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Abstract 

Salmonella Enteritidis is the most commonly reported non-typhoidal Salmonella serovar causing 

human disease, and is implicated in both gastroenteritis and invasive non-typhoidal Salmonella 

disease worldwide. Whole-genome sequence (WGS) comparison of Salmonella Enteritidis 

isolates from across the world identified four definitive clades: Outlier, Global, East African and 

West African. Three of these clades were implicated in epidemics: the Global Clade was linked to 

poultry-associated gastroenteritis, while the two African clades were related to invasive disease. 

Despite the recognition of different Salmonella Enteritidis clades, the distribution and epidemiology 

of these clades across Africa is poorly understood. To investigate this, we developed a sensitive 

real-time PCR assay that was capable of differentiating between the Salmonella Enteritidis clades. 

This assay was then used to investigate 618 Salmonella Enteritidis isolates originating from four 

South African provinces over a period of two years (2012 – 2013). Associations between particular 

clades and province, antimicrobial resistance and HIV status were explored using statistical 

analysis. Majority of the South African isolates were classified within the Outlier clade (61.00%), 

with fewer classified within the Global clade (38.83%) and only one isolate classified within the 

West African Clade (0.16%). Of note, the isolates within the Global clade were strongly associated 

with decreased ciprofloxacin susceptibility (37/240, 15.42%, OR: 7.45, CI: 3.526 – 15.751) and 

invasive disease (140/240, 58.33%, OR: 1.57, CI: 1.13 – 2.17). Thus, we have highlighted the 

importance of monitoring Salmonella Enteritidis clades in sub-Saharan Africa in order to gain a 

better understanding of the distribution and epidemiology. The development of a sensitive real-

time PCR assay provides a cost-effective alternative to WGS for use in resource-limited settings. 
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Glossary 

 Actin- a protein component of the muscle responsible for the contraction and relaxation  

 Anthroponotic disease- an infectious disease which is carried and spread by humans 

 Antibody- a molecule, produced as a result of an immune response, that specifically 

combines with an antigen in order to neutralise it   

 Antigen- a substance capable of eliciting an immune response 

 Bacteraemia- the presence of bacteria in the blood, which is usually a sterile environment 

 Bacteriophage- a virus which infects and replicates within bacteria 

 Bar-coding- (in relation to Whole-genome sequencing) the addition of unique sequences 

to DNA fragments for the sorting and identification of sequences 

 Base pairs- a complementary pair of nucleic acids, which make up the double stranded 

structure of deoxyribonucleic acid. The base pair is often used as a metric for the size of a 

genome or genetic material 

 Biochemical- chemical reactions with relation to bacteria 

 CD18- (as in CD18-expressing) a protein which functions in cell surface signalling and 

immune responses 

 Decreased susceptibility- bacteria with an MIC that is higher than expected for the 

susceptible population and has one or more resistance mechanisms  

 Denuding- the removal of an overlying material  

 Disability-Adjusted Life Years- the number of potential years of a person’s life lost due 

to the lack of productivity or mortality resulting from a disease, as defined by the World 

Health Organization 

 Endonuclease- a restriction enzyme that cleaves the phosphodiester bonds within a DNA 

molecule 

 Epidemiology- the study of factors which determine or influence the occurrence and 

distribution of health-related events 

 Epithelium- a cellular layer covering internal and external surfaces of an multi-cellular 

organism 

 Fimbriae- hair-like extensions branching from the cell surface 

 Genomic degradation- the reduction in genetic material due to deleterious mutations,  

 Homogenous- being alike or having the same qualities 
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 Homoplasy- a characteristic or genetic element shared by two or more bacteria as a result 

of a common ancestor 

 Immunogenic- relating to the elicitation of an immune response 

 Immunosuppressed- a state of the immune system whereby the function is greatly 

decreased as a result of a disease or medication 

 Incident- number of times an event has occurred 

 Invasive- (as in invasive salmonellosis) the ability of a Salmonella bacterium to invade the 

bloodstream of the human host and subsequently cause systemic disease 

 Junctional complexes- a specialized site of attachment between cells or to the 

extracellular matrix 

 Lineage- a line of descendants from a common ancestor 

 Low-level resistance- bacteria which has an MIC that is higher than expected for the 

susceptible population but lacks any resistance mechanisms  

 Lysis- the disruption of cellular structure leading to the destruction of a bacterial cell or 

tissue 

 Meningitis- the inflammation of the membranes surrounding the brain and spinal cord 

(meninges) as a result of an infection  

 Metagenomics- the study of a range of nucleic acids extracted directly from the 

environmental sample 

 Molecular/ Nucleic-acid based methodology- the use of genetic material in various 

procedures to classify and investigate bacteria 

 Mortality rate- the number of deaths in a defined population occurring at a given time 

period 

 Multidrug-resistant- resistance to three or more antibiotics 

 Niche- a particular place which is defined by specific biotic and abiotic factors  

 Nomenclature- the designation of a name 

 Operon- closely linked genes which are grouped together 

 Osteomyelitis- an infection of bone tissue  

 Outbreak- a sudden increase in the number of cases of a disease above what is normally 

expected in that population in that area 

 Paraphyletic- a taxonomic group that does not include all descendants of a common 

ancestor 

 Pathogenicity- bacteria’s ability to cause disease 



  

 
xx 

 Permease- a category of proteins functioning in the transport of various molecules across 

biological membranes 

 Phagocyte- a cell that ingests and destroys foreign particles, bacteria or cell debris 

 Phenotypic- the observable appearance of bacteria resulting from the interactions of gene 

expression and the environment 

 Phylogeny- the evolutionary history of a group of bacteria 

 Prophage region- an area in the bacterial genome that consists of genes transferred by 

bacteriophages   

 Resistant- bacteria that have a very high MIC and has multiple resistance mechanisms  

 Robust- (in relation to real-time PCR) an assay’s ability to produce the same results under 

different conditions 

 Sensitive- (in relation to real-time PCR) an assay’s ability to correctly identify positive 

isolates as positive 

 Septic Arthritis- infection of the joint 

 Serology- the study of antibody and antigen reactions using serum 

 Serovar- a subdivision of a species of bacteria distinguished on the basis of serological 

variation  

 Shearing- (in relation to Whole-genome sequencing) the cutting of DNA into fragments of 

a defined size using enzymes or mechanical disruptions 

 Specific- (in relation to real-time PCR) an assay’s ability to correctly identify negative 

results as negative 

 Subtyping- process whereby bacteria are precisely classified using antisera  

 Zoonotic- an infectious disease which is capable of being transmitted from animals to 

humans 
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CHAPTER ONE  

Literature Review 

1.1. Salmonella through the years 

1.1.1. Historical outbreaks 

The earliest documented outbreak of Salmonella dates back to 430 B.C., Athens. According to the 

detailed accounts of the Greek historian Thucydides, nearly 100 000 people were suffering from 

diarrheal illness, fever and rash with a 25% mortality rate (1). Metagenomic sequencing of human 

remains from a mass grave, in the ancient Kerameikos cemetery, confirmed the presence of bacteria 

closely related to modern-day Salmonella enterica serovar Typhi (Salmonella Typhi) (2).  

Subsequent historical records show typhoid fever outbreaks of significant proportions. Between 1607 

and 1624, 6 000 English settlers in Jamestown, Virginia died after contracting Salmonella Typhi from 

drinking putrid river water (3,4). Similarly unsanitary conditions during the American Civil War in the 

1860s resulted in more deaths from typhoid fever than from the war itself (5). The mortality rate due to 

typhoid fever remained high throughout the 19th century, with 174 deaths recorded per 100 000 people 

in Chicago alone (6). Only in 1896, with the development of a vaccine by Almroth Wright and 

experimental inoculation of British troops, did the mortality rate of typhoid fever drastically decrease (7). 

Large outbreaks caused by non-typhoidal Salmonella outbreaks have also been recorded. In 1974, 

nearly 300 people contracted Salmonella enterica serovar Typhimurium (Salmonella Typhimurium) from 

drinking contaminated cider in New Jersey and became ill (8). However, the largest documented 

outbreak of Salmonella Typhimurium occurred in 1985 when more than 16 000 people became ill after 

consuming tainted milk, which was distributed across several states in the United States (US) (9). 

Salmonella enterica serovar Enteritidis (Salmonella Enteritidis), a close relative of Salmonella 

Typhimurium, was also implicated in a multistate outbreak in 1986 involving raw pasta (10). Salmonella 

Typhimurium and Salmonella Enteritidis have emerged as pathogens of global public health concern 

over the past 50 years (11). 
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1.1.2. Classifying Salmonella 

Karl Joseph Eberth is largely credited as the first person to have observed and described Salmonella 

bacteria (12). In 1880 Eberth published a report describing bacilliform bacteria on tissue he collected 

from a patient that had died from typhoid fever (13). The bacteria detailed in this paper was later referred 

to as “Eberth’s Typhoid Bacillus” (14) in European journals describing similar bacteria present in 

diseased tissue. Thus, a defining point in the history of Salmonella was the acceptance of a group name, 

which spurred much of the taxonomical classifications used today.  

At the same time, Theobald Smith, a research assistant of chief veterinary pathologist Daniel Elmer 

Salmon, isolated and described the pathogenicity and the microscopic structure of the bacilliform 

bacteria collected from swine afflicted with hog cholera (15). In 1900, Smith suggested that these 

bacteria be named Salmonella for the chief pathologist (16). Salmon wrongly claimed the discovery for 

himself, not acknowledging the work of Smith (17). Nevertheless, Smith’s further work pioneered the 

current fields of epidemiology, pathology and bacteriology (18). 

Following the wide acceptance of the Salmonella group name in the scientific community, numerous 

reports were published describing bacteria belonging to this group. Each newly discovered Salmonella 

bacterium was classified according to their antigenic composition, a method known as the Kauffman-

White scheme (19). Clinically significant Salmonella strains were commonly assigned a name according 

to the syndrome caused (eg. Salmonella Typhi) or host specificity (eg. Salmonella Abortusovis) (20,21). 

However, this nomenclature led to confusion in the scientific community due to the non-specific nature 

of some Salmonella strains. Hereafter, each strain was named according to the geographical location 

of isolation, eg. Salmonella London (21).  In 1966, it was suggested that every description of Salmonella 

bacteria with a unique antigenic composition be considered an individual species (22). Thus, the 

antigenic formula was designated as the primary nomenclature system of Salmonella. 
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1.1.3. Current taxonomy of Salmonella 

The Salmonella genus is classified under the broad Gammaproteobacteria class, the largest and most 

diverse class of Proteobacteria (Figure 1.1.1) (23,24). Within this class, Enterobacteriales is one of the 

most medically important orders (25). This order encompasses the Salmonella, Escherichia, Shigella 

and Vibrio genera, all of which have a significant medical impact on populations worldwide (23,24). 

These bacteria inhabit intestinal tracts of animals therefore are commonly known as enterics. 

 

 

 

 

 

 

 

(26) 

 

 

Molecular methods divided Salmonella into two distinct species, namely bongori and enterica, based on 

genetic relatedness (27,28). The latter, Salmonella enterica, accounts for the majority of disease in 

humans (25). Biochemical variations further differentiate this species into six subspecies: enterica, 

salamae, arizonae, diarizonae, houtenae and indica (29). The subspecies enterica contains the greatest 

number of serovars pathogenic to humans (30).  

More than 2 600 serovars of Salmonella enterica have been described (31). These are loosely classified 

according to the clinical syndrome and antigenic formulae, as either, typhoidal or non-typhoidal. The 

typhoidal serovars are non-zoonotic in transmission and only pathogenic in humans (32). Conversely, 

non-typhoidal serovars are extremely diverse and have a multitude of hosts (32), ranging from cattle 

and swine (33–36) to plant tissue (37).  

 

Figure 1.1.1 An unrooted phylogenetic tree representing the relationship between the five Proteobacteria classes (α, 

β, δ, ε and γ) and the bacterial genera of medical importance within each class. (26) 



  

 

4 

1.2. Non-typhoidal Salmonella  

1.2.1. Characteristics of non-typhoidal Salmonella 

As previously described by Eberth and Salmon, the Salmonella genus consists of bacilliform (rod-

shaped) bacteria (13,17). The characteristic shape is due, in part, to the narrow layer of peptidoglycan 

in the cell wall (38). Gram stain tests of Salmonella bacteria result in gram-negative cells, since the thin 

cell walls are unable to retain the crystal violet-iodine complex (39,40). Multiple flagella embedded in 

the apical end of cells further distinguish Salmonella isolates (Figure 1.2.1). These whip-like structures 

are important for bacterial locomotion, attachment and invasion of host cells (41–43). 

 

 

 

 

(44) 

 

 

As facultative anaerobes, Salmonella are able to perform metabolic processes in the presence as well 

as the absence of oxygen (23,38). Respiration is independent of oxygen as it is not required as a 

terminal electron receptor. However, in the absence of oxygen, Salmonella makes use of another 

electron receptor, tetrathionate, which is produced when the bacteria elicit mammalian gut inflammation 

(45,46). When oxygen is present, catalase enzymes prevent the accumulation of toxic oxygen by-

products within bacterial cells (47,48). The adaptability of these bacteria to live in both oxygen-rich and 

poor environments facilitates both free-living and intracellular lifestyles (45–48). 

The adaptability of NTS to diverse niches is further supported by the ability of the bacteria to obtain 

carbon and nitrogen from a variety of sources (49). Salmonella metabolize a wide range of sugars 

through the use of permease systems capable of catabolic activity. Metabolism of glucose produces 

succinate, lactate and acetate, classifying Salmonella as mixed acid fermenters (23,50). Furthermore, 

the bacteria are capable of using both nitrite and nitrate as electron receptors facilitated by two types of 

membrane-bound reductase enzymes (51). 

Figure 1.2.1 Electron micrograph of Salmonella enterica serovar Enteritidis. Flagella, extruding from the bacterial cell 

wall, assist with locomotion and host cell attachment. (44) 
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1.2.2. Method of host cell invasion 

Once Salmonella bacteria enter the mammalian digestive tract, the bacteria penetrate the brush border 

cells (Figure 1.2.2) of the gut epithelium (50,52). Type I fimbriae, surrounding the bacterial cell, and 

flagella facilitate the binding of bacteria to the brush border cells (23,41,42). Modification of the host 

cell’s filamentous actin cytoskeleton induces cell ruffling and enables bacterial entry (53–55). These 

modifications often disrupt the brush border cells, causing denuding and elongation of the villi (52). As 

the bacteria replicate and degrade the host cell, adjacent host cells are invaded through the junctional 

complexes (52,56).  

 

 

 

(57) 

 

 

 

Alternatively, the invasion of the intestinal epithelium may take place through uptake via CD18-

expressing phagocytes (58). However, Salmonella preferentially invade the microfold (M) cells of the 

Peyer’s patches, small masses of lymphatic tissue within the small intestine, and pass into the host 

lymphatic or cardiovascular systems of vulnerable hosts (23,59). The numerous methods of cell invasion 

employed by Salmonella emphasise the importance of intracellular environments for the successful 

replication of Salmonella (60,61). Thus, the Salmonella bacteria require an intracellular environment for 

at least part of the pathogenic lifecycle.  

1.2.3. Symptoms of non-typhoidal Salmonella infection 

Salmonella produces enterotoxins within the host intestinal tract (23). These specialised proteins bind 

to the host cell receptors and cause the rapid secretion of fluids into the intestinal lumen (62). Excessive 

fluid secretion lead to symptomatic diarrhoea and vomiting (23,63). The increased loss of fluids puts the 

host in danger of severe dehydration (23). Thus, the enterotoxins are highly immunogenic and result in 

the stimulation of neutralising antibody production as well as intestinal inflammation (23, 62, 63). 

Figure 1.2.2 Illustration of gut epithelial cells situated closely together in the small intestine. The brush border and 

junctional complex are cell characteristics that make the intracellular invasion of Salmonella bacteria possible. (57) 
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Symptoms develop in the host only once the bacteria exploit host nutrients and replicate to high tissue 

loads. Reportedly, the incubation period of NTS Salmonella is 6 to 72 hours from the time of 

contaminated food consumption (64,65). However, cases of incubation periods of up to 14 days after 

exposure have been recorded (66). 

Salmonella most commonly manifests as gastroenteritis and does not usually cause systemic disease 

in humans (63). However, in 6% of all confirmed NTS cases, an invasive Salmonella infection occurs 

(67,68). Diarrhoea, vomiting and dehydration are uncommon in systemic infections (69). Instead, 

invasive NTS (iNTS) disease closely resembles the enteric fever syndrome of patients suffering from 

typhoid fever (70). Patients may also develop bacteraemia, or other extraintestinal sites of infection 

(including meningitis, osteomyelitis, and septic arthritis) (71,72). The mortality rate of these systemic 

infections remains high, even with the administration of antibiotics (71,73–75). 

