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CHAPTER 1
INTRODUCTION

1.1

INTRODUCTION

In our daily regime, moments subsequently to birth, we continuously respire, eat, and
come into physical contact with masses of microbes, until our bodies are eventually
consumed by it at death (Jones 1996). Most microbes are harmless evanescence (‘that
which appears momentarily and fades away’). Others turn out to be part of the normal
flora that we retain throughout our life. Several of the billions of bacteria, fungi, and
protozoa that are inhabitants of our normal flora have never been cultured before and,
mathematically, we possess more microbial cells in comparison to our own cells
(Kessel et al. 2001). As a result, we would not be able to live long without our
perpetual normal microbial flora. However, we are in a subtle equilibrium with these
microorganisms.
Undeniably, our immune system is largely a mirror image of our requirements to
endure the ambush of a cosmos of microbes that surrounds us. Therefore, if the
inherent immunity is being compromised, the harmless microbes can rapidly become
detrimental to our survival. Additionally, amongst the microbes that we come across
daily, there are the ones whose survival hinges on its capability to cause cellular
destruction to their host (Mead et al. 1999). It is thus this group of microbes, called
the pathogens, which are predominantly fatal to our existence.
A pathogen must come into contact with a host, discover an exclusive niche, by-pass
competitive microbes, host defence barricades and proliferate adequately to launch
itself, or to be transferred to a new susceptible host (Jones 1996). These bacterial

pathogens impair their host by intoxication or impeding on the integrity of cells. In
several cases, the impairment is not that severe, but susceptible hosts are likely to
suffer from blatant disease, or it could even result in death (Jones 1996).
Salmonella is a foodborne pathogen of great significance in human illnesses globally
(Nascimento et al. 2015; Saikia et al. 2015). Infections by Salmonella enterica are a
significant public health concern around the world. Salmonella enterica is a leading
cause of infections in many low- and middle-income countries (Saikia et al. 2015).
The growing centralism and industrial development of our food chain supply have
heightened the distribution of these robust microorganisms. It causes gastroenteritis,
bacteraemia, and succeeding focal infection (Saikia et al. 2015). Salmonellae have a
widespread range of hosts and they are also relatively linked with agricultural products
(Mead et al. 1999).
Typhoid fever was estimated to cause about 21.7 million illnesses in 2000, and 216
000 deaths; paratyphoid fever caused about 5.4 million illnesses (Crump et al. 2004).
Typhoid and paratyphoid fevers were estimated to account for 12.2 million disabilityadjusted life years (Murray et al. 2012) and 190 200 deaths (Lozano et al. 2012); these
illnesses were included in the Global Burden of Disease 2010 (GBD, 2010) project.
The International Vaccine Institute approximated that there were 11.9 million typhoid
fever illnesses and 129 000 deaths in low- and middle-income countries in 2010
(Mogasale et al. 2014). Typhoid fever appears to have become more common in subSaharan African countries as well (Breiman et al. 2012). Salmonella related illnesses
are spread mainly through water, or food contaminated with faeces. The risk for
infection is high in low- and middle-income countries where typhoidal Salmonella is
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endemic and that have inadequate sanitation and lack of access to safe food and water
(Crump et al. 2004).
The contamination of food from animal origin with Salmonella is well documented
and has been widely studied (Alemayehu 2014; Batista et al. 2014; Erganis et al. 2014;
Uzzau et al. 2005). The way in which these foods are contaminated is clearly
understood and difficult to avoid because of the wide distribution of Salmonella among
animals of all kinds, as well as contamination from the environment. However, fresh
fruit and vegetables are now increasingly recognised as sources of Salmonella
outbreaks (Jacobsen and Bech 2012; Lynch et al. 2009). During the last three decades,
the number of documented infections associated with the consumption of fresh
produce has increased (Behravesh et al. 2011; Nascimento et al. 2010; Saikia et al.
2015).
In 1987, Swanepoel revealed one of the first studies of Salmonella in Rooibos tea.
Rooibos (Aspalathus linearis) is known for its richness of flavonoids and its lack of
physiologically active chemicals, such as caffeine (Gouws et al. 2014). It also does not
have the harshness of common tea because it is low in tannins (Beltran-Debуn et al.
2011; Joubert et al. 2008). These properties make it a preferred substitute for common
tea. Regardless of the prevalence of Salmonella in nature, low-moisture foods, such as
dried herbs and spices, are not usually considered as high risk with respect to
salmonellosis because the low water activity is a barrier for bacterial growth (Keller et
al. 2015). However, several worldwide Salmonella outbreaks have been associated to
low-moisture foods, such as nuts, peanut butter, paprika-flavored potato chips, black
and red pepper (Behravesh et al. 2011; Joubert and de Beer 2011). And there have
been at least two documented outbreaks of salmonellosis associated with herbal teas
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(Koch et al. 2005; Llic et al. 2010), not including Rooibos tea. Symptoms usually
appear 12-36 hours after the ingestion of raw contaminated food. Symptoms include
acute entercolitis with sudden onset of headache, abdominal pain, diarrhoea, nausea,
vomiting and fever (Adak et al. 2002; Crump et al. 2015). Dehydration may occur
predominantly amongst susceptible populations, i.e. infants, the immunocompromised and the elderly. The illness usually lasts 2-5 days and is normally self
limiting (Lhocine et al. 2015). Complications can lead to systemic infections and the
infective dose can differ depending on the strain, the immuno-competence of the
individual and the nature of the food (Crump et al. 2015; Miller and Pegues 2000).
Salmonella has been recognised as a potential threat for the agricultural industry
(ICMSF 2011); however, there are not many South African survey reports, and little
in terms of data published internationaly, on contamination of Salmonella or other
Enterobacteriaceae in end products of herbal teas. The popularity of rooibos has now
for many years been associated with its health related benefits only based on nutrition,
whereas the microbial status of this product was often rendered unimportant to the
consumer. Perhaps the focus has been so intense that the microbial factor has not been
given chance to rise. This however seems unreal as life at present is consumed with
the effects of microorganisms in our food products, but due to the lack of research in
rooibos, not much could be concluded. It is therefore time that research surrounding
this world wide consumed product is resurrected.
The aim of this study was to investigate the presence of Salmonella in the tea
processing environment, to identify and detect potential virulence genes isolated from
Salmonella in the tea, and to determine the antibiotic resistance levels of Salmonella
isolated from fermented Rooibos.
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CHAPTER 2
LITERATURE REVIEW

2.1

INTRODUCTION

Salmonella is a facultative intracellular pathogen which, depending on the serotype
and host, can cause diseases ranging from gastroenteritis to typhoid fever (Newell et
al. 2010; Tsai et al. 2015). They can invade macrophages, dendritic and epithelial cells
(Que et al. 2013; Siriken 2013; Wang et al. 2015). Despite the preventative control
measures that have already been put into place, Salmonella infection that arises from
contaminated food continues to be an immense problem, with millions of cases
occurring annually throughout the world (Crump et al. 2015). Detection of Salmonella
before contaminated food is consumed is therefore an essential feature of safeguarding
public health (Jacobsen and Bech 2012). Surveillance of Salmonella in all the different
stages of feed-food chain is an important element in the exploration of epidemiology
of foodborne salmonellosis, and in the development and implementation of efficient
Salmonella control strategies (Gouws et al. 2014).
Salmonella has two species, namely Salmonella bongori and Salmonella enterica. The
latter includes six subspecies: S. enterica subsp. houtenae, arizonae, diarizonae,
enterica, salamae and indica (Grimont and Weill 2007; Prakash et al. 2015). S.
enterica subsp. enterica includes the human pathogenic Salmonella, consisting of
more than 2 000 serovars, including Typhimurium (of which more than 500 phage
types are recognised), Typhi, Dublin, Enteritides, Montevideo, Newport etc. (Crump
et al. 2015; Prakash et al. 2015). Salmonella spp. are resilient bacteria and can adapt
to extreme environmental conditions (Prakash et al. 2015). Overall, Salmonella spp.
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requires several genes for full virulence, as it reflects a complex set of interactions
within its host (Lhocine et al. 2015). The majority of these genes are found in
‘Salmonella pathogenicity islands’ (SPIs) clustered on the chromosome in distinct
regions (Karunasagar et al. 2012; Que et al. 2013).
Most knowledge about SPIs and other Salmonella virulence genes is based on
observations with Salmonella enterica ser. Typhimurium, and thus far only a fraction
of these genes have been identified in other serovars, including serovar Enteritidis (Hu
et al. 2008; Lhocine et al. 2015). S. enterica ser. Typhimurium possess at least five
such SPIs, which confer specific virulence traits and are thought to have been acquired
by horizontal gene transfer from other organisms (Siriken 2013). Moreover, the
virulence genes responsible for invasion, survival, and extra intestinal spread are
located in Salmonella SPIs (Lhocine et al. 2015; Que et al. 2013). Some of these SPIs
are conserved throughout the Salmonella genus, and some of them are specific for
certain serovars (Siriken 2013). There are differences between Salmonella serotypes
in terms of adaptation to host cell, virulence factors and the resulting infection
(Karunasagar et al. 2012). Virulence genes that are involved in the intestinal phase of
infection are located in SPI-1 and SPI-2; the remaining SPIs are required for
intracellular survival, fimbrial expression, magnesium and iron uptake, multiple
antibiotic resistances and the development of systemic infections (Almeida et al. 2013;
Campioni et al. 2012; Siriken 2013).
Important virulence factors of Salmonella contributing to adherence, invasion of and
replication within the vertebrate host cells are encoded within SPIs. Thus far, 17 SPIs
have been identified (Deekshit et al. 2013; Karunasagar et al. 2012). Five SPIs (SPI15) have been shown to be conserved amongst Salmonella spp., (Karunasagar et al.
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2012); the distribution and structural organisation of the other SPIs reflect functional
features of specific serovars and might be responsible for host-specificity (Siriken
2013). More than 30 SPI-1 proteins have been identified, comprising structural
components of a type III secretion system (T3SS) (Lhocine et al. 2015).
T3SS, (Injectisome or Injectosome) is a protein appendage found in several Gramnegative bacteria such as Salmonella (Wee and Hughes 2015). In pathogenic bacteria,
the needle-like arrangement is utilised as a sensory probe to identify the presence
of eukaryotic organisms, and it secretes proteins that assist the bacteria to infect them
(Lhocine et al. 2015). The effector proteins are secreted directly from the
bacterial cell into the eukaryotic host cell (Wee and Hughes 2015), where they apply
several effects that aids the pathogen to survive and to escape an immune response
(Troxell et al. 2015). T3SS is one of the most intricate secretion systems and its
configuration shows many similarities with bacterial flagella, which are elongated,
rigid, extracellular structures used for motility (Lhocine et al. 2015; Wee and Hughes
2015). Some of these bacteria possess a T3SS, flagella and are motile, such as
Salmonella (Troxell et al. 2015).
Virulent chromosomal gene, invA is recognised as an international standard for
detection of Salmonella genus (Mezal et al. 2013). It is a structural component critical
for T3SS function encoded within SPI-1 (Troxell et al. 2015). This gene is essential
for full virulence in Salmonella and is thought to trigger the internalisation required
for invasion of deeper tissue (Wang et al. 2015). Salmonella virulence depends on an
ability to invade host cells, which is in turn dependent on a T3SS encoded in SPI-1
(Lhocine et al. 2015; Troxell et al. 2015). Several protein targets of the SPI-1-encoded
secretion system are translocated into host cells, where they subvert cellular processes
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that contribute to bacterial invasion, actin rearrangement, membrane ruffling and other
aspects of virulence (Lhocine et al. 2015; Troxell et al. 2015).
There are several methods for detecting Salmonella; however, due to the low infective
dose of Salmonella, methods for its detection are needed to prove the presence of one
cell in a defined food sample (Gouws et al. 2014). Cultural methods for Salmonella
isolation involve a number of selective pre-enrichments, followed by selective
enrichment and plating on selective and diagnostic agars (Prakash et al. 2015). The
standard method for the isolation of Salmonella has been developed and evaluated in
relation to the analysis of food and feed. As the matrix has a substantial influence on
the performance of the method due to levels of competitive flora, methods developed
for analysis of food cannot be assumed to be appropriate for analysis of materials from
primary animal production, e.g. faeces. In recent years, efforts have been made to
develop and evaluate a standard bacteriological method for the isolation of Salmonella
from samples from primary animal production (EFSA 2006). Presumptive colonies are
confirmed biochemically and serologically; the complete test involves three to four
days to attain a negative result and up to seven days to get a confirmed positive result
(Anon 1995).
A number of rapid methods for the detection of Salmonella in foods have been
developed, including electrical techniques, immunoassays and nucleic acid probe
analyses (Prakash et al. 2015). The serological tests developed for Salmonella spp. are
based on the detection of antibodies against the somatic O-antigens (EFSA 2006).
Most tests are indirect enzyme-linked immunosorbent assays, based on Lipo-PolySaccharide antigens, which is a part of the cell wall of many bacteria but it is very

