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SUMMARY   

Salmonella is a major pathogen, widely spread and responsible of salmonellosis. It can cause 

different symptoms, from simple gastroenteritis to the more dangerous typhoid fever. Salmonella can 

infect humans, but also animals which are its main reservoir. Humans are mostly infected through the 

consumption of animal-derived food products. Besides its impact on public health, another major 

concern of Salmonella is economic loss for the professional of the food sectors due to contaminated 

animals or food products, and economic inactivity due to sickness leave. The genus Salmonella is 

divided by a complex classification system into 2 species, 6 subspecies and more than 2500 serotypes. 

The severity of salmonellosis is highly conditioned by, amongst other factors, the infected host species 

and the serotype of the infecting Salmonella. Therefore, the determination of the serotype is a first key 

diagnostic for Salmonella control. Moreover, 6 serotypes and their variants, i.e. S. Enteritidis, S. Hadar, 

S. Infantis, S. Paratyphi B var. Java, S. Typhimurium including its monophasic variant 1,4,[5],12:i:- and 

S. Virchow are particularly targeted by the legislation as to be excluded from the food chain (EU 

regulation N°2160/2003, Belgian royal decree 27/04/2007 and Belgian FASFC note BP-MN-

FDS/LABO/1557457 v8), with the aim to limit their transmission to humans. Unfortunately, the 

classical methods for Salmonella serotyping, i.e. slide-agglutination and biochemical tests, are 

expensive, time-consuming and subjective. Therefore, highly trained and experienced technicians are 

required to perform these techniques which are usually only fully mastered at National Reference 

Centers (NRCs). Despite the fact that these techniques are implemented worldwide since more than 80 

years, they are not fully adapted to the need of the field, especially for the professionals of the food 

sector who need to rapidly, accurately and cost-efficiently detect the serotypes targeted by the 

legislation. Fortunately, during these last years, molecular techniques have shown their potential as 

replacement method for Salmonella serotype identification. A wide range of different molecular 

technologies, based on the detection of molecular markers or on the analysis of sequencing data, are 

described in the scientific literature. Based on a critical review of some of these techniques, the 

Multiplex Oligonucleotide Reaction-PCR (MOL-PCR) & Luminex method was selected as the principle 

in this PhD study to develop a fast, cost-effective and accurate Salmonella genoserotyping system. 

The first step of the new method development was to choose the serotypes to be targeted. Eighteen 

serotypes and their variants were selected based on their occurrence in the legislation, their clinical 

relevance (invasive serotypes) and their prevalence in the poultry and pork sectors in Belgium, i.e. 

S. Agona, S. Anatum, S. Brandenburg, S. Choleraesuis, S. Derby, S. Enteritidis including its vaccine 

variants AviPro SALMONELLA VAC E and Salmovac SE, S. Gallinarum including its variants 

Gallinarum and Pullorum, S. Hadar, S. Infantis, S. Livingstone, S. Mbandaka, S. Minnesota, S. Ohio, 

S. Paratyphi B var. Java, S. Rissen, S. Senftenberg, S. Typhimurium including its monophasic variant 

1,4,[5],12:i:- and S. Virchow. Secondly, molecular markers specific to the targeted serotypes were 
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selected from Salmonella EnteroBase (a database with the MLST sequences of more than 230 000 

Salmonella isolates), from the scientific literature and from genomic studies using publicly available 

and in-house produced Whole Genome Sequencing (WGS) data (achieving a number of 100 genomes 

used for comparisons) and bioinformatics tools such as Gegenees and BioNumerics. This marker 

selection was particularly complex for the detection of the heterogeneous population of S. Paratyphi B 

var. Java where only one suitable marker could be retrieved among more than 3 million Single 

Nucleotide Polymorphism (SNP) positions obtained from a genomic comparison. This valuable SNP 

marker was used to develop in addition a real-time PCR as an alternative method for the rapid 

identification of S. Paratyphi B and the determination of its variant Java, replacing a complex and 

subjective biochemical test. From this molecular markersô selection, 4 MOL-PCR assays were 

developed, i.e. the molecular markers were recognized by probes through a ligation-amplification 

reaction (MOL-PCR), followed by a capturing of the created amplicons by specific oligonucleotides 

coated on color-coded microspheres, which are themselves 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 results in a database to improve the Salmonella 

surveillance in Belgium. The 4 modules and the DSS were validated by comparison with the classical 

method, including more than 1300 strains and reaching an accuracy above 99%. Finally, the complete 

genoserotyping system was evaluated for its ability to completely identify auto-agglutinable isolates 

which cannot be typed by the slide-agglutination technique. 

This PhD work showed that a targeted molecular method such as the MOL-PCR & Luminex 

technology, even though not the most complete technique as compared to WGS, has the potential to 

improve the accuracy, cost- and time-effectiveness of Salmonella serotype identification in a routine 

setting. The 4 MOL-PCR assays developed here are up to 7.5 less expensive than the classical methods 

and they are able to completely identify, in 1 to 2 days, more than 75% of the serotypes usually 

encountered in Belgium. The developed genoserotyping system is complementary to WGS and an ideal 

workflow including both techniques was proposed for global Salmonella surveillance and control at a 

national level.  
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SAMENVATTING  

Salmonella is een belangrijke ziekteverwekker, wijdverspreid en verantwoordelijk voor 

salmonellose. De bacterie kan verschillende symptomen veroorzaken, gaande van eenvoudige gastro-

enteritis tot de gevaarlijkere tyfus. Salmonella kan mensen infecteren, maar ook dieren die het 

belangrijkste reservoir vormen. Mensen worden meestal besmet door de consumptie van dierlijke 

producten. Naast de impact op de volksgezondheid, zijn het economisch verlies voor de professional in 

de voedingssector als gevolg van besmette dieren of gecontamineerd voedsel, en economische 

inactiviteit als gevolg van ziekteverlof andere belangrijke bezorgdheden gerelateerd aan Salmonella. 

Het geslacht Salmonella is via een complex classificatiesysteem verdeeld in 2 soorten, 6 ondersoorten 

en meer dan 2 500 serotypes. De ernst van de salmonellose wordt, onder andere,  sterk bepaald door de 

geïnfecteerde gastheersoort en het serotype van de infecterende bacterie Salmonella. Daarom is de 

bepaling van het serotype een eerste belangrijke diagnose voor de bestrijding van Salmonella. 

Bovendien zijn 6 serotypes en hun varianten, i.e. S. Enteritidis, S. Hadar, S. Infantis, S. Paratyphi B var. 

Java, S. Typhimurium met inbegrip van de monofasische variant 1,4, [5], 12: i: - en S. Virchow in het 

bijzonder vermeld in de wetgeving om van de voedselketen te worden uitgesloten (EU-verordening nr. 