1.2.4. Transmission of non-typhoidal Salmonella 

All non-typhoidal Salmonella are considered potential zoonotic pathogens, of which a small number are 

responsible for the majority of human infections(23,31). NTS infects a broad range of both warm- and 

cold-blooded animals (31). Poultry, in particular contaminated chicken products (Figure 1.2.3), are 

considered the primary source of Salmonella Enteritidis (12,76–80). Infection of human hosts generally 

occurs through faeco-oral transmission, either through ingestion of faecally-contaminated food or water, 

or from direct contact with animals (61). Globally, poultry is the second most widely consumed meat 

(81,82) and is currently the most rapidly growing agricultural industry (81). Thus, NTS poses a huge 

threat to the economy, food security, and healthcare systems worldwide (31,76,79,83).  

 

 

 

 

 

  

Figure 1.2.3 A bar graph representing the percentage of laboratory-confirmed Salmonella Enteritidis isolates taken from non-
human sources from 1968 – 2011 in the United States. Chicken is significantly higher than any other source. Adapted from 

the United States National Veterinary Services Laboratories. (12) 

Non-human Source 

Percentage (%) 
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The exact mode of transmission of iNTS disease remains largely unknown (84). A large proportion of 

Salmonella serovars isolated from production animals are not associated with invasive human infection, 

suggesting alternate transmission routes of invasive Salmonella (85–87). Similarly, water-derived 

samples are distinct from the human serovars causing iNTS disease (84). Some studies have proposed 

that the major route of transmission for serovars involved in the recently evolved African iNTS disease 

is athroponotic (88,89).  

1.2.5. Risk factors associated with non-typhoidal Salmonella 

Non-typhoidal Salmonella is an opportunistic pathogen, therefore individuals with weakened immune 

systems are most susceptible to iNTS (71). Age has long been recognised as an independent risk factor 

for iNTS. Infants and children younger than two years have immature immune systems and are at high 

risk for disease (72,90,91). As the immune system matures, fewer NTS infections are observed, with 

the lowest iNTS incident observed in persons aged 10 to 44 years of age (90). However, the risk of 

infection as well as the mortality rate increases again in individuals over 65 years, due to 

immunosenescence and additional comorbid diseases (91). 

Immunosuppressive conditions predispose individuals to iNTS disease. HIV infection, in particular, is 

associated with a high risk of developing iNTS disease (71,92–94). Other well-described risk factors 

include malnutrition, malaria, sickle-cell disease and anaemia (73,95). In absence of an efficient immune 

response, Salmonella bacteria are rapidly internalised, which also reduces the effectiveness of antibiotic 

therapy (94). 

Ongoing global surveillance of NTS serovars has revealed that Salmonella Enteritidis is the only serovar 

that displays a significant seasonality. In both northern and southern hemispheres, the majority of 

infections occur in the respective summer/ autumn months (90,96,97). iNTS disease has also been 

shown to be seasonal, with a higher incident rate during the rainy season (98). It is unclear whether this 

is due to enhanced waterborne transmission, seasonal malaria, an association with food scarcity and 

malnutrition, or a combination of risk factors (98). 
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1.3. Typing Salmonella  

Typing of bacterial isolates provides invaluable aid in the investigation of outbreaks. Traditional 

serotyping relies on the phenotypic characterisation of bacteria. These methods are commonly time 

consuming and require skilled personnel to perform, and even then are not consistently reproducible 

(99). Nucleic acid-based methodologies have improved on the performance of traditional phenotypic 

methods with high subtyping sensitivity and use of commonly available laboratory agents (100). As 

technologies develop and become more affordable, molecular methods will replace phenotypic 

characterisation as gold standards for serotyping (101–103). 

1.3.1. Phenotypic laboratory identification of non-typhoidal Salmonella 

a) Slide agglutination serotyping 

Serotyping  by slide agglutination, which defines serovars within a subspecies, remains the standard 

approach to Salmonella subtyping in well-resourced routine diagnostic laboratories and is a key aspect 

of typing in reference laboratories (101). Serovars are designated according to the White-Kauffmann-

Le Minor scheme of antigenic formulae (28). Highly variable O and H antigens are detected using 

antisera, which form specific antigen-antibody complexes that are visible as agglutination (Figure 1.3.1). 

Somatic (O) antigens are the saccharide components of the exposed lipopolysaccharides on the 

bacteria surface. At least 64 O antigen variations have been identified (29). Flagellar (H) antigens have 

nearly double the number of variants, with at least 114 H antigen variations described (29). The 

increased variation of H antigens are due to a single Salmonella isolate containing more than one type 

of H antigen.  

 

 

 

 

 

 

 

(104) 

Figure 1.3.1 Visible agglutination (left) is observed as white dots in the solution as antigen-antibody complexes form. 

Photographed by Statens Serum Institut.(104) 
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Most Salmonella serovars possess two distinct H antigens, termed H1 (phase 1) and H2 (phase 2) 

(105). Serovars may express only one flagellar antigen type at a time (monophasic) or both antigen 

types at the same time (diphasic). Therefore, to determine whether the isolate has an H antigen other 

than that identified by initial slide agglutination, phase inversion is used. The isolate is passed through 

a special media containing antibodies that inhibit the dominant antigen to select for cells expressing the 

other H antigen (106). Once the type of H and O antigens of a particular isolate have been resolved, the 

Kauffman-White-Le Minor scheme is used to classify the isolate as a particular serovar (29). 

Serotyping by slide agglutination is fairly quick for common isolates, with the average hands-on time 

being under one hour. Any microbiologist with the full array of antisera will be able to identify any 

Salmonella isolate. However, the method is very labour intensive and requires personnel to be carefully 

trained (101). False positives may also occur due to weak, non-specific agglutination (107) which limits 

the utilisation of traditional serotyping techniques, such as this, in detection of outbreak strains (101). In 

addition, the cost of maintaining a complete array of antisera has increased considerably, therefore is 

typically only available at references laboratories. 

b) Phage typing 

Phage typing is used to discriminate between Salmonella isolates within the same subspecies. The 

phage type is assigned according to the ability of a specific bacteriophage to lyse the isolate under 

investigation (Figure 1.3.2) (108). The molecular characteristics of the bacteriophage and phage 

receptor of the bacteria mare specific, in that the bacteriophage only infects particular Salmonella 

serovars (108). Initial use of this method was to discriminate between Salmonella serovars Typhi, 

Paratyphi A and Typhimurium, which are known to be highly monophyletic. Later, the phage typing 

methodology was adapted to include Salmonella Enteritidis (109).  

 

 

 

 

 

 

(50) 

Figure 1.3.2 Diagram representing the phage typing of a Salmonella enterica serovar. The formation of plaques (dark circles) 

indicate the bacterial susceptibility to a particular bacteriophage. Adapted from Pearson Education Limited, 2015. (50) 
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Serotyping Salmonella with the use of specific bacteriophages is very simple to implement and only 

requires basic laboratory equipment (110). The simplicity of the test also enables results to be obtained 

in less than 24 hours (109). Careful coordination between reference laboratories is required to ensure 

tests are standardised, nevertheless results are not easily comparable (110). Bacteriophage lysis is also 

commonly ambiguous, which further affects the reliability of results. The limited number of available 

bacteriophages confines the range of serotyping by this method (101). Phage lysis may also be affected 

by genetic events such as the gain or loss of a genetic element resulting in the conversion of the phage 

(111,112). 

1.3.2. Molecular subtyping and characterisation of non-typhoidal Salmonella 

c) Pulsed-Field Gel Electrophoresis analysis 

Pulsed-field gel electrophoresis (PFGE) analysis was considered the gold standard for Salmonella 

typing (101), as it has the capacity to identify strains through sensitive fingerprinting, which has important 

applications in outbreak investigation (113–116). It has recently been replaced by whole-genome 

sequencing (WGS) as a gold standard (117). The PFGE method makes use of patterns (Figure 1.3.3) 

created by large genomic DNA fragments passed through an agarose gel by alternating, multi-

directional electric current (118).  

 

 

 

 

 

 

 

(119)  

Figure 1.3.3 A Pulsed-Field Gel Electrophoresis image of Salmonella enterica serotypes. The patterns produced by the 

fragmented DNA make isolates comparable which is beneficial for outbreak detection. (119) 
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Standardisation of this test by the United States Centers for Disease Control and Prevention (US CDC) 

and the PulseNet network has allowed test results to be comparable through a set of databases shared 

worldwide (120). Thus, along with the reasonably discriminatory nature of the test, PFGE has enabled 

the successful tracking of numerous sources of Salmonella infections (113–116). However, as the 

database of isolate fingerprints increases, the reliability of clustering isolates becomes more difficult due 

to many large clusters differentiated by only minor differences (100,101). Sensitivity is also not displayed 

equally between different serovars (121). PFGE is a time-consuming process and labour-intensive, 

which limits the number of isolates that can be processed at one time.  

d) Polymerase Chain Reaction based approaches 

Polymerase chain reaction (PCR) is a method of target gene amplification using specifically designed 

primers and specialised thermal cyclers. The fluctuation of temperature facilitates the denaturation of 

DNA, annealing of primers to target sequences and the extension of the amplified strand (122). An 

efficiently designed PCR duplicates the target gene sequences with every cycle (123). The resulting 

amplification can be qualitatively measured using gel electrophoresis, as with conventional PCR (122). 

Alternatively, the gene amplification can be quantified in real-time by measuring the intensity of a 

fluorescent signal emitted by gene specific probes, as with real-time PCR (124).  

Multi-locus variable number tandem repeat analysis (MLVA) makes use of the unique variable number 

tandem repeat (VNTR) regions within related bacterial genomes (125). Analysis of the VNTR fragment 

sizes produced by digestion of five gene loci results in distinct bacterial profiles (Figure 1.3.4). 

Numerous methods for serovars Typhimurium (125–127) and Enteritidis (128–131) have been 

developed. Each of these methods describe different target loci, primer designs and resulting fragment 

lengths. Thus, standardisation of the MLVA methodology is necessary for inter-laboratory comparison 

(132). 

 

 

(133) 
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Figure 1.3.4 An electropherogram produced by the MLVA procedure. The red peaks indicate DNA standards of a known size 

and the green, blue and black peaks represent the sizes of PCR assay products from a bacterial isolate. A software program 

converts this data into a serotype. (133) 
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MLVA is a highly discriminatory test, capable of differentiating between genetically similar bacterial 

isolates (131,134). Presentation of results as a string of five numbers allows ease of international sharing 

and database setup (135). This requires collaboration for standardisation of the test between 

laboratories (135,136). However, MLVA is commonly restricted to specific serovars and is not useful for 

global phylogenetic studies or for assigning serovars (101). Furthermore, genetic homoplasy among 

bacterial strains leads to apparent relatedness and misleading isolate groupings (137). Isolates 

frequently typed by MLVA require an additional complementary subtyping method during outbreak 

investigations to distinguish the unique serovars (138).  

Random Amplified Polymorphic DNA (RAPD) analysis has proven an effective method of subtyping 

Salmonella species (139). The technique makes use of multiple short primers that amplify random 

polymorphisms within the bacterial genome (140,141). Replication of particular gene fragments creates 

a unique fingerprint when analysed using gel electrophoresis (140,141). The length of each gene 

fragment differs between Salmonella serovars, which can thus be used for accurate subtyping (139). 

RAPD analysis has a high discriminatory power, as observed with Salmonella Enteritidis subtyping 

(142). However, the arbitrary amplification of gene fragments is not easily reproducible between 

laboratories and is not useful for comparative studies (143). The discriminatory power of this method, 

when applied to highly homologous Salmonella serovars, is not as powerful as other PCR techniques 

(144).   

Enterobacterial repetitive intergenic consensus (ERIC) sequences are imperfect palindromes of 127 

base pairs (bp) located between coding regions (145). The presence or absence of ERIC sequences 

between particular genes in different bacterial species results in copy number variance (146). Thus, 

PCR amplification of the regions between ERIC sequences results in varied fragment lengths (145). 

This method provides a quick and cost effective way of differentiating between bacterial isolates (147). 

The use of a single primer set in this methodology also ensures a greater reproducibility than RAPD. 

However, the reproducibility of this technique as well as the discriminatory power remains lower than 

that of other molecular techniques, such as PFGE (147).  

e) Ribotyping 

Ribotyping compares the ribosomal operons (genes encoding the ribosomal RNA and associated 

sequences) of bacterial isolates (148,149). Ribosomal sequences 16S and 23S are highly conserved 

regions within the bacterial genome. Therefore, these regions are effective and stable for use in 

differentiating Salmonella serovars (150). The method makes use of rRNA probes which are hybridised 

to endonuclease digested, electrophoresed genomic DNA (149). The extent of hybridisation is then 

analysed by autoradiography. 
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The multi-step process of this methodology is labour-intensive, time-consuming and expensive (151). 

Furthermore, the method has a low reproducibility in different laboratories and has a limited 

discriminatory power between isolates digested with a single endonuclease. However, the use of two-

enzymes in the digestion of DNA increases the discrimination between isolates (152,153). This method 

is suitable for distinguishing between bacterial isolate clusters, but the throughput is not ideal for use in 

outbreak investigations (152).  

f) Multi-locus Sequence Typing 

Multi-locus sequence typing (MLST) methodology is a gene-by-gene comparison approach based on 

the sequencing of seven metabolic housekeeping genes (101,154). These genes were specifically 

selected based on their scattered positions in the genome, the presence of genes with known function 

in the surrounding and the lack of any diversifying selection pressure (155). Establishment of a global 

MLST Salmonella enterica database (156) has made the method popular worldwide. 

MLST is capable of discriminating between closely related bacterial isolates. The disadvantage is that 

the use of only seven loci limits the ability of the method to detect differentiating mutations (101). The 

method is also costly and requires a substantial amount of laboratory work in order to amplify, sequence 

and proof-read the nucleotide sequences (101,157). Thus, MLST is not ideal for routine laboratory 

testing. Recently, the MLST technique has been used to mine genes from WGS databases (eg. Bacterial 

Isolate Genome Sequence database) (154,158). This approach to MLST has increased in popularity 

due to the elimination of laboratory-intensive PCR analysis (154). 

g) Whole-Genome Sequencing analysis 

WGS is one of the few molecular methodologies that makes use of all genetic material within a bacterial 

cell. The entire genome undergoes multiple preparation steps, including shearing and bar-coding of the 

extracted DNA, before being sequenced by specialised machinery (159). Analysis of the resulting 

sequence reads using computer programs provides information on bacterial relatedness and the 

likeliness of linkage in an outbreak. 

WGS provides detailed and precise data based on the comparison of millions of base pairs (103). The 

method is also rapid (160) and capable of high throughput on current sequencing platforms (161). Thus, 

WGS is ideal for investigating outbreaks (92). Nevertheless, preparation of DNA and sequence analysis 

requires skilled personnel. Machinery and software required for the testing and analysis of sequences 

is expensive, limiting the number of laboratories able to afford the technology. However, the continual 

improvement of WGS techniques has resulted in a gradual decrease in the cost of equipment and 

reagents (162,163). As this technique becomes more affordable, more equipment will become available 
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to laboratories worldwide and WGS will slowly replace other subtyping methods, as is already the case 

in several countries (including Europe and the US) (164). 

h) Development of more sensitive subtyping methods 

Clonal bacterial groupings, such as Salmonella Enteritidis, require highly discriminatory typing methods 

together with good epidemiological data to identify the source and the route of transmission of infections. 

A rapid and efficient molecular approach to outbreak detection is required for investigations, especially 

in South Africa where foodborne outbreaks frequently occur (165). However, subtyping tests are limited 

for NTS owing to high running costs and low sensitivity and specificity (31). Most work is focused on the 

phenotypic characteristics of iNTS disease, such as serotyping and multidrug-resistance (MDR) (73,74), 

and less on the phylogenetic relationships of the serovars involved. 

Development of rapid, robust, portable, sensitive and specific tests which produce objective results are 

required to differentiate between epidemiologically unrelated strains (166). These tests should ideally 

group all isolates, originating from the same source, whilst conforming to the current classification of 

Salmonella subspecies and serovars (29). A balance between budget constraints and improved 

technologies which can be implemented on a mass scale in routine laboratories needs to be maintained 

with the ultimate goal of producing reliable results of benefit not only for optimal care of the individual 

patient, but also for broader public health purposes (101). Methods for the timely detection of Salmonella 

species contamination across the food chain continuum are essential to detect and prevent Salmonella 

infections. 

1.4. Salmonella enterica serovar Enteritidis 

1.4.1. Disease surveillance 

Many countries (mostly high-income) have established surveillance programmes that monitor 

Salmonella Enteritidis incidence and patterns of disease, which facilitates outbreak detection. 