8

specific for each kind of bacteria. However, there are still problems with their
sensitivity and specificity (EFSA 2006).
Polymerase chain reaction (PCR) has been developed and used within research and
industry. This relates specifically to environmental, clinical and food products. The
amplification and detection of specific DNA sequences unique to microorganisms
allow for PCR to rapidly increase the speed, sensitivity and accuracy for bacterial
detection (Troxell et al. 2015). Species-specific PCR has shown to be a rapid and
reliable molecular method to detect a bacterial strain without culturing the colonies
(Mezal et al. 2013). Samples from various types of environments such as food and
environmental samples do however allow for more inhibitors than compared to already
isolated colonies and extracted DNA.
Several PCR assays have been developed by targeting various Salmonella genes
(Mezal et al. 2013). This method has been used to detect Salmonella genus or serovars
by using a variety of genes including: SPI-1 encoded gene such as virulent
chromosomal gene, invA (Troxell et al. 2015). The invA gene of Salmonella contains
sequences unique to this genus and has been proved to be a suitable PCR target with
potential diagnostic application (Arnold et al. 2004; Barthel et al. 2003; Bulte and
Jakob 1995; Chiu and Ou 1996; Cocolin et al. 1998; Cocolin and Comi 1998; Malorny
et al. 2003; Ochman and Groisman 1996; Pathmanathan et al. 2003; Perelle et al. 2004;
Raffatellu et al. 2005; Rahn et al. 1992; Scholz et al. 2001; Troxell et al. 2015). This
gene is recognised as an international standard for detection of the Salmonella genus
(Lhocine et al. 2015; Troxell et al. 2015). The secreted effectors critical for the
efficient invasion of intestinal epithelial cells within SPI-1 (Hur and Lee 2011;
Raffatellu et al. 2005), and has also been explored as a suitable PCR target as well as

9

genes located in SPI-2 (Shah et al. 2011). Genetically, SPI-2 encodes 31 virulence
genes. These 31 virulent SPI-2 associated genes are organised in at least four operons
(Almeida et al. 2013; Campioni et al. 2012; Hur and Lee 2011; Miao and Miller 2000;
van der Heijden et al. 2015).
Real-time Polymerase Chain Reaction (real-time PCR) could also be used to detect
Salmonella and it has the ability to monitor the progress of the PCR as it occurs (i.e.
in real time). Data is therefore collected throughout the PCR process, rather than at the
end of the PCR (Rodriguez-Lazaro et al. 2003).. This completely revolutionizes the
way one approaches PCR-based quantitation of DNA and RNA. The main advantages
of real-time PCR are high sensitivity, high specificity, excellent efficiency reduced
amplicon size, no post-PCR step that reduce risks of cross-contamination (RodriguezLazaro et al. 2003).
Rooibos is a herb harvested from the plant Aspalathus linearis, this herb has shown to
be rich in nutritional components often sought after by the consumer (Gouws et al.
2014) Some of these benefits include slowly the ageing process, the influence the
progression of various diseases and other positive attributes. No negative effects of
Rooibos have been shown from the nutritional aspect; this however may be untrue
when looking from the microbial aspect of the plant and the final tea product.
According to Omogbai and Ikenebomeh (2013) the bacterial isolates that are
associated with herbal teas include: Staphylococcus aureus, Staphylococcus
epidermidis, Bacillus subtilis, Pseudomanas flourecens, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Serratia marcenscens, Salmonella typhimurium, and
Escherichia coli. Fungal isolates were Aspergillus niger, Aspergillus flavus,
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Penicillium expansum, Rhizopus stolonifer and Fusarium solanii. (Omogbai and
Ikenebomeh 2013). Of all the bacterial isolates, Bacillus subtilis showed the highest
occurrence (100%) and the least was Salmonella typhimurium (3%). Among the fungi,
Aspergillus niger had the highest occurrence (100%) and the least was Rhizopus
stolonifer (10%) (Omogbai and Ikenebomeh 2013).

A few reports that demonstrates microbial contamination of herbs from several
countries exist in the literature. Rizzo et al. (2004) showed that medicinal plants in
Argentina harbored toxigenic fungi such as A. flavus, A. parasiticus and various
members of the Genus Fusarium. Efuntoye (1999) indicated that dried medicinal
plants from Nigeria herb markets contained A. flavus, A. parasiticus and A.ochraceus.
These fungal isolates were capable of producing mycotoxins when grown on semisynthetic media. Martins et al. (2001), after evaluating several medicinal herbs
obtained from Portugese markets, reported that the supplies were contaminated with
moulds such as Aspergillus and Fusarium spp.

The occurrence and numbers of bacteria could be elucidated by the fact that some of
these organisms like Bacillus produce spores which are resilient to harsh processing.
Therefore they can survive for a long period of time in the product in a dormant state.
Martins (2001), also isolated Bacillus cereus and Clostridium perfrigens from
Chamomile and other herbs. Part of the bacterial bio-burden may have originated from
the personnel handling the tea materials after processing, especially if stringent good
manufacturing practices (GMPs) and hygienic conditions were not followed (Omogbai
and Ikenebomeh 2013). Staphylococus aureus and Staphylococcus epidermidis are
organisms which can be transmitted from humans to teas during processing as well.
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Some of these microorganisms are capable of causing human infections and/or
producing endotoxins which makes them health risks (Dohmae et al. 2008).
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2.2

SALMONELLA TAXONOMY AND SEROLOGICAL
CLASSIFICATION

Salmonella, the genus, forms part of the Enterobacteriaceae family; they are bacillishaped facultative anaerobes, catalase-positive, oxidase-negative and gram-negative
(Figure 2.1), which are usually motile (Andino and Hanning 2015). This pathogen is
non-spore forming with a size of 0.7-1.5μm×2.0-5.0μm and it generally produces
colonies approximately 2-4mm in diameter (Crump et al. 2015; Le Minor 1984).

Figure 2.1. Gram stain reaction of Salmonella
Source: http://faculty.ccbcmd.edu/courses/bio141/lecguide/unit3/bacpath/diseases/
salmonella/gnrod.html
Salmonella was named after the American bacteriologist D.E. Salmon, who identified
Salmonella choleraesuis in 1884 (Salmon 1884). There are two species, namely S.
13

enterica and S. bongori (formerly subspecies V) that are currently recognised (Prakash
et al. 2015). S. enterica has been further divided into six subspecies (subsp.), S.
enterica subsp. enterica (designated subspecies I), S. enterica subsp. salamae
(subspecies II), S. enterica subsp. arizonae (subspecies IIIa), S. enterica subsp.
diarizonae (subspecies IIIb), S. enterica subsp. houtenae (subspecies IV) and S.
enterica subsp. indica (subspecies VI) (Crump et al. 2015; Grimont and Weill 2007;
Porwollik et al. 2004). Subspecies I strains are generally isolated from human tissue
and warm-blooded mammals (Porwollik et al. 2004) and the latter subspecies are
commonly from cold-blooded animals and from environmental samples (Bertrand et
al. 2008; Grimont and Weill 2007; Prakash et al. 2015).
Salmonella, can trace its lineage to a common ancestor with Escherichia coli,
approximately 120-160 million years ago, roundabout the same time of the origin of
mammals (Jones 1996). The first salmonellae parasitised reptiles and birds, as well as
mammals (Cox 1999; Wray and Sojka 1977). Many Salmonella strains reveal a
significant degree of host-species specificity (Wee and Hughes 2015).
Conferring to the White-Kauffmann-Le Minor scheme (Grimont and Weill 2007), subspecies

are further divided into serovars/serotypes by means of serological tests with
monovalent antisera (Crump et al. 2015; Prakash et al. 2015). Serotyping is
extensively utilised as an epidemiological and typing methodology for Salmonella.
Roughly 99 percent of the 2 579 now known serovars comprise this genus, falling
under S. enterica (Andino and Hanning 2015; Prakash et al. 2015).
The DNA sequence alignment parallel between serovars is 96-99 percent (Edwards et
al. 2002). Serotyping is established on antigenic changeability at lipopolysaccharide

moieties (O-antigen), the phase-1 and phase-2 flagellin (H1 and H2 antigen), and some
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serovars on the capsular polysaccharide (Vi-antigen). Overall, 67 diverse serological
groups are demarcated by O-antigens, categorised by the White-Kauffmann-Le Minor
scheme (Le Minor 1984). Serovars are titled by their antigenic formulae (Oantigen:H1-antigen:H2-antigen) succeeding the subspecies name. Serovars that belong
to Salmonella enterica subspecies I are entitled with a name that is correlated to the
geographical habitation where the serovar was initially isolated (Grimont and Weill
2007).
2.2.1

Salmonellosis

2.2.2.1 Foodborne Salmonellosis
Salmonella is a zoonotic pathogen found ubiquitously in the natural environment,
causing salmonellosis (Jacobsen and Bech 2012). Salmonella is one of the leading
causes of foodborne illnesses worldwide (Mezal et al. 2014) (Figure 2.2).

Figure 2.2. Salmonella, a common cause of food poisoning, invading an immune
cell Source: http://indianapublicmedia.org/eartheats/consumers-prevent-food-borneillnesses/
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Salmonella can be transmitted via numerous possibilities, such as the consumption of
contaminated foodstuffs i.e. fresh produce, avian species, livestock, physical contact
with wildlife and their environment (Mezal et al. 2014; Prakash et al. 2015), as well
as cross-contamination through direct interface of foods with tainted surfaces (Denny
et al. 2007; Jacobsen and Bech 2012). Contaminated animal feed and animals have
also been recognised as imperative entrance sites in the food chain in farm livestock
(Skov et al. 2008) and, as a result Salmonella, can be difficult to eradicate from foodprocessing environments and products (Mezal et al. 2014; Prakash et al. 2015).
Worldwide, it is suggested that Salmonella causes 93.8 million human infections and
155 000 deaths annually (Azriel et al. 2015). With the rising alarm over food safety
and prevention of foodborne illnesses, further studies to preclude, detect, and control
foodborne pathogens is very much needed (Wong and Chen 2013).

2.2.2.2 Salmonella in Animals
The poultry industry is afflicted with Salmonella due to the migration and feeding
behaviours of the carriers and the entrance of wild carriers (such as rodents) into
poultry houses and processing facilities (Feng et al. 2012). Serovar Enteritidis,
specifically, can flourish within the shell and it contaminates the egg itself by transovarian transmission. This transpires prior to the formation of the shells (Batista et al.
2014). This is of utmost apprehension to the poultry industry, due to the overall healthy
appearance of the infected avians (Feng et al. 2012).
Salmonella spp. are also prevalent amongst the bovine and swine meat industries (Asai
et al. 2010; Kuo et al. 2014; Langridge et al. 2015). These meats are often
contaminated due to environmental sources, animal feed contamination and infection