2160/2003, Belgisch koninklijk besluit 27/04/2007 en Belgisch FAVV nota BP-MN-FDS / LABO / 

1557457 v8), met als doel hun overdracht op mensen te beperken. Helaas zijn de klassieke methoden 

voor serotypering van Salmonella, d.w.z. de glasplaat-agglutinatie en biochemische tests, duur, 

tijdrovend en subjectief. Daarom zijn hoogopgeleide en geëxperimenteerde technici vereist om deze 

technieken, die meestal alleen volledig in Nationale Referentie Centers (NRC's) beheersd zijn, uit te 

voeren. Ondanks het feit dat deze technieken sinds meer dan 80 jaar wereldwijd geïmplementeerd zijn, 

zijn ze niet volledig aangepast aan de behoeften van het werkveld, vooral voor de professionals in de 

voedingssector die de serotypen vermeld in de wetgeving, snel, nauwkeurig en kostenefficiënt moeten 

kunnen detecteren. Gelukkig hebben moleculaire technieken de afgelopen jaren hun potentieel als 

vervangingsmethode voor de identificatie van Salmonella-serotype laten zien. Een breed scala aan 

verschillende moleculaire technologieën, gebaseerd op de detectie van moleculaire markers of op de 

analyse van sequentiegegevens, zijn in de wetenschappelijke literatuur beschreven. Op basis van een 

kritische beoordeling van enkele van deze technieken, werd de Multiplex Oligonucleotide Reaction-

PCR (MOL-PCR) & Luminex-methode als principe om in dit doctoraatswerk een snel, kosteneffectief 

en nauwkeurig Salmonella-genoserotyping-systeem te ontwikkelen, gekozen.  

De eerste stap bij de ontwikkeling van de nieuwe methode was het bepalen van de serotypen die 

geïdentificeerd moesten kunnen worden. Achttien serotypes en hun varianten werden geselecteerd op 

basis van hun vermelding in de wetgeving, hun klinische relevantie (invasieve serotypes) en hun 

prevalentie in de pluimvee- en varkenssector in België, i.e. S. Agona, S. Anatum, S. Brandenburg, 

S. Choleraesuis , S. Derby, S. Enteritidis inclusief de vaccinvarianten AviPro SALMONELLA VAC E 



iv _______________________________________________________________________ SAMENVATTING 

 
 

en Salmovac SE, S. Gallinarum inclusief de varianten Gallinarum en Pullorum, S. Hadar, S. Infantis, 

S. Livingstone, S. Mbandaka, S. Minnesota, S. Ohio, S. Paratyphi B var. Java, S. Rissen, S. Senftenberg, 

S. Typhimurium inclusief zijn monofasische variant 1,4, [5], 12: i: - en S. Virchow. Vervolgens werden 

moleculaire merkers die specifiek zijn voor de beoogde serotypes geselecteerd uit Salmonella 

EnteroBase (een databank met de MLST-sequenties van meer dan 230.000 Salmonella-isolaten), uit de 

wetenschappelijke literatuur en via genomische studies met behulp van publiek beschikbare en eigen 

gegenereerde Whole Genome Sequencing (WGS) gegevens (waarbij 100 genomen werden gebruikt 

voor vergelijkingen) en bioinformatica-tools zoals Gegenees en BioNumerics. Deze merkerselectie was 

bijzonder complex voor de detectie van de heterogene populatie van S. Paratyphi B var. Java waar 

slechts één geschikte merker uit meer dan 3 miljoen posities van Single Nucleotide Polymorphisms 

(SNP) verkregen uit een genomische vergelijking, kon worden gevonden. Deze waardevolle SNP-

merker werd gebruikt om bijkomend een real-time PCR assay te ontwikkelen als een alternatieve 

methode voor de snelle identificatie van S. Paratyphi B en de bepaling van zijn variant Java, ter 

vervanging van een complexe en subjectieve biochemische test. Uit de selectie van deze moleculaire 

merkers werden 4 MOL-PCR-assays ontwikkeld. Dit wil zeggen dat de moleculaire merkers dienden 

herkend te worden door sondes via een ligatie-amplificatiereactie (MOL-PCR), gevolgd door het vangen 

van de bekomen amplicons door specifieke oligonucleotiden gecoat op kleurgecodeerde microsferen, 

die zelf door een apparaat via een fluorescentiereactie (Luminex-technologie) werden gedetecteerd. 

Bovendien werd een beslissingsondersteunend syteem (Decision Support System, DSS), gehost door 

een web-applicatie, gecreëerd voor een automatische interpretatie van de Luminex-resultaten met 

aanbevelingen aan de gebruikers, en voor een centralisatie van de resultaten in een databank om de 

surveillance van Salmonella in België te verbeteren. De 4 modules en het beslissingsondersteunend 

systeem werden in vergelijking met de klassieke methode gevalideerd, waarbij meer dan 1 300 stammen 

gebruikt werden, resulterend in een nauwkeurigheid van meer dan 99%. Uiteindelijk werd het complete 

genoserotyping-systeem op zijn vermogen om auto-agglutineerbare isolaten die niet kunnen worden 

getypeerd door de glasplaat-agglutinatie-techniek volledig te identificeren, geëvalueerd. 

Dit promotieonderzoek heeft aangetoond dat een gerichte moleculaire methode zoals de MOL-PCR 

& Luminex-technologie, hoewel niet de meest exhaustieve techniek in vergelijking met WGS, het 

potentieel heeft om de nauwkeurigheid, kosten- en tijdeffectiviteit van Salmonella-serotype-identificatie 

in een routine omgeving te verbeteren. De 4 MOL-PCR-testen die hier ontwikkeld werden, 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 serotypes meestal in België aangetroffen, te identificeren. Het ontwikkelde genoserotyping-systeem 

is complementair aan WGS en een ideale workflow waarin beide technieken gecombineerd worden, 

werd voor globale surveillance en controle van Salmonella op nationaal niveau voorgesteld. 
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CHAPTER 1  

Introduction  

 

 

 

 

 

 

 

 

1.1. General context 

Salmonella is a major pathogen responsible of salmonellosis, a disease which manifests as 

gastroenteritis, typhoid fever or even silent symptoms. This pathogen can infect both animals and 

humans, and is transmitted to the latter mainly through the consumption of food. At the beginning of 

the 20th century, Salmonella was responsible of huge outbreaks and infected about 3 000 people in 

New York between 1906 and 1907. At that time, the knowledge about transmission was not complete 

and it was not easy to find the origin of these outbreaks. But one famous case was reported by Georges 

Soper, a sanitary engineer specialized in typhoid cases, who was charged by the 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 1906. He noticed that Mary Mallon, the cook of the family, had previously 

served in 8 families among which 7 had experienced cases of typhoid fever. Nevertheless, Mary Mallon 

never showed strong signs of illness due to Salmonella typhi (the main pathogen described as responsible 

for typhoid fever at that time) and 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. Salmonella typhi was isolated from these samples and confirmed the cook as an 

healthy, i.e. asymptomatic carrier, 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 food related 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 revealed that Salmonella typhi was still 

present in her gallbladder. At that time, no vaccine nor antibiotic treatment were available against 

Salmonella and the mortality rate was high, approaching 15%. Mary Mallon was proven responsible for 

the contamination of at least 122 people, including 5 deaths, and suspected of even more (Marineli et 

al. 2013; Soper 1939). 