Regulations in Europe, the US and Australia have specified NTS infections, including Salmonella 

Enteritidis, as notifiable to health authorities (167–169). Networks such as the European Food Safety 

Authority (EFSA) in the European Union (EU) (96), the Salmonella Enteritidis Outbreak Reporting 

System in the US (170) and OzFoodNet in Australia (171) collect and analyse these reported disease 

data. Regular surveillance of Salmonella serovars provides valuable insight into the epidemiology, and 

facilitates informed disease prevention strategies.  
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However, human Salmonella Enteritidis surveillance in Africa is poor or non-existent. The major 

challenge is the scarcity of laboratories in low-resource settings (172). Limited funding resulted in 

general surveillance for Salmonella in South Africa being stopped in 1992 (173). Thereafter, most 

available information relates to Salmonella Enteritidis disease notification in animals. Animal Health acts 

and regulations established by the Namibian Ministry of Agriculture, Water and Forestry (Act 180 of 

2011) (174) and the South African Department of Agriculture, Forestry and Fisheries (Act 35 of 1984 

and regulations 2026 of 1986) (175) state the only official control and notification measures necessary 

for Salmonella Enteritidis infections in animals. 

In response to the lack of data on human NTS disease in Africa, the South African GERMS program 

began active surveillance of NTS in 2003. Clinical laboratories, both public and private health sectors, 

regularly submitted NTS isolates to the National Institute of Communicable Diseases. The valuable 

information gained from this surveillance enabled detection and investigation of Salmonella outbreaks 

nationwide (176,177). Furthermore, the GERMS database allows for the constant monitoring of NTS 

disease trends for rapid outbreak detection and antimicrobial resistance monitoring. 

1.4.2. Global Salmonella Enteritidis burden  

Worldwide, NTS is responsible for 93.8 million enteric illnesses and 155 000 deaths annually (67). One 

of the five most commonly reported serovars causing human disease is Salmonella Enteritidis 

(96,178,179). Approximately 67% of all NTS cases reported across Europe are attributed to Salmonella 

Enteritidis (180), with an estimated 67 000 cases reported annually (96). Similarly, the majority of NTS 

cases reported in the US are attributed to Salmonella Enteritidis (170). However, the average annual 

rate of infection in the US was significantly less than the EU, with 3 cases per 100 000 people between 

1996 and 2011 (90). In 2012 only 1 239 confirmed cases of this particular serovar were recorded (170).   

An estimated 534 600 infections and 77 500 deaths were attributed to iNTS disease in 2017 (181), a 

problem which may worsen due to the increasing spread of antimicrobial resistant strains (182). 

Antimicrobial resistant strains originate due to the selection pressure of antibiotic use along the food 

chain. The use of antibiotics in food animals and the human population is the main driver of antimicrobial 

resistant strains causing disease in humans (179). Increased use of first-line drugs (ampicillin, 

chloramphenicol, sulphonamides and tetracycline) to treat severe and invasive NTS cases has led to 

rapid resistance (183,184). The high prevalence of MDR serovars causing iNTS disease necessitates 

the use of second-line antibiotics, including fluoroquinolones (ciprofloxacin) and third-generation 

cephalosporins (ceftriaxone) (71,185). Inevitably, this too has resulted in the emergence of 

fluoroquinolone (FQ) resistant Salmonella serovars (186). The global infection and mortality rate of iNTS 

disease will continue to increase if the antimicrobial resistance of individual Salmonella serovars 

remains unaddressed. 



  

 

16 

1.4.3. The burden of Salmonella Enteritidis in Africa 

Sub-Saharan Africa (sSA) has experienced epidemic increases of Salmonella Enteritidis and 

Salmonella Typhimurium as MDR strains have emerged (31,98). Such MDR strains are typically 

resistant to all first-line antibiotics, making treatment in resource-limited areas challenging (187). 

Emerging FQ resistance is reported more commonly in Salmonella Enteritidis than in other serovars 

(84). This serovar alone accounts for 26% of all laboratory confirmed NTS cases (188). However, due 

to the lack of microbiological and epidemiological data on Salmonella serovars in African countries, 

accurate estimates of NTS infections and serovar prevalence are largely undetermined (69,189,190). 

NTS is one of the most common causes of community-acquired bacteraemia across sSA (98). 

Accumulatively, iNTS disease accounts for 421 600 illnesses every year in Africa alone which is more 

than half of all reported cases globally (178,181). Mortality rates associated with iNTS disease remain 

high, with an estimated 49 440 iNTS related deaths in sSA for 2017 (181). The most common serovars 

implicated in iNTS disease are Typhimurium and Enteritidis (98,191–193). 

iNTS disease is associated with high mortality rates in low- and middle-income countries (LMIC), due to 

weak healthcare systems, persistent, poor sanitary conditions and lack of safe water supplies (187). 

Furthermore, the incidence and deaths associated with iNTS disease in Africa constitute the world’s 

highest as measured by Disability-adjusted Life Years (DALYs) (Figure 1.4.1) (194). This has a 

detrimental effect on the socioeconomic environment and healthcare systems of these countries, the 

majority of which classify as LMIC (195). 

 

 

 

 

 

(194) 

 

 

Figure 1.4.1 Disability-adjusted Life Years (DALYs) due to invasive non-typhoidal Salmonella based on estimates 

calculated by the World Health Organization. (194) 
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In South Africa, Salmonella Enteritidis surpassed Salmonella Typhimurium as the most commonly 

isolated serovar nationwide in 2011 and has remained the most common serovar since (Figure 1.4.2) 

(196). GERMS-SA surveillance reported the highest number of all laboratory-confirmed Salmonella 

Enteritidis cases in the years 2011 to 2014, with more than 3 500 isolates confirmed (196–198). This 

increase in cases corresponded with foodborne disease outbreaks in multiple provinces (199). South 

Africa has the lowest incident rate of iNTS disease (approximately 1.4 confirmed cases for every 

100_000 people) of all the African countries (200).  

 

 

 

 

 

 

 

 

 

 

 

1.4.4. Preventive measures for Salmonella Enteritidis 

Effective prevention of NTS infections requires a concerted effort along the farm-to-fork continuum (31). 

FQ resistance is especially important at the human-animal interface since both have the potential to be 

hosts for resistant Salmonella serovars (186). Regular use of FQ in agricultural practices, especially use 

in poultry, has been directly linked to resistance in human Salmonella infections (201). Complete 

banning of FQ use in medical and agricultural practice has proven effective in decreasing resistant 

bacteria in food animals and humans in Australia (202,203). 

 

Figure 1.4.2 Number of confirmed non-typhoidal Salmonella isolates (invasive and non-invasive) of different serovars 

submitted to the South African GERMS program over a 12 year period. Data adapted from GERMS-SA database at the 

National Institute of Communicable Diseases by the author, Sarah Gallichan. 
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Recent reports have shown that the number of NTS cases in Europe and the US have remained 

constant over the years (Figure 1.4.3) despite intensive control efforts in those regions (170). A better 

understanding of the transmission dynamics of individual serovars may be necessary in order to 

implement more effective, targeted preventive measures (90). This can be achieved through the 

consistent monitoring of the evolution of Salmonella serovars and their resistance patterns (186). There 

is a significant need to strengthen global detection and integrated surveillance at various levels of the 

food cycle, especially in African countries, through rapid, reliable and cost-effective Salmonella serovar 

detection (31).  

 

 

 

 

 

 

 

 

 

 

 

 

(204) 

Since the introduction of antiretroviral therapy (for the treatment of HIV) in South Africa in April 2004, 

there has been a steady decline in the number of reported invasive Salmonella Typhimurium cases 

(94,205). However, invasive Salmonella Enteritidis has not followed this trend (Figure 1.4.2). This 

suggests that, unlike Salmonella Typhimurium, HIV is not the only or most important risk factor 

predisposing a human host to disease (94,206). The burden of infection in poultry coupled with poor 

food safety control measures may have contributed to the increased prevalence (94,206). If prevention 

and control of Salmonella Enteritidis in the food chain is improved, the number of reported cases should 

decrease, as has been the experience in many other countries worldwide (94). 

  

Year 

Figure 1.4.3 Number of confirmed non-typhoidal Salmonella isolates of different serovars in the United States over a 15 

year period. (204) 
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1.5. Genomic composition of Salmonella Enteritidis 

1.5.1. Genome characteristics 

The Salmonella enterica genome ranges in size from 4.6 to 4.9 million bp (207). Large regions of the 

chromosome are composed of clustered virulence genes necessary for invasion and survival within host 

cells (208,209). Several of these Salmonella pathogenicity islands (SPIs) are present in all Salmonella 

enterica serovars (31). SPI-1 and SPI-2 contain genes responsible for the virulence of Salmonella 

serovars. SPI-1 genes encode type III secretion systems, which are essential for intestinal invasion and 

intracellular survival (210–214). SPI-2 genes, on the other hand, are required for invasive infection and 

survival within macrophages (212,213,215). The genes within the SPIs are critical to the pathogenicity 

of the bacteria and mutations within these regions results in a significant decrease in virulence (44,187). 

Thus, these regions are highly conserved within Salmonella serovars (216). 

Salmonella Enteritidis contains the smallest of all Salmonella virulence plasmids, at only 58 kilobase 

pairs (kb) in size (217,218). The plasmid phylogeny mirrors that of the chromosome, suggesting the 

stable maintenance of the plasmid by each lineage and diversification with the chromosome (218). This 

stability is possibly due to the inability for self-transmission of the plasmid by conjugation (219). Although 

this is common amongst NTS serovars, the large deletions within the tra operons on the Salmonella 

Enteritidis plasmid that prevent self-transmission are unique (218,220).  

1.5.2. Evolution of a genome 

Salmonella Enteritidis is the most genetically homogenous Salmonella serovar (221–223). However, the 

loss and gain of mobile elements, such as prophage regions, significantly increases the genetic diversity 

of the accessory genome (224). Bacteriophages, viruses that employ bacterial cells to replicate, transfer 

useful cargo genes to their host in order to perpetuate (225,226). These novel genes introduced to the 

bacterial genome confer levels of specialisation (227). Certain genes may increase the virulence of 

individual isolates which facilitates competitiveness (227), while others may enable the colonisation of 

novel niches within the host (226).  

Of particular interest is the genomic evolution associated with niche adaptation towards systemic 

infection (216). Distinct genomic signatures differentiate the gastrointestinal and invasive lifestyles of 

Salmonella Enteritidis (228). This has occurred through focused genomic degradation whereby 

functions required for accelerated growth in the gut are lost when the lineage becomes invasive (229–

231). A decrease in the functional gene pool within the Salmonella Enteritidis genome may be indicative 

of a shift towards a more specialised host range, similar to that of Salmonella Typhi (190).  
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Furthermore, acquisition of MDR genes increases the competitive nature of novel isolates allowing for 

clonal expansion (229–231). Extrachromosomal elements, such as MDR- and enterotoxin-encoding 

genes, are often associated with virulence plasmids. The inability for self-transmission of plasmids in 

most Salmonella serovars suggests that MDR genes were acquired multiple times from bacteriophages 

or point mutations (216). Although the virulence plasmid provides an adaptive advantage, its presence 

is not exclusively associated with a more invasive lifestyle (44). 

Genomic transformations have previously been described in the closely related Salmonella 

Typhimurium sequence type 313, which was implicated in multiple African iNTS disease outbreaks 

(232,233). The persistence of this particular sequence type within the sSA human population was 

attributed to changes in metabolic functioning and evasion of the gut inflammatory response through 

surface protein modification (233). Degradation of the Salmonella Typhimurium genome as well as the 

contribution of prophage genes facilitated these adaptive responses (233,234), similar to what has been 

observed in the current Salmonella Enteritidis population. 

1.5.3. Population structure 

Increased incidence of uncharacteristically severe invasive NTS disease in Africa suggested that distinct 

phage types were circulating in these countries (69). The significant difference in Salmonella Enteritidis 

niche colonization prompted investigation into the global genetic diversity of this particular serovar (216). 

Whole-genome sequence comparison of Salmonella Enteritidis isolates from across the world identified 

four definitive clades: Outlier, Global, East/Central African and West African (Figure 1.5.1) (216). Three 

of these clades were implicated in epidemics: the Global Clade was linked to poultry-associated human 

gastroenteritis (235), while the two African clades were related to severe invasive disease (200,236). 

The most notable differences between these clades were the pattern of genomic degradation and 

acquisition of unique prophage regions and MDR virulence (218,230,231). 

 

 

 

 

 

 

 

 

 

 

 

Outlier 
East 

African 

West 

African Global 

Figure 1.5.1 A cladogram representing the evolutionary relationship between the four Salmonella Enteritidis clades. 
Diagram created by the author, Sarah Gallichan. 
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The Global clade is the most geographically diverse of all four clades. This clade emerged from the 

paraphyletic Outlier cluster in 1918 and rapidly expanded in 1976 (216), corresponding with the 

significant increase in the number of Salmonella Enteritidis outbreaks in the US, EU and South America 

(237–240). The worldwide expansion of this lineage correlated with the acquisition of a prophage region 

(ΦSE20) (Figure 1.5.2) containing genes essential for the colonisation of chicken reproductive organs 

(241). Furthermore, the implementation of a vaccine for Salmonella Gallinarum, a prominent fowl 

pathogen, enabled the exploitation of this host by individuals of the Global clade (242). The specific 

requirements for the colonisation and survival within poultry may have placed selective pressure on the 

clonal expansion of Salmonella Enteritidis lineages (243–245). Thus, the ΦSE20 prophage region is 

relatively well conserved among isolates belonging to the Global clade (216).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(218) 

 

 

Figure 1.5.2 Diagrammatic representation of the differences between the accessory genomes of Salmonella Enteritidis 

clades. Adapted from Feasey et al. 2016. (218) 
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West and East/Central African clades are endemic to sSA and, as the naming suggests, are 

geographically distinct (216). These clades emerged from the Outlier cluster in 1933 and 1945 

respectively (216). Reports of high iNTS disease incidence in Eastern Africa (Kenya, Malawi, Tanzania, 

Uganda)  and Western Africa (Cote d’Ivoire, Nigeria, Ghana) correspond with the circulation of the two 

distinct African clades within these populations (200). Independent acquisition of unique prophage 

regions has enabled the development of these African lineages towards a more invasive lifestyle within 

human hosts (216).  

 

The Gifsy-1 prophage region (Figure 1.5.2), ubiquitous in African Salmonella Enteritidis lineages, 

encodes factors related to the pathogenicity and increased competitiveness of the bacteria (225,246). 

Selective advantage conferred by genes in these loci has ensured the favourable maintenance of the 

region (216,246).  A new Fels2-like prophage region (Figure 1.5.2) was acquired exclusively by East 

African isolates (216), however the functional significance of this region is unknown. 

 

Most notably, the African clades contain virulence plasmids that are double the expected size in part 

due to the independent acquisition of MDR genes (216). The plasmids within these lineages are not 

novel; rather the different resistance genes were acquired through mobile genetic elements or clonal 

expansion in each region (229–231). East African isolates contained catA2 chloramphenicol resistance 

gene and the tet(A) tetracycline resistance genes on the MDR plasmids while the West African lineage 

contained a different chloramphenicol resistance gene, catA1 (216). The size and proportion of 

immunocompromised populations, driven primarily by the HIV pandemic in the afflicted African 

countries, facilitated the proliferation of these invasive MDR Salmonella Enteritidis lineages (75,247).  
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1.6. Study Objectives 

Despite the recognition of different Salmonella Enteritidis clades, the distibution and epidemiology of 

these clades across Africa is poorly understood (187,190).  Challenges with the availability of sensitive 

and affordable diagnostic facilities result in a limited number of reported NTS cases (165). Efficient, 

sensitive molecular diagnostic techniques are required to gain a better understanding of the 

epidemiology of specific Salmonella serovars implicated in NTS disease and outbreaks (165). In order 

to address these issues our study objectives were as follows: 

 Identify cargo genes within the distinct prophage regions that can be used as molecular markers 

to distinguish between the four Salmonella Enteritidis clades (Global, Outlier, West African and 

East African) 

 Develop a sensitive multiplex real-time PCR assay using the selected molecular markers to 

classify Salmonella Enteritidis isolates into clades 

 Gain a retrospective understanding of the prevalence of each of the four distinct clades (Global, 

Outlier, West Africa and East Africa) present in South Africa over a two year period (2012 to 

2013), by analysis of isolates stored in the GERMS-SA repository 

 Determine the geographic distribution of each of the four Salmonella Enteritidis clades (Global, 

Outlier, West Africa and East Africa) across four South African provinces (Gauteng, Western 

Cape, KwaZulu-Natal, Mpumalanga) using the repository GERMS-SA surveillance data for 

Salmonella Enteritidis isolates from 2012 and 2013 

 Statistically explore the association between Salmonella Enteritidis clades (Global, Outlier, West 

Africa and East Africa) and invasive disease, as well as the association with antimicrobial 

resistance   
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CHAPTER TWO  

Development of a clade-classifying real-time PCR assay for 

Salmonella Enteritidis  

2.1.  Introduction 

Non-typhoidal Salmonella (NTS) were estimated to be responsible for 95.1 million infections and 50 771 

deaths are attributed to NTS gastroenteritis (2017 estimate) (248).  In sub-Saharan Africa, invasive NTS 

(iNTS) disease is of greater concern, thought to be responsible for 421 600 illnesses and 49 440 deaths 

every year (also a 2017 estimate) (181). Salmonella Enteritidis is the most commonly reported serovar, 

and is implicated in both gastroenteritis and  iNTS disease (96,178,179). Although incident rates remain 

lower than they were during the 1980s epidemic, the number of annual infections in both Europe and 

the USA have remained constant for more than 10 years despite multiple efforts to reduce infection 

(179). 