16

from parental transmission (Xie et al. 2015). Infected livestock can emit up to 108
CFU/g of faeces and further contaminate the environment and uninfected animals
(Asai et al. 2010; Kuo et al. 2014; Langridge et al. 2015). Certain livestock are
proficient in being active carriers of Salmonella i.e. animals that do not display clinical
symptoms; however, it excretes the organism and, as a result, it becomes an issue to
food production (Kuo et al. 2014; Langridge et al. 2015). Swine have also been
revealed to excrete serovar Typhimurium through their faeces, for up to 28 weeks
subsequent to initial infection (Xie et al. 2015). Farming animals are largely associated
as carriers of Salmonella (Langridge et al. 2015). As Salmonella locates its way to
farming areas, the risk of contamination will be mainly influenced by its survival
proficiencies in compost, soil and plants (Jacobsen and Bech 2012). A number of
studies have isolated Salmonella spp. both in agricultural animals and environmental
samples (Figure 2.3) (Alemayehu 2014; Batista et al. 2014; Erganis et al. 2014;
Jacobsen and Bech 2012; Langridge et al. 2015; Omogbai and Eze 2011; Omogbai
and Ikenebomeh 2013; Xie et al. 2015). Both Baloda et al. (2001) and Sandvang et al.
(2000) found that the serovar Typhimurium clone persevered and subsisted in a Danish
farm (or in swine’s with asymptomatic infection), elucidating recurrence of infection
in the masses up to about 300 days.
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Figure 2.3. Possible causes of salmonellosis
Source: http://www.pig333.com/what_the_experts_say/salmonella-in-wild-birdsa-risk-for swine_7185
The nature of Salmonella infections in the agricultural environment will fluctuate
depending on various influences, including; animal species, health and size of the
herds, age and farmhouse environment (Kuo et al. 2014; Langridge et al. 2015; Ojha
and Kostrzynska 2007; Payne et al. 2007; Rajic et al. 2007). Salmonella is
significantly dispersed in the environment; however, most Salmonella serovars are
related to animal species, for example sheep (S. enterica ser. Abortusovis) (Alemayehu
2014; Uzzau et al. 2005), pigs (S. enterica ser. Choleraesuis) (Asai et al. 2010; Xie et
al. 2015), poultry (S. enterica ser. Gallinarum) (Batista et al. 2014; Langridge et al.
2015), horses (S. enterica ser. Abortus-equi) (Erganis et al. 2014) and cattle (S.
enterica ser Dublin) (Langridge et al. 2015) Salmonella can also be dispersed into the
environment by animal carriers (Gouws et al. 2014).
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Salmonella has previously been isolated from various animal species such as birds
(Butterfield et al. 1983), muscoid flies (Mian et al. 2002), reptiles (Mitchell and Shane
2001) and mice (Davies and Wray 1995). These carriers play a vital role in the
epidemiology of Salmonella contamination, particularly in food production (Gouws et
al. 2014). These animals may pass spontaneously through the agricultural estates and
excrete Salmonella into its environs. In a study of 7 680 animal and environmental
samples from a U.S. dairy, 13-72 percent of the livestock samples, and more than 50
percent of the soil, water, insect, and bird faeces samples yielded S. enterica (da Cruz
et al. 2006; Jacobsen and Bech 2012; Kruse et al. 2004; Pangloli et al. 2008). The
contamination of food animals with Salmonella is quite well understood and it has
been extensively documented. The mode whereby these foods are contaminated is
evidently implicit; however, is it challenging to avoid for the reason that Salmonella
is widely distributed among animals and by the contamination of the environment
(Gouws et al. 2014).
2.2.2.3 Salmonella in Plants
Fresh fruit and vegetables are now increasingly recognised as sources of Salmonella
outbreaks. During the last three decades, the number of documented infections
associated with the consumption of fresh produce has increased (Keller et al. 2015;
Koch et al. 2005; Llic et al. 2010; Nascimento et al. 2010); this has been linked with
human salmonellosis. Fresh produce can be contaminated in several means:
contamination can surface through the roots, stems, and shoots of different fruits and
vegetables (Behravesh et al. 2011; Joubert and de Beer 2011; Keller et al. 2015;
Nascimento et al. 2015).
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However, it is deemed that the main source of contamination of fresh produce is via
untreated irrigation waters (Gemmell and Schmidt 2012; Jacobsen and Bech 2012)
and, as a result of all of these original sources of contamination, pre- and postprocessing facilities may possibly become contaminated with Salmonella (Nascimento
et al. 2015). Fruit and vegetables contaminated by Salmonella spp. in the farming
environment could likely be the prime route for infection of consumers (Gouws et al.,
2014). The ever-increasing emphasis on uncooked vegetables as a healthy food source
is accenting the necessity to guarantee that the fresh produce is salmonella-free
(Behravesh et al. 2011; Joubert and de Beer 2011; Keller et al. 2015; Nascimento et
al. 2015).
Subsequently, since 2008, studies from Behravesh et al. (2011), Franz and van
Bruggen (2008), Holden et al. (2009), Teplitski et al. (2009), Berger et al. (2010) and
Critzer and Doyle (2010) have been published, focussing on bacterial pathogens in
farming production. It is commonly supposed that the risk of contaminating of fresh
produce in the farm is subjective to two factors: firstly, the concentration of the
microbe in the soil (this is however influenced by soil and fertiliser type), and
secondly, the distance from the soil to the edible portion of the vegetation (GonzalezEscalona et al. 2012; Jacobsen and Bech 2012; Oliveira et al. 2010). One of the
primary routes of Salmonella spp. transfer to plants are germinating seeds in compostamended soil (Jacobsen and Bech 2012).
Oat seeds were revealed to be colonised by S. enterica ser. Typhimurium in
aboveground parts and roots. This occurred subsequent to the seeds being germinated
in an experimental container with mixed soil and slurry, spiked with Salmonella
(Semenov et al., 2010). The soil density influenced the comparative distribution of
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serovar Typhimurium on root and shoots. Whereas similar densities were existent on
roots and shoots, on seeds cultivated in soil/manure mixtures with amplified quantities
of serovar Typhimurium the numbers on the roots were lesser than on the shoots when
the seeds were cultivated in soil/manure mixtures, with low numbers of serovar
Typhimurium (Semenov et al. 2010).
S. enterica was shown to infect tomato seeds, several weeks subsequent to S. enterica
being introduced to the soil (Barak and Liang 2008). S. enterica was also shown to be
capable of the colonisation of tomato plants, from both seeds germinating in S. enterica
infected soil, and via irrigation with S. enterica infected water. However, the highest
number of the Salmonella was observed when exposed to irrigation water (Barak et al.
2009). Semenov et al. (2010) publicised the notion that feeding the infected plants to
grape snails caused colonisation of Salmonella in the snails. This direction is
fascinating as the snails can travel and, as a result, it can spread Salmonella spp. from
seeds on the infected ground to trees (Semenov et al. 2010). Vegetal leaves are
inhabited by a mass of various bacteria and protozoa; however, the overall
understanding is that the microbial community conformation of vegetation is not
widespread (Raymond et al. 2010). Even though systematic cleaning and sanitation
measures within a food processing unit is imperative, contamination must initially be
addressed at the basic level i.e. prevention (Gouws et al. 2014). As Salmonella is
capable of infecting a large number of animal species, detection of the source of
environmental contamination might not always be feasible. Despite that, survival of
Salmonella in the soil and in water supplies the bacterium with a greater possibility of
infecting a new host (Jacobsen and Bech 2012). Salmonella does not proliferate
expressively outside its natural environment, but the bacterium can subsist in soil if
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the temperature, humidity and pH conditions are favourable (Gouws et al. 2014;
Jacobsen and Bech 2012). The ubiquitous distribution of Salmonella in its natural
environment, and its pervasiveness in the global food chain, the physiological
adaptableness, virulence of the bacterial pathogen and its profound economic influence
on the food industry, highlights the need for sustained awareness and rigorous controls
at all levels of food production (Gouws et al. 2014).
Enterobacteria is normally limited to water supplies contaminated by faeces in the
environment (Jacobsen and Bech 2012). And, as a result, untreated foods of plant
origin would undoubtedly be contaminated with natural soil microflora (Gouws et al.
2014; Jacobsen and Bech 2012). The use of wastewater for irrigation is also commonly
practiced in developing countries, for instance South Africa, due to local fresh water
scarceness; however, little is understood in these developing countries about the
possible risks related with its usage (Maimon et al. 2010).

2.2.2.4 Salmonella in Rooibos tea
Aspalathus linearis is a prevalent South African species of fynbos, which is cultivated
to make the renowned herbal tea, Rooibos (Morton 1983). Currently, it is retailed in
more than 37 countries, including Germany, the Netherlands, the United Kingdom,
Japan and the USA, representative of 86 percent of the trade market in 2010 (Anon
2011). Rooibos tea is caffeine-free and has a relatively low tannin grade; collective
with its probable healthy properties, particularly its antioxidant activity, contributes to
its popularity (Beltran-Debуn et al. 2011). The use of Rooibos has furthermore
encouraged products beyond herbal tea, to transitional value-added products, for
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instance extracts for the beverage, nutrition, nutra-ceutical and cosmetic markets
(Gouws et al. 2014; Joubert et al. 2008).
The recent South African regulations concerning the quality standards for Rooibos
deals with moisture content, pesticide deposits, microbial contamination and the
fraction of white stems permissible (Gouws et al. 2014)). Rooibos ought to ‘have the
fresh, specific taste and aroma and clear distinct colour of Rooibos’ (Beltran-Debуn et
al. 2011). Alternative description usage by the industry is ‘typical’. This means that
companies have the liberty to customise their particular quality standards in terms of
colour, savour and mouth sensation of Rooibos brews (Joubert and de Beer 2011).
Rooibos (Figure 2.4) is a subtle tea which could be unpleasantly affected by the harsh
processing and refining techniques (Beltran-Debуn et al. 2011). Hence, procedures
must be taken to guarantee that from the plant, to tea and lastly to the consumer, that
the product remains free from pathogens and the microbiological content of the tea is
adequately conferring to the law to ensure, not only good quality tea but is also safe
for consumption (Gouws et al. 2014). These concerns have led to regulations being
acquired for Rooibos, as shown in Table 2.1 (Anon 2008) (Foodstuff, Cosmetics and
Disinfectants Act 1972) and on the European market [European Herbal Infusion
Association (EHIA)] (Anon 2005). Using these regulations, Rooibos will be regarded
as safe for the consumer as well as for exportation purposes.
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Figure 2.4. A mature Rooibos plant Aspalathus linearis
Source: http://www.imvusabs.8k.com/lenquarooibos.html

24

Table 2.1: Microbiological regulations for Rooibos tea in Europe and South
Africa
Microbial group

Specification
South Africa*

Total

viable

Europe†

count Shall not exceed 75 000 Shall not exceed

(Aerobic plate count)

CFU/g (Bulk)

1000 000 000 CFU/g

Shall not exceed 150 000
CFU/g (Retail)
Escherichia coli

Shall not exceed 20 CFU/g

100 000 CFU/g

Salmonella

Absent in 25g

Absent in 5 X 25g

*Guidelines extracted from European Herbal Infusion Association Microbiological Guidelines
(Kolb 1999) †Regulations governing microbiological standards for foodstuffs and related
matters, Foodstuffs, Cosmetics and

Disinfectants Act of South Africa

Source: Anon 2008
As observed in Table 2.1, the groups of immediate distress are the total viable counts,
E.coli and Salmonella. Of these, Salmonella is of foremost significance as this microbe
is a risk to the consumer.
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2.3

THE PROCESSING OF ROOIBOS TEA

In the late summer months of February and March, seeds are cultivated in wellprepared seedbeds, where after systematic irrigation is applied to guarantee maximum
germination (Gouws et al. 2014). About four to six days later, two cotyledons surface
above the ground, later followed by needle-like leaves. For the duration of the cooler
winter months, from June to August (after the first rainfall), the seedlings are uprooted
in rows at plantations (Joubert and de Beer 2011). During these earlier stages, effective
insect and weed control is applied to ensure the maximum enterprise percentage
(Gouws et al. 2014). No fungicides and antibiotics are utilised during cultivation and
pesticides are used generously and only if required (Gouws et al. 2014). Subsequently,
18 months after the Rooibos has been cultivated, the plants are pruned for the first time
and, thereafter, it is harvested yearly by cutting the branches 50cm above the ground
(Joubert and de Beer 2011). These shoots are meticulously bound into bundles and
transported to the processing yards (Gouws et al. 2014). The sheaves are then cut by
commercial cutting machinery into a uniform length for the final product, which is
then bruised between rollers to trigger the significant chemical process of fermentation
(Joubert and de Beer 2011).
Thereafter, proper aeriation and watering is needed; the tea is then left to ferment in
low heaps at ambient temperature for roughly 12-14 hours (Gouws et al. 2014). A
process of enzymatic oxidation occurs whereby the product changes from green to the
characteristic brick-red colour and develops the distinct flavour and sweet aroma of
Rooibos (Gouws et al. 2014; Joubert and de Beer 2011). Subsequent to fermentation,
the Rooibos is sprayed out in large drying tea courts using tractors, where it is allowed
to dry under the hot African sun (Gouws et al. 2014). Commercial machinery then
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collects the dried Rooibos, after which it is transported to the factory for further
processing (Joubert and de Beer 2011). Significantly, the tractors and boots used by
farm workers are merely used on the tea courts to avoid cross-contamination (Omogbai
and Ikenebomeh 2013). This is followed by screening, blending and steam
pasteurisation, utilising state-of-the-art equipment (Gouws et al. 2014). During this
process, bacteriological control is vigorously examined by laboratory testing to
guarantee that the final product can be certified as a hygienic, safe, superior quality
Rooibos (Gouws et al. 2014; Joubert and de Beer 2011). Throughout the steam
pasteurisation the tea leaves reaches a temperature of 85-92∘C for 2.5 minutes to
diminish any microbial contaminants present, which is then conducted off to a set of
sifts to eliminate excess moisture (Gouws et al. 2014). The desiccation of the tea is
important, as the low water activity will inhibit the growth of moulds (Gouws et al.
2014). Finally, the tea is then sent to a large container for bulk packaging ready for
dispatch to consumers worldwide (Joubert and de Beer 2011).
Rooibos is typically regarded a herb, and as of late, herbs have been increasingly
recognised as potential sources of Salmonella outbreaks (Omogbai and Ikenebomeh
2013). Several environmental sources could be involved in the contamination of
Rooibos tea, such as pastures via contaminated irrigation water or fertilisers, which
could be the reason for contamination (Gouws et al. 2014; Jacobsen and Bech 2012;
Maimon et al. 2010). Similarly, some of the water in the processing cycle could have
been contaminated with Salmonella (Ahmed et al. 2009; Gemmell and Schmidt 2012;
Gemmell and Schmidt 2013). Almost all animals could act as reservoirs for
salmonellae, and these animal species can transmit the microorganisms to the tea
throughout the different processing stages (Alemayehu 2014; Batista et al. 2014;
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Erganis et al. 2014; Jacobsen and Bech 2012; Langridge et al. 2015; Omogbai and Eze
2011; Omogbai and Ikenebomeh 2013; Xie et al. 2015). Yet, distinctive allusion ought
to be made to the wide diversity of salmonellae that can be harboured by reptiles,
specifically lizards (Swanepoel 1987; Tournas and Katsoudas 2008), as salmonellae
seem to be part of their normal gut flora. The main reservoirs for serovar Arizonae
subspecies are reptiles and poultry, though they have been infrequently isolated from
humans (Swanepoel 1987).
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2.4

SALMONELLA PATHOGENESIS AND CLINICAL FEATURES

Subsequent to ingestion of an infectious dose of Salmonella, the bacterial cells surpass
through the stomach to the lower small intestine (the ileum), where invasion begins in
the intestinal epithelium (Crump et al. 2015; Miller and Pegues 2000). The early
targets of invasion are the M-cells (specialised epithelial cells), which conveys the
bacteria to the fundamental lymphoid tissue (Figure 2.5) (Lhocine et al. 2015). At this
point they attack intestinal lymphoid follicles and the draining mesenteric lymph
nodes, allowing some bacteria to spread to the liver and spleen (Ferreira et al. 2015)
where it subsists and proliferates inside mononuclear phagocytic cells (Azriel et al.
2015). This gestation period lasts 7-14 days, once the bacteria is released into the
bloodstream (Lhocine et al. 2015). It is generally at this point that patients experience
the commencement of fever and other symptoms (Adak et al. 2002). If the infection
remains untreated, the bacteria can become extensively circulated throughout the
bacteraemic phase, spreading to the liver, spleen, bone marrow and gall bladder
(Ferreira et al. 2015; Lhocine et al. 2015).