This famous story, known as ñTyphoid Maryò (Figure 1), shows how outbreak investigations, 

including accurate identification and characterization of the causative agent, are important key steps to 

trace the source of the contamination in order to confine the outbreak. More generally, the monitoring 

and surveillance of Salmonella is of major importance for public health, with the aim to limit the 

spreading of the bacteria and their transmission to and between humans.  

 

 

Figure 1: Mary Mallon as ñTyphoid Maryò in the local newspaper of that time 

 (Marineli et al. 2013) 

 

Since its official report in 1884 by Dr. Daniel Elmer Salmon, a veterinary pathologist who isolated 

the rod-shaped bacterium from the intestines of pigs showing signs of swine fever, the classification and 

nomenclature of Salmonella has considerably evolved and its genus has been subdivided into a great 

number of different types and variants (Eng et al. 2015; Ryan, OôDwyer, and Adley 2017). These 

different types result in different clinical manifestations and affect the hosts differently, making their 

identification mandatory when isolating Salmonella from the field. Consequently, there is a need for 

routine laboratories to use the best and most efficient method for the identification of the Salmonella 

types. Ideally, this method must be rapid, robust, inexpensive, easy to implement in the laboratories and 

resulting in objective data that can be easily shared worldwide. 
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1.2. The pathogen Salmonella 

1.2.1. The complex classification structure  

The genus Salmonella is currently partitioned in a complex taxonomic structure including species, 

subspecies, serotypes and variants defined by the White-Kauffmann-Le Minor (WKL) scheme (Grimont 

and Weill 2007; Ryan, OôDwyer, and Adley 2017). However, not such a long time ago, this 

nomenclature was even more complex with all Salmonella serotypes believed to be different Salmonella 

species (such as Salmonella typhi mentioned in the Typhoid Mary story, section 1.1) until that a new 

nomenclature was proposed in 1987 (Le Minor and Popoff 1987) and updated the following years until 

arriving at the actual WKL classification which will be described in this section. 

First, Salmonella is divided into 2 species: Salmonella enterica and Salmonella bongori. Secondly, 

the species Salmonella enterica is itself subdivided into 6 subspecies, historically numbered with roman 

numbers from I to VI but also named: enterica (I), salamae (II), arizonae (III a), diarizonae (IIIb) 

houtenae (IV) and indica (VI) . The subspecies I is more encountered in warm-blooded animals while 

subspecies II to VI are isolated from cold-blooded animals and the environment, even though some 

human cases have been reported. These species and subspecies are discriminated based on their 

biochemical characteristics, presented later in section 1.4.2.  

Then, the subspecies are divided into serotypes counting for a total of 2 659, among which the most 

common 1 586 belong to the subspecies enterica and represent 99.5% of the isolated Salmonella. The 

serotypes (also named serovar) are determined through the characterization of 3 antigenic sites at the 

surface of the bacteria, i.e. the somatic antigen O and the 2 flagellar antigens (also named phase) H1 and 

H2, by an antigen-antibody agglutination reaction following the WKL scheme (Grimont and Weill 2007; 

Issenhuth-Jeanjean et al. 2014). The alphabetic or numerical codes corresponding to each serum positive 

for the agglutination reactions (further explained in section 1.4) are allocated to the serotype of the 

bacteria. These serotypes are thus defined by their somatic and flagellar antigenic formula, each 

separated by a colon (ñ:ò), i.e. O:H1:H2 like for instance: 1,4,[5],12:i:1,2 or 3,{10}{ 15}{ 15,34} :e,h:l,w 

(Figure 2).  

To simplify these formulas, a name was attributed to all the serotypes of the subspecies enterica. 

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 

Abortus-ovis (sheep), serovar Typhi-murium (mouse) or serovar Cholerae-suis (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 isolated for the first time. For example, the serotype 

1,42:c:e,n,z15 is named Salmonella enterica subsp. enterica serovar Antwerp, in reference to the 

Flemish city where it was first isolated, and is abbreviated Salmonella Antwerp. However, the 

abbreviation S. Antwerp is also commonly found in the scientific literature (Ryan, OôDwyer, and Adley 
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2017) and this type of abbreviated nomenclature will be used throughout this manuscript. Some 

Salmonella serotypes express only one flagellar antigen (e.g. S. Enteritidis with formula 1,9,12:g,m:ï) 

or are non-motile (e.g. S. Gallinarum with formula 1,9,12:ï:ï).  

 

 

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, 

O:3,15 or O:3,15,34 but never all these numbers at the same time. 

 

Finally, some biochemical or motility characteristics are tested (further detailed in section 1.4.2) to 

discriminate variants inside a serotype. This is for example the case for the frequently isolated 

monophasic variant of S. Typhimurium (1,4,[5],12:i: ï), which does not express the H2 antigen 1,2, or 

the variant Java of the serotype Paratyphi B (i.e. S. Paratyphi B var. Java)  which has the ability to 

ferment the dextrorotatory L(+)-tartrate (dT) (Malorny, Bunge, and Helmuth 2003). For the latter, dT 

fermenting and non-fermenting S. Paratyphi B isolates are sometimes designated S. Paratyphi B dT+ 

and S. Paratyphi B 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 Gallinarum (Christensen et al. 1992; Shivaprasad 2000). 

The classification of Salmonella is a topic constantly in discussion in the scientific community and 

still evolving. The nomenclature presented above, based on phenotypic characteristics, is worldwide 

used since years by the public health authorities and recommended by the World Health Organization 

(WHO) Collaborating Centre. But with the advent of the genetic era and the use of molecular tools for 

the study of the Salmonella genome, this classification is put into question (Achtman et al. 2012). Indeed, 

some Salmonella isolates were basically clustered together based on their shared antigenic formula while 

the molecular analyses of their genome showed a high variability between strains of a same serotype. 

This is for example the case for S. Paratyphi B isolates clustered in the same serotype because of their 

shared antigenic formula 1,4,[5],12:b:1,2, while recent studies reported a high genetic diversity in this 

group and divided 191 S. Paratyphi B strains into 10 different PhyloGroups (PGs) based on the analysis 

of their genome (Connor et al. 2016). Similarly, for the most common serotypes such as S. Typhimurium 

and S. Enteritidis, a discrimination below the serotype level is sometimes required. Indeed, some 
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serotypes and their variants can be discriminated into subtypes using molecular subtyping methods such 

as Pulsed Field Gel Electrophoresis (PFGE), MultiLocus Variable-number tandem Analysis (MLVA) 

or Single Nucleotide Polymorphism (SNP) typing based on Whole Genome Sequencing (WGS).  