Sub-Saharan Africa (sSA) accounts for the majority of the global iNTS infection burden (249). Confirmed 

cases from this region are often associated with multidrug-resistance (MDR) and a high mortality rate 

(73–75,218). In the case of Salmonella Enteritidis, the distinct characteristics of sSA iNTS infections 

have been associated with  two geographically-defined lineages within these countries (218).  Through 

genomic degradation, phage cargo gene transduction and the acquisition of MDR genes the African 

clades (West African and East African clade) have become genetically distinct from the worldwide 

epidemic lineage (Global clade) (218). Despite the recognition of different Salmonella Enteritidis clades, 

the distribution and epidemiology of these clades across Africa is poorly understood (187,190). 

The paucity of sSA Salmonella Enteritidis information is largely due to resource limitations, in particular 

regarding diagnostic microbiology facilities. Challenges with accurate diagnoses arise from the lack of 

infrastructure, trained personnel and sensitive tools in the developing countries (69,189,190,194). The 

genetic homogeneity of the Salmonella Enteritidis serovar further complicates the investigation of 

outbreaks (221–223). Ideally, regional public health laboratories need access to robust, accurate and 

cost-effective tests with a rapid turnaround time that is capable of differentiating between genetically 

similar isolates. This will enable a better understanding of epidemiology of Salmonella Enteritidis and 

provide meaningful data for public health action. 
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In this chapter, we describe the development of a clade-classifying real-time PCR assay using genes 

within discrete phage regions as molecular markers. This high quality and cost-effective tool is suitable 

for implementation in regional public health laboratories throughout sSA and other low- and middle-

income countries (LMIC) where whole-genome sequencing (WGS) may not be readily available.  
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2.2. Materials and methods 

2.2.1. Workflow for the development of a clade-classifying real-time PCR assay 

  

Figure 2.2.1 Flow chart showing the workflow for the identification of Salmonella Enteritidis genes for use as clade 

molecular markers and the development and validation of a clade-classifying real-time PCR assay 
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2.2.2. Research facility 

All work related to this study was conducted at the Centre for Enteric Diseases (CED), National Institute 

for Communicable Diseases (NICD), Sandringham, Gauteng, South Africa. 

 

2.2.3. Real-time PCR assay validation panel isolates 

Selection of isolates for the validation panel was based on the predetermined hierBAPS (Bayesian 

Analysis of Population Structure) algorithm clade classification of worldwide Salmonella Enteritidis 

isolates (215). Ten isolates (N=10) were selected to represent the East African (n=3), West African 

(n=3), Global (n=3) and Outlier (n=1) clades (Table 2.2.1). The University of Liverpool, England, made 

these selected isolates (as used in the Feasey et al. 2016 (218) study) available to the authors.  

  

 

 

 

 

 

 

 

 

  

 

Table 2.2.1 Validation panel isolates sent from the University of Liverpool 

 

Isolate name Origin Clade Category 

P125109 UK Global 

Global/ Global Outlier 

A1636 Malawi Global 

1320 Uganda Global 

791 Uganda Global Outlier 

D7795 Malawi East African  
 
 

African 

255 DRC East African 

6396 Uganda East African 

10136/01 Gambia West African 

0527/01 Gambia West African 

8078/01 Gambia West African 
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2.2.4. Additional samples for validation panel 

Two additional Outlier isolates (Table 2.2.2) were added to the validation panel (N=12) to bring the total 

number of Outlier clade isolates to three (n=3). Selection of the two Outlier isolates was based on the 

predetermined hierBAPS algorithm clade classification of South African Salmonella Enteritidis isolates 

(215), which consisted of selected isolates from the CED isolate collection. The CED participates in the 

GERMS-SA surveillance program. GERMS-SA consists of a nationwide network of public and private 

clinical laboratories that participate in active surveillance of pathogens important to public health. 

Laboratories from all nine provinces have submitted confirmed Salmonella Enteritidis isolates to the 

CED since 2006.  

 

 

 

 

 

 

2.2.5. Whole-genome sequencing 

The ten Liverpool isolates were sequenced by the Institute of Integrative Biology at the University of 

Liverpool using Illumina MiSeq (Illumina, California, USA) and PacBio (Pacific Biosciences, California, 

USA) equipment. Whole-genome scaffolds were received from the University of Liverpool for further 

analysis. The two additional CED validation panel isolates were sequenced using the Illumina MiSeq 

equipment at the sequencing facility on the NICD campus. Whole-genome sequences of all twelve 

isolates were annotated using the Prokka software tool (250). The resulting twelve annotated genomes 

were analysed together using the ROARY pipeline (251). This produced a gene_presence_absence 

matrix containing information on the pan genome of the validation panel isolates.  

  

Table 2.2.2 Additional validation panel isolates from GERMS-SA surveillance repository 

 

Isolate name Origin Clade Category 

672246 South Africa Global Outlier 
Global/ Global Outlier 

672632 South Africa Global Outlier 
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2.2.6. Selection of category- and clade-specific genes 

To differentiate between the two broad categories (African and Global/ Outlier), distinct genes for each 

of the two categories were chosen according to the following criteria: the gene was shared exclusively 

by the six isolates in the category and the gene sequence was conserved among the six isolates. To 

distinguish between the four clades (East African, West African, Global and Outlier clades) within the 

two categories (African and Global/ Outlier), distinct genes were selected for one clade in each category 

(ie. East African and Global clade). This was done according to the following criteria: the gene was 

shared exclusively by the three isolates in the clade and the gene sequence was conserved among the 

three isolates. Thus, isolates were classified according to the presence and absence of particular genes 

(Table 2.2.3). 

  

 

 

 

 

 

 

2.2.7. Gene selection from whole-genome sequencing data 

Selection of genes for both the category and clade differentiation was done according to the same 

methodology. The gene_presence_absence matrix was analysed using Microsoft Excel 2010 (Microsoft 

Corporation, Redmond, USA). A list of genes shared by the isolates within each category/ clade was 

created from the matrix. Using the gene annotation, the sequences of the relevant genes were located 

within the annotated Whole-genome of each isolate using CLC Genomics Workbench version 11 

(QIAGEN, Hilden, Germany) sequence search bar. For each listed gene, the variations from each 

individual isolate were extracted and saved as separate sequences. These were then aligned using the 

Create Alignment tool. Genes with highest sequence conservation among the isolates were favoured. 

A consensus sequence was extracted using the Extract Consensus Sequence tool from the resulting 

alignment and exported as a text file (.txt). In this study the small toxic peptide gene, antitoxin pemI 

gene, TIR protein domain gene and Chitinase Class I gene were selected to represent the African 

Category, East African Clade, Global/ Outlier Category and Global clade, respectively.  

 

 Table 2.2.3 Classification of isolates into clades according to real-time PCR assay results 

 

 
Real-time PCR assay results 

 

Clade 
 

African category 
gene 

Global/ Global Outlier 
category gene 

East African 
clade gene 

Global clade 
gene 

East African + - + - 

West African + - - - 

Global - + - + 

Global Outlier - + - - 
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2.2.8. Primer and probe design for real-time PCR assay 

Sequence text (from the .txt file) of each selected gene consensus sequence was copied into the online 

PrimerQuest tool (Integrated DNA Technology). Primer and probe criteria (Table 2.2.4) set by the 

manufacturers of the 7500 Real-Time PCR System (Applied Biosystems, ThermoFisher Scientific, 

California, USA) were used to determine the most suitable Assay Sets (Table 2.2.5) from the 

PrimerQuest tool results. Primer and probe sequences were saved in separate text files (.txt). 

  

 

 

 

 

 

 

 

 

 

  

Table 2.2.4 Optimal criteria for primer and probe characteristics 

 

Characteristic Primer criteria Probe criteria 

Melting temperature 60 °C – 64 °C 6 °C – 8 °C higher than primers 

Annealing temperature 
No more than 5 °C below 

melting temperature 

No more than 5 °C below lowest 

primer melting temperature 

GC content 35% – 65% 

Amplicon length No more than 150 base pairs 

Table 2.2.5 Selected Assay Sets for primers and probes (including the fluorophores and quenchers) of 

target genes 

 

  
Sequence (5' to 3') Length Tm GC% 

Assay Set for African Category small toxic peptide gene (Amplicon length: 82 bp) 

Forward primer  TTGTATTGCGGTGGTACTCATA 22 62 40.9 

Probe 56-FAM-TTACGCGGTTCGTTATGCGAGCTA-3IABkFQ 24 68 50 

Reverse primer AAACTCCGCACCTCCTAATC 20 62 50 

Assay Set for East African Clade antitoxin pemI gene (Amplicon length: 101 bp) 

Forward primer  CTGTCGCTGGGTACAGATAATG 22 62 50 

Probe 56-FAM-TGATAATGGCCGGCTGATTGTGGA-3IABkFQ 24 68 50 

Reverse primer AACAGCTCAGCCAGTGAATAC 21 62 47.6 

Assay Set for Global/ Global Outlier Category TIR protein domain gene (Amplicon length: 126 bp) 

Forward primer  CTCGGTTTGGAGTTGTTGTTT 21 61 42.9 

Probe 5CY5-TGACTGCTAGAGAGATGAGCGGTGA-3IAbRQSp 25 68 52 

Reverse primer CGTGCCAGATAGGCAGTATTA 21 61 47.6 

Assay Set for Global Clade Chitinase Class I gene (Amplicon length: 85 bp) 

Forward primer  TTTCTGTCAGCCAGTCCATTC 21 62 47.6 

Probe 5CY5-TGCGTTACACGGACAACATCACCT-3IAbRQSp 24 68 50 

Reverse primer TACGTGGTTGCCTGATGTATTC 22 62 45.5 
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2.2.9. In silico PCR assay 

CLC Genomics Workbench was used to perform in silico PCR assay. Primer and probe sequences were 

imported using the Standard Import tool. The tool was then used to run in silico PCR assay on each of 

the twelve validation panel Whole-genome sequences. The primers and probes that annealed to and 

amplified only the desired gene region were selected for use in the real-time PCR assay 

(Supplementary Table 1). 

2.2.10. Preparation of primers and probes 

Inqaba Biotechnology Industries (Pretoria, South Africa) synthesized the primers designed in this study. 

Fluorogenic probes with quenchers were synthesized by Integrated DNA Technologies (Iowa, USA). 

Primers and probes were received as desiccated oligonucleotides in 2 µl Safe-Lock tubes (Eppendorf, 

Hamburg, Germany). Pellets were resuspended in nuclease-free water (Ambion, ThermoFisher 

Scientific, California, USA), according to the volumes recommended by the relative manufacturing 

companies, for a final concentration of 100 µM. Primary stock solutions were then stored in a sterile, 

plastic container at -20 °C.  

2.2.11. Crude genomic DNA extraction of validation panel isolates 

The ten Liverpool validation panel isolates were received at the CED in the recommended packaging of 

Dangerous Goods in accordance with UN3373 regulations. The Salmonella Enteritidis bacterial colonies 

were received on solid transport media. The two additional validation panel isolates were stored in 500 

µL Tryptic Soy broth (TS broth) (1 L distilled water, 17 g casein, 5 g sodium chloride, 3 g soytone, 2.5 g 

dextrose, 2.5 g dipotassium phosphate, adjusted to pH 7.3) at -70 ºC in plastic containers marked with 

the year of sample collection.  Approximately 10 µl of culture was collected from the transport media or 

TS broth using a 10 µL plastic classic Microloop (Medical Wire and Equipment Co. Ltd, Wiltshire, UK). 

Collected culture was then streaked on 5 % blood agar (Diagnostic Media Products, Johannesburg, 

South Africa) and incubated overnight in an IN 750 incubator (Memmert, Schwabach, Germany) set at 

37 °C. Single colonies were picked from the plate and placed in 400 µl of 10 X TE buffer (800 mL distilled 

water, 2.92 g Tris, 15.76 g EDTA (pH 8)) in a 1. 2 mL Safe-Lock tube (Eppendorf, Hamburg, Germany). 

The solution was then thoroughly mixed using a Vortex-Genie 2 (Lasec SA (Pty) Ltd., Midrand, South 

Africa) and boiled in a Dry Bath Plus heating block (Lasec SA (Pty) Ltd., Midrand, South Africa) set at 

95 °C for 25 minutes. Boiled cell solutions were then centrifuged using the Centrifuge 5415R (Eppendorf, 

Hamburg, Germany) at 22 673 g and MiniSpin (Eppendorf, Hamburg, Germany) at 11 337 g. From the 

supernatant, 20 µl was transferred into 80 µl of 10 X TE buffer. The concentrations, 260 nm and 260 nm/ 

280 nm readings of each crude DNA solution was determined using the NanoDrop 1000 

Spectrophotometer (ThermoFisher Scientific, California, USA). Crude DNA of the 12 validation panel 
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isolates was used throughout this study to validate the primers and probes and as positive controls for 

the South African isolate screening. 

2.2.12. Validation of real-time PCR assay 

All primers and probes were diluted to a concentration of 20 µM using 500 µL of nuclease-free water 

(Ambion, ThermoFisher Scientific, California, USA) and 100 µL of the primary stock to make up a final 

volume of 600 µL. These were used as working solutions. A real-time PCR assay was then set up using 

25 µl of TaqMan Gene Expression Master Mix (Applied Biosystems, ThermoFisher Scientific, California, 

USA), 17.8 µL of nuclease-free water (Ambion, ThermoFisher Scientific, California, USA), 2.5 µL of the 

forward primer, 2.5 µL of the reverse primer and 1 µL of the relevant probe in each well of the MicroAmp®  

Optical 96-well reaction plate (Applied Biosystems, Life TechnologiesTM, California, USA). 

Approximately 1.2 µL of crude DNA from each of the 12 validation panel isolates was then transferred 

into four wells, each well containing a set of primers and a probe for amplification of the four different 

genes (Table 2.2.6). The wells were then sealed with a MicroAmp® Optical Adhesive Film (Applied 

Biosystems, Life TechnologiesTM, California, USA) and placed in the AllegraTM X-22R Centriuge 

(Beckman CoulterTM, California, USA) to ensure all reagents were concentrated at the bottom of the 

wells. The plate was then loaded into the drawer of the 7500 Real Time PCR System (Applied 

Biosystems, Life TechnologiesTM, California, USA). Using the 7500 Real Time PCR System software 

(Applied Biosystems, Life TechnologiesTM, California, USA), the relevant probes were selected, the plate 

layout was labelled and the PCR run was initiated using the conditions in Table 2.2.7. This test was 

repeated three times. Real-time PCR results from all assays in this study were taken at a set threshold 

of 0.002 delta Rn (fluorescence of a reporter dye divided by the fluorescence of a passive reference 

dye). Positive cycle threshold (Ct) values were designated as any Ct value less than 30. Ct values equal 

to or greater than 30 were negative. 
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Stage Number of Cycles Temperature (°C) Time per cycle (Minutes) 

1 1 50.0 °C 2:00 

2 1 95.0 °C 10:00 

3 40 95.0 °C 0:15 

 ∞ 60.0 °C 1:00 

Table 2.2.7 7500 Real-time PCR System run conditions 

Table 2.2.6 Set up of validation of primers and probes with validation panel isolates in a 96-well plate 
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Using the real-time PCR assay results, the sensitivity (proportion of correctly identified positive isolates 

from validation panel) of the test was calculated as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑁𝑜. 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑁𝑜. 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑁𝑜. 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
 × 100 

Specificity (proportion of correctly identify negative isolates from validation panel) of the test was 

calculated as follows:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
𝑁𝑜. 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

𝑁𝑜. 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 + 𝑁𝑜. 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
 × 100 

2.2.13. Optimisation of primer concentrations for singleplex real-time PCR assay  

To determine the optimal concentration of primers required to amplify the selected gene region, four 

validation panel isolates representing each of the four clades (Isolates: P125109, D7795, 10136, 791) 

were used. Dilutions of 15 µM, 10 µM, 5 µM and 1 µM concentrations were prepared for each of the four 

sets of primers (forward and reverse) using the 20 µM working solutions and nuclease-free water 

(Ambion, ThermoFisher Scientific, California, USA) (Table 2.2.8). A real-time PCR assay was then set 

up using 25 µL of TaqMan Gene Expression Master Mix (Applied Biosystems, Life TechnologiesTM, 

California, USA), 17.8 µL of nuclease-free water (Ambion, ThermoFisher Scientific, California, USA), 1 

µL of the relevant probe and 1.2 µL of crude DNA in each well of the MicroAmp® Optical 96-well reaction 

plate. Additionally, 5 µL of the four 15 µM primer set dilutions was added to each well, so that each of 

the four validation panel isolates received each set of primers (Figure 2.2.2). The same was done for 

the 10 µM, 5 µM and 1 µM dilutions.  The wells were then sealed with a MicroAmp® Optical Adhesive 

Film (Applied Biosystems, Life TechnologiesTM, California, USA) and placed in the AllegraTM X-22R 

Centriuge (Beckman CoulterTM, California, USA) to ensure all reagents were concentrated at the bottom 

of the wells. The plate was then loaded into the drawer of the 7500 Real Time PCR System (Applied 

Biosystems, Life TechnologiesTM, California, USA). Using the 7500 Real Time PCR System software 

(Applied Biosystems, Life TechnologiesTM, California, USA), the relevant probes were selected, the plate 

layout was labelled and the PCR run was initiated using the conditions in Table 2.2.7. Results from the 

real-time PCR assay were analysed using the 7500 Real Time PCR System software (Applied 

Biosystems, Life TechnologiesTM, California, USA) and the lowest primer concentrations yielding Ct 

values between 20 and 25 were accepted for use in further reactions. 