Figure 2.5. Pathogenesis of Salmonella infection
Source: Cossart and Sansonetti (2004)
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The main medical conditions related to Salmonella infections are enteric (typhoid)
fever and gastroenteritis (Anon 2010; Lhocine et al. 2015). Enteric fever is a prolonged
systemic illness which is caused by infection with the human pathogen, serovar Typhi
and serovar Paratyphi (Anon 2010; Crump et al. 2015). Clinical symptoms include
fever, abdominal pain, ephemeral diarrhoea and/or constipation, and sometimes a
maculopapular rash (Cunha et al. 2013). Throughout the bacteraemic phase of
infection, patients usually have persistent fever of up to 40°C, though other symptoms
differ broadly amongst patients (Bhutta et al. 2014; Grassl and Finlay 2008). Some
patients can have influenza like symptoms, a dismal frontal headache, malaise,
anorexia, a dry cough, sore throat, and occasionally epistaxis (Cunha et al. 2013).
Hepatomegaly or splenomegaly, the expansion of the liver or spleen respectively, are
occasionally found (Zhang et al. 2003). Additional somatic signs include coated
tongue, sensitive abdomen and rose spots, which arise in 1-30 percent of cases reported
(Crump et al. 2015).
The trademark of enteric fever is generally mononuclear cell infiltration and
hypertrophy of the reticuloendothelial system (Medzhitov and Janeway 2000). In
patients suffering from acute typhoid fever, the average concentration of bacteria is
one colony-forming unit per ml of blood (two-thirds of which is present in phagocytes
and approximately ten times this in bone marrow) (Wiles et al. 2005). Most patients
with acute enteric fever continue to excrete Salmonella serovar Typhi or Paratyphi A
in their stool or urine, days after starting antimicrobial treatment, and up to 10 percent
may do so for up to three months (Crump et al. 2015). Several non-typhoidal
Salmonella strains, such as serovar Enteriditis and Typhimurium, infect a widespread
range of animal hosts, including poultry and cattle (Feasey et al. 2012). The case
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fatality ratio among cohorts of children with invasive non-typhoidal Salmonella
disease across Africa has been reported to be 20 to 28 percent, and highest among
children under 2 years of age (Crump et al. 2015).
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2.5.

SALMONELLA PATHOGENICITY ISLANDS

Genomic regions which explicitly arise in pathogens and are inattentive in apathogenic
bacteria of similar or interrelated species have been formerly defined by Hacker and
Goebel in the 1980s (Hacker et al. 1990). These large DNA loci (>20kb) were
designated ‘pathogenicity islands’ (PAI). They are furthermore categorised by a G+C
content which contrasts from the residual genome and it encodes at least one virulence
gene (Karunasagar et al. 2012; Que et al. 2013). The islands are frequently initiated
next to the 3´ end of tRNAs fringed by direct repeats or insertion sequence elements.
In bacteria like uropathogenic E. coli, Yersinia spp., Helicobacter pylori, PAI
incorporates instable DNA regions which are spontaneously deleted from the
chromosome. On the basis of all these features, PAI’s are thought to have established
from mobile genetic elements attained by horizontal gene transfer through evolution
(Hacker et al. 1997; Lhocine et al. 2015).
Significant virulence factors of Salmonella, which contributes to adherence, invasion
of and replication within the host cells (Figure 2.5) are encoded within SPI (Lhocine
et al. 2015). Currently, 17 SPIs have been identified (Deekshit et al. 2013;
Karunasagar et al. 2012). Five SPI (SPI1-5) are conserved amongst Salmonella spp.;
the dissemination and structural organisation of the other SPI reveal efficient features
of specific serovars and it could be accountable for host-specificity (Deekshit et al.
2013; Ohlson et al. 2008; Que et al. 2013).

2.5.1

SPI-1

SPI-1 is the most characterised, and most significant, virulence attribute of Salmonella.
(Mezal et al. 2013; Troxell et al. 2015). A 40kb DNA region is contained in this locus,
located at 63 centisomes on the serovar Typhimurium chromosome, flanked by the
32

fhlA and mutS genes (Mills et al. 1995). SPI-1 exists in species S. bongori, along with
S. enterica, where it facilitates active invasion into non-phagocytic cells, initiates
apoptosis of phagocytic cells and encourages intestinal inflammation (Almeida et al.
2013; Campioni et al. 2012; Hapfelmeier et al. 2004).
Bacteria that are present in the gut express the virulence genes in response to specific
stimuli in the intestinal lumen; however, absent within the host (Hu et al. 2008).
Succeeding linkage to the intestinal epithelium, the T3SS then assembles and assists
as a molecular syringe, introducing a cocktail of virulence effectors right into the
cytoplasm of the host system (Lhocine et al. 2015). A group of seven translocated
proteins triggers the mechanism of bacterial uptake, involving a reverse of actin
cytoskeleton redisposition and membrane disruption, which follows bacterial
internalisation (Cossart and Sansonetti 2004; Lhocine et al. 2015; Troxell et al. 2015).
Virulent chromosomal gene, invA, is essential for full virulence in Salmonella and is
thought to trigger the internalisation required for the invasion of deeper tissue (Que et
al. 2013). In particular, the actin binding proteins such as sipA and sipC combine forces
in order to promote effective actin nucleation (which is the creation of actin trimers
from monomers), and aggregation (Hur and Lee 2011; McGhie et al. 2001; Raffatellu
et al. 2005). Genes located in SPI-1 such as sipA, sopB, sopD and sopE2 activates
sopA, ultimately leads to diarrhoea in the bovine host (Zhang et al. 2002). The
Salmonella invasion protein A, sipA, is a secreted effector critical for the efficient
invasion of intestinal epithelial cells within SPI-1 (Lhocine et al. 2015; Zhang et al.
2006). It is an actin-binding protein that contributes to host cytoskeletal
rearrangements by stimulating actin polymerisation and counteracting F-actin
destabilising proteins (Lhocine et al. 2015). T3SS-1 secretes proteins across the inner
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and outer membranes of the bacterial cell (Lhocine et al. 2015); some of the secreted
effectors include sipA and sspA. It suggests that sipA mediates a separate process to
accelerate bacterial invasion (Hur and Lee 2011). The utility of sopB was primarily
associated to neutrophil as a fluid inflow into the intestinal lumen (Galyov et al. 1997;
Norris et al. 1998). Moreover, sipA, sopB, sopE/E2 have been revealed to disrupt
constricted junctions of diverged epithelia, a process suggested to be required for the
development of diarrhoeal disease (Boyle et al. 2006).
Throughout enteric infections, Salmonella exploits the proinflammatory host response
for its own advantage in order to overawe the commensal gut flora (Lupp et al. 2007;
Stecher et al. 2007; Ackermann et al. 2008). AvrA plays a role in provoking a selfdestructive, critical immune response in support of an effective, local inflammation.
This theory is reinforced by the high expression of avrA, along with sopD and sopB,
mainly in prevalent enteritis strains of serovar Typhimurium; however, this isabsent in
strains triggering a systemic progression of infections (Hu et al. 2008; Streckel et al.
2004).
SopA, sopB, sopE/E2, slrP, sopD of the SPI-1 T3SS-translocated effectors, are
encoded outside of the SPI-1 locus, dispersed in the chromosome (Forest et al. 2010).
However, sopE2 is highly conserved and encoded by a residue bacteriophage; sopE
has been discovered in only a small number of Typhimurium serovars and is produced
by the bacteriophage sopE (Bakshi et al. 2000; Mirold et al. 1999). Virulence genes
that are expressed, in accordance with the SPI-1 region, is synchronised in an intricate
mode (Hur et al. 2011; Zou et al. 2012) and instigated by several environmental factors
like pH, low oxygen settings, short-chained fatty acids, cationic antimicrobial peptides
and salt (Altier 2005).
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2.5.2

SPI-2

A specific hallmark of Salmonella is the expression of a functionally diverse second
T3SS, encoded by the Salmonella pathogenicity island 2 (SPI-2) (van der Heijden et
al. 2015) and it is required for the intracellular existence of the pathogen SPI-2 is
genetically comprised of a 40kb region composed of 42 open reading frames (ORF)
which is positioned at the 30.7 centisome (Shea et al. 1996). From the 40kb region
only 25kb, encoding 31 virulence genes, are required for the virulence characteristic
of Salmonella (Almeida et al. 2013; Campioni et al. 2012). The additional 15kb
fragment is expendable for the phenotype throughout systemic infection which
encrypts the tetrathionate reductase complex in conjunction with its regulatory
elements, along with numerous ORF’s with undefined functions (Hensel et al. 1999a;
Hensel et al. 1999b). The SPI-2, with the 31 virulence genes, are prearranged in at
least four operons and they are designated as follows:
i)

Two operons encode the structural constituents of the T3SS apparatus [ssa];

ii)

Additional transcriptional unit expressing translocated effector proteins [sse] and
their chaperons [ssc];

iii)

The fourth operon encrypts the two-component regulatory system [ssrAB]
(Almeida et al. 2013; Campioni et al. 2012; Cirillo et al. 1998).

Active invasion of epithelial cells is facilitated by SPI-1 or passive uptake by
phagocytes; Salmonella is present inside the macropinosome or phagosome,
correspondingly (Almeida et al. 2013; Campioni et al. 2012). Initially, subsequent to
entering, the regulatory elements of SPI-2 were expressed while genes encoding

35

structural and effector proteins of the T3SS were triggered with an interval delay of
approximately two hours in macrophages (Cirillo et al. 1998).
SPI-2 activity promotes functional sequestration of the bacterium enclosing the
membrane-bound vesicle from the regular endocytic pathway, with the purpose of
establishing an intracellular niche for bacteriological survival, killing resistance and
duplication: the supposed SCV (van der Heijden et al. 2015). SPI-2 effectors
encourage the development of lysosomal glycoproteins enriched tubular aggregates,
known as Salmonella-induced filaments (sif), that is prolonged from the SCV to create
an intracellular network (Henry et al. 2006; Knodler and Steele-Mortimer 2005; van
der Heijden et al. 2015). Sif are highly active structures that emerge three to four hours
post infection (h.p.i) in epithelial cells, which is affiliated with bacterial replication.
This delays process in macrophages beginning 6 h.p.i. (Drecktrah et al. 2008;
Rajashekar et al. 2008).
SpiC, sseF and sseG are the only effectors that are harboured by the SPI-2 locus (van
der Heijden et al. 2015). The first protein described to be translocated through the SPI2 encoded T3SS, and mandatory to block synthesis of the SCV with lysosomes and
endosomes, was spiC (Uchiya et al. 1999). SseF and sseG demonstrate little likeness
to one other; however, it reveals no sequence resemblance to any former identified
protein (Cirillo et al. 1998). These proteins are mutually secreted in vitro and it is
translocated into the cytoplasm of the host cell where it is allied with the SCV, playing
a role in sif formation (Guy et al. 2000; Hansen-Wester et al. 2002; Kuhle and Hensel
2002; Kuhle et al. 2004). Although sseF is involved in microcolony formation of
replicating bacteria, sseG contributes in SCV targeting to the Golgi complex
(Abrahams et al. 2006; Salcedo and Holden 2003).
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PipB2, a linker for kinesin-1, SopD2 and sifA are effectors translocated outside of the
SPI-2 locus, which is restricted to the SCV and involved in the induction of Sif (Henry
et al. 2006; Knodler and Steele-Mortimer 2005). SifA is essential to maintain the
integrity of the SCV. The binding of kinesin via SKIP (sifA kinesin interacting protein)
and sseJ reveals a necessity for sifA to instigate sif formation (Jackson et al. 2008;
Ohlson et al.

2008). SifA regulates the assembly and tubulation of

the Salmonella phagosome (Henry et al. 2006; Knodler and Steele-Mortimer 2005;
van der Heijden et al. 2015). Several of the SPI-1 secreted proteins have been ascribed
effector functions. As of yet, no virulence function has been associated to sifB, a
protein similar to sifA (van der Heijden et al. 2015), though it has been noted that sifB
targets with sseJ to the SCV and its tube-shaped postponements (Freeman et al. 2003).
SlrP and sspH1, already described as SPI-1 effectors, are similarly translocated by
means of the SPI-2 T3SS (Miao and Miller 2000). The T3SS complex is comprised of
basal component proteins in the inner membrane (including ssaR) (Brumell et al. 2001;
Hoiseth and Stocker 1981; Hur et al. 2011; Zou et al. 2012), proto-channel proteins,
outer membrane proteins, proteins forming a hollow tube generating the needle and
outer ring proteins (including sseB); this forms the translocon that passes through the
host vacuolar membrane (Forest et al. 2010).
2.5.3

SPI-3

SPI-3 is a 17kb DNA-fragment which is integrated genetically, amid the selC tRNA
locus at 82 centisome. This region infers ten ORFs that is organised into six operons,
not distributed equally within salmonellae. A designated gene that is encoded within
SPI-3 is misL, an autotransporter protein. This gene performs as a fibronectin-binding
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adhesion molecule needed for intestinal colonisation, as well as marT, regulating misL
expression (Dorsey et al. 2005; Tukel et al. 2007).

2.5.4

SPI-4

SPI-4 was classified by comparative genomic hybridisation of E. coli K-12 genome,
together with that of S. enterica serovar Typhimurium LT2. It has a region of 25kb, is
composed of six ORF’s and links the single stranded DNA binding protein and
superoxide response regulatory gene at 92 centisome (McClelland et al, 2001).
Preliminary screening proposed a sequence segment positioned inside SPI-4,
designated for survival of intramacrophages (Baumler et al. 1994). Additional
analyses demarcated SPI-4 as a virulence locus that is necessary for optimum
colonisation of calves, as well as facilitating intestinal inflammation in the murine
colitis model (Morgan et al. 2004; Gerlach et al. 2007b). SPI-4 was also revealed to
be a factor for adhesion and invasion of opposed epithelial cells, co-regulated along
with combination of SPI-1 invasion genes (Gerlach et al. 2007a; Gerlach et al. 2007b;
Main-Hester et al. 2008).
Conferring to its virulence utility as explained by Morgan et al. (2004), the SPI-4 genes
are denoted as Salmonella intestinal infection genes. SiiC, siiD and siiF are three
genes, homologous to the structural constituents of a type I secretion system and
convene siiE secretion. SiiE is the biggest recognised gene present in S. enterica ser.
Typhimurium proteome. It is an exceedingly repetitive structure as it functions as an
adhesion. SiiA and siiB could, however, be essential for the constricted retention of
siiE throughout host cell interaction, although their molecular action still remains
unclear (Gerlach et al. 2007b).
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2.5.5

SPI-5

The classification of the DNA-region of the invasion gene, sopB, steers the
characterisation of the Salmonella pathogenicity island 5 (SPI-5) positioned at 25
centisome. This insertion is lined by the serT tRNA and the copS/copR gene and it
secretes pipA, pipB, pipC, pipD and orfX, as well as sopB (Wood et al. 1998). SPI-5
genes are suggested to be involved in enteropathogenicity; strains lacking pipA, pipB,
pipD or sopB are without an intestinal secretory along with inflammatory response and
it shows insignificant attenuation in systemic mice (Galyov et al. 1997; Wood et al.
1998).
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2.6.