1.2.2. Pathogenicity and virulence 

Salmonella can cause salmonellosis by the ingestion of contaminated food or water. Consequently, 

this pathogen has to survive the digestive system before infecting the host intestines. For doing that, one 

of the remarkable characteristics of Salmonella is its ability to quickly adapt to harsh conditions. Indeed, 

these bacteria can secrete a set of protective proteins to handle the acid environment of the stomach or 

to survive in the intestinal mucosa composed of digestive enzymes, bile salts and anti-microbial peptides 

(Audia, Webb, and Foster 2001; Rychlik and Barrow 2005). Once arrived in the intestines, Salmonella 

uses fimbrial adhesins to adhere to the epithelium and 2 Type Three Secretion Systems (TTSSs), TTSS-

1 and TTSS-2, to invade and survive in the host cells. The TTSS is a needle-like structure which creates 

a channel in the host cell membranes allowing the pathogen to inject virulence proteins, also called 

effector proteins, in the cytoplasm. The TTSS-1 and the associated effector proteins are encoded by 

genes, e.g. invA involved in the cytoplasmic export machinery, on the Salmonella Pathogenic Island 1 

(SPI-1). The effector proteins injected by the TTSS-1 proceed to a rearrangement of the enterocyte actin 

cytoskeleton, leading to its ruffling and finally to the uptake of the bacteria. Basically, Salmonella 

regulates its own entry by hijacking host functions. Another action of these effector proteins is the 

induction of a pro-inflammatory response, causing the typical symptoms of gastroenteritis such as 

diarrhea. Once internalized by the host cell into a vacuole named the Salmonella Containing Vacuole 

(SCV), the bacteria stay safe and hidden from the immune system and can replicate. To survive in this 

SCV, other virulence proteins are injected in the host cell though the TTSS-2, encoded by genes of the 

SPI-2. This time, the role of these effector proteins is to block the fusion between the SCV and the host 

cell lysosome, avoiding the killing of the bacteria, and helping the latter to survive to the harsh 

conditions of the SCV environment, i.e. few nutrients, low pH and low Mg2+ and Ca2+ concentration. 

These immune escape mechanisms are also employed by Salmonella when this one is phagocyted by 

macrophages (Eng et al. 2015; Foley et al. 2013).  

1.2.3. Clinical manifestation and host specificity depending on the serotype 

From a clinical point of view, Salmonella can be divided into 2 forms depending on its 

pathogenicity profile in humans: typhoidal and non-typhoidal (Figure 3). The Typhoidal Salmonella 

(TS) are strictly specific to humans, who are their unique reservoir, and include the serotypes Typhi and 

Paratyphi (A, B or C). These serotypes are responsible of the dangerous typhoid and paratyphoid fevers, 

both known as enteric fever, that are potentially life threatening with a mortality rate estimated at 10% 
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without antibiotic treatment. A low dose of infecting cells is sufficient to trigger the symptoms of this 

disease including headache, abdominal pain and diarrhea, followed by the onset of fever which can reach 

41.5°C. The TS are transmitted between humans through the ingestion of water and food contaminated 

by the waste of infected people. Consequently, despite the fact that TS are present worldwide, the enteric 

fever is mainly a problem in developing countries which do no dispose of an efficient wastewater 

treatment (Eng et al. 2015; WHO 2019).  

All the Salmonella serotypes other than Typhi and Paratyphi are considered as Non-Typhoidal 

Salmonella (NTS) and are commonly found in the intestinal tract of wild and domestic animals, 

including livestock, that are their major reservoir. All the NTS are potentially pathogenic for humans 

but the infection dose must generally be higher than for TS infections. They are responsible of the less 

dangerous gastroenteritis, causing an inflammatory condition in the gastrointestinal tract, accompanied 

by symptoms such as diarrhea, vomiting, nausea, headache and abdominal cramps. NTS infections have 

a shorter incubation period (6-72h) than TS infections (7 days or more) and they are generally cleared 

by infected people in 10 days or less. But if the patient belongs to a risk population such as infants, 

elderly, pregnant women or immunocompromised people, they can develop more severe symptoms. 

Additionally, if the NTS succeed to break the intestinal barrier and enter 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 by the bacteremia can lead to 

a septic shock with a high mortality rate (Eng et al. 2015; Heredia and García 2018; Jessica and Beau 

2019). Almost all the Salmonella serotypes can trigger bacteremia, but some invasive serotypes such as 

S. Dublin and S. Choleraesuis are more known to be responsible of this outcome. Some studies made 

the hypothesis that the presence of spv genes, encoded on a virulence plasmid and involved in 

mechanisms for persistence in the host, could help these serotypes to survive in the SCV for a longer 

period before host cell apoptosis and thus, this explains their ability to be more invasive (Guiney and 

Fierer 2011; Andino and Hanning 2015). 

Although Salmonella can sometimes colonize the intestinal tract of animals without provoking any 

symptoms, thus making them a healthy, asymptomatic carrier, this bacterium is also a pathogen for a 

wide range of animal species and is not only restricted to humans. Indeed, wild, domestic and livestock 

animals can develop salmonellosis with similar symptoms as for humans including gastroenteritis and 

enteric fever. Actually, the Salmonella serotypes can be clustered in 3 groups depending on their host 

specificity. Some of them are host-specific, which means they are strictly limited to a small number of 

related host species in which they will cause systemic disease. This is for instance the case for S. Typhi 

and S. Gallinarum which are highly invasive serotypes adapted to human and bird species, respectively.  
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Figure 3: Salmonella genus nomenclature breakdown (adapted from Ryan et al. 2017)  

In purple are indicated the host specificity, the resulting symptoms or disease and the related 

epidemiology 
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Additionally, the 2 variants S. Gallinarum var. Gallinarum and S. Gallinarum var. Pullorum, affect 

differently their hosts depending on the age of the birds. Indeed, similarly as for the risk populations 

mentioned earlier 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 dead-in-shell chicks.  

The second group of serotypes are host-restricted, which means they are usually associated with 

1 or 2 closely related host species but are also sometimes able to infect other hosts.  For example, 

S. Choleraesuis and S. Dublin are known to cause systemic disease in pigs 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, even though 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 undetectable symptoms (Demirbilek 2016; Andino and Hanning 2015).  

In conclusion, the severity and the type of disease triggered by Salmonella is highly related to its 

serotype but also to the infecting dose, the strain virulence, the host species, its age and its immune 

status (Figure 3). 

1.3. The importance of monitoring  Salmonella for public health 

and for its economic impact 

1.3.1. The global burden of Salmonella 

Salmonella is a pathogen of major concern that is responsible of enteric fever and gastroenteritis 

worldwide. In the developed countries like those of the European Union (EU), the TS responsible of 

enteric fever are under control as only few cases are diagnosed each year. Indeed, only 1 161 confirmed 

typhoid/paratyphoid fever cases were reported in Europe in 2016 (0.33 cases per 100 000 population) 

mostly due to people traveling back from endemic regions and accounting for 82.5% of the cases (ECDC 

2018). In Belgium, less than 1.46% of the Salmonella isolates serotyped by the National Reference 

Center (NRC) were identified in 2018 as S. Typhi (0.67%), S. Paratyphi A (0.23%) or S. Paratyphi B 

(0.56%) (NRC data). Consequently, the current study focuses more on the NTS which are one of the 

most common foodborne pathogens, accounting for around 93.8 million foodborne illnesses and 155 

000 deaths per year worldwide (Eng et al. 2015). Moreover, it is feared that the number of deaths due 

to salmonellosis will increase in the future because of the emergence of multi-drug-resistant (MDR) 

serotypes (Nair, Venkitanarayanan, and Johny 2018). In Europe, Salmonella is the second cause of 

foodborne infections due to zoonotic agents, after Campylobacter infections, with 91 662 cases reported 

in 2017, resulting in a notification rate of 19.7 cases per 100 000 population (Figure 4) (EFSA 2018). 