 

 

 

Equation 2.2.1 

Equation 2.2.2 
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Figure 2.2.2 96-well plate layout for optimal primer concentrations to amplify clade-defining genes in Salmonella 

Enteritidis isolates in a real-time PCR assay  

µM µM µM µM µM 

Table 2.2.8 Volumes of 20 µM primer Stock Solution and nuclease-free water required  to make up different 

concentrations of primer 

 

Concentration 
(µM) 

Volume of 20 µl Stock 
Solution needed (µl) 

Volume of nuclease-
free water needed (µl) 

15 15 5 

10 10 10 

5 5 15 

2 2 18 

1 1 19 
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2.2.14. Optimisation of probe concentrations for singleplex real-time PCR assay  

To determine the optimal concentration of probes required to amplify the selected gene region, four 

validation panel isolates representing each of the four clades (Isolates: P125109, D7795, 10136, 791) 

were used. Dilutions of 5 µM and 2 µM concentrations were prepared for each of the four probes using 

the 20 µM working solutions and nuclease-free water (Ambion, ThermoFisher Scientific, California, 

USA) (Table 2.2.9). A real-time PCR assay was then set up using 25 µL of TaqMan Gene Expression 

Master Mix, 17.8 µL of nuclease-free water (Ambion, ThermoFisher Scientific, California, USA), 5 µL of 

the relevant primer set (concentration determined in step 2.14) and 1.2 µL of crude DNA in each well of 

the MicroAmp® Optical 96-well reaction plate. Additionally, 1 µL of each of the four 5 µM probe dilutions 

was added to four wells, so that each validation panel isolates received every primer (Figure 2.2.3). The 

same was done for the 2 µM dilutions.  The wells were then sealed with a MicroAmp® Optical Adhesive 

Film (Applied Biosystems, Life TechnologiesTM, California, USA) and placed in the AllegraTM X-22R 

Centriuge (Beckman CoulterTM, California, USA) to ensure all reagents were concentrated at the bottom 

of the wells. The plate was then loaded into the drawer of the 7500 Real Time PCR System (Applied 

Biosystems, Life TechnologiesTM, California, USA). Using the 7500 Real Time PCR System software 

(Applied Biosystems, Life TechnologiesTM, California, USA), the relevant probes were selected, the plate 

layout was labelled and the PCR run was initiated using the conditions set out in Table 2.2.7. Results 

from the real-time PCR were analysed using the 7500 Real Time PCR System software (Applied 

Biosystems, Life TechnologiesTM, California, USA) and the lowest probe concentrations yielding Ct 

values between 22 and 25 were accepted for use in further reactions. 

 

 

 

 

 

 

 

 

 

Table 2.2.9 Volumes of 20 µM probe Stock Solution and nuclease-free water required to make up different 

concentrations of probe 

 

Concentration 
(µM) 

Volume of 20 µM 
Stock Solution 

needed (µl) 

Volume of 
nuclease-free 

water needed (µl) 
5 5 15 

2 2 18 
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2.2.15. Master mixes for multiplex real-time PCR assays 

Using the optimal primer and probe concentrations determined in the previous steps (step 2.2.13 and 

2.2.14 respectively), four master mixes for the two multiplex real-time PCR assays (category-classifying 

and clade-classifying) were made. The constituents of Master Mix One through Four are summarized in 

Table 2.2.10 

 

 

 

 

 

  

Figure 2.2.3 96-well plate layout for optimal probe concentrations to amplify clade-defining genes in Salmonella 

Enteritidis isolates in a real-time PCR assay 

Master Mix One Master Mix Two Master Mix Three Master Mix Four

African Category Global/ Global Outlier Category East African Clade Global Clade

Forward primer 20 50 20 20

Reverse primer 20 50 20 20

Probe 50 50 50 50

Nuclease-free water 110 50 110 110

Volume added (µl)

Table 2.2.10 Constituents of the four Master Mixes used in the category-classifying (Master Mix One and Two) clade-

classifying (Master Mix Three and Four) real-time PCR 
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2.2.16. Pure whole-genome DNA extraction from isolates using kits 

The QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) was used to extract pure genomic DNA from 

the validation panel isolates according to the instructions provided by the manufacturers.  DNA 

concentrations, 260 nm and 260 nm/ 280 nm readings were determined using the NanoDrop 1000 

Spectrophotometer (ThermoFisher Scientific, California, USA). 

2.2.17. Analytical verification of the multiplex real-time PCR assay 

To determine the efficiency of the multiplex real-time PCR assay, serial dilutions of pure DNA solutions 

from four validation panel isolate were prepared. This was done by diluting the pure DNA of each isolate 

with nuclease-free water (Ambion, ThermoFisher Scientific, California, USA) to a final concentration of 

100 µM in a final volume of 50 µL (Table 2.2.11). Volumes of DNA and nuclease-free water (Ambion, 

ThermoFisher Scientific, California, USA) required for each dilution was calculated using the following 

formula:  

(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒) = (𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)(𝐹𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒) 

NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific, California, USA) measurements gave the 

initial concentrations of the pure DNA. From each stock solution, 1 µL was transferred to a new 0.5 mL 

Safe-Lock tube (Eppendorf, Hamburg, Germany) with 9 µL of nuclease-free water (Ambion, 

ThermoFisher Scientific, California, USA) to make up a DNA concentration of 10 µM. Further dilutions 

were made by transferring 1 µL of each dilution into a new 0.5 mL Safe-Lock tube with 9 µL of nuclease-

free water (Ambion, ThermoFisher Scientific, California, USA) until the final concentration of DNA was 

0.001 µM. The final 1 µL taken from this dilution was then discarded (Figure 2.2.4). The concentration 

of each dilution in the series was then measured using the NanoDrop 1000 Spectrophotometer 

(ThermoFisher Scientific, California, USA).  

  

Equation 2.2.3 

Table 2.2.11 Volume of water and DNA required for each validation panel isolate to obtain a final DNA 

concentration of 100 µM in a volume of 50 µl 

 

Validation 
panel isolate 

Initial DNA 
Concentration 

(ng/µl) 

Volume DNA 
needed (µl) 

Volume 
nuclease-free 

water (µl) 
791 151.5 33.00 17.00 

10136/01 110.6 45.21 4.79 

255 134.3 37.23 12.77 

P125109 154.5 32.36 17.64 
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A real-time PCR assay was then set up using 25 µL of TaqMan Gene Expression Master Mix, 17.8 µL 

of nuclease-free water (Ambion, ThermoFisher Scientific, California, USA), 6 µL of the respective Master 

Mix (Table 2.2.10) and 1.2 µL of each DNA dilution to each well of the MicroAmp® Optical 96-well 

reaction plate (Applied Biosystems, ThermoFisher Scientific, California, USA). The wells were then 

sealed with a MicroAmp® Optical Adhesive Film (Applied Biosystems, Life TechnologiesTM, California, 

USA) and placed in the AllegraTM X-22R Centriuge (Beckman CoulterTM, California, USA) to ensure all 

reagents were concentrated at the bottom of the wells. The plate was then loaded into the drawer of the 

7500 Real Time PCR System (Applied Biosystems, Life TechnologiesTM, California, USA). Using the 

7500 Real Time PCR System software (Applied Biosystems, Life TechnologiesTM, California, USA), the 

relevant probes were selected, the plate layout was labelled and the PCR run was initiated using the 

conditions in Table 2.2.7. The DNA concentration yielding the highest Ct value below 30 was determined 

to be the limit of detection for that particular primer and probe set. All Ct values from this run were plotted 

against the logarithm of DNA concentration. The slope of the resulting graph was then used to determine 

the efficiency: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 10
−1

𝑆𝑙𝑜𝑝𝑒⁄ − 1 

To calculate the amplification factor of each primer and probe set, the percentage efficiency was entered 

into the ThermoFisher Scientific online qPCR Efficiency Calculator (252). To determine the accuracy 

with which the Ct value could be used to quantify the number of genes in a sample, the determination 

coefficient (R2) was calculated for the plot points of the triplicate assays for each primer and probe set 

using the CORREL function in Microsoft Excel 2010.  

  

 

Stock crude 

DNA solution 

50 µl 

100 µM 

10 µM 1 µM 0.1 µM 0.01 µM 0.001 µM 

Discarded 

1 µl 
1 µl 1 µl 1 µl 1 µl 1 µl 

9 µl nfH2O 

1 µl 1 µl 1 µl 1 µl 1 µl 

9 µl nfH2O 9 µl nfH2O 9 µl nfH2O 9 µl nfH2O 

Figure 2.2.4 Serial dilutions of pure DNA used to test the efficiency of the primers and probes in the clade-classifying PCR 

assay  

Equation 2.2.4 
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2.3. Results 

2.3.1. Whole-Genome Sequence analysis of the validation panel isolates 

Analysis of the annotated whole-genome sequences of the 12 validation panel isolates determined that 

the pan genome consisted of 5 321 genes. Approximately 4 174 (78.44%) of these genes constituted 

the core genome and were common to all validation panel isolates. Shell genes (628 (11.80%) genes) 

were shared between 15% and 95% of the isolates. Cloud genes (the remaining 519 (9.75%) genes) 

were shared by less than 15% of the isolates. 

2.3.2. Selection of category- and clade-specific genes 

Using the gene_presence_absence matrix, category- and clade-specific shell genes were selected 

based on the specified criteria. For the category-specific multiplex assay, the small toxic peptide was 

selected to identify the African category since it was shared among isolates from both West African 

(10136/01, 0527/01, 8078/01) and East African (D7795, 255, 6396) clades. To identify the Global/ 

Outlier category, the TIR protein domain gene was selected since it was present in isolates from both 

the Global (P125109, A1636, 1320) and Outlier (791, 672246, 672632) clades. For the clade-specific 

multiplex assay the PemI gene was chosen to identify the East African clade and the Chitinase Class I 

gene was selected to identify the Global clade since each respective gene was exclusive to the isolates 

in each clade. Categorisation of Salmonella Enteritidis isolates by category- and clade-specific genes is 

summarised in Figure 2.3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1 Workflow depicting the clade classification of a Salmonella Enteritidis isolate based on the presence (green tick) 

or absence (red cross) of genes targeted by the clade-classifying real-time PCR assay. Diagram created by the author, Sarah 

Gallichan 

Multiplex 1 

Multiplex 2 
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2.3.3. In silico primer and probe validation 

Primers and probes were designed to amplify the selected genes using the online PrimerQuest tool. In 

order to validate the primer and probe sets, in silico PCR was performed on the whole-genome 

sequences of the 12 validation panel isolates using CLC Workbench software. The African primer set 

amplified an 82 base pair (bp) fragment of the small toxic peptide gene for all six African category isolate 

sequences (10136/01, 0527/01, 8078/01, D7795, 255, 6396) (Supplementary Table 1). The Global/ 

Outlier category primer set amplified a 126 bp fragment of the TIR protein domain gene for all six Global/ 

Outlier category isolate sequences (P125109, A1636, 1320, 791, 672246, 672632) (Supplementary 

Table 1). The East African clade primer set amplified a 101 bp fragment of the small toxic peptide gene 

from the East African clade isolate sequences (D7795, 255, 6396) (Supplementary Table 1). The 

Global clade primer set amplified an 85 bp fragment of the Chitinase Class I gene from the Global clade 

isolate sequences (P125109, A1636, 1320) (Supplementary Table 1). The corresponding probes 

bound specifically within the amplified region for each target gene (Supplementary Table 2). Thus, the 

designed primers and probes were accepted for synthesis and use in practical real-time PCR validation. 

2.3.4. Sensitivity and specificity of the real-time PCR assay 

Practical validation of the primer and probe sets was done using the 12 validation panel isolates to 

perform three technical replicates of the real-time PCR assays. The category- and clade-specific primer 

and probe sets were calculated to be 100% sensitive and specific for the respective target genes. No 

false positive or false negative results were recorded for any of the assays (Table 2.3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3.1 Average Ct values from the three technical replicate real-time PCR assays performed using the validation panel 

isolates. Target gene Ct values shaded in green indicate a positive result (Ct<30) and values in red indicate a negative result 

 

  Target genes 
 
 

Isolate name Expected Clade 
Small toxic 

peptide 
TIR protein 

domain 
Antitoxin 

pemI 
Chitinase 

class 1 
Final clade result 

(as per rtPCR) 

P125109 Global - 19.31 - 17.72 Global 

A1636 Global - 19.26 - 18.12 Global 

1320 Global - 18.54 - 16.67 Global 

791 Global Outlier - 19.90 - - Global Outlier 

672246 Global Outlier - 17.67 - - Global Outlier  

672632 Global Outlier - 18.25 - - Global Outlier  

D7795 East African 17.66 - 16.92 - East African  

255 East African 18.12 - 16.81 - East African 

6396 East African 17.05 - 16.60 - East African  

10136/01 West African 18.59 - - - West African  

0527/01 West African 18.74 - - - West African  

8078 West African 20.26 - - - West African 
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2.3.5. Primer and probe concentration optimisation 

The optimal primer concentrations were determined by preforming the real-time PCR assays with 

differing primer concentration (15 µM, 10 µM, 5 µM, 2 µM, 1 µM). Primers for the African category, 

Global and East African clade genes performed optimally at a concentration of 2 µM (Supplementary 

Figure 1). The Global/ Outlier category primers performed optimally at 5 µM (Supplementary Figure 

2). The optimal probe concentrations were determined by performing the real-time PCR assays with 

differing primer concentration (5 µM, 2 µM, 1 µM). Probes for all category- and clade-specific assays 

performed optimally at a concentration of 5 µM. The use of primers and probes at optimal concentrations 

resulted in true positives with Ct values between 22 and 25.  

2.3.6. Analytical verification of primers and probe sets within multiplex assays 

 

 

 

 

To determine the efficiency of the primer and probe sets designed for this test, three technical replicates 

of 10-fold dilutions were performed on two validation panel isolates. Results from these tests were used 

to plot linear regressions from which the efficiencies of each primer and probe set could be resolved. 

According to the ThermoFisher Scientific real-time PCR standards, an assay should perform with an 

efficiency between 90.00% and 110.00%. The category multiplex assay that contained African and 

Global/ Outlier primer and probe sets performed at an average efficiency of 105.82% and 100.92% 

respectively (Figure 2.3.2). The clade multiplex assay that contained East African clade and Global 

clade primer and probe sets performed at an average efficiency of 106.76% and 107.23% respectively 

(Figure 2.3.3). Thus, all primer and probe sets designed in this study ran at optimal efficiency within the 

multiplex assays. 

 

 

 

 

 

 

Note on the use of ThermoFisher Scientific guidelines: Within this dissertation, ThermoFisher 

Scientific guidelines (reference for handbook) were used as standards for the optimal 

performance of the real-time PCR assay. These guidelines were chosen since ThermoFisher 

Scientific developed the real-time PCR system used throughout this study. 
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Figure 2.3.3 Logarithmic efficiency plot depicting the change in cycle threshold value with the change in DNA concentration for 

the East African and Global clade primer and probe sets within the clade-specific real-time PCR assay 
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Figure 2.3.2 Logarithmic efficiency plot depicting the change in cycle threshold value with the change in DNA concentration for 

the African and Global/ Outlier category primer and probe sets within the category-specific real-time PCR assay 
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Theoretically, a real-time PCR performing at 100% efficiency will result in the duplication of the target 

gene with every cycle. The amplification factor for each primer and probe set was calculated using the 

percentage efficiencies. The category multiplex assay that contained African and Global/ Outlier primer 

and probe sets had an approximate amplification factor of 2.06 and 2.01 genes per cycle respectively. 

The clade multiplex assay that contained East African clade and Global clade primer and probe sets 

both had an estimated amplification factor of 2.07 genes per cycle. 

The linear association between the cycle threshold value (Ct value) and log-transformed DNA 

concentration determined the accuracy with which the target gene quantity can be mathematically 

deduced. Linear association was measured using the determination coefficient (R2). ThermoFisher 

Scientific real-time PCR standards suggest that real-time PCR efficiency assays have an R2≥0.98. The 

category multiplex assay that contained African and Global/ Outlier primer and probe sets had 

determination coefficient values of 0.98 and 1.00 respectively (Figure 2.3.2). The clade multiplex assay 

that contained East African clade and Global clade primer and probe sets both had determination 

coefficients of 0.99 (Figure 2.3.3). Thus, determination coefficients for all primer and probe sets 

complied with the required R2≥0.98. 