ANTIBIOTIC RESISTANCE OF SALMONELLA

Foodborne salmonellosis is of great public health concern worldwide. Human
Salmonella epidemics are related to the consumption of contaminated food products
(WHO 2006). The rise in antibiotic-resistant Salmonella has been problematic globally
(Chiu et al. 2002; White et al. 2002). Antibiotics are generally accessible ‘over the
counter’ and the regulation of antibiotic practise is poor (Aarestrup et al. 2008).
Antibiotics are utilised extensively in animal husbandry, for numerous reasons
including therapeutics, prophylaxis and growth promotion (Chiu et al. 2002). The
usage of antibiotics in animals not only picks out antibiotic-resistant bacteria but it
could also escalate the antibiotic-resistant bacteria in humans, via the food chain
(Pappaioanou 2004; White et al. 2004). Antibiotic resistance is demarcated as the
ability of bacteria to halt the inhibitory (bacteriostatic), or killing (bacteriocidal),
effects of antimicrobials to which it was previously sensitive and effective (Hedberg
2011). There is ample evidence of the development of antibiotic-resistant pathogens
that was spread from an animal reservoir to humans (Aarestrup et al. 2008; White et
al. 2002).
Even though antibiotics are not needed for the treatment of several cases of
salmonellosis, it could however save lives in invasive infections that generally take
place in children and the elderly. The selections of treatment for invasive Salmonella
infections are ceftriaxone and ciprofloxacin in humans (Glynn et al. 1998; Hohmann
2001). The resistance of quinolone and fluoroquinolone are frequently linked with
point mutations at the Quinolone Resistance Determining Region of genes, gyrA and
parC (Hooper 2001). Salmonella infections, resistant to numerous antimicrobials, are
related to increased morbidity and mortality (Hedberg 2011; Spapen et al. 2011), and
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the occurrence of these entities is leaving clinicians with limited, or no, treatment
options (Hohmann 2001).
Salmonella species are becoming progressively resistant, making it more problematic
when treating patients with severe infections (Rusul et al. 2012). This makes
multidrug-resistant Salmonella an imperative subject area of exploration and a
foremost concern for food safety (Abakpa et al. 2015; Levantesi et al. 2012; Rusul et
al. 2012). Salmonella has the capability to adapt to diverse external conditions,
including low pH or high temperature; this allows it to survive outside the host
organism (Semenov et al. 2007). Undeniably, Salmonella is able to attach and adhere
to plant surfaces prior to dynamically infecting the interior of various plants, steering
to the colonisation of plant organs (Gu et al. 2011; Klerks et al. 2007), and destruction
of the plant immune system (Schikora et al. 2012). In addition, Salmonella originating
from plants retains virulence toward animals (Schikora et al. 2012). Thus, plants are
an alternative host for Salmonella pathogens, and have a role in its transmission back
to animals.
Recently, several studies have indicated the emergence, and spread, of multidrugresistant Salmonella clones in Africa (Gordon et al. 2008, Kingsley et al. 2009;
Vandenberg et al. 2010). These clones often have a dissimilar epidemiology than in
developed countries, obscuring control and prevention stratagems (Okoro et al. 2012).
It is of the utmost importance tthat novel multidrug-resistant clones are detected as
quickly as probable, to obstruct further distribution (Hedberg 2011).

The

microbiological testing of food products for the incidence of these pathogens is
obligatory (Helms et al. 2005). Salmonella that is multi-drug resistant has also gained
concern globally (Deekshit et al. 2012, 2013).
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Antimicrobial resistance is a matter of profound importance for public health globally
(Bagudo et al. 2014; Zakar et al. 2012). Both climatic change, and urbanisation, has
impeded Earth’s freshwater resources (Zakar et al. 2012). These factors cause
freshwater to become progressively scarcer worldwide; many countries resort to
utilising treated wastewater directly for domestic, manufacturing, and agricultural uses
(Hamilton et al. 2006). Nevertheless, the detection of residue level antimicrobials and
pathogens have frequently been reported in wastewater emissions and in recycled
wastewater (Fatta-Kassinos et al. 2011). Due to extended exposure to antimicrobial
remaining in wastewater, some bacteria, such as Salmonella, acquire resistance to
these antimicrobial compounds (Abakpa et al. 2015). In the occurrence of low levels
of antimicrobials, bacteria have revealed the capability to attain antibiotic resistance
genes (Gal-Mor 2010). Genetically modified crops with antibiotic resistant marker
genes (microbes added intentionally or unintentionally to the food chain that could
potentially transfer antimicrobial resistance genes), and food processing technologies
that used slightly lethal dosages are also matters for concern (Gay and Gillespie 2005;
Gouws 2015).
Antibiotic-resistant Salmonella has become a problem due to several reasons. There is
an urgent need for alternative classes of antimicrobial compounds that can be used in
the management of Salmonella infections (Khan et al. 2007). Some authors have
described that the antimicrobial resistance of Salmonella strains could be related with
the expression of certain virulence genes, including invA (Dione et al. 2011).
To minimalise the possibility of salmonellosis from the ingestion of low-moisture
foods, it is essential for companies to apply paramount efforts to control several risk
factors that could lead to cross-contamination. Available literature on Salmonella
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contamination in low-moisture foods has been outlined, due to inadequate sanitation
practices, poor equipment design, inappropriate maintenance, poor operational
practices, inadequate ingredient control, and other factors (Isaacs et al. 2005; Uesugi
et al. 2007).
Biofilm formation is an alternative way by which Salmonella endures the hostile
settings of the environment. But, on the basis of existing literature, it is unclear whether
Salmonella cells form biofilms in low-moisture conditions. In high-moisture
conditions, cellulose production and biofilm formation could be a significant factor for
the survival of serovar Enteritidis on surface environments (Solano et al. 2002).

43

2.7

REFERENCES

Aarestrup, F.M., Wegener, H.C. and Collignon, P. (2008) Resistance in bacteria of the
food chain: epidemiology and control strategies. Expert Review of Anti-infective
Therapy 6, 733-750.
Abakpaa, G.O., Umoha, V.J., Ameha, J.B., Yakubua, S.E., Kwagab, J.K.P. and
Kamaruzamanc S. (2015) Diversity and antimicrobial resistance of Salmonella
enterica isolated from fresh produce and environmental samples. Environmental
Nanotechnology, Monitoring and Management 3, 38-46.
Abrahams, G.L., Muller, P. and Hensel, M. (2006) Functional dissection of SseF, a
type III effector protein involved in positioning the Salmonella-containing vacuole.
Traffic 7, 950-965.
Ackermann, M., Stecher, B. Freed, N.E. Songhet, P. Hardt W.D. and Doebeli, M.
(2008) Self-destructive cooperation mediated by phenotypic noise. Nature 454, 987990.
Adak, G.K., Long, S.M. and O'Brien, S.J. (2002) Trends in indigenous foodborne
disease and deaths, England and Wales: 1992 to 2000. Journal of Gastroenterology
51, 832-841.
Ahmed, W., Sawant, S., Huygens, F., Goonetilleke, A. and Gardner, T. (2009)
Prevalence and occurrence of zoonotic bacterial pathogens in surface waters
determined by quantitative PCR. Water Research 10, 1-11.

44

Alemayehu, K. (2014) Recombinant DNA technology of hormones and vaccines in
maximizing livestock production and productivity: A review. International Journal of
Biotechnology and Food Science 2, 75-81.
Almeida, F., Pitondo-Silva, A., Oliveira, M.A. and Falcão, J.P. (2013) Molecular 417
epidemiology and virulence markers of Salmonella Infantis isolated over 25 years in
418 São Paulo State, Brazil. Infection, Genetics and Evolution 19, 145-151.
Altier, C. (2005) Genetic and environmental control of salmonella invasion. Journal
of Microbiology 43, 85-92.
Andino, A. and Hanning, I. (2015) Salmonella enterica: Survival, Colonization, and
Virulence Differences among Serovars. The Scientific World Journal 2015, 2-16.
Anon (1995) Microbiology—General guidance on methods for the detection of
Salmonella. CSN ISO 6579.
Anon (2005) Guidelines for Good Agricultural and Hygiene Practices for Raw
Materials used for Herbal Infusions (GAHP), European Herbal Infusion Association,
Hamburg. Accessed on 30 May 2014.
Anon (2008) The regulation governing the microbiological standards or foodstuffs and
related matters (R.692 of 16 May 1997) and its amendments, Foodstuffs, Cosmetics
and Disinfectants Act, 1972 (Act 4 of 1972). Accessed on 30 May 2014.
http://www.capetown.gov.za/en/CityHealth/Documentation/Documents/Regul_Micr
ob_standards_Regul_governing_microb_standards_for_foodstuffs_related_
matters.pdf.

45

Anon (2010) Typhoid Fever. National Center for Emerging and Zoonotic Infectious
Diseases. Accessed 19 October 2013. Available:http://www.gov/nczved/divisions/af
bmd/diseases/typhoid_fever/technical.html.
Anon (2011). Rooibos industry expects low yields in 2011. Accessed on 24 March
2011 http://www.developtechnology.co.za/index.php?view= article&id=247942011.
Arnold, T.H.C., Scholz, H., Marg, U.R. and Hensel, A. (2004) Impact of invA-PCR
and culture detection methods on occurrence and survival of Salmonella in the flesh,
internal organs and lymphoid tissues of experimentally infected pigs. Journal of
Veterinary Medicine 51, 459-463.
Asai, T., Namimatsu, T., Osumi, T., Kojima, A., Harada, K. and Aoki, H. (2010)
Molecular typing and antimicrobial resistance of Salmonella enterica subspecies
enterica serovar Choleraesuis isolates from diseased pigs in Japan. Comparative
immunology, microbiology and infectious diseases 33, 109-119.
Azriel, S. Goren, A., Rahav, G., and Gal-Mor, O. (2015) The Stringent Response
Regulator DksA is Required for Salmonella Typhimurium Growth in Minimal Media,
Motility, Biofilm Formation and Intestinal Colonization. Infection and Immunity 11,
1-23.
Bakshi, C.S., Singh, V.P., Wood, M.W., Jones, P.W., Wallis, T.S. and Galyov, E.E.
(2000) Identification of SopE2, a Salmonella secreted protein which is highly
homologous to SopE and involved in bacterial invasion of epithelial cells. Journal of
Bacteriology 182, 2341-2344.

46

Baloda, S.B., Christensen, L. and Trajcevska, S. (2001) Persistence of a Salmonella
enterica serovar typhimurium DT12 clone in a piggery and in agricultural soil amended
with Salmonella-contaminated slurry. Applied and Environmental Microbiology 67,
2859-2862.
Barak, J.D. and Liang, A.S. (2008) Role of soil, crop debris, and a plant pathogen in
Salmonella enterica contamination of tomato plants. PloS One 3.
Barak, J.D., Gorski, L., Liang, A.S. and Narm, K.E. (2009) Previously uncharacterized
Salmonella enterica genes required for swarming play a role in seedling colonization.
Microbiology (SGM) 155, 3701-3709.
Barthel, M., Hapfelmeier, S., Quintanilla-Martinez, L., Kremer, M., Rohde, M.,
Hogardt, M., Pfeffer, K., Russmann, H. and Hardt. W.D. (2003) Pre-treatment of mice
with streptomycin provides a Salmonella enterica serovar Typhimurium colitis model
that allows analysis of both pathogen and host. Infection and Immunity 71, 2839-2858.
Batista, D.F.A., Neto, O.C.F., Leite, L.R., Varani, A.M., Araujo, F.M.G., Salim, A.,
Almeida, A.M., Ribeiro, S.A.M., Oliveira, G.C., Barrow, P.A. and Juniora, A.B.
(2014) Draft Genome Sequence of Salmonella enterica subsp. enterica Serovar
Gallinarum Biovar Pullorum Strain FCAV198, a Brazilian Chicken Pathogen. Genome
Announcements 2, 1-2.
Baumler, A.J., Kusters, J.G., Stojiljkovic, I. and Heffron, F. (1994) Salmonella
typhimurium loci involved in survival within macrophages. Infection and Immunity 62,
1623-1630.

47

Behravesh, C.B., Mody, R.K., Jungk, J., Gaul, L., Redd, J.T. and Chen, S. (2011).
Outbreak of Salmonella Saintpaul infections associated with raw produce. The New
England Journal of Medicine 364, 918-927.
Beltran-Debуn, R.A., Rulla, F., Rodriguez-Sanabria, I., Iswaldi, M., Herranz-Lуpezc,
G. (2011) Continuous administration of polyphenols from aqueous rooibos
(Aspalathus linearis) extract ameliorates dietary-induced metabolic disturbances in
hyperlipidemic mice, Phytomedicine 18, 414-424.
Berger, C.N., Sodha, S.V., Shaw, R.K., Griffin, P.M., Pink, D. and Hand, P (2010).
Fresh fruit and vegetables as vehicles for the transmission of human pathogens.
Environmental Microbiology 12, 2385-2397.
Bertrand, S., Rimhanen-Finne, R., Weill, F.X., Rabsch, W., Thornton, L.,
Perevoscikovs, J., van Pelt, W. and Heck, M. (2008) Salmonella infections associated
with reptils: the current situation. European Surveillance 13, 1-6.
Bhutta, Z.A., Capeding, M.R., Bavdekar, A., Marchetti, E., Ariff, S., Soofi, S.B.,
Anemona, A., Habib, M.A., Alberto, E., Juvekar, S., Khan, R.M., Marhaba, R., Ali,
N., Malubay, N., Kawade, A., Saul, A., Martin, L.B. and Podda, A. (2014)
Immunogenicity and safety of the Vi-CRM197 conjugate vaccine against typhoid
fever in adults, children, and infants in south and southeast Asia: results from two
randomised, observer-blind, age de-escalation, phase 2 trials. The Lancet Infectious
Diseases 14, 119-129.