This foodborne pathogen is highly associated with large outbreaks, especially during the summer season 
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where an increase of the cases is observed each year at this period. According to the European Food 

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

more than 3 billion of euros per year (EFSA 2019a). This includes the cost of investigations for 

diagnostics, the treatment of the patients but also the decreased workerôs productivity amongst others. 

(Oxford Analytica 2012).  

 

 

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; 1Exception: West Nile fever where total number of cases were used; 2Exception: congenital 

toxoplasmosis notification rate per 100 000 live births. 

 

The estimation of salmonellosis is largely underestimated as a lot of cases are not diagnosed nor 

reported (Havelaar et al. 2013; Mellou et al. 2013; Mølbak et al. 2014). Indeed, 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 cannot afford the 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 or misdiagnosed and the 

pathogen is not isolated. Indeed, to be captured by a laboratory-based surveillance system, a sick 

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



10 ____________________________________________________________________________ CHAPTER 1 

 
 

(3) submit a sample for testing, (4) the causative 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. 2013). The surveillance system is managed by the NRCs 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 non-typhoidal salmonellosis in France (Figure 5) (Van Cauteren et al. 2015). This 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 salmonellosis has not the obligation to be reported to the competent authorities 

in all the EU countries. For instance, in Belgium, France, Luxembourg and Spain the reporting of human 

salmonellosis is made on a voluntary basis, and in the UK the isolated pathogen is reported rather than 

the disease (Gibbons et al. 2014). 

 
Figure 5: Under-reporting and under-diagnostic factors  

(adapted from Van Cauteren, 2016) 

1.3.2. Salmonella in food-producing animals 

Humans are mostly infected by Salmonella through the consumption of contaminated food products 

as diversified as animal meat, animal products (including eggs), dairy products (including cheese), 

sweets, chocolate, vegetable or seafood products. In 2017, the most incriminated food vehicles 

responsible of Salmonella outbreaks were: eggs & egg products (36.8%), bakery products (16.7%) and 

meat & meat products (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 monitor Salmonella in the food-producing animal sector, first for the protection of the 

consumers but also for the maintenance of animal productivity. Indeed, when speaking about Salmonella 

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 infected by host-related invasive serotypes like S. Choleraesuis in 

pork or S. 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 will be more easily 

noticed and one of the concerns of the breeder will be the economic loss linked to the decrease in 

productivity (weight loss, abortions, milk production, treatment of contaminated eggs, etcé) in addition 

to the quarantining and medical treatment of diseased animals (Evangelopoulou et al. 2015; Oxford 

Analytica 2012). At the other hand, the livestock can be contaminated by other unrestricted host 

serotypes, such as S. Enteritidis or S. Typhimurium, which will trigger limited or silent symptoms not 

easily noticeable by the farmers without specific control. If salmonellosis symptoms can be detected and 

the disease is properly diagnosed, this will also have an economic impact for the breeders as elaborated 

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 transmit Salmonella and cause salmonellosis to humans. 

Despite a constant improving of hygiene and disease control in the food sector, pork, poultry and 

associated products such as eggs, are still the main source of Salmonella transmission to humans through 

food consumption (Pires, de Knegt, and Hald 2011). Many factors could be involved in livestock 

contamination. The presence of wild animals, rodents or insects in the environment of the farm can be 

vectors of transmission as well as the handling by humans in slaughtering, food processing and storage 

procedures, if the hygiene standards are not carefully respected (Sofos 2008). The world globalization 

has oriented the consumer habits into more protein in the diet and thus the increase of animal products 

consumption. Some studies project that this kind of consumption can achieve 376 millions of tons in 

2030 (Dhama et al. 2013). Such a demand conduces to an intensive animal production, with a more 

complex management of the food safety, increasing the risk of defective processing practices and 

contamination by foodborne pathogens at multiple points from the farm to the fork (Heredia and García 

2018).  

1.3.3. The surveillance and monitoring of Salmonella serotypes 

For a better understanding of the epidemiology of Salmonella and the limitation of its transmission 

to humans, the determination of the species and subspecies is not sufficient. Indeed, there is a need to 

go under the subspecies level and for that the serotyping provides helpful information and this is the 

basis of all Salmonella surveillance programs. First, when isolating Salmonella, it is important to know 

whether it belongs to an invasive serotype potentially dangerous for the host and requiring a medical 

treatment or a quarantining for farm animals. Secondly, the determination of the serotype is the initial 

point to start outbreak investigations and trace the source of the contamination, even though the 

subtyping of the strains (i.e., typing below the serotype level) is usually additionally required (Jourdan-

da Silva et al. 2018; Leekitcharoenphon et al. 2019; Pijnacker et al. 2019). The outbreak traceability 
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allows the professional of the food sector to conduct efficient disinfection procedures where it is 

effectively needed but also to perform corrective actions and identify new outbreak vehicles, with the 

aim to avoid further contaminations (Angelo et al. 2015; Gambino-Shirley et al. 2018; Mba-Jonas et al. 

2018). With the globalization and the world exchanges, the Salmonella contaminations are most of the 

time not restricted to a state or a country. The serotyping of Salmonella strains provides an international 

language used since many years by laboratories to easily share data during 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 establish what are the serotypes to combat in priority. Indeed, even 

if more than 1 500 serotypes exist in the Salmonella enterica subspecies enterica, less than 100 account 

for most human infections (CDC 2019) and only 5 represented more than 70% of the European human 

cases in 2017, including S. Enteritidis (49.1%), S. Typhimurium  (13.4%), monophasic S. Typhimurium 

(1,4,[5],12:i:-) (8%), S. Infantis (2.3%) and S. Newport (1.2%). The surveillance of the prevalent 

serotypes gives also information about their preferred sources. When isolated from food or animal 

sources, Salmonella is preferably found in broiler flocks (67.2%), broiler meat (11.3%), turkey flocks 

(6.5%), laying hens flocks (6.4%), pig meat (4.0%), cattle (1.6%) and pigs (1.4%) (Figure 6) (EFSA 

2018).  

 

 

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 that the composition of the top 5 most prevalent serotypes can slightly vary 

between member states of the EU. In Belgium, the surveillance of Salmonella is performed by the 

National Reference Laboratory (NRL) and the NRC, which are part of an international network through 

the European Center for Disease prevention and Control (ECDC) and the WHO. Briefly, the Belgian 
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NRC performs the serotyping of Salmonella samples isolated from human, food or animal sources by 

first-line laboratories and sent on a voluntary basis. The samples coming from food and animals are 

collected by the Federal Agency for the Safety of the Food Chain (FASFC) and the veterinary 

laboratories (DGZ for Flanders and Arsia for Wallonia), respectively. Samples can also be sent to the 

NRL by private companies. Salmonella isolation is made directly by these laboratories or by the NRL 

after transport of the samples. The isolates are then transferred to the NRC for complete identification. 