Using the dilution series, the limit of detection was determined as the lowest DNA concentration resulting 

in a true positive (Ct value below 30). The limit of detection for these assays was 0.1 µM (Table 2.3.2). 

Although the Global clade primer and probe set was capable of amplifying genes from a 0.01 µM DNA 

solution, the lack of technical reproducibility meant the true limit of detection was 0.1 µM as with the 

other primer and probe sets. 
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Replicate 10 1 0.1 0.01 0.001
1 23.7 27.32 28.28 34.6 36.14

2 23.02 27.42 28.94 33.86 36.45

3 23.27 27.27 29.45 33.54 35.36

Replicate 10 1 0.1 0.01 0.001
1 22.49 25.52 29.07 32.56 36.14

2 21.54 24.76 28.53 31.64 34.94

3 21.82 24.05 29.29 32.16 34.37

Replicate 10 1 0.1 0.01 0.001
1 22.29 25.82 27.6 32.75 35.36

2 23.25 26.38 27.87 32.6 35.2

3 22.66 26.03 28.43 32.52 35.33

Replicate 10 1 0.1 0.01 0.001
1 21.08 23.4 26.62 29.61 33.73

2 21.6 24.09 27.26 29.97 33.96

3 21.41 24.47 27.58 30.56 34.67

Global clade primer and probe set

Crude DNA concentration (µM)

Global/ Global Outlier category primer and probe set

African category primer and probe set

Crude DNA concentration (µM)

Crude DNA concentration (µM)

East African clade primer and probe set

Crude DNA concentration (µM)

Table 2.3.2 Ct values from the three technical replicate real-time PCR assays performed with varying DNA 
concentrations. Values shaded in green indicate a positive result (Ct<30) and values in red indicate a negative result 

(Ct≥30) 
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2.4. Discussion 

Successful amplification of the relevant target genes was observed for all 12 validation panel isolates, 

and each isolate was classified into the appropriate clade. These results corresponded with the 

hierBAPS clade classification predicted from whole-genome sequence data of a large collection of 

Salmonella Enteritidis isolates from which the  validation panel were selected ((218), Supplementary 

Table 1). Furthermore, the amplicon sizes defined by the PrimerQuest Assay set corresponded with 

those predicted by the in silico PCR assay. Therefore, together with the calculated specificity of 100%, 

we have successfully demonstrated that this clade-classifying PCR assay is highly specific in targeted 

amplification of the selected genes from Salmonella Enteritidis DNA extracts. 

Both technical and biological reproducibility was shown throughout the clade-classifying real-time PCR 

assay validation process. Optimisation of the primer and probe concentrations for each set contributed 

greatly to the robustness of the assay since this step ensured the optimal amplification of target genes 

within the true positive range (i.e. Ct <30). Consequently, the assays had high efficiencies and optimal 

assay precision across technical replicates. Biological reproduction was also achieved for each primer 

and probe set, with the successful amplification of each target gene in three validation panel isolates. 

Additionally, true positive results were technically reproduced from the lowest DNA concentration (i.e. 

limit of detection) across four biologically different isolates.  

Evidently, the assay was capable of accurately amplifying 0.1 ng/µL of pure whole-genome DNA extract 

in all biological and technical replicates. Optimal efficiencies observed for all primer and probe sets 

demonstrated a strong linear relationship between the logarithmic concentration of the DNA and the Ct 

value. Thus, the target gene was amplified and accurately detected for a range of DNA concentrations 

(10 ng/µl to 0.001 ng/µL), indicating a high sensitivity. This corresponded well with the calculated 

sensitivity of 100%.  

It must be noted that this clade-classifying assay is limited to previously confirmed Salmonella Enteritidis 

isolates. Although the assay is highly specific to Salmonella Enteritidis, it is unsuitable for molecular 

subtyping of Salmonella serotypes. The necessity for two molecular tests adds additional cost and 

processing time per isolate, which is not ideal for implementation into routine surveillance laboratories. 

However, this problem could be solved through the addition of primers and probes to the multiplex real-

time PCR, which amplify a Salmonella Enteritidis specific gene. 

We have effectively demonstrated that this clade-classifying real-time PCR assay is a sensitive, specific 

and highly accurate gene-profiling assay for the discrimination of Salmonella Enteritidis clades. In doing 

so, the first two study objectives (identification of cargo genes for use as molecular markers and the 

development of a sensitive multiplex real-time PCR) were successfully met. Additionally, by fulfilling the 
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optimisation and validation requirements outlined in literature (253,254), this clade-classifying assay 

could readily be implemented in both research and public health laboratories. This method provides a 

rapid and sensitive test capable of distinguishing between otherwise genetically homogenous clades. 

Improving the availability of high quality molecular tools in developing countries is a global priority (255). 

However, due to the resource limitations within these countries the implementation of such molecular 

tools has proven difficult. Most serological diagnostic tools, especially those used for NTS, have high 

running costs, present significant challenges in maintaining quality and often have low sensitivity and 

specificity (31). At present, equipment costs and specialised personnel necessary for the 

implementation of WGS hinders the availability of such tools in LMIC (256,257). Thus, the low running 

cost (approximately R8.45 or US$0.59 per sample) together with the high quality of this clade-classifying 

real-time PCR assay makes this an ideal tool for use in public health laboratories, especially where 

WGS is not readily available.  
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CHAPTER THREE  

Epidemiological investigation of Salmonella Enteritidis clades in 

South Africa 

 

3.1. Introduction  

Non-typhoidal Salmonella (NTS) is among the most commonly isolated foodborne pathogens worldwide 

(31). Annually, approximately 93 million infections and 155 000 deaths occur due to gastroenteritis (67). 

The major impact salmonellosis has on animal, human and environmental health sectors has resulted 

in the placement of NTS on a list of zoonotic diseases of most concern in the United States (US) (258). 

Furthermore, the World Health Organization has prioritized the strengthening of capacity for surveillance 

of foodborne pathogens globally (65).  

Whilst Salmonella gastroenteritis accounts for the bulk of morbidity due to NTS, invasive NTS (iNTS) 

disease is of greater concern in terms of mortality, resulting in an estimated 4.26 million Disability 

Adjusted Life Years (DALYs) (181). iNTS disease is a particular threat in sub-Saharan Africa (sSA), 

which accounts for more than half of the globally estimated iNTS cases (178,181). It is thought that the 

large immunocompromised population within the sSA region has resulted in the adaptation of NTS to a 

more invasive lifestyle (194,218). The high prevalence of iNTS disease in this region, where the majority 

of the countries classify as low- to lower-middle-income (LMIC), is detrimental to the socioeconomic and 

healthcare systems (195). 

Salmonella Enteritidis is one of the two most common NTS serovars, causing gastroenteritis as well as 

invasive disease (98,191–193). Phylogenetic analysis of Salmonella Enteritidis from around the world 

has shown that there are four distinct clades in circulation (218). Three of these clades have been 

implicated in outbreaks of epidemic proportions: the Global clade has been linked with poultry-

associated gastroenteritis and the two African clades (East and West African clades) that have been 

associated with severe invasive disease (218).  

Despite the recognition of the distinct Salmonella Enteritidis clades in sSA, the prevalence and 

transmission of these clades within South Africa has not been well described. Salmonella Enteritidis has 

consistently been the most commonly isolated serovar in South Africa since 2011 (198,259,260). The 

increased consumption and importation of poultry places the country at risk for an increase in foodborne 

outbreaks associated with the Global clade, as has been observed in the USA, Europe and Brazil 

(235,239,261,262). Thus, routine surveillance of clade distribution in South Africa together with the 
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monitoring of changes in clade proportions could assist with more targeted interventions for the 

prevention of outbreaks.  

The aim of this chapter was to gain a retrospective understanding of the prevalence, geographical 

distribution and characteristics (association with invasive disease and antimicrobial resistance) of 

Salmonella Enteritidis clades in four South African provinces (Gauteng, KwaZulu-Natal, Mpumalanga 

and Western Cape) over a two year period (2012 and 2013) using the clade-classifying real-time PCR 

assay. The assay proved an effective tool in the investigation of clade proportions in the South African 

public health setting.  
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3.2. Materials and methods 

3.2.1. Workflow for the epidemiological investigation of Salmonella Enteritidis clades in South 

Africa 

  

Figure 3.2.1 Flow chart showing the workflow for the statistical analysis of clade-classifying assay results and 

corresponding patient and isolate data 
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3.2.2. GERMS-SA laboratory surveillance program 

Since 2003, approximately 50 public and private clinical laboratories across all provinces of South Africa 

have been participating in the GERMS-SA active laboratory-based surveillance program.  Pathogens of 

public health concern (AIDS-related opportunistic infections, epidemic-prone diseases, vaccine-

preventable diseases, nosocomial infections) are submitted to the National Institute for Communicable 

Diseases (NICD) for confirmation and further characterisation. All clinical and epidemiological 

information collected from laboratory confirmed cases are captured and stored on the GERMS-SA 

database. The data is regularly reviewed to ensure all referred isolates were compliant with the GERMS-

SA case definitions. Approximately 83.1% of the South African population have access to public 

healthcare and are therefore under surveillance by the GERMS-SA laboratory network. 

3.2.3. GERMS-SA non-typhoidal Salmonella isolates repository 

Among other pathogens, the received laboratory non-typhoidal Salmonella isolates from GERMS-SA 

enhanced surveillance site laboratories were submitted to the CED. These isolates were serotyped 

using the White-Kauffman-Le Minor scheme and had antimicrobial susceptibility testing performed 

according to the Clinical and Laboratory Standards Institute (CLSI) guidelines and breakpoints. 

Minimum inhibitory concentration (MIC) was determined for each isolate against ampicillin, 

chloramphenicol, trimethoprim-sulfamethoxazole, tetracycline, ciprofloxacin and ceftriaxone using E-

strips according to manufacturer’s recommendations (Bio-Mérieux, Marcy-l’Etoile, France). These 

results, as well as the patient demographic and clinical data corresponding to each isolate, were 

recorded on the Access 2010 (Microsoft Corporation, Redmond) GERMS-SA database. The isolates 

were then stored at -80ºC in Tryptic Soy broth (1 L distilled water, 17 g casein, 5 g sodium chloride, 

3 g soytone, 2.5 g dextrose, 2.5 g dipotassium phosphate, adjusted to pH 7.3)  in the GERMS-

SA repository at the CED, NICD. 
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3.2.4. Isolate referral bias 

It is important to note that the NTS isolates received by the CED represent a subset NTS cases in the 

South African population. Passive laboratory-based surveillance programs are limited by the health-

seeking behaviour of an ill person, prevailing specimen collection practices, diagnostic practices at 

laboratories, and voluntary submission of isolates (Figure 3.2.2) (263). In particular, the difference in 

stool collection practices when investigating adults versus children suffering from diarrhoea in 

healthcare facilities affects the number of confirmed NTS gastroenteritis cases reported (264). 

Furthermore, stool collection is more likely for patients seen in private and tertiary hospitals, which have 

the available resources. We acknowledge that the invasive and non-invasive NTS surveillance isolates 

received by the NICD do not represent the entire exposed population and therefore the results from this 

study could not be used to infer risk factors or incident rates.  

 

 

 

 

 

 

 

 

 

 

 

 

(263)  

Figure 3.2.2 A diagram representing the proportion of potential pathogens present at different stages. Different types of 
surveillance programs sample pathogens at different stages, therefore have varying sensitivities and specificities. The blue 

area of the pyramid represents the proportion of isolates reported to surveillance organizations as with GERMS-SA. (263) 
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3.2.5. Selection of South African Salmonella Enteritidis isolates 

Isolates used in this study were selected from the GERMS-SA frozen isolate repository to accurately 

represent the invasive (isolated from blood and cerebral spinal fluid) and non-invasive (isolated from 

stool) Salmonella Enteritidis isolates referred to the NICD by Gauteng, KwaZulu-Natal, Mpumalanga 

and Western Cape laboratories for the years 2012 and 2013. During this time period (2012 and 2013) 

the number of Salmonella Enteritidis isolates collected surpassed all other serovars and isolates 

collected during these two years were therefore of interest. Laboratories from Gauteng, KwaZulu-Natal, 

Mpumalanga and the Western Cape contributed the majority (94.58%, 1 866/1 973) of all Salmonella 

Enteritidis isolates received in 2012 and 2013. The number of isolates selected from each province 

(Table 3.2.1) was done according to the proportion of total Salmonella Enteritidis isolates contributed 

by the province relative to the other three provinces used in this study. Northern Cape, North West, 

Limpopo, Eastern Cape and Free State provinces collectively contributed only a small proportion of 

Salmonella Enteritidis isolates (5.42%, 107/1 973) in 2012 and 2013, and were therefore excluded from 

the study. 

 

 

 

 

 

  Invasive Yes No Yes No Total

Mpumalanga 9 12 3 11 35

Kwazulu Natal 35 11 28 11 85

Gauteng 90 63 83 94 330

Western Cape 31 67 32 38 168

618

2012 2013

P
ro

vi
n

ce

Table 3.2.1 Number of invasive and non-invasive Salmonella Enteritidis isolates selected from the 2012 and 2013 GERMS-
SA archives to represent four South African provinces (Gauteng, Western Cape, KwaZulu-Natal, Mpumalanga) 
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3.2.6. Crude genomic DNA extraction 

Approximately 10 µL of culture was collected from the trypticase soy broth using a 10 µl plastic classic 

Microloop (Medical Wire and Equipment Co. Ltd, Wiltshire, UK). Collected culture was then streaked on 

5% blood agar (Diagnostic Media Products, Johannesburg, South Africa) and incubated overnight in an 

IN 750 incubator (Memmert, Schwabach, Germany) set at 37°C. Single colonies were collected from 

the plate and placed 400 µl of 10 X TE buffer (800 mL distilled water, 2.92 g Tris, 15.76 g EDTA (pH 8)) 

in a 1, 2 mL tube. The solution was then thoroughly mixed using a Vortex-Genie 2 (Lasec SA (Pty) Ltd., 

Midrand, South Africa) and boiled in a Dry Bath Plus heating block (Lasec SA (Pty) Ltd., Midrand, South 

Africa) set at 95°C for 25 minutes. Boiled cell solutions were then centrifuged using the Centrifuge 5415R 

(Eppendorf, Hamburg, Germany) at 22 673 g and MiniSpin (Eppendorf, Hamburg, Germany) at 11 337 

g. From the supernatant, 20 µl was transferred into 80 µl of 10 X TE buffer (800 mL distilled water, 2.92 

g Tris, 15.76 g EDTA (pH 8)). The concentrations, 260 nm and 260 nm/ 280 nm readings of each crude DNA 

solution was determined using the NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific, 

California, USA). A minimum DNA concentration of 10 ng/µL was accepted for use in further 

experimentation. 

3.2.7. Classification of isolates into clades using clade-classifying real-time PCR assay 

Clade classifying real-time PCR was performed using the crude DNA extracts from each of the selected 

South African isolates. Two validation panel isolates, from the East African and Global clade, were used 

as positive controls for each of the target genes in the rtPCR. Approximately 2µL of crude DNA was 

loaded in MicroAmp® Optical 96-well reaction plate (Applied Biosystems, Life TechnologiesTM, California, 

USA) from left to right, omitting the first three wells that were used for a non-template (negative) control 

(2 µL distilled water included in place of DNA) and the two positive template controls.  

3.2.8. Line list of epidemiological data variables for Salmonella Enteritidis isolates 

A line list containing the Salmonella Enteritidis isolate data (identification number, invasive/non-invasive, 

year of collection and antimicrobial susceptibility) and corresponding patient information (age, gender) 

from the GERMS-SA database was created in an Excel 2010 (Microsoft Corporation, Redmond) 

spreadsheet. Age was converted into ordinal age group categories consisting of 5 year groups. 

Additional information, such as HIV status, was requested from the Central Data Warehouse (CDW) of 

the National Health Laboratory Service (NHLS). HIV status (“Positive” or “Negative”) was derived from 

a composite of HIV-1/HIV-2 antibody screens, CD4 (cluster of differentiation) counts and the HIV viral 

load data for each patient. Patients without HIV test data were given the status “Unknown”. Lastly, the 

results from the real-time PCR assay were entered. Data entries were matched based on the unique 

identity number of each isolate as well as the date of birth of the patient to ensure data quality. 
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3.2.9. Bivariate statistical analysis of epidemiological data 

Epidemiological data was analysed in a case-to-case method where variables associated with Global 

clade isolates were compared with those associated with Outlier isolates. The aim was to determine 

whether there were clade-specific characteristics.  All epidemiological data variables for isolates were 

analysed using Stata version 14 (StataCorp LD, Texas, USA) (Supplementary Figure 3). The line list 

of data variables was imported from Excel into Stata, using the first row as variable name. Data for the 

isolate classified as West African Clade was removed from the dataset as it was an outlier. To facilitate 

analysis, all variables were converted from string (character) to numerical (number) variables.  The cut-

off point of significance for all statistical testing was set at 5% (p<0.05). In order to assess geographical 

distribution of the Salmonella Enteritidis isolate clades, the Outlier clade was set to the numerical value 

“0” for use as the reference. The Global clade was then set to the numerical value “1”. These observation 

values were labelled to aid in the interpretation of results. Difference in clade proportions between the 

four provinces was tested using the Pearson’s chi square. Similarly, reference groups for the isolate 

variables were set to the numerical value “0”. All numerical variables were labelled. To assess whether 

patient variables (age groups and gender) and isolate variables (invasive disease, using “non-invasive 

disease” as a reference, and drug resistance, using “susceptible” as a reference) were associated with 

a particular clade, Pearson’s chi square and the Fisher’s Exact tests (for variables with two groups) were 

performed. Simple bivariate logistic regression models (with clade and a significantly associated 

variable) were then used to obtain odds ratios (OR) and confidence intervals (CI) for each association. 