48

Boyle, E.C., Brown, N.F. and Finlay, B.B. (2006) Salmonella enterica serovar
typhimurium effectors SopB, SopE, SopE2 and SipA disrupt tight junction structure
and function. Cell Microbiology 8, 1946-1957.
Breiman, R.F., Cosmas, L., Njuguna, H., Audi, A., Olack, B., Ochieng, J.B., Wamola,
N., Bigogo, G.M., Awiti, G., Tabu, C.W., Burke, H., Williamson, J., Oundo, J.O.,
Mintz, E.D. and Feikin, D.R. (2012) Population-based incidence of typhoid fever in
an urban informal settlement, Nairobi, Kenya: implications for typhoid vaccine use in
Africa. PLoS One 7, 1-10.
Bulte, M. and Jakob, P. (1995) The use of a PCR-generated invA probe for the
detection of Salmonella spp. in artificially and naturally contaminated foods.
International Journal of Food Microbiology 26, 335-344.
Butterfield, J., Coulson, J., Kearsy, S. and Monaghan, P. (1983) The herring gull Larus
argentatus as a carrier of Salmonella. Journal of Hygiene 91, 429-436.
Campioni, F., Moratto Bergamini, A.M. and Falcão, J.P. (2012) Genetic diversity, 445
virulence genes and antimicrobial resistance of Salmonella Enteritidis isolated from
446 food and humans over a 24-year period in Brazil. Food Microbiology 32, 254-264.
Chiu, C. H. and. Ou, J. T. (1996). Rapid identification of Salmonella serovars in faeces
by specific detection of virulence genes, invA and spvC, by an enrichment broth
culture-multiplex PCR combination assay. Journal of Clinical Microbiology 34, 26192622.

49

Chiu, C.H., Wu, T.L., Su, L.H., Chu, C., Chia, J.H., Kuo, A.J., Chien, M.S. and Lin,
T.Y. (2002) The emergence in Taiwan of fluoroquinolone resistance in Salmonella
enterica serotype Choleraesuis. The New England Journal of Medicine 346, 413-419.
Cirillo, D.M., Valdivia, R.H., Monack, D.M. and Falkow, S. (1998) Macrophagedependent induction of the Salmonella pathogenicity island 2 type III secretion system
and its role in intracellular survival. Molecular Microbiology 30, 175-188.
Cocolin, L. and G. Comi. (1998). Use of polymerase chain reaction and restriction
enzyme analysis to directly detect and identify Salmonella typhimurium in food.
Journal of Applied Microbiology 85, 673-677.
Cocolin, L., Manzano, M., Astori, G., Botta, G.A., Cantoni, C. and Comi, G. (1998).
A highly sensitive and fast non-radioactive method for the detection of polymerase
chain reaction products from Salmonella serovars, such as Salmonella typhi, in blood
specimens. FEMS Immunology and Medical Microbiology 22, 233-239.
Cossart, P. and Sansonetti, P.J. (2004) Bacterial invasion: the paradigms of
enteroinvasive pathogens. Science 304, 242-248.
Cox, J. (1999) Salmonella. Robinson, R.K., C.A. Batt and P.D. Patel (eds);
Encyclopedia of Food Microbiology. Academic Press, San Diego, California,
1928-1976.
Critzer, F.J. and Doyle, M.P. (2010) Microbial ecology of foodborne pathogens
associated with produce. Current Opinion in Biotechnology 21, 125-130.

50

Crump, J.A., Luby, S.P. and Mintz, E.D. (2004) The global burden of typhoid fever.
Bulletin of the World Health Organization 82, 346-353.
Crump, J., Sjölund-Karlsson, M., Gordon, M.A. and Parry, C.M. (2015)
Epidemiology, Clinical Presentation, Laboratory Diagnosis, Antimicrobial Resistance,
and Antimicrobial Management of Invasive Salmonella Infections. Clinical
Microbiology Reviews 28, 902-937.
Cunha, B.A., Gran, A. and Munoz-Gomez, S. (2013) Typhoid fever vs. malaria in a
febrile returning traveler: typhomalaria revisited: an Oslerian perspective. Travel
Medicine and Infectious Disease 11, 66-69.
da Cruz, A.G., Sergio, A.C. and Maia, M.C.A. (2006) Quality assurance requirements
in produce processing. Trends in Food Science and Technology 17, 406-411.
Davies, R.H. and Wray, C. (1995) Observations on disinfection regimens used on
Salmonella Enteritidis infected poultry units. Poultry Science 74, 638-647.
Deekshit, V.K., Kumar, B.K., Rai, P., Srikumar, S., Karunasagar, I. and Karunasagar,
I. (2012) Detection of class 1 integrons in Salmonella weltevreden and silent antibiotic
resistance genes in some seafood associated nontyphoidal isolates of Salmonella in
south-west coast of India. Journal of Applied Microbiology 112, 1113-1122.
Deekshit, V.K., Kumar, B.K., Rai, P., Rohit, A. and Karunasagar, I. (2013)
Simultaneous detection of Salmonella pathogenicity island 2 and its antibiotic
resistance genes from seafood. Journal of Microbiological Methods 93, 233-238.
.

51

Denny, J., Threlfall, J., Takkinen, J., Löfdahl, S., Westrell, T., Varela, C., Adak, B.,
Boxall, N., Ethelberg, S., Torpdahl, M., Straetemans, M., and van Pelt, W. (2007)
Multinational Salmonella Paratyphi B variant Java (Salmonella Java) outbreak,
August - December 2007. European Surveillance 12, 2-6.
Dohmae, S., Okubo, T. and Higuchi, W. (2008) Bacillus cereus nosocomial infection
from reused towels in Japan. Journal of Hospital Infection. 69, 361-367.
Drecktrah, D., Levine-Wilkinson, S., Dam, T., Winfree, S., Knodler, L.A., Schroer,
T.A. and Steele-Mortimer, O. (2008) Dynamic behavior of Salmonella-induced
membrane tubules in epithelial cells. Traffic 9, 2117-2129.
Edwards, R.A., Olsen, G.J and Maloy, S.R. (2002) Comparative genomics of closely
related salmonellae. Trends in Microbiology 10, 94-99.
EFSA, EUROPEAN FOOD SAFETY AUTHORITY (2006) Risk assessment and
mitigation options of Salmonella in pig production. The EFSA Journal 341, 1-131.
Efuntoye, M.O. (1999) Mycotoxins of fungal strains from stored herbal plants and
mycotoxin content in Nigerian crude herbal drugs. Mycopathologia 147, 43-48.
Erganis, O., Sayin, Z., Hadimli, H.H., Sakmanoglu, A., Pinarkara, Y., Ozdemir, O.
and Maden, M. (2014) The Effectiveness of Anti-R..equi Hyperimmune Plasma
against R. equi Challenge in Thoroughbred Arabian Foals of Mares Vaccinated with
R. equi Vaccine. The Scientific World Journal 2014, 1-10.
Feasey, N.A., Dougan, G., Kingsley, R.A., Heyderman, R.S. and Gordon, M.A. (2012)
Invasive non-typhoidal Salmonella disease: an emerging and neglected tropical
disease in Africa. The Lancet 379, 2489-2499.
52

Feng, Y, Xu, H., Li, Q.H., Zhang, S.Y., Wang, C.X., Zhu, D.L., Caor, F.L., Li, Y.G.,
Johnston, R.N., Zhou, J., Liu, G.R., Liu, S.L. (2012) Complete genome sequence of
Salmonella enterica serovar Pullorum RKS5078. Journal of Bacteriology 194, 744.
Ferreira, R.B.R., Valdez, Y., Coombes, B.K., Sad, S., Gouw, J.W., Brown, E.M., Li,
Y., Grassl, G.A., Antunes, L.C.M., Gill, N., Truong, M., Scholz, R., Reynolds, L.A.,
Krishnan, L., Zafer, A.A., Sal-Man, N., Lowden, M.J., Auweter, S.D., Foster, L.J.,
Finlay, B.B. (2015) A highly effective component vaccine against nontyphoidal
Salmonella enterica infections. mBio 6, 1-9.
Forest, C.G., Ferraro, E., Sabbagh, S.C. and Daigle, F. (2010) Intracellular survival of
Salmonella enterica serovar Typhi in human macrophages is independent of
Salmonella pathogenicity island SPI-2. Microbiology 156, 3689-3698.
Franz, E. and van Bruggen, A.H.C. (2008) Ecology of E. coli O157:H7 and Salmonella
enterica in the primary vegetable production chain. Critical Reviews in Microbiology
34, 143-161.
Freeman, J.A., Ohl, M.E. and Miller, S.I. (2003) The Salmonella enterica serovar
typhimurium translocated effectors SseJ and SifB are targeted to the Salmonellacontaining vacuole. Infection and Immunity 71, 418-427.
Galyov, E.E., Wood, M.W., Rosqvist, R., Mullan, P.B., Watson, P.R., Hedges, S. and
Wallis, T.S. (1997) A secreted effector protein of Salmonella dublin is translocated
into eukaryotic cells and mediates inflammation and fluid secretion in infected ileal
mucosa. Molecular Microbiology 25, 903-912.

53

Gemmell, M.E. and Schmidt, S. (2012) Microbiological assessment of river water used
for the irrigation of fresh produce in a sub-urban community in Sobantu, South Africa.
Food Research International 47, 300-305.
Gemmell, M.E. and Schmidt, S. (2013) Is the microbiological quality of the Msunduzi
River (KwaZulu-Natal, South Africa) suitable for domestic, recreational, and
agricultural purposes? Environmental Science and Pollution Research 20, 6551-6562.
Gerlach, R.G., Jackel, D., Geymeier, N. and Hensel, M. (2007a) Salmonella
pathogenicity island 4-mediated adhesion is coregulated with invasion genes in
Salmonella enterica. Infection and Immunity 75, 4697-4709.
Gerlach, R.G., Jackel, D., Stecher, B., Wagner, C., Lupas, A., Hardt, W.D. and Hensel,
M. (2007b) Salmonella Pathogenicity Island 4 encodes a giant non-fimbrial adhesin
and the cognate type 1 secretion system. Cell Microbiology 9, 1834-1850.
Glynn, M.K., Bopp, C., Dewitt, W., Dabney, P., Mokhtar, M. and Angulo, F.J. (1998)
Emergence of multidrug-resistant Salmonella enterica serotype typhimurium DT104
infections in the United States. The New England Journal of Medicine 338, 1333-1338.
Gonzalez-Escalona, N., Brown, E. and Zhang, G. (2012) Development and evaluation
of a multiplex real-time PCR (qPCR) assay targeting ttrRSBCA locus and invA gene
for accurate detection of Salmonella spp. in fresh produce and eggs. Food Research
International 48, 202−208.
Gordon, M.A., Graham, S.M., Walsh, A.L., Wilson, L., Phiri, A., Molyneux, E.,
Zijlstra, E. E, Heyderman, R.S., Hart, C.A. and Molyneux, M.E. (2008) Epidemics of
invasive Salmonella enterica serovar enteritidis and S. enterica serovar typhimurium

54

infection associated with multidrug resistance among adults and children in Malawi.
Clinical Infectious Diseases 46, 963-969.
Gouws, P., Hartel, T. and van Wyk, R. (2014) The influence of processing on the
microbial risk associated with rooibos (Aspalathus linearis) tea. Journal of the Science
of Food and Agriculture 94, 3069-3078.
Grassl, G.A. and Finlay, B.B. (2008) Pathogenesis of enteric Salmonella infections.
Current Opinion in Gastroenterology 24, 22-26.
Grimont, P.A.D. and Weill, F.X. (2007) Antigenic formulae of the Salmonella
serovars. WHO Collaborating Centre for Reference and Research on Salmonella.
Institut Pasteur, 9th edition, 1-166.
Hacker, J., Bender, L., Otto, M., Wingender, J., Lund, B., Marre, R. and Goebel, W.
(1990) Deletions of chromosomal regions coding for fimbriae and hemolysins occur
in vitro and in vivo in various extraintestinal Escherichia coli isolates. Journal of
Microbiology and Pathology 8, 213-225.
Hacker, J., Blum-Oehler, G., Muhldorfer, I. and Tschape, H. (1997) Pathogenicity
islands of virulent bacteria: structure, function and impact on microbial evolution.
Molecular Microbiology 23, 1089-1097.
Hansen-Wester, I., Stecher, B. and Hensel, M. (2002) Type III secretion of Salmonella
enterica serovar typhimurium translocated effectors and SseFG. Infection and
Immunity 70, 1403-1409.

55

Hapfelmeier, S., Ehrbar, K., Stecher, B., Barthel, M., Kremer, M. and Hardt, W.D.
(2004) Role of the Salmonella pathogenicity island 1 effector proteins SipA, SopB,
SopE, and SopE2 in Salmonella enterica subspecies 1 serovar typhimurium colitis in
streptomycin-pretreated mice. Infection and Immunity 72, 795-809.
Hedberg, C.W. (2011) Challenges and opportunities to identifying and controlling the
international spread of Salmonella. Journal of Infectious Diseases 204, 665-666.
Helms, M., Ethelberg, S. and Molbak, K. (2005) International Salmonella typhimurium
DT104 infections, 1992-2001. Emerging Infectious Diseases 11, 859-867.
Henry, T., Couillault, C., Rockenfeller, P., Boucrot, E., Dumont, A., Schroeder, N.,
Hermant, A., Knodler, L.A., Lecine, P., Steele-Mortimer, O., Borg, J.P., Gorvel, J.P.
and Meresse, S. (2006) The Salmonella effector protein PipB2 is a linker for kinesin1. Proceedings of the National Academy of Sciences of the United States of America
103, 13497-13502.
Hensel, M., Hinsley, A.P., Nikolaus, T., Sawers, G. and Berks, B.C. (1999a) The
genetic basis of tetrathionate respiration in Salmonella typhimurium. Molecular
Microbiology 32, 275-287.
Hensel, M., Nikolaus, T. and Egelseer, C. (1999b) Molecular and functional analysis
indicates a mosaic structure of Salmonella pathogenicity island 2. Molecular
Microbiology 31, 489-498.
Hohmann, E. L. (2001) Nontyphoidal salmonellosis. Clinical Infectious Diseases 32,
263-269.

56

Holden, N., Pritchard, L. and Toth, I. (2009) Colonization outwith the colon: Plants as
an alternative environmental reservoir for human pathogenic enterobacteria. FEMS
Microbiology Reviews 33, 689-703.
Hooper, D.C. (2001) Emerging mechanisms of fluoroquinolone resistance. Emerging
Infectious Diseases 7, 337-341.
Hu, Q., Coburn, B., Deng, W., Li, Y., Shi, X., Lan, Q., Wang, B., Coombes, B.K. and
Finlay, B.B. (2008) Salmonella enterica serovar Senftenberg Human Clinical Isolates
Lacking SPI-1. Journal of Clinical Microbiology 46, 1330-1336.
Hur, J. and Lee. J.H. (2011) Enhancement of immune responses by attenuated
Salmonella Typhimurium strains. Clinical and Vaccine Immunology 18, 203-209.
International Commission on Microbiological Specifications for Foods (ICMSF)
(2011) Microorganisms in foods and use of data for assessing process control and
product acceptance. New York: Springer.
Isaacs, S., Aramini, J., Ceibin, B., Farrar, J.A., Ahmed, R., Middleton, D., Chandran,
A.U., Harris, L.J., Howes, M., Chan, E., Pichette, A.S., Campbell, K., Gupta, A., Lior,
L.Y., Pearce, M., Clark, C., Rodgers, F., Jamieson, F., Brophy, I. and Ellis, A. (2005)
An international outbreak of salmonellosis associated with raw almonds contaminated
with a rare phage type of Salmonella enteritidis. Journal of Food Protection 68, 191198.
Jacobsen, C.S. and Bech, T.B. (2012) Soil survival of Salmonella and transfer to
freshwater and fresh produce. Food Research International 45, 557-566.

57

Jones, B.D. (1996) Salmonellosis: Host Immune Responses and Bacterial Virulence
Determinants. The Annual Review of Immunology 14, 533-561.
Joubert, E. and de Beer, D. (2011) Rooibos (Aspalathus linearis) beyond the farm gate:
From herbal tea to potential phytopharmaceutical. South African Journal of Botany 77,
869-886.
Joubert, E., Gelderblom W.C.A., Louwd, A. and de Beera, D. (2008) South African
herbal teas: Aspalathus linearis, Cyclopia spp. and Athrixia phylicoides. Journal of
Ethnopharmacology 119, 376-412.
Karunasagar, I., Bhowmick, P.P. and Deekshit, V.K. (2012) Molecular aspects of
pathogenesis and drug resistance in Salmonella species. In: Faruque, S.M. (Ed.),
Foodborne and Waterborne Bacterial Pathogens. Caister Academic Press, Norfolk,
121-152.
Keller, S.E., Stam, C.N., , Gradl, D.R., Chen, Z., Larkin, E.L., Pickens S.R. and
Chirtel, S.J. (2015) Survival of Salmonella on Chamomile, Peppermint, and Green Tea
during Storage and Subsequent Survival or Growth following Tea Brewing. Journal
of Food Protection 78, 661-667.
Kessel, A.S., Gillespie, I.A., O’Brien, S.J., Adak, G.K., Humphrey, T.J. and Ward,
L.R. (2001) General outbreaks of infectious intestinal disease linked with poultry,
England and Wales, 1992-1999. Community Disease Public Health 4, 171-177.
Kingsley, R.A., Msefula, C.L., Thomson, N.R., Kariuki, S., Holt, K.E., Gordon, M.A.,
Harris, D., Clarke, L., Whitehead, S., Sangal, V., Marsh, K., Achtman, M., Molyneux,
M.E., Cormican, M., Parkhill, J., Maclennan, C.A., Heyderman, R.S. and Dougan, G.

58

(2009) Epidemic multiple drug resistant Salmonella Typhimurium causing invasive
disease in sub-Saharan Africa have a distinct genotype. Genome Research 19, 22792287.
Knodler, L.A. and Steele-Mortimer, O. (2005) The Salmonella effector pipB2 affects
late endosome/lysosome distribution to mediate Sif extension. Molecular Biology of
the Cell 16, 4108-4123.
Koch, J., Schrauder, A., Alpers, K., Werber, D., Frank, C., Prager, R., Rabsch, W.,
Broll, S., Feil, F., Roggentin, P., Bockemuhl, J., Tschape, H., Ammon, A. and Stark,
K. (2005) Salmonella Agona outbreak from contaminated aniseed Germany. Emerging
Infections Diseases 11, 1124-1127.
Kruse, H., Kirkemo, A.M. and Handeland, K. (2004) Wildlife as source of zoonotic
infections. Emerging Infectious Diseases 10, 2067-2072.
Kuhle, V. and Hensel, M. (2002) SseF and sseG are translocated effectors of the type
III secretion system of Salmonella pathogenicity island 2 that modulate aggregation of
endosomal compartments. Cell Microbiology 4, 813-824.
Kuhle, V., Jackel, D. and Hensel, M. (2004) Effector proteins encoded by Salmonella
pathogenicity island 2 interfere with the microtubule cytoskeleton after translocation
into host cells. Traffic 5, 356-370.
Kuo, H.C., Lauderdale, T.L., Lo, D.Y., Chen, C.L., Chen, P.C. and Liang, S.Y. (2014)
An association of genotypes and antimicrobial resistance patterns among Salmonella
isolates from pigs and humans in Taiwan. PloS One 9, 957-972.

59

Langridge, G.C., Fookesa, M., Connora, T.R., Feltwell, T., Feasey, N., Parsons, B.N.,
Seth-Smith, H.M.B., Barquista, L., Stedmana, A., Humphreyd, T., Wigley, P., Peters,
S.E., Maskell D.J., Coranderg, J., Chabalgoityh, J.A., Barrowi, P., Parkhilla, J.,
Dougana, G. and Thomson, N.R. (2015) Patterns of genome evolution that have
accompanied host adaptation in Salmonella. Proceedings of the National Academy of
Sciences of the United States of America 112, 863-868.
Llic, S., Duric, P. and Grego, E. (2010) Salmonella Seftenberg infections and fennel
seed tea, Serbia. Emerging Infections Diseases 16, 893-895.
Lupp, C., Robertson, M.L., Wickham, M.E., Sekirov, I., Champion, O.L., Gaynor,
E.C. and Finlay, B.B. (2007) Host-mediated inflammation disrupts the intestinal
microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host Microbe 2,
204-210.
Lynch, M.F., Tauxe, R.V. and Hedberg, C.W. (2009) The growing burden of
foodborne outbreaks due to contaminated fresh produce: Risks and opportunities.
Epidemiology and Infection 137, 307-315.
Maimon, A., Tal, A., Friedler, E. and Gross, A. (2010) Safe on-site reuse of greywater
for irrigation- A critical review of current guidelines. Environmental Science and
Technology 44, 3213-3220.
Main-Hester, K.L., Colpitts, K.M., Thomas, G.A., Fang, F.C. and Libby, S.J. (2008)
Coordinate regulation of Salmonella pathogenicity island 1 (SPI1) and SPI4 in
Salmonella enterica serovar typhimurium. Infection and Immunity 76, 1024-1035.

60

Martins, H.M., Martins, M.L. and Dias, M.I. (2001) Evaluation of microbiological
quality of medicinal plants used in natural infusions. International Journal of Food
Microbiology 68, 149-153.
McClelland, M., Sanderson, K.E., Spieth, J., Clifton, S.W., Latreille, P., Courtney, L.,
Porwollik, S., Ali, J., Dante, M., Du, F., Hou, S., Layman, D., Leonard, S., Nguyen,
C., Scott, K., Holmes, A., Grewal, N., Mulvaney, E., Ryan, E., Sun, H., Florea, L.,
Miller, W., Stoneking, T., Nhan, M., Waterston, R. and Wilson, R.K (2001) Complete
genome sequence of Salmonella enterica serovar Typhimurium LT2. Nature 413, 852856.
McGhie, E.J., Brawn, L.C., Hume, P.J., Humphreys, and D. and Koronakis, V. (2001)
Salmonella takes control: Effector-driven manipulation of the host. Current Opinion
in Microbiology 12, 117-124.
Mead, P., Slutsker, L. and Dietz, V. (1999) Food-related illness and death in the
United States. Emerging Infectious Diseases 5, 607-625.
Medzhitov, R. and Janeway, C.Jr. (2000) Innate immune recognition: mechanisms and
pathways. Immunology Review 173, 89-97.
Mezal, E.H., Stefanova, R. and Khan, A.A. (2013) Isolation and molecular
characterization of Salmonella enterica serovar Javiana from food, environmental and
clinical samples. International Journal of Food Microbiology 164, 113-118.
Mian, L.S., Maag, H. and Tacal, J. (2002) Isolation of Salmonella from muscoid flies
at commercial animal establishments in San Bernardino County, California. Journal
of Vector Ecology 27, 82-85

61

Miao, E.A. and Miller, S.I. (2000) A conserved amino acid sequence directing
intracellular type III secretion by Salmonella typhimurium. Proceedings of the
National Academy of Sciences of the United States of America 97, 7539-7544.
Miller, S.I. and Pegues, D.A. (2000) Salmonella species, including Salmonella typhi.
In Principles and Practice of Infectious Diseases, ed. G. L. Mandell, Bennett, J. E. and
Dolin, R. 2, 2344-2363.
Mills, D.M., Bajaj, V. and Lee, C.A. (1995) A 40kb chromosomal fragment encoding
Salmonella typhimurium invasion genes is absent from the corresponding region of the
Escherichia coli K-12 chromosome. Molecular Microbiology 15, 749-759.
Mirold, S., Rabsch, W., Rohde, M., Stender, S., Tschape, H., Russmann, H., Igwe, E.
and Hardt, W.D. (1999) Isolation of a temperate bacteriophage encoding the type III
effector protein SopE from an epidemic Salmonella typhimurium strain. Proceedings
of the National Academy of Sciences of the United States of America 96, 9845-9850.
Mitchell, M. and Shane, S. (2001) Salmonella in reptiles. Seminars in Avian and Exotic
Pet Medicine 10, 25-35.
Mogasale, V., Maskery, B., Ochiai, R.L., Lee, J.S., Mogasale, V.V., Ramani, E., Kim,
Y.E., Park, J.K., Wierzba, T.F. (2014) Burden of typhoid fever in low income and
middle-income countries: a systematic, literature-based update with risk-factor
adjustment. The Lancet Global Health 2, 570-580.
Morgan, E., Campbell, J.D., Rowe, S.C., Bispham, J., Stevens, M.P., Bowen, A.J.,
Barrow, P. A., Maskell, D.J. and Wallis, T.S. (2004) Identification of host-specific

62

colonization factors of Salmonella enterica serovar Typhimurium. Molecular
Microbiology 54, 994-1010.
Morton, J. (1983) Rooibos Tea, Aspalathus linearis, a Caffeineless, Low-Tannin
Beverage. Economic Botany 37, 164-173.
Murray, C.J, Vos, T, Lozano, R., Naghavi, M., Flaxman, A.D., Michaud, C., Ezzati,
M., Shibuya, K., Salomon, J.A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, I.,
Aggarwal, R., Ahn, S.Y., Ali, M.K., Alvarado, M., Anderson, H.R., Anderson, L.M.,
Andrews, K.G., Atkinson, C., Baddour, L.M., Bahalim, A.N., Barker-Collo, S.,
Barrero, L.H., Bartels, D.H., Basáñez, M.G., Baxter, A., Bell, M.L., Benjamin, E.J.,
Bennett, D., Bernabé, E., Bhalla, K., Bhandari, B., Bikbov, B., Bin Abdulhak, A.,
Birbeck, G., Black, J.A., Blencowe, H., Blore, J.D., Blyth, F., Bolliger, I.,
Bonaventure, A., Boufous, S., Bourne, R., Boussinesq, M., Braithwaite, T., Brayne,
C., Bridgett, L. and Brooker., S. (2012) Disability adjusted life years (DALYs) for 291
diseases and injuries in 21 regions, 1990-2010: a systematic analysis for the Global
Burden of Disease Study 2010. The Lancet 380, 2197-2223.
Nascimento, M.S., Reolon, E.M., Santos, A.R.B., Moreira, V.E. and Silva N. (2015)
Enterobacteriaceae contamination in chocolate processing. Food Control 47, 291-297.
Nascimento, M.S., Silva, I.F., Silva, J.C., Reolon, E.M., Santos, A.R.B. and Silva, N.
(2010) Enteropathogens in cocoa pre-processing. Food Control 21, 408-411.
Newell, D.G., Koopmans, M., Verhoef, L., Duizer, E., Aidara-Kane, A., Sprong, H.,
Opsteegh, M., Langelaar, M., Threfall, J., Scheutz, F., van der Giessen, J. and Kruse,

63

H. (2010) Food-borne diseases - the challenges of 20 years ago still persist while new
ones continue to emerge. International Journal of Food Microbiology 139, 3-15.
Norris, F.A., Wilson, M.P., Wallis, T.S., Galyov, E.E. and Majerus, P.W. (1998) SopB,
a protein required for virulence of Salmonella dublin, is an inositol phosphate
phosphatase. Proceedings of the National Academy of Science of the United States of
America 95, 14057-14059.
Ochman, H. and Groisman. E.A. (1996) Distribution of pathogenicity islands in
Salmonella spp. Infection and Immunity 64, 5410-5412.
Ohlson, M.B., Huang, Z., Alto, N.M., Blanc, M.P., Dixon, J.E., Chai, J. and Miller,
S.I. (2008) Structure and function of Salmonella SifA indicate that its interactions with
SKIP, SseJ, and RhoA family GTPases induce endosomal tubulation. Cell Host
Microbe 4, 434-446.
Ojha, S. and Kostrzynska, M. (2007) Approaches for reducing Salmonella in pork
production. Journal of Food Protection, 70, 2676-2694.
Okoro, C.K., Kingsley, R.A., Connor, T.R., Harris, S.R, Parry, C.M., Al-Mashhadani,
M.N., Kariuki, S, Msefula, C.L., Gordon, M.A., De, P.E., Wain, J., Heyderman, R.S.,
Obaro, S., Alonso, P.L., Mandomando, I., Maclennan, C.A., Tapia, M.D., Levine,
M.M., Tennant, S. M., Parkhill, J. and Dougan, G. (2012) Intracontinental spread of
human invasive Salmonella typhimurium pathovariants in sub-Saharan Africa. Nature
Genetics 44, 1215-1221.