Finally, isolates from human samples are sent by hospitals or clinical laboratories directly to the NRC 

(Figure 7).  

 

 

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 in 

2017-2018: S. Typhimurium (24%), monophasic S. Typhimurium (1,4,[5],12:i:-) (19%), S. Enteritidis 

(17%), S. Infantis (2%) and S. Derby (2%). As for the Salmonella isolated from animal and food sources 

in the same period, they belonged mainly to S. Infantis (31%), S. Paratyphi B var. Java (9%), 

S. Enteritidis (8%), monophasic S. Typhimurium (1,4,[5],12:i:-) (7%) and S. Typhimurium (6%) 

(Figure 8). S. Enteritidis 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 layer flocks with live attenuated strains of S. Enteritidis drastically decreased 

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

The inoculated vaccine strain of S. Enteritidis triggers an immunisation of the animals but without 

persisting in the flocks because of drifting mutations in its metabolic genes.  
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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 Salmonella serotypes 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 a strong monitoring of this pathogen to manage the risks from farm to retail, 

especially in the poultry sector, and to protect the consumer health (Antunes et al. 2016; Martínez-Avilés 

et al. 2019; Pires, De Knegt, and Hald 2011). Indeed, to prevent Salmonella infections, surveillance 

program for the timely detection of this pathogen along the food chain (animal feed, living animals, 

slaughterhouses, retail sector, and restaurants) and appropriate sanitary measures are required (Bertrand 

et al. 2016). Consequently, the EU regulation N°2160/2003 was created in 2003, and updated in the 

following years, with the aim to reduce the maximum percentage of adult breeding flocks of Gallus 

gallus, laying hens and broilers, positive for some target Salmonella serotypes, to 1% or less. These 

target serotypes were defined based on their public health significance taking into account the criteria 

described in Annex III of Regulation (EC) No 2160/2003: (a) the most frequent Salmonella serotypes 

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. regarding invasiveness 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 BP-MN-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 are S. Enteritidis and S. Typhimurium including its monophasic variant 1,4,[5],12:i:-. 

These 3 targets are also subjected to an official control in adult breeding flocks of Gallus gallus, in 

addition to S. Hadar, S. Infantis, S. Virchow and S. 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 laying hens and 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 egg-laying for laying hens), strict disinfection of the farm must be 

performed and absence of any serotype of Salmonella has to be proven before the installation of a new 

animal batch. Additionally, eggs coming from laying hens and intended for human consumption are 

restricted to food applications including a thermic treatment. Concerning 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 treatment (FASFC circulars PCCB/S2/418588 and PCCB/S2/409035). For 

broilers, logistic slaughtering is based on the presence of Salmonella spp. but serotyping is performed 

to instruct hygiene measures at the farm (FASFC circular PCCB/S2/589616). As it is mandatory to 

vaccinate adult breeding flocks and laying hens of Gallus gallus with a live attenuated strain of 

S. Enteritidis (FASFC circulars PCCB/S2/418588 and PCCB/S2/409035), it is sometimes required to 

make the discrimination between the wild-type and vaccine strains, when isolating this serotype, if the 

vaccination is too close to the sampling period.  

Salmonella official controls in the pork sector were in place in Belgium until 2015, but they were 

discontinued afterwards because too constraining for the breeders and with no real impact on the 

Salmonella prevalence in pork breeding. Therefore, these last years the Salmonella control measures in 

the pork sector were more focused on global hygiene improvement along the food chain and evaluation 

of Salmonella vaccine efficiency. However, the surveillance and monitoring of the Salmonella serotypes 

circulating in pork farms is still strongly recommended by the competent authorities. 

1.4. The classical methods for Salmonella serotyping 

As elaborated above, in Belgium, Salmonella is isolated from human, food and animal sources by 

the clinical laboratories, the NRL or the veterinary laboratories (DGZ for Flanders and Arsia for 

Wallonia), respectively. Then, when required, the isolates are sent to the NRC for further 

characterization including serotyping (Figure 7). 
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1.4.1. Detection and isolation of Salmonella 

Salmonella can be isolated from various samples such as stool, blood, urine, pus, sputum or other 

body fluids for humans, feces and meat for animals, portion of food for food products, and from the 

environment. A part of the sample can be directly cultured on differential and selective media but an 

enrichment step is usually performed prior to selective isolation. For instance, for animal and food 

samples, a pre-enrichment is performed by homogenizing 25 g or 25 ml in 225 ml of buffered peptone 

water and incubating the suspension for 16-18 hours at 37°C. Then, selective enrichment is operated by 

inoculating 0.1 ml and 1 ml of the pre-enrichment to 10 ml of Rappaport-Vassiliadis with soja broth and 

Muller-Kauffmann tetrathionate broth, and incubating for 24h at 41.5°C and 37°C, respectively. A full 

loop of each enrichment is subsequently inoculated on 2 selective media, Xylose Lysine Deoxycholate 

(XLD)  agar and Salmonella ID2 agar, and incubated at 37°C for another 24 h. One colony of each plate 

with a characteristic aspect is subcultured on Kligler Iron agar for further confirmation analyses 

including biochemical tests or Maldi-TOF mass spectrometry. If the picked colony cultured on Kligler 

Iron agar is negative, 4 other colonies are tested from the XLD and Salmonella ID2 agar plates (ISO 

6579).  

1.4.2. Salmonella serotype identification by slide-agglutination and 

biochemical tests 

The classical method for Salmonella serotyping is based on the determination of its somatic (O) 

and flagellar (H1 and H2) antigens by slide-agglutination and biochemical tests, following the WKL 

scheme (ISO 6579). For the slide-agglutination, the test consists of putting into contact on a slide a drop 

of serum with a small loop of bacteria from a culture on Kligler Iron agar. After mixing the reagents, 

the presence of an agglutination reaction is observed on a black background with a magnifying glass 

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

 

 

 

Figure 9: Serotyping by slide-agglutination 
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Prior to the reaction with sera, the isolate is tested for its auto-agglutinable potential. To do this, a 

drop of distilled water is used instead of the serum and no agglutination reaction must be observed. If 

an agglutination is seen with water, the Salmonella strain is determined as auto-agglutinable and cannot 

be typed by slide-agglutination. Once the sample has been confirmed as typable, the operator first tests 

polyvalent sera composed of a mix of antibodies targeting several O antigens: OMA, OMB, OMC, 

OMD, OME, OMF and OMG. For instance, the serum OMA targets the following O antigens: 1,2,12 + 

4,5,12 + 9,12 + 9,46 + 3,10 + 3,15 + 1,3,19 + 21. If the isolate is positive for one of these polyvalent 

sera, the technician tests the corresponding monovalent sera individually. When an agglutination is 

obtained, the numeric code of the serum used for this positive reaction is reported in the antigenic 

formula of the sample. It is not mandatory to find all the O antigens included in the antigenic formula 

of a serotype for its determination. Indeed, only some major O antigens of each antigenic formula are 

needed. For example, in the formula 1,4,[5],12:i:1,2, the determination of O:12 is not mandatory because 

this antigen is present in the formula of a large number of serotypes and is thus not discriminative. 

Secondary O antigens are sometimes 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 Copenhagen from the serotype 

Typhimurium, i.e. 1,4,12:i:1,2 gives S. 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 antigens: HMA, 

HMB, HMC, HMD and HM3. Then, monovalent sera, corresponding to the positive polyvalent serum, 

are tested. In some cases, both H1 and H2 antigens can be determined by this way, but usually, only one 

of the 2 flagellar antigens is determined and another culture on a soft solid media supplemented with 

sera targeting the obtained H antigens must be performed. The role of this supplement is to block the 

expression of the previously determined H antigen and force the bacteria to express the second H 

flagellar phase.  

The combination of the O and H formulas gives the antigenic characteristics of the Salmonella 

isolate. If the strain belongs to the subspecies I, a name is linked to this result in the WKL scheme 

(Grimont and Weill 2007). Sometimes a common antigenic formula is shared by several subspecies of 

Salmonella enterica. In this case, additional tests are used for the discrimination between these 

subspecies, based on their biochemical characters (Table 1). Identically, biochemical tests are also 

required for the determination of some variants. This is for instance the case for the variant Java of the 

serotype Paratyphi B for which the ability to ferment the d-tartrate can be determined by 2 cultural 

methods. One is the historical lead-acetate test which consists of incubating the S. Paratyphi B isolate 

in a minimum broth supplemented with d-tartrate as source of energy. After 7 days at 37°C, the use of 

d-tartrate is measured by addition of lead-acetate to the culture. The lead-acetate has the ability to form 

a precipitate in the  presence of d-tartrate: if a small precipitate is formed, the bacteria used all the d-

tartrate present in the broth (dT+); if a fluffy fine precipitate is created, the initial amount of d-tartrate 
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is still present and was not used by the bacteria (dT-). The second more recent cultural method is the 

commercial Jordan's Tartrate test which consists of inoculating the bacteria on a solid medium 

containing d-tartrate and observing after 24h at 37°C, a color change of the culture, from red to yellow, 

if fermentation of d-tartrate has occurred (dT+).  

 

 

Table 1: Differential characters of Salmonella species and subspecies  

(adapted from Grimont and Weill 2007) 

   

 

A collection of more than 120 sera is needed for being able to identify all the antigenic formulas 

composing the WKL scheme. The choice of sera to test and the ability to properly detect an agglutination 

reaction without mistake, is highly correlated with the training and the experience of the laboratory 

technicians. Therefore, the serotyping by slide-agglutination is expensive, labor-intensive and not fully 

accurate as it is linked to the subjectivity of the technicianôs interpretation. In Belgium, this method is 

only fully mastered in the NRC.
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1.5.  Alternative molecular methods for Salmonella serotype 

identification  

With the advent of the genetic era, a plethora of molecular methods were developed for the 

genoserotyping of Salmonella, as valid alternatives to the classical serotyping using slide-agglutination 

and biochemical tests. Basically, 2 types of approaches are generally used: sequencing and non-

sequencing based techniques, which are often targeted methods. The latter use the detection of a single 

or a combination of molecular markers, specific to a given serotype or variant, by PCR or hybridization 

based methods. These molecular markers are sometimes linked to the genes which code for the somatic 

and flagellar antigens, allowing the deduction of the antigenic formula and thus the serotype, or to 

specific DNA regions only present in the genomes of the targeted serotype. The sequencing methods 

are based on the analysis of a part (e.g. MLST genes or CRISPR loci) or the totality of the bacterial 

genome which allows the deduction of the serotypes and associated variants.  

It needs to be mentioned that some molecular subtyping (i.e. below the serovar level) methods can 

sometimes be used for serotyping purposes. This is for instance the case for the repetitive element-PCR 

(rep-PCR) techniques using primers to amplify non-coding repetitive sequences interspersed throughout 

bacterial genomes, which are subsequently separated by electrophoresis. This technique showed its high 

potential for serotype prediction from the generated genomic fingerprints (Rasschaert et al. 2005; Wise 

et al. 2009). Another example is the PFGE 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 field. The result is a pattern of bands (PFGE profile or pulsotype), 

similar to a barcode and relatively conserved between bacterial clones. Some parts of the band pattern 

showed to be specific to some serotypes. The deduction of the serotype is made after comparison with 

other PFGE profiles of the laboratoryôs proper database (or the international standardized database 

PulseNet) composed of strains for which the serotype identification is known. Although initially used 

for subtyping, this method proved to be reliable for the identification of Salmonella serotypes (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 

spectrometry, such as Matrix-Assisted Laser Desorption Ionization-Time Of Flight (MALDI-TOF) (Bell 

et al. 2016). Based on the measurement of proteinsô mass from intact bacterial cells or cell extracts, 

MALDI -TOF is able to generate reproducible patterns from the obtained spectra. Being rapid, cost-

effective, user-friendly and using standardized protocols as well as reference spectra libraries, MALDI-

TOF is the method of choice for Salmonella spp. identifi cation by first-line laboratories. Even though 

recent advances have shown that this method might be used for Salmonella identification below the 

genus and species level (Dieckmann and Malorny 2011), this requires the extension of the upper mass 

range of detection from 20 000 Da up to 40 000 Da, which is not supported by all the commercial 
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methods. Additionally, while common MALDI-TOF tests are based on the detection of ribosomal 

proteins, referenced in standardized databases, serovar-specific combinations of several non-ribosomal 

proteins were used as markers in the protocol of Dieckmann and Malonry (2011), which would require 

the establishment of new standardized reference libraries for potential future use. Finally, Kang and 

colleagues failed to reproduce these results and concluded, based on their own data, that MALDI-TOF 

was very limited for Salmonella identification at the serotype level (Kang et al. 2017). 

In conclusion, the molecular methods are the most reliable alternatives for the identification of 

Salmonella at the serotype level. Some of these methods will be reviewed in this section and their 

advantages and drawbacks will be discussed (Table 2).  

1.5.1. PCR-based serotyping methods  

PCR and detection by electrophoresis on agarose gel 

It is not necessary anymore to present this famous and widely used technique consisting of the 

specific amplification of a DNA region with a pair of forward and reverse primers, and the subsequent 

detection of the amplicons by electrophoresis on an agarose gel. Some singleplex PCR assays using one 

pair of primers were developed for the specific detection of one serotype, e.g. S. Enteritidis (Lampel, 

Keasler, and Hanes 1996) or S. Typhimurium (H. J. Kim et al. 2006). In this case, if a specific band is 

observed on the agarose gel, this means that the related serotype was detected. Other duplex or multiplex 

assays are composed of at least 2 pairs of primers and aim to amplify several DNA regions 

simultaneously. This time, the amplicons are distinguishable based on their size on the agarose gel after 

separation by electrophoresis. This is the case for the duplex PCR methods developed by Zhai et al. 