3.2.10. Bivariate statistical analysis of HIV data subset 

In order to determine whether clade associations with antimicrobial resistance and invasive disease 

were confounded by HIV status, statistical analysis of the association between HIV status and clade, 

antimicrobial resistance and invasive disease was performed. Salmonella Enteritidis isolates with 

corresponding HIV test result data were analysed separately from those with an “Unknown” status. This 

reduced dataset was imported into Stata from Excel (Supplementary Figure 4). All HIV data were 

converted from string (character) to numerical (number) variables. HIV negative statuses were set to 

the numerical value “0” for use as a reference. The positive statuses were set to the numerical value 

“1”. These numerical observations were then labelled. The association between HIV status and clade 

and antimicrobial resistance was tested using Pearson’s chi square and simple bivariate logistic 

regression modelling to obtain OR and CI. In order to assess the association between HIV status and 

invasive disease, the 0 - 4 year age group was removed since children under the age of 5 are highly 

susceptible to invasive disease for to multiple factors other than HIV, and thus would skew the data. HIV 

and invasive disease association was then tested using logistic regression with age groups stratified, 

since both variables differed according to age group.  
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3.2.11. Ethics statement 

Permission to access the GERMS-SA database was obtained from Dr Vanessa Quan, head of the 

GERMS-SA surveillance program, Division of Public Health Surveillance and Response, NICD 

(approved 6 August 2018) (Supplementary Figure 6). Ethical clearance for all laboratory-based 

surveillance and research (approved 12 November 2018) was obtained from the University of 

Witwaterstrand, Johannesburg, South Africa (Wits protocol no. M140159) by the Centre for Enteric 

Diseases, NICD (Supplementary Figure 5). Access to additional National Health Laboratory Service 

data from the CDW was granted by Dr Babatyi Malope-Kgokong, National Manager of Academic Affairs 

and Research, NHLS (approved 22 March 2019) (Supplementary Figure 7). The sensitive data used 

within this study (ie. HIV status) was anonymised through the removal of patient names.  
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3.3. Results  

3.3.1. Description of the study cohort 

A total of 618 confirmed Salmonella Enteritidis isolates were selected from the GERMS-SA 2012 and 

2013 repository. From the accompanying patient data, we determined that the cohort consisted of similar 

proportions of male (329/618, 53.24%) and female (284/618, 45.95%) patients. The age range of these 

patients spanned 0-92 years (Figure 3.3.1), with the highest proportion of cases in children under the 

age of five years (27.99%, 173/618). HIV test result data was available for 228 (228/618, 36.89%) of the 

patients. A total of 165 (165/228, 72.37%) patients were HIV positive and 63 (63/228, 27.63%) were HIV 

negative. The outstanding HIV status data for the remaining 390 patients were regarded as unknown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.3.1 Frequency (grey bars) of the total Salmonella Enteritidis isolates, invasive isolates (red line) and non-invasive 
isolates (blue line) collected from patients in each age group.  
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3.3.2. Clade classification of Salmonella Enteritidis isolates across South Africa 

All 618 Salmonella Enteritidis clinical isolates were successfully screened using the clade-categorising 

real-time PCR assay. The majority of the isolates were classified within the Outlier clade (377/618, 61.00 

%). Fewer isolates were categorized in the Global clade (240/618, 38.83 %) and only one isolate was 

classified in the West African clade (1/618, 0.16 %). Seven isolates used in this study were previously 

grouped into clades by the hierBAPS (Bayesian Analysis of Population Structure) algorithm using whole-

genome sequences. The results from the clade-classifying assay were concordant with the hierBAPS 

classification obtained previously ((218), Supplementary Table 1).  

The proportions of each clade differed according to province (Figure 3.3.2). The Western Cape had the 

largest proportion of Global Clade isolates (81/168, 48.21%, OR: 1.49, CI: 1.02 – 2.17). Similar 

proportions of the Global Clade were observed in Gauteng (127/330, 38.48%, OR: 0.53, CI: 0.501 – 

0.781) and KwaZulu-Natal (27/85, 31.36%, OR: 0.74, CI: 0.45 – 1.24). Mpumalanga had the smallest 

proportion of the Global Clade (5/35, 14.28%, OR: 0.28, CI: 0.10 – 0.73) and was the only province from 

which a Western African Clade isolate was identified.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2 Graphical representation of the proportions of Salmonella Enteritidis isolates classified within the Outlier, 
Global and Western African Clades in four South African provinces (Gauteng, Mpumalanga, KwaZulu-Natal and 

Western Cape). The total number of isolates from each province (N) are included. 
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3.3.3. Salmonella Enteritidis isolates associated with invasive non-typhoidal Salmonella 

disease in patients 5 years and older 

Of the 618 Salmonella Enteritidis isolates, 311/618 (50.32%) were associated with iNTS disease. A 

significant correlation was observed between invasive isolates and the age groups (Figure 3.3.1). 

Invasive salmonellosis was highest in patients aged 25 to 64 years (Supplementary Table 6). Similarly, 

when the smaller HIV data subset was analysed, a significant correlation was observed between HIV 

status and age group. The 25 to 34 years age group had the highest number of HIV positive patients 

(44/47, 93.6%, OR: 10.48, CI: 2.04 – 53.93) (Supplementary Table 7). This was followed by the 35 – 

44 years age group (38/41, 92.7%, OR: 9.05, CI: 1.75 – 46.77). There was no evidence to support an 

association between invasive disease and HIV for all patients 5 years and above (126/168, 75.0%, OR: 

2.4, CI: 0.84 – 6.88). However, when the data was stratified by age group, a significant association 

between HIV and invasive disease was observed in ages 25 – 34 years (OR: 8.67, CI: 1.54 – 48.70) 

and 35 – 44 years (OR: 7.78, CI: 1.38 – 43.85) (Figure 3.3.3). 
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Figure 3.3.3 The number of invasive disease cases with the corresponding number of HIV positive cases across all  age 

groups 5 years and above. The asterisks (*) indicate the age groups where there was evidence for an association 
between invasive disease and HIV status  
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The proportion of invasive isolates differed significantly between the four South African provinces (Table 

3.3.3). The greatest proportion of invasive isolates were from KwaZulu-Natal (63/85, 74.12%, OR: 2.60, 

CI: 1.528 – 4.421), while, the Western Cape contributed the smallest proportion of invasive isolates 

(63/168, 37.50%, OR: 0.54, CI: 0.372 – 0.796). Isolates classified within the Global clade were 

significantly associated with invasive disease (140/240, 58.33%, OR: 1.57, CI: 1.13 – 2.17) (Figure 

3.3.1).  

 

 

 

 

 

 

 

 

 

  

Table 3.3.1 Association between invasive Salmonella Enteritidis isolates and South African provinces from which the 

Salmonella Enteritidis isolates were collected 

Province Proportion (%) Odds Ratio (95% CI) p-value

Gauteng 173/330 (52.42) 1.10 (0.888 - 1.368) 0.379

Kwazulu Natal 63/85 (74.12) 2.60 (1.528 - 4.421) 0.000

Western Cape 63/168 (37.50) 0.54 (0.372 - 0.796) 0.002

Mpumalanga 19/34 (55.88) 1.15 (0.565 - 2.400) 0.002

Proportion of invasive isolates

Global Clade

Global Outlier Clade

Figure 3.3.4 Proportion of invasive (A) and non-invasive (B) Salmonella Enteritidis isolates classified within each of 

the two clades (Outlier and Global Clade) 

Proportion of invasive isolates

Global Clade

Global Outlier Clade

A B 



  

 

61 

3.3.4. Antimicrobial resistance in Salmonella Enteritidis isolates 

Forty percent (244/618) of the isolates were resistant to sulphamethoxazole (Figure 3.3.5). Similar 

proportions of sulphamethoxazole resistance were reported across the four South African provinces 

(Table 3.3.2). On analysis by E-test, 570/618 (92.23%) of the isolates were susceptible to ciprofloxacin 

(MIC ≤ 0.06 µg/mL) and 46/618 (7.44%) showed decreased ciprofloxacin susceptibility (DCS), with MIC 

≥ 0.12 mg/L. None were classified as resistant isolates (MIC ≥4 µg/mL). The isolates with DCS (46/618, 

7.44%) and nalidixic acid resistance (44/618, 7.12%), were concentrated in the Gauteng province (Table 

3.3.2). 

A small number of isolates were resistant to tetracycline (9/618, 1.46%), trimethoprim (9/618, 1.46%), 

ampicillin (7/618, 1.13%), chloramphenicol (6/618, 0.97%), cotrimoxazole (6/618, 0.97%) and 

amoxicillin-clavulanate (5/618, 0.81%). Few isolates were resistant to ceftazidime (3/618, 0.49%), 

ceftriaxone (3/618, 0.49%), streptomycin (3/618, 0.49%) and kanamycin (2/618, 0.32%). All isolates 

were fully susceptible to imipenem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.5 The proportion of Salmonella Enteritidis isolates that are resistant and susceptible to various antimicrobial 

compounds. (SUL= sulphamethoxazole; CIP= ciprofloxacin; NAL= nalidixic acid; TET= tetracycline; TRI= trimethoprim; AMP= 

ampicillin; CHL= chloramphenicol; COT= cotrimoxazole; AUG= amoxicillin-clavulanate; CAS= ceftazadime; CRO= ceftiaxone; 
STR= streptomycin; KAN= kanamycin; IMI= imipenem) 
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No evidence was found to support an association between sulphamethoxazole resistance and a 

particular clade. However, isolates classified within the Global Clade were strongly associated with 

resistance to nalidixic acid (28/240, 11.67%, OR: 11.63, CI: 4.671 – 28.968) and DCS (37/240, 15.42%, 

OR: 7.45, CI: 3.526 – 15.751) (Table 3.3.3). No evidence to support an association between a positive 

HIV status and nalidixic acid resistance (3/228, 1.32%, OR: 0.58, CI: 0.16 – 2.11) or DCS (4/228, 1.75%, 

OR: 0.73, CI: 0.23 – 2.30) was found. 

 

 

 

 

 

 

 

 

 

 

 

  

Table 3.3.2 Association between antimicrobial resistance of Salmonella Enteritidis isolates and the South African province 

from which the isolates were collected 

Gauteng (%) Kwazulu Natal (%) Mpumalanga (%) Western Cape (%) X
2

Fisher's Exact

Sulphamethoxazole

Susceptible 190 (57.58) 56 (65.88) 22 (64.71) 105 (62.50)

Resistant 140 (42.42) 29 (34.12) 12 (35.29) 63 (37.50)

Ciprofloxacin

Susceptible 292 (88.48) 83 (97.65) 32 (94.12) 164 (97.62)

Resistant 38 (11.52) 2 (2.35) 2 (5.88) 4 (2.38)

Nalidixic Acid

Susceptible 294 (89.09) 83 (97.65) 33 (97.06) 163 (97.62)

Resistant 36 (10.91) 2 (2.35) 1 (2.94) 5 (2.98)
0.001

0.000

p-value

0.002

0.001

0.433 0.446

DCS 

Table 3.3.3 Association between antimicrobial resistance and Global Clade isolates   

Antimicrobial Compound Proportion Resistance (%) Odds ratio (95% CI)

Ampicillin 3/240 (1.25) 1.18 (0.261 - 5.328)

Amoxicillin-clavulanate 3/240 (1.25) 2.37 (0.393 - 14.350)

Cotrimoxazole 3/240 (1.25) 1.58 (0.315 - 7.896)

Trimethoprim 3/240 (1.25) 0.79 (0.194 - 3.163)

Sulphamethoxazole 89/240 (37.08) 0.84 (0.605 - 1.178)

Chloramphenicol 4/240 (1.67) 3.18 (0.575 - 17.558)

Nalidixic Acid 28/240 (11.67) 11.63 (4.835 - 27.985)

Ciprofloxacin 37/240 (15.42) 7.45 (3.526 - 15.751)

Tetracycline 1/240 (0.42) 0.19 (0.024 - 1.563)

Ceftriaxone 2/240 (0.83) 3.16 (0.284 - 35.173)

Ceftazidime 2/240 (0.83) 3.17 (0.285 - 35.322)

*Decreased susceptibility (MIC≥0.12 mg/L) 

* 
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3.4. Discussion 

In this chapter, 618 Salmonella Enteritidis isolates were selected from the GERMS-SA frozen isolate 

repository and assigned clades using the clade-classifying real-time PCR assay. Corresponding 

epidemiological and clinical data were then statistically analysed to determine whether isolates within 

distinct clades were associated with particular characteristics (invasive disease and antimicrobial 

resistance). The results indicated that the proportion of Global and Outlier clade isolates differed 

significantly between provinces. Furthermore, there was strong evidence for the association of DCS and 

iNTS disease with Global clade isolates. 

The frequency of invasive isolates collected from different age groups in this study (Figure 3.3.2) 

mirrored a high disease burden profile (Figure 3.4.1) that has previously been described in sub-Saharan 

Africa (sSA) (93,181). The majority of the invasive Salmonella Enteritidis isolates in the study cohort 

were collected from patients under the age of five years. This corresponds with the greatest proportion 

of globally reported iNTS cases occurring among children under the age of five (90,93,181). A second 

peak in iNTS disease incidence was observed in the 21 to 55 year age groups of the study cohort 

(Figure 3.3.2). The most likely explanation for this is the high HIV prevalence in this age range in sSA. 

A previous study observed the highest incidence of iNTS disease in HIV positive adults between the 

ages of 25 and 40 years in Africa (265). This corresponds well with the associations observed in this 

study between HIV positive status and iNTS disease in the 25 – 44 year age group. In high-income 

settings, such as Europe and the US, a second peak in iNTS disease incident is only observed in 

individuals over the age of 65 when the immune system naturally declines due to senescence (Figure 

3.4.1) (181). 

(181) 
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The clade-classifying assay successfully identified the clade of all 618 Salmonella Enteritidis isolates. 

Majority of the isolates in this study were from the Outlier clade. This particular clade is the oldest and 

largest paraphyletic cluster of Salmonella Enteritidis isolated worldwide (218,266) and therefore this was 

expected. Whilst few studies have associated the Outlier clade isolates with epidemics (218,261), there 

have been recent reports of focal outbreaks (261,267). 

The results from this study have shown that the large proportions of Global clade isolates in three of 

South Africa’s major economic provinces, Gauteng, KwaZulu-Natal and Western Cape, are of great 

concern. The Global clade has previously been connected with the epidemics of poultry-associated 

gastroenteritis across the US, Europe and Brazil in the 1970s and 1980s (235,239,261). The change of 

Figure 3.4.1 Proportion of invasive Salmonella isolates, by age group, from high-income and low- to middle-income 

settings in 2017. (181) 
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predominant clade from Outlier to Global was suggested as the reason Salmonella Enteritidis become 

the most commonly isolated serovar in Brazil (261). It has been suggested that the SE20 phage region 

within the Global clade may have conferred an enhanced ability to colonise chickens, increasing the 

prevalence of Salmonella Enteritidis in the food chain and causing an increase in human infections 

(261). This could hypothetically also explain the rapid increase in the number of Salmonella Enteritidis 

cases observed in South Africa from 2006 to 2013 (Figure 1.4.2.). However, the change in proportions 

of the Global clade would require a longer surveillance period, than the two years covered in this study, 

to investigate this hypothesis. The clade-classifying assay, developed in this study, offers a low cost tool 

for this kind of surveillance. 

The Global clade was thought to have originated in Europe and spread to the US and Brazil through the 

commercial exchange of poultry between these countries (261,266,268). The genetic homogeneity of 

the clade suggests rapid clonal expansion in each country (218,266). South Africa’s increased poultry 

consumption between 2003 and 2013 (Figure 3.4.2) and subsequent increase in the import of poultry, 

after 2010, was the most likely source of Global clade introduction and spread within the country (262). 

(262)   
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Figure 3.4.2 Consumption per capita of four different meat types (kg) in South Africa from 2000 to 2013. The two years 

(2012 and 2013) covered in this study are highlighted in the red box. (262) 
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The significant difference in clade proportions across the four South African provinces (Gauteng, 

KwaZulu-Natal, Western Cape and Mpumalanga) may be as a result of the number isolates selected 

from each province. Mpumalanga isolates were underrepresented since there was only one enhanced 

Salmonella surveillance site in the province. This may account for the significantly smaller proportion of 

Global clade within this province. However, the difference may also reflect the different opportunities for 

Salmonella Enteritidis transmission in various settings. The transmission dynamics of Salmonella 

Enteritidis within South Africa are not well described. The complexity of poultry distribution as well as 

differences in food safety practices between rural and urban settings presents a network of transmission 

opportunities (206). Therefore, the monitoring of clades present in the environment, livestock and health 

sector (a One Health integrated surveillance approach) will provide vital insight into the spread of 

Salmonella Enteritidis along the farm-to-fork continuum for more targeted prevention measures. 

The absence of East and West African clade isolates, with the exception of the single West African 

isolate from Mpumalanga, may be due to the fundamental differences in the water, sanitation and 

hygiene infrastructure in South Africa compared with the rest of the continent. NTS can survive for long 

periods in water sources (65,269). Untreated sewage and environmental water have been shown to 

contain the same Salmonella Enteritidis strains as those implicated in iNTS disease (270). However, a 

recent study suggested that the genomic degradation within NTS lineages found in Africa and 

associated with invasive disease may have resulted in the loss of ability in these clades to form biofilm, 

the so-called RDAR phenotype (271). Subsequently, the iNTS strains are less likely to be found on food 

products and may have adopted alternate modes of transmission, such as human-to-human (271). 

Thus, greater access to quality sanitation and safe water provisions in South Africa may have partially 

protected the population from the spread of highly invasive, MDR Africa associated clades. 

Of note, this study found evidence for the association of South African Global clade isolates with iNTS 

disease. This association was also described in a Ghanaian WGS study that clustered the majority of 

invasive Salmonella Enteritidis isolates within the Global clade (272). In contrast, Global clade isolates 

were not significantly associated with invasive disease in the European or the US epidemics (218); 

however, this is likely due to the much higher prevalence of immunosuppressive disease (importantly, 

HIV) in sSA, which predisposes individuals to iNTS disease (181,187). This was observed in KwaZulu-

Natal, which has the highest HIV prevalence and subsequently had the highest number of invasive 

Salmonella Enteritidis isolates in this study (Table 3.3.1) (273). However,the weak association between 

invasive Salmonella Enteritidis infection and a positive HIV status observed in this and other studies 

may suggest that there are additional factors contributing to the risk of iNTS disease in South Africa 

(94).  
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The current recommended treatment for invasive Salmonella Enteritidis is a fluoroquinolone (such as 

ciprofloxacin) or a third-generation cephalosporin (such as ceftriaxone) (274). According to a multi-

center surveillance study, DCS is uncommon in African iNTS isolates (275). However, since 2010 South 

Africa has reported an increase in DCS, with approximately 1% of all Salmonella Enteritidis surveillance 

isolates exhibiting DCS (276). This study also found a small proportion of isolates (7.44%) showed DCS 

for the years 2012 and 2013. Clinical evidence has shown that DCS may render the recommended 

treatment of iNTS ineffective (277). In cases of DCS, patients are generally treated with longer courses 

of alternative intravenous antimicrobials (274), which increases the cost of treatment, which is a major 

problem in developing countries where resources are limited.  

The majority of South Africa’s imported poultry is sourced from Brazil (262). Maximum residue limits for 

veterinary drugs have not been implemented in Brazil, therefore residual ciprofloxacin is still present in 

poultry intended for human consumption (278). In 2010, the highest ciprofloxacin resistance incidence 

were reported in turkey and chicken meat originating from Brazil (278,279). Thus, the increase in DCS 

in South Africa is possibly due to the increase in imported poultry from Brazil where DCS has previously 

been reported (280). Alternatively, the DCS may have developed independently due to extensive use in 

the poultry and healthcare industries within South Africa (274,281). To better understand the origins of 

DCS, routine monitoring of imported and local poultry is essential to implement targeted preventive 

measures. 

The DCS observed in this study was strongly associated with Global clade isolates. The same 

association was also observed in the WGS study of Ghanaian Salmonella Enteritidis isolates exhibiting 

DCS, which clustered exclusively within the Global clade (272). This may suggest that the increase in 

DCS isolates was facilitated by the clonal expansion of the Global clade (282,283). This further 

substantiates the need to monitor clade distribution across South Africa to limit the spread of DCS 

Salmonella Enteritidis. 

The identification of discrete Salmonella Enteritidis clades within sSA, associated with antimicrobial 

resistance and severe iNTS disease, highlights the necessity for surveillance and monitoring of changes 

in clades (218). Better understanding of clade trends and characteristics will allow for improved 

treatment and implementation of more targeted preventive measures. The clade-classifying assay 

provides a sensitive, affordable method for regular Salmonella Enteritidis clade surveillance in a public 

health setting. 
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CHAPTER FOUR  

Conclusions 

4.1. Summary of work  

Four distinct Salmonella Enteritidis clades (Global, Outlier, West African and East African clades) were 

previously identified using whole genome sequences of isolates from across the world (218). The African 

clades differed genetically due to genomic degradation and the acquisition of unique prophage regions 

and multidrug-resistance (218,230,231). Using genes within the unique prophage regions as molecular 

markers, a real-time PCR, capable of distinguishing between the four clades, was developed 

(CHAPTER TWO). The first category-specific multiplex real-time PCR targeted the small toxic peptide 

gene and TIR domain gene, which distinguished between the African category (East and West African 

clades) and the Global/ Outlier category (Global and Outlier clades) respectively. The second clade-

specific multiplex real-time PCR targeted the PemI gene and Chitinase Class I gene, which 

distinguished between the East African clade and Global clade respectively. The clade-classifying real-

time PCR assay fulfilled all optimisation and validation requirements, and was determined to be a 

sensitive, specific and highly accurate gene-profiling assay for the discrimination of Salmonella 

Enteritidis clades.  

In order to gain a retrospective understanding of the prevalence, geographical distribution and 

characteristics of clades in South Africa, the clade-classifying assay was used to classify 618 Salmonella 

Enteritidis isolates (CHAPTER THREE). These isolates were selected from the GERMS-SA frozen 

repository, which were collected from four South African provinces (Gauteng, KwaZulu-Natal, 

Mpumalanga and the Western Cape) in 2012 and 2013. The assay was successful in classifying all 618 

isolates; the majority of the isolates were classified within the Outlier clade (61.00%), with fewer 

classified within the Global clade (38.83%) and only one isolate classified within the West African Clade 

(0.16%). The emergence of the Global clade in South Africa was of particular concern, since isolates 

within this clade were strongly associated with decreased ciprofloxacin susceptibility and invasive 

disease. 

4.2. Limitations  

The clade-classifying real-time PCR assay is limited to confirmed Salmonella Enteritidis isolates. The 

necessity for a serotyping test prior to the clade classifying of the isolate increases the cost per isolate 

as well as the processing time. However, this can be solved through the addition of a serovar-specific 

gene to the multiplex real-time PCR. 
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Due to surveillance bias the epidemiology investigation in this study could not infer risk factors or incident 

rates. Health-seeking behavior of people suffering from gastroenteritis and invasive disease differs 

greatly. Gastroenteritis, resulting from NTS infection, is self-limiting and usually does not require 

antibiotic treatment. Therefore, people generally do not visit hospitals when suffering from 

gastroenteritis, which limits the number of stool samples collected from patients and resulted in the 

overall underrepresentation of NTS. iNTS disease, although more severe than gastroenteritis and more 

likely to cause hospital-seeking behavior in diseased people, may be difficult to distinguish from other 

non-specific febrile illness. iNTS is more likely to be recognised in tertiary care settings where blood 

cultures are more likely to be collected from patients with non-specific febrile syndromes. Therefore, 

surveillance systems are reliant on the better funded academic hospitals to send isolates associated 

with iNTS disease. The distribution of academic hospitals in the country differs greatly between 

provinces, resulting in some provinces being underrepresented in surveillance programs. 

The sample size of Salmonella Enteritidis isolates used in Chapter Three of this study was too small to 

use for significant healthcare measures. Approximately a third (618/1 973, 31.32 %) of all Salmonella 

Enteritidis isolates submitted to the NICD in 2012 and 2013 were classified in this study. This number 

of isolates was sufficient to demonstrate the trial and application of the clade-classifying assay on South 

African surveillance isolates. However, in order to gain a better, more complete understanding of the 

Salmonella Enteritidis clades in South Africa, all isolates submitted to the NICD would need to be 

classified according to clade.  

Furthermore, the presence of a West African clade isolate in Mpumalanga is of particular concern. To 

gain a more accurate understanding of the prevalence of the African clades in South Africa, provinces 

underrepresented in this study, such as Mpumalanga, Eastern Cape, Northern Cape and the Free State, 

require more intensive surveillance. This may be done by establishing sentinel surveillance sites or 

incentivising public and private healthcare facilities to submit Salmonella isolates to the NICD for further 

classification.    

Another constraint of this study was the limited HIV data available for the selected isolates. There was 

no data available for whether the patient was receiving HIV treatment at the time of infection with 

Salmonella Enteritidis. This restricted the interpretation of the association between iNTS disease and 

HIV since treatment may have reduced the patient’s susceptibility to iNTS, thus concealing the true 

association. In future studies, a more complete HIV dataset should be established that includes test 

results, status and treatment regimes. 
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4.3. Implication of this work 

DNA fingerprinting methodologies, such as MLVA and PFGE, are insufficient for distinguishing between 

Salmonella Enteritidis groups due to the high degree of clonality (31). Therefore, these tests were not 

suitable for use in epidemiological investigations to determine the relatedness of isolates. The clade-

classifying real-time PCR developed in this study offers a high quality, cost-effective method of 

distinguishing between the four phylogenetic groups within the Salmonella Enteritidis serovar in a setting 

where WGS may not be available. The assay can be used to cluster isolates from an outbreak 

investigation by clade, which could be especially helpful in tracing transmission of Salmonella Enteritidis 

within South Africa.  

The association of the Global clade with invasive disease and DCS in South Africa is important to note. 

The Global clade has an enhanced ability to infect poultry, which has placed the country at an ever 

increasing risk of Salmonella Enteritidis infections as poultry consumption continues to increase. This 

necessitates the surveillance of clades in South Africa in order to monitor changes in clade proportions. 

Better understanding of the epidemiology and transmission of particular clades will help with the 

implementation of more targeted prevention measures. 
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SUPPLEMENTARY MATERIAL 

  

Supplementary Table 1 The specific region within the validation panel isolates targeted and amplified by the corresponding primer sets in silico  

Isolate Origin Amplified Fragment Length Region

African Clade small toxic peptide gene 82 3972971…3973052

East African Clade antitoxin pemI gene 101 4803260…4803360

East African Clade antitoxin pemI gene 101 4918605…4918705

African Clade small toxic peptide gene 82 1322611…1322692

East African Clade antitoxin pemI gene 101 4797666…4797766

African Clade small toxic peptide gene 82 1980642…1980723

East African Clade antitoxin pemI gene 101 4560050…4560150

10136/01 African Clade small toxic peptide gene 82 1970326…1970407

0527/01 African Clade small toxic peptide gene 82 1981992…1982073

8078/01 African Clade small toxic peptide gene 82 1908167…1908248

Global and Global Outlier Clade TIR protein domain gene 126 742300…742425

Global Clade chitinase class I gene 85 716719…716803

Global and Global Outlier Clade TIR protein domain gene 126 3675375…3675500

Global Clade chitinase class I gene 85 3649794…3649878

Global and Global Outlier Clade TIR protein domain gene 126 2167896…2168021

Global Clade chitinase class I gene 85 2142315…2142399

LSS-40 UK Global and Global Outlier Clade TIR protein domain gene 126 2125549…2125674

791 Uganda Global and Global Outlier Clade TIR protein domain gene 126 2165634…2165759

Malawi

P125109

A1636

1320

Uganda

DRC

Gambia

UK

Malawi

MalawiD7795 

255 DRC

6396
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Supplementary Table 2 Specific probe binding site in each of the corresponding validation panel isolates in silico 

Validation panel isolate Origin Binding site

D7795 Malawi 3973002…3973025

255 DRC 1322642…1322665

6396 Uganda 1980673…1980696

10136/01 Gambia 1970357…1970380

0527/01 Gambia 1982023…1982046

8078/01 Gambia 1908198…1908221

D7795 Malawi 4803298…4803321

255 DRC 4797705…4797728

6396 Uganda 4560089…4560112

P125109 UK 742372…742396

A1636 Malawi 3675447…3675471

1320 Uganda 2167968…2167992

LSS-40 UK 2165706…2165730

791 Uganda 2125621…2125645

P125109 UK 716758…716781

A1636 Malawi 3649833…3649856

1320 Uganda 2142354…2142377
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Supplementary Figure 1 Standard real-time PCR curves of the normalized reporting value (Delta Rn) of the (A) African 

Category assay, (B) East African Clade assay and (C) Global Clade assay with different primer concentrations plotted against 

the cycle number. The grey area depicts the acceptable cycle threshold (horizontal green line) value range for an optimal 

assay. 

(A) (B) 

(C) 
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Supplementary Figure 2 Standard real-time PCR curves of the normalized reporting value (Delta Rn) of the Global/ Outlier 

Category assay with different primer concentrations plotted against the cycle number. The grey area depicts the acceptable cycle 

threshold (horizontal green line) value range for an optimal assay.  

 

 Category Clade 

 African Global/ Global Outlier East African Global 

Primer Concentration 

(µM) 
Ct value 

15 19.44 21.75 19.23 21.17 

10 19.87 21.25 19.56 21.6 

5 20.92 22.36 19.88 21.67 

2 21.06 27.2 20.97 22.88 

1 23.33 Undetermined 26.37 24.67 

Supplementary Table 3 Cycle threshold values of category and clade amplicons using different concentrations of the 

corresponding primer set 

 

 Category Clade 

 African Global/ Global Outlier East African Global 

Probe Concentration 

(µM) 
Ct value 

5 22.60 21.67 20.60 21.70 

2 25.53 23.5 24.41 26.07 

Supplementary Table 4 Cycle threshold values of category and clade amplicons using different concentrations of the 

corresponding probe 
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Supplementary Figure 3 Stata Do file containing the commands run for the statistical analysis of the association between 

clade and patient (gender and age) and isolate (invasive disease and antimicrobial resistance) data 
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Supplementary Figure 4 Stata Do file containing the commands run for the statistical analysis of the association between 
HIV status and clade and invasive disease 

Supplementary Table 7 Association between HIV positive patients and age group (5 years and above) of the 
patient from whom the Salmonella Enteritidis isolate was collected  

Age group (years) Proportion (%) Odds Ratio (95% CI) p-value

5 - 14 7/12 (58.3) 1.40 (0.44 - 4.41) 0.566

15 - 24 14/17 (82.4) 3.33 (0.61 - 18.14) 0.164

25 - 34 44/47 (93.6) 10.48 (2.04 - 53.93) 0.005

35 - 44 38/41 (92.7) 9.05 (1.75 - 46.77) 0.009

45 - 54 21/30 (70.0) 1.67 (0.42 - 6.68) 0.471

55 - 64 14/15 (93.3) 10.00 (0.97 - 102.87) 0.053

65 - ≥70 3/6 (50.0) 0.71 (0.10 - 5.12) 0.738

Age group (years) Proportion (%) Odds Ratio (95% CI) p-value

5 - 14 12/49 (24.5) 0.32 (0.17 - 0.62) 0.001

15 - 24 16/44 (36.4) 1.76 (0.72 - 4.67) 0.215

25 - 34 58/85 (68.2) 6.62 (2.99 - 14.67) 0.000

35 - 44 60/87 (69.0) 6.85 (3.10 - 15.16) 0.000

45 - 54 44/72 (61.1) 4.85 (2.17 - 10.84) 0.000

55 - 64 26/40 (65.0) 5.72 (2.28 - 14.37) 0.000

65 - ≥70 20/45 (44.4) 2.47 (1.03 - 5.93) 0.044

Supplementary Table 6 Association between invasive disease and age group (5 years and above) of the patient from whom 
the Salmonella Enteritidis isolate was collected  

Invasive Gastroenteritis Total

Positive 148 (74.0) 17 (60.7)

Negative 52 (26.0) 11 (39.3)
228

Type of Disease

HIV status

Supplementary Table 5 Relationship between HIV status (positive or negative) and type of NTS disease (Invasive or 
gastroenteritis) 
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Supplementary Figure 5 Ethical clearance for GERMS-SA surveillance obtained from the University of Witwatersrand Human 

Research Ethics Committee (Medical) for the NICD in 2018 
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Supplementary Figure 6 Permission to access and use GERMS-SA non-typhoidal Salmonella data 
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Supplementary Figure 7 Permission to access National Health Laboratory Service clinical and demographic data from the 

Corporate Data Warehouse 
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