities.

1.4. The classical methods foSalmonellaserotyping

As elaborated abovey Belgium Salmonellas isolated fromhuman, food andnimal sources by
the clinical laboratories, the NRL or theeterinarylaboraories (DGZ for Flanders and Arsia for
Wallonia), respectively. Thenwhen required,the isolates are sent to the NRGr further

characterization including serotypifigigure 7).
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1.4.1.Detection and isolation ddalmonella

Salmonellacan be isolated from varisssamplesigh as stool, blood, urine, pusputum or other
body fluids for humans, feces angeatfor animals portion of foodfor food productsand from the
environment A part of the sample can be directly cultured on differential and selective media but an
enrichment step is usuallyerformedprior to selective isolationfor instancefor animal and food
samplesa preenrichment is performed by homogenizing 25 g®on# in 225 ml of buffered peptone
water and incubating the suspension fofl8ehours at 37°C. Then, selective enrichmenpiratedy
inoculating0.1 ml and 1 mbf the preenrichment td0 ml ofRappaparVassiliadis with soja broth and
Muller-Kauffmann tetrathionate brothand incubating for 24h at &EC and 37°Crespectively. A full
loop of each enrichment is subsequently inoculate? selective media, YWoselLysineDeoxycholate
(XLD) agar andsalmonelldD2 agar, and incubated at 37°C for anot®#h. One colony of each plate
with a characteristic aspect is subcultured on Kligler Iron agar for further confirmation analyses
including biochemical tests ddaldi-TOF mass spectrometry. If the picked colony cultured on Kligler
Iron agaris negatived othercolonies are tested from the XLD aBdlmonellalD2 agar plateglSO
6579)

1.4.2.Salmonella serotype identification by slideagglutination and
biochemical tests

The classical method f@almonellaserotyping is based on the determination of its somatic (O)
and flagellar H1 and H2) antigenby slideagglutinationand biochemical testdpllowing the WKL
schemdISO 6579. For theslide-agglutination the test consisof putiing into contacton a $ide a drop
of serum with a smalbop of bacteridrom a culture on Kligler Iron agar. After mixing the reagents,
the presence of an agglutination react®ibservedn a black background withraagnifying glass

(Figure 9). The agglutination must be e in less than 60s, if not, it is determined as riegat

Negative Positive
agglutination agglutination

Figure 9: Serotyping by slide-agglutination
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Prior to the reaction with sera, the isolate is tested foaut®agglutinablepotential.To do this, a
drop of distilled water is used instead of the serum and no agglutination reaction must be olbserved.
an agglutination is seen with watéreSalmonellsstrainis determined aautcagglutinable and cannot
betyped by slideagglutination. One the sample has been confirmed as typable, the oprstioests
polyvalent sera composed of a mix of antibodies targeting several O antigens: @WBy OMC,

OMD, OME, OMFand OMG For instance, the serum OMA targets the followihgntigens: 1,2,12 +
45,12 +9,12 + 9,46 + 3,10 + 3,15 + 1,3,19 + 21. If the isolate is pokitiame of tlesepolyvalent
sem, the technician tests the corresponding monovalent sera individWdlgn an agglutination is
obtained, thenumeric codeof the serum used for this positive reaction is repoirethe antigenic
formula of the sampldt is not mandatory to find all the O antigansluded in the antigenic formula
of a serotypdor its determinationlndeed, onlysomemajor O antigens of eh antigenic formula are
neededFor example, in the formula 1,4,[5],12:i: 1tBe determination dD:12 is not mandatory because
this antigen is present ime formula ofa largenumber ofserotypesandis thus not discriminative
Secondary antigens areometimes required for the determination of variants. In the previous example,
the absence of the antigen O:5 is used for the discrimination of the variant Copdniradglea serotype
Typhimurium, i.e1,4,12:i:1,2 givesS. Typhimurium var. Copenhagen.

The next step is the determination of the H antigens. The same protocol as described above is used.
Again, the laboratory operator uses first polyvalent sera, targeting this time several H aHiigans:
HMB, HMC, HMD and HM3 Then, monovalent sera, compesding to the positive polyvalent serum,
are testedn some cases, botfil and H2antigensan be determinealy this way, but usuallyonly one
of the 2flagellar antigenss determinedandanother culture on a soft solid media supplemented with
sera targeting the obtained H antigemsst beperformed. The role of this supplement is to block the
expression of the previously determined H antigen and force the bacteria to éRpressond H
flagellar phase.

The combination of the O and H formulas gives the antigenic characteristics ®élthenella
isolate. If the strain belongs to the subspecies |, a hame is linked to this resulWiKithecheme
(Grimont and Weill 2007)Sometimes a common antigenic formula is shared by several subspecies of
Salmonella entéca. In this case, additional tests are used for the discrimination between these
subspecies, based on their biochemical charactetslg 1). Identically, biochemical tests are also
required for the determination of some variants. This is for instaneaa#ecfor the variant Java of the
serotype Paratyphi B for which the ability to ferment therttate can be determined by 2 cultural
methods. One is the historical leadetate test which consists of incubating$hBaratyphi B isolate
in a minimum br¢h supplemented with-tartrate as source of energy. After 7 days at 37°C, the use of
d-tartrate is measured by additionlefdacetate to the cultur&he leadacetate has the ability to form
a precipitate in the presence ofadtrate: if a small prepitate is formed, the bacteria used all the d

tartrate present in the broth (dT+); if a fluffy fine precipitate is created, the initial amoustaxdfate
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is still present and was not used by the bacteria)(@he second more recent cultural methothes
commercial Jordan's Tartrate test which consists of inoculating the bacteria on a solid medium
containing dtartrate and observing after 24h at 37°C, a color chahthe culture, from red to yellow,

if fermentation of etartrate has occurred (dT+).

Table 1: Differential characters of Salmonella species and subspecies
(adapted from Grimont and Weill 2007)

Species S. enterica S. bongori
Subspecies enterica  salamae  arizonae  diarizonae  houtenae indica

Characters

Dulcitol + + - = - d +
ONPG (2 h) - + B = d +
Malonate - + + - — - -
Gelatinase - + + + + - =
Sorbitol + + - + + = 3
Growth with KCN - - = + = +
L(+)-tartrate® + - . . - - =
Galacturonate - + - B + + +
y-glutamyltransferase  +% B = - + B +
B-glucuronidase d d - + - d -
Mucate + + + - (70%) = + +
Salicine - - — - i@ — _
Lactose - - - (75%) + (75%) - d -
Lysed by phage O1 + + - - + d

d-tartrate.
Typhimurium d, Dublin —.

(@
*)

+ = 90 % or more positive reactions.
— = 90 % or more negative reactions.
d = different reactions given by different serovars.

A collection ofmore than 120 sera is needed for being able to identify all the antigenic formulas
composing th&/KL scheme. The choice of sera to test and the ability to properly detect an agglutination
reaction without mistake, is highly correlated with the training tredexperiencef the laboratory
techniciansTherefore the serotyping by slidagglutination is expensive, labitensive and ndully
accurateas it islinked to the subijectivity of the techniciémterpretation. In Belgium, this ethod is

only fully mastered inthe NRC
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1.5. Alternative molecular methods for Salmonellaserotype
identification

With the advent of the genetic eraplethora of molecular methedvere developedor the
genoserotypingf Salmonellaas valid alternatives to the classicatatyping using slidagglutination
and biochemical tests. Basically, 2 types of approaetesgenerally usedsequencingand nort
sequencindpasedechniqueswhich are often targeted methodife latteruse the detection afsingle
or acombination ofmolecular markes; specific to a given serotype or variaby PCRor hybridization
based method3¥hese molecular markease sometimeklinked to the genes which code for the somatic
and flagellar antigens, allowing the deduction of the antigenic foramdathus the serotype, or to
specific DNAregionsonly present in the genomestbk targetederotype. Thesequencing methad
are based on the analysis of a fary. MLST genesr CRISPR lgi) or the totality of the bacterial
genome which allows the dection of the serotypes and associated variants.

It needs to be mentioned that some molecular subtypadelow the serovar levatiethods can
sometimes be used for serotyping purposes. This is for instance the casedpatitiee elemenPCR
(repPCR)techniquesisingprimers to amplify noftoding repetitive sequences interspersed throughout
bacterial genomesyhich aresubsequently separated by electrophoresis. This technique shokigh its
potential for serotype predictidrom the generated gemic fingerprintfRasschaert et al. 2005; Wise
et al. 2009) Anotherexamples thePFGE method which consists of the cutting of the bacterial genomic
DNA into large fragments using a restriction enzyme and their subsequent separation by gel
electrophoresis with a pulsed electrical fiflltle result is a pattern of bas{@FGE profile opulsotype),
similar to a barcode and relatively conserved between bacterial cBomes.pars of the band pattern
showed tdbe specific to some serotypes. The deduction of the serotype is made after comytrison
ot her PFGE pr of i |peoper dathbastohthe intemdtional athndardyzéd sdatabase
PulseNetcomposed of strains for which the serotype identification is known. Although initially used
for subtyping, this method proved to be reliable for the identificatid®athonelleserotyps (Bopp et
al. 2016; Kérouanton et al. 2007; Zou et al. 2010)

Some efforts were also made to develop alternative serotyping methods based on mass
spectrometrysuchasMatrix-Assisted LaseDesorption lonizatiofTime Of Flight (MALDI-TOF) (Bell
et al. 2016)Based on the measurement of protémassfrom intact bacterial cells or cell extracts
MALDI -TOF is able to generate reproducible pattdram the obtained spectr8eing apid, cost
effective,userfriendly and ugig standardized protocols as well as reference spectra libraries, MALDI
TOF isthe method of choice foBalmonellaspp. idenfication by firstline laboratoriesEven though
recent advances have shown that this method might be us8adlfoonellaidentification below the
genus and species le@ieckmann and Malorny 2011this require the extension of the upper mass

range of detection from 20 00Da up to 40 000 Da, which is not supported by all the commercial
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methods.Additiondly, while common MALDITOF tests are based on the detection of ribosomal
proteins referenced in standardized databasersovaispecificcombinations of several naibosomal
proteinswereusedas markersn theprotocolof Dieckmann and Malonry (201, Which would require
the establishment of new standardized reference libraries for potential futuféinaly, Kang and
colleagues failedotreproducehese resultandconcluded, based on their owatg that MALDI-TOF
was very limited foiSalmonelladentification at the serotype lev@ang et & 2017)

In conclusion, the molecular methods é&ne mostreliable alternatives for the identification of
Salmonellaat the serotype leveEome of these methods will be reviewiadthis sectionand their

advantages and drawbacks will be discus3athle 2).

1.5.1.PCRbasedserotyping methods

PCR and detection by electrophoresis on agarose gel

It is not necessary anymore to present this famous andywided technique consisting of the
specificamplification of a DNAregionwith a pair offorward and reerseprimers, and the subsequent
detection othe amplicons bglectrophoresis oanagarose gel. Some singleple€Rassaysising one
pair of primers were developed for the specific detection of one serotyp8&, Ergeritidis (Lampel,
Keasler, and Hanes 199&) S. Typhimurium(H. J. Kim et al. 2006)In this case, if a spd band is
observed on the agarose gel, this means that the related serotype was @texthablex ormultiplex
assaysare composed oht least 2pairs of primers and aim to amplify several DNA regions
simultaneously. fiis time, the amplicons adistinguishablebasedn their size on the agasegel after
separatiorby electrophoresisThis is the cas#or the duplexPCR method developed byZhai et al.
(2014)andMalorny, Bunge, and Helmuit2003)for, respectively, theetection ofS. Paratyphi Band
the discrimination betweeits variant d¥ and dT+.These 2 duplexethod are composed of a pair of
primers to detect their respective targets, but also of a second pair of primers §onuhaneous
confirmation ofthe Salmonellagenus each set of priers generating amplicons widifferent size. Of
the same principle, sarmultiplex PCR methods were developed forideatificationof genes coding
for thesomatic and flagellaantigengEcheita et al. 2002; Herretao6n et al. 2004; Liu et al. 2011; Luk
et al. 1993)r othergenomic regionspecific tothe serotypegAlvarez et al. 2004; S. Kim et al. 2006;
Laetitia Fabre et al. 2014PDespite the fact that PCR is a cheap universal method commonly
implemented in laboratories worldwidgla detection by electrophoresis on agarose gel is needed in most
cases. Additionallythis technology does not allow a high level of multiplexamgiseveral assays are
usually neededor the identification ofnumeroustarges, which can be timeonsuming and laber

intensive
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Realtime PCR, i.e. detectionusing fluorescence

The principle of the regime PCR (also called gPCR) is similar te tARCR but here the presence
of molecular markers is detected in real time thrabhghmeasurement @tiorescence produced at each
amplification step. Two main technologies are used: SYBR gi@aercalating dyeyand TagMan
(probe based)The principle othenonspecific fluorescent dye SYBR is that when SYBR dyes bind to
doublestranded DNA|ts fluorescence increases by-200 fold. As the amount of doublgtranded
DNA increases durinthe PCR process, the SYBR fluorescent signal increases correspgndihgl
TagManassayis morewidely usedbecauséd is more sensitive and specifit is based otheTag DNA
pol ymei3aNj e e x50Nj u ¢ |, eands the TagMan i probetvlyich is a sequenespecific
oligonucleotide with a reporter fluorescent dyétsb Bljd and a quencher dyeist3 Nj end. When
probe is not hydrolyzed bthe Tag DNA polymerasethe reporter dye emitted fluorescent light is
absorbed byhe quencher dye because of fluorescent resonance energy transferth&lpeobe is
hydrolyzed bythe TagDNA pol ymer as e, t he 5Nj the guencheredye dy e i
Therefore the quenching effectis goaadthe5 Nj r epor t er digable fo baeteatedisyc e nt |
thegPCR instrumenilia 2012) Singleplex and multiplex assawsingthis technology were developed
for a fast and accurate detection \@rious Salmonellaserotypes(e.g. S. Dublin, S. Enteritidis,
S.Gallinarum,S.Kentucky,S.Paratyphi AS.Typhi andS. Typhimurium;Farrell et al. 2005; Hwa Lee
et al. 20091 aetitia Fabre et al. 20196 Re g a n e dr distriminati@nGéviegn 2 variants of a
same serotypée.g. vaccinal variant db. Enteritidis;Maurischat et al. 2015Pespite the fact that this
detectionmethod iscommonly usegdvery fastandeasy to perform, the numbef targets per assay is
verylow due to the limited number aivailablespectra used by the fluorophores for detection

1.5.2.Hybridizationbasedserotypng methods

Microarray

Microarrays have been commonlysedin gene expression studi@RNA) but they also allowto
easily detect in one shotaxgenumbers ofmolecular markerat the DNA levelA DNA microarray is
composed o& multitude obligonucleotidesepresenting different alleles of target gerg¥all regions
of these geneare amplified by multiplex PCR and a reporter dye is incorpotiatedheamplicons
Depending on thaallelic sequence of these amplifiegenes they specificaly hybridize to the
oligonucleotids coupled at the microarray amde subsequently detected through fluorescence. This
methodis mostly usedor the determination athe somatic O and flagellar &htigensbased on their
coding sequenc@raun et al. 2012; Guo et al. 2013; Robertson, Yoshida, Gurnik, et al. 2018; Yoshida
et al. 2007) The detection by microaryahas the advantage to deteclagge number ofmolecular
markersin onerun but most of the timeseveral multipleXCRs are needed before hybridization to the

array.Additionally, the analysis of high numberof samples in higithroughput is limitedecause one
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array is required for each sampladentify its serotypeA commercial kit based on this technology and
named Check&Trac8almonellaclaims the possible identification of 300 serotypes. However, this kit

is expensive and its protocol is pmrhed using separate tubes, each containing one array, analyzed one
by one by the Check&Trace read€herefore, if multiple isolates need to be identified, all the reaction
and reading steps have to be performed for each isolate, each in a separbit¢hede conditions, the
method becomes labartensive and timeonsuming when many isolates have to be serotyped.

Multiplex Oligonucleotide Ligation-PCR (MOL -PCR) and LuminexxTAG technology

The Luminex technology is a multiplex detection platform gsinliquid beaesuspension array.
The beads in this array are polystyrene microspheres with a diameter of 5.6 to 6.5 um and which are
divided into different spectral set depending on their combination of red andadfemlos. Thanks to
this unique spdral address, the Luminex device is ableategorizeesach microsphere individually in
a mixture of microspheres of different regiokigith the XTAG technologythe beads arenagnetic
MagPlexTAG microspheres that apge-coupled witha specific antiTAG DNA sequence linked tihe
uniquebeadcolor. These arHTAG sequenceare composed af 24 bp oligonucleotide with minimal
cross hybridization (no C, only T, A and G) and they all hybridize with their complementary TAG
sequence at 37°An the Multiplex Oligonucleotide LigatioPCR (MOL-PCR assay specific
molecular markers are detected throughmaltiplex ligation-dependent reaction followed by a
singleplex(universal)amplification reactionThe multiplex ligation reaction is working witlset of

probepairs upstream proleecomposedbfa 56 wuni ver sal pri memiTAGI t e (e.
sequencéfurtherusedforthe u mi nex detection) which i spedfti que f
sequence; and downstream pineluding ab 6  t-spacificesequenceamB 6 uni ver s al pri

(e.g. T3)(Figure 10).

Target
CCTAAGGCCTGATGATCGATAGCTAAGTCGATGCTAGCTAGAATTCCGCTTAGCTG

{ TAGCTATCGATTCA[GCTACGATCGAI‘C}\

Target specific Target specific
Universal primer site Universal primer site
\ \ J
| |
Upstream probe Downstream probe

Figure 10: Architecture of the ligation probes annealing close to each other on their
target site. Target specific: sequence of the probe which anneals to the target site of the molecular
marker; anti-TAG: unique sequence used later for hybridization to MagPlex-TAG microspheres;
universal primers site: sequences used by universal primers (e.g. T3 and T7) for the singleplex PCR
step.
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For a specific detéion of molecular markers, upstream and downstream grohest anneal
adjacento each other on their target sffggure 10), for being linked by the ligase enzyme during the
first step of the method: thraultiplex ligation reaction. The so created ligatifragments form a PCR
template whicraresubsequently amplified during the singleplex P@pwith universal primer pairs.
The produced ligaticamplification fragments aréhen able to be hybridiz to MagPlexTAG
microspheresthrough the recognition diween the antiTAG (coupled to the beadsand the
complementaryfAG (present in thMOL-PCR fragment}equenced-inally, thanks to one of tHeCR
primers which is bidinylated, theincubation with Streptavidin, Rhycoerythrin Conjugate (SAPE)
triggers a fluorescence reaction whitddetected by the Luminex platform, attestihgpresence of the
related molecular mark€Figure 11). Basically, the reagut of a multiplex beaguspension array by
a Luminex device is the measurement of the red sigmah& microsphere spectral address and the
green signal for the presence of the target. The green signal detects if there was an hybridization event
to the beads, and thus indicates the presence or absence of the target in the sample, and the red signal
identifies the specific region of the bead and thus the identity of the detected molecular marker.
Concretely, the Luminex device reports the Median Fluorescence Intensities (MFIs) for each marker
and each sample. These data must be processed to deterrttiey #re sufficiently above the
fluorescence background noise to be considered as positive signals. Then, according to the combination
of the molecular markers detected, the serotype identification can be determined.

Figure 11: MOL-PCR and Luminex xTAG technology (adapted from Wuyts 2015)





























































































































































































































































































































































































































































