(2014) and Malorny, Bunge, and Helmuth (2003) for, respectively, the detection of S. Paratyphi B and 

the discrimination between its variant dT- and dT+. These 2 duplex methods are composed of a pair of 

primers to detect their respective targets, but also of a second pair of primers for the simultaneous 

confirmation of the Salmonella genus, each set of primers generating amplicons with different sizes. Of 

the same principle, some multiplex PCR methods were developed for the identification of genes coding 

for the somatic and flagellar antigens (Echeita et al. 2002; Herrera-León et al. 2004; Liu et al. 2011; Luk 

et al. 1993) or other genomic regions specific to the serotypes (Alvarez et al. 2004; S. Kim et al. 2006; 

Laetitia Fabre et al. 2014). Despite the fact that PCR is a cheap universal method commonly 

implemented in laboratories worldwide, a detection by electrophoresis on agarose gel is needed in most 

cases. Additionally, this technology does not allow a high level of multiplexing and several assays are 

usually needed for the identification of numerous targets, which can be time-consuming and labor-

intensive.  
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Real-time PCR, i.e. detection using fluorescence  

The principle of the real-time PCR (also called qPCR) is similar to the PCR but here the presence 

of molecular markers is detected in real time through the measurement of fluorescence produced at each 

amplification step. Two main technologies are used: SYBR green (intercalating dye) and TaqMan 

(probe based). The principle of the nonspecific fluorescent dye SYBR is that when SYBR dyes bind to 

double-stranded DNA, its fluorescence increases by 20-100 fold. As the amount of double-stranded 

DNA increases during the PCR process, the SYBR fluorescent signal increases correspondingly. The 

TaqMan assay is more widely used because it is more sensitive and specific. It is based on the Taq DNA 

polymerase 5ǋï3ǋ exonuclease activity, and the TaqMan probe which is a sequence-specific 

oligonucleotide with a reporter fluorescent dye at its 5ǋ end and a quencher dye at its 3ǋ end. When the 

probe is not hydrolyzed by the Taq DNA polymerase, the reporter dye emitted fluorescent light is 

absorbed by the quencher dye because of fluorescent resonance energy transfer. When the probe is 

hydrolyzed by the Taq DNA polymerase, the 5ǋ reporter dye is separated from the quencher dye. 

Therefore, the quenching effect is gone and the 5ǋ reporter dye fluorescent light is able to be detected by 

the qPCR instrument (Jia 2012). Singleplex and multiplex assays using this technology were developed 

for a fast and accurate detection of various Salmonella serotypes (e.g. S. Dublin, S. Enteritidis, 

S. Gallinarum, S. Kentucky, S. Paratyphi A S. Typhi and S. Typhimurium; Farrell et al. 2005; Hwa Lee 

et al. 2009; Laetitia Fabre et al. 2014; OôRegan et al. 2008) or discrimination between 2 variants of a 

same serotype (e.g. vaccinal variant of S. Enteritidis; Maurischat et al. 2015). Despite the fact that this 

detection method is commonly used, very fast and easy to perform, the number of targets per assay is 

very low due to the limited number of available spectra used by the fluorophores for detection. 

1.5.2. Hybridization-based serotyping methods 

Microarray  

Microarrays have been commonly used in gene expression studies (RNA) but they also allow to 

easily detect in one shot a large numbers of molecular markers at the DNA level. A DNA microarray is 

composed of a multitude of oligonucleotides representing different alleles of target genes. Small regions 

of these genes are amplified by multiplex PCR and a reporter dye is incorporated into the amplicons. 

Depending on the allelic sequence of these amplified genes, they specifically hybridize to the 

oligonucleotides coupled at the microarray and are subsequently detected through fluorescence. This 

method is mostly used for the determination of the somatic O and flagellar H antigens based on their 

coding sequence (Braun et al. 2012; Guo et al. 2013; Robertson, Yoshida, Gurnik, et al. 2018; Yoshida 

et al. 2007). The detection by microarray has the advantage to detect a large number of molecular 

markers in one run but most of the time, several multiplex PCRs are needed before hybridization to the 

array. Additionally, the analysis of a high number of samples in high-throughput is limited because one 
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array is required for each sample to identify its serotype. A commercial kit based on this technology and 

named Check&Trace Salmonella claims the possible identification of 300 serotypes. However, this kit 

is expensive and its protocol is performed using separate tubes, each containing one array, analyzed one 

by one by the Check&Trace reader. Therefore, if multiple isolates need to be identified, all the reaction 

and reading steps have to be performed for each isolate, each in a separate tube. In these conditions, the 

method becomes labor-intensive and time-consuming when many isolates have to be serotyped. 

 

Multiplex Oligonucleotide Ligation-PCR (MOL-PCR) and Luminex xTAG technology  

The Luminex technology is a multiplex detection platform using a liquid bead-suspension array. 

The beads in this array are polystyrene microspheres with a diameter of 5.6 to 6.5 µm and which are 

divided into different spectral set depending on their combination of red and infra-red colors. Thanks to 

this unique spectral address, the Luminex device is able to categorize each microsphere individually in 

a mixture of microspheres of different regions. With the xTAG technology, the beads are magnetic 

MagPlex-TAG microspheres that are pre-coupled with a specific anti-TAG DNA sequence linked to the 

unique bead color. These anti-TAG sequences are composed of a 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°C. In the Multiplex Oligonucleotide Ligation-PCR (MOL-PCR) assay, specific 

molecular markers are detected through a multiplex ligation-dependent reaction followed by a 

singleplex (universal) amplification reaction. The multiplex ligation reaction is working with sets of 

probe pairs: upstream probes composed of a 5ô universal primer site (e.g. T7), an internal anti-TAG 

sequence (further used for the Luminex detection) which is unique for each target and a 3ô target-specific 

sequence; and downstream probes including a 5ô target-specific sequence and a 3ô universal primer site 

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

 

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 detection of molecular markers, upstream and downstream probes must anneal 

adjacent to each other on their target site (Figure 10), for being linked by the ligase enzyme during the 

first step of the method: the multiplex ligation reaction. The so created ligation fragments form a PCR 

template which are subsequently amplified during the singleplex PCR step with universal primer pairs. 

The produced ligation-amplification fragments are then able to be hybridized to MagPlex-TAG 

microspheres through the recognition between the anti-TAG (coupled to the beads) and the 

complementary TAG (present in the MOL-PCR fragment) sequences. Finally, thanks to one of the PCR 

primers which is biotinylated, the incubation with Streptavidin, R-Phycoerythrin Conjugate (SAPE) 

triggers a fluorescence reaction which is detected by the Luminex platform, attesting the presence of the 

related molecular marker (Figure 11). Basically, the read-out of a multiplex bead-suspension array by 

a Luminex device is the measurement of the red signal for the 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 determine if they are 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) 






























































































































































































































































































