64

Oliveira, M., Usall, J., Solsona, C., Alegre, I., Viñas, I. and Abadias, M. (2010) Effects
of packaging type and storage temperature on the growth of foodborne pathogens on
shredded ‘Romaine’ lettuce. Food Microbiology 27, 375-380.
Omogbai, B.A. and Eze, F.A. (2011) Phytochemical screening and susceptibility of
bacteria pathogens to extracts of Evolvulus alsinoides. Science World Journal 6, 5-8.
Omogbai, B.A. and Ikenebomeh, M. (2013) Microbiological characteristics and
phytochemical screening of some herbal teas in Nigeria. European Scientific Journal
9, 150-151.
Pangloli, P., Dje, Y., Ahmed, O., Doane, C.A., Oliver, S.P. and Draughon, F.A. (2008)
Seasonal incidence and molecular characterization of Salmonella from dairy cows,
calves, and farm environment. Foodborne Pathogens and Disease 5, 87-96.
Pappaioanou, M. (2004) Veterinary medicine protecting and promoting the public's
health and wellbeing. Preventive Veterinary Medicine 62, 153-163.
Pathmanathan, S.G., Cardona-Castro, N., Sanchez-Jimenez, M.M., Correa-Ochoa,
M.M., Puthucheary, S.D. and Thong, K.L. (2003) Simple and rapid detection of
Salmonella strains by direct PCR amplification of the hilA gene. International Journal
of Medical Microbiology 52, 773-776.
Payne, J.B., Osborne, J.A., Jenkins, P.K. and Sheldon, B.W. (2007). Modeling the
growth and death kinetics of Salmonella in poultry litter as a function of pH and water
activity. Poultry Science 86, 191-201.

65

Perelle, S., Dilasser, F., Malorny, B., Grout, J., Hoorfar, J. and Fach, P. (2004)
Comparison of PCR-ELISA and Light Cycler real-time PCR assays for detecting
Salmonella spp. in milk and meat samples. Molecular and Cellular Probes 18, 409420.
Porwollik, S.E.F., Boyd, C., Choy, P., Cheng, L., Florea, E. and McClelland, M.
(2004) Characterization of Salmonella enterica subspecies I genovars by use of
microarrays. Journal of Bacteriology 186, 5883-5898.
Prakash, R., Jha, S.N. and Mishra, V.K. (2015) Identification of Salmonella Strains of
Phyllosphere Food Poisoning by Melt Curve Analysis: In Silico approach.
International Journal for Computational Biology (IJCB) 4, 38--43.
Que, F., Wu, S. and Huang, R. (2013) Salmonella Pathogenicity Island 1(SPI-1) at
Work. Current Microbiology 66, 582-587.
Raffatellu, M., Wilson, R.P., Chessa, D., Andrews-Polymenis, H., Tran, Q.T.,
Lawhon, S., Khare, S., Adams, L.G. and Ba¨umler, A.J. (2005) SipA, sopA, sopB,
sopD, and sopE2 contribute to Salmonella enterica serotype typhimurium invasion of
epithelial cells. Infection and Immunity 73, 146-154.
Rajashekar, R., Liebl, D., Seitz, A. and Hensel, M. (2008) Dynamic remodeling of the
endosomal system during formation of Salmonella-induced filaments by intracellular
Salmonella enterica. Traffic. 9, 2100-2116.
Rajic, A., Waddell, L.A., Sargeant, J.M., Read, S., Farber, J. and Firth, M.J. (2007) An
overview of microbial food safety programs in beef, pork, and poultry from farm to
processing in Canada. Journal of Food Protection 70, 1286-1294.

66

Raymond, B., Wyres, K.L., Sheppard, S.K., Ellis, R.J. and Bonsall, M.B. (2010)
Environmental factors determining the epidemiology and population genetic structure
of the Bacillus cereus group in the field. PLoS Pathogens 6.
Rizzo, I., Vedoya, G. and Maurutto, S. (2004) Assessment of toxigenic fungi on
Argentinean medicinal plants. Microbiology Research 159, 113-120.
Rodriguez-Lazaro, D., Hernandez, M., Esteve, T., Hoorfar, J. and Pla, M. (2003) A
rapid and direct real time PCR-based method for identification of Salmonella spp..
Journal of Microbiological Methods 54, 381-390.
Saikia, L., Sharma, A, Nath, R., Choudhury, G. and Borah, A.K. (2015) Salmonella
Weltevreden food poisoning in a tea garden of Assam: An outbreak investigation.
Indian Journal of Medical Microbiology 33, 503-506.
Salcedo, S.P. and Holden, D.W. (2003) SseG, a virulence protein that targets
Salmonella to the Golgi network. EMBO Journal 22, 5003-5014.
Salmon, D.E. (1884) The discovery of the germ of swine-plague. Science 3, 155-158.
Sandvang, D., Jensen, L.B., Baggesen, D.L. and Baloda, S.B. (2000) Persistence of a
Salmonella enterica serotype typhimurium clone in Danish pig production units and
farmhouse environment studied by pulsed field gel electrophoresis (PFGE). FEMS
Microbiology Letters 187, 21-25.
Scholz, H.C., Arnold, T., Marg, H., Rosler, U. and Hensel, A. (2001) Improvement of
an invA-based PCR for the specific detection of Salmonella typhimurium in organs of
pigs. Berliner Und Munchener Tierarztliche Wochenschrift Journal 114, 401-403.

67

Semenov, A.M., Kuprianov, A.A. and van Bruggen, A.H.C. (2010) Transfer of enteric
pathogens to successive habitats as part of microbial cycles. Microbial Ecology 60,
239-249.
Shah, D.H., Zhou, X., Addwebi, T., Davis, M.A., Orfe, L., Call, D.R., Guard, J. and
535 Besser, T.E. (2011) Cell invasion of poultry-associated Salmonella enterica
serovar 536 Enteritidis isolates is associated with pathogenicity, motility and proteins
secreted by 537 the type III secretion system. Microbiology 157, 1428-1445.
Shea, J.E., Hensel, M., Gleeson, C. and Holden, D.W. (1996) Identification of a
virulence locus encoding a second type III secretion system in Salmonella
typhimurium. Proceedings of the National Academy of Science of the United States of
America 93, 2593-2597.
Siriken, B. (2013) Salmonella Pathogenicity Islands. Mikrobiyoloji Bulteni 47, 181188.
Skov, M.N., Madsen, J.J., Rahbek, C., Lodal, J., Jespersen, J.B., Jorgensen, J.C., Dietz,
H. H., Chriel, M. and Baggesen, D.L. (2008) Transmission of Salmonella between
wildlife and meat-production animals in Denmark. Journal of Applied Microbiology
105, 1558-1568.
Solano, C., Garcìa, B., Valle, J., Berasain C., Ghigo, J. M., Gamazo, C. and Lasa, I.
(2002) Genetic analysis of Salmonella enteritidis biofilm formation: critical role of
cellulose. Molecular Microbiology 43, 793-808.

68

Spapen, H, Jacobs, R., Van Gorp, V., Troubleyn, J. and Honore, P.M. (2011) Renal
and neurological side effects of colistin in critically ill patients. Annals of Intensive
Care 1, 1-14.
Stecher, B., Robbiani, R., Walker, A.W., Westendorf, A.M., Barthel, M., Kremer, M.,
Chaffron, S., Macpherson, A.J., Buer, J., Parkhill, J., Dougan, G., von Mering, C. and
Hardt, W.D. (2007) Salmonella enterica serovar typhimurium exploits inflammation
to compete with the intestinal microbiota. PLoS Biology 5, 2177-2189.
Streckel, W., Wolff, A.C., Prager, R., Tietze, E. and Tschape, H. (2004) Expression
profiles of effector proteins SopB, SopD1, SopE1, and AvrA differ with systemic,
enteric, and epidemic strains of Salmonella enterica. Molecular Nutrition and Food
Research 48, 496-503.
Swanepoel, M. (1987) Salmonella isolated from rooibos tea. South African Medical
Journal 71, 369-370.
Teplitski, M., Barak, J.D. and Schneider, K.R. (2009). Human enteric pathogens in
produce: un-answered ecological questions with direct implications for food safety.
Current Opinion in Biotechnology 20, 166-171.
Troxell, B., Petri, N., Daron, C., Pereira, R., Mendoza, M., Hassan, H.M. and Koci,
M.D. (2015) The body temperature of poultry contributes to the control of invasion
through reducing expression of SPI-1 genes in Salmonella enterica serovars
Typhimurium and Enteritidis. Applied and Environmental Microbiology 1, 1-36.
Tsai, C.L., Burkinshaw, B.J., Strynadka, N.C.J. and Tainer, J.A. (2015) The
Salmonella Type III Secretion System Virulence Effector Forms a New Hexameric

69

Chaperone Assembly for Export of Effector/Chaperone Complexes. Journal of
Bacteriology 197, 672-675.
Tournas, V. and Katsoudas, E. (2008) Microbiological quality of various medicinal
herbal teas and coffee substitutes. Microbiology Insights 1, 47-55.
Tukel, C., Akcelik, M. de Jong, M.F., Simsek, O., Tsolis R.M. and Baumler, A.J.
(2007) MarT activates expression of the MisL autotransporter protein of Salmonella
enterica serotype typhimurium. Journal of Bacteriology 189, 3922-3926.
Uchiya, K., Barbieri, M.A., Funato, K., Shah, A.H., Stahl, P.D. and Groisman, E.A.
(1999) A Salmonella virulence protein that inhibits cellular trafficking. EMBO Journal
18, 3924-3933.
Uesugi, A.R., Danyluk, M.D., Mandrell, R.E. and Harris, L.J. (2007) Isolation of
Salmonella enteritidis phage type 30 from a single almond orchard over a 5-year
period. Journal of Food Protection 70, 1784-1789.
Uzzau, S., Marogna, G., Leori, G.S., Curtiss, R., Schianchi, G., Stocker, B.A. and
Rubino, S. (2005) Virulence attenuation and live vaccine potential of aroA, crp cdt
cya, and plasmid-cured mutants of Salmonella enterica serovar Abortusovis in mice
and sheep. Infection and Immunity 73, 4302-4308
van der Heijden, J., Bosman, E.S., Reynolds, L.A. and Finlaya, B.B. (2015) Direct
measurement of oxidative and nitrosative stress dynamics in Salmonella inside
macrophages. Proceedings of the National Academy of Sciences 112, 560-565.

70

Vandenberg, O., Nyarukweba, D.Z, Ndeba, P.M., Hendriksen, R.S., Barzilay, E.J.,
Schirvel, C., Bisimwa, B.B., Collard, J.M., Aidara, K.A and Aarestrup, F.M. (2010)
Microbiologic and clinical features of Salmonella species isolated from bacteremic
children in eastern Democratic Republic of Congo. The Paediatric Infectious Disease
Journal 29, 504-510.
Wang, H., Gill, V.S., Cheng, C.M., Gonzalez-Escalona, N., Irvin, K.A., Zheng, J.,
Bell, R.L., Jacobson, A.P. and Hammack, T.S. (2015) Evaluation and comparison of
rapid methods for the detection of Salmonella in naturally contaminated pine nuts
using different pre enrichment media. Food Microbiology 46, 58-65.
Wang, L., Ye, C., Xu, H., Aguilar, Z.P., Xiong, Y., Lai, W. and Wei, H. (2015)
Development of an SD-PMA-mPCR assay with internal amplification control for rapid
and sensitive detection of viable Salmonella spp., Shigella spp. and Staphylococcus
aureus in food products. Food Control 57, 314-320.
Wee, D.H. and Hughes, K.T. (2015) Molecular ruler determines needle length for the
Salmonella Spi-1 injectisome. Proceedings of the National Academy of Sciences 112,
4098-4103.
White, D.G., Zhao, S., Simjee, S., Wagner, D.D. and McDermott, P.F. (2002)
Antibiotic resistance of foodborne pathogens. Microbes and Infection 4, 405-412.
White, D.G., Zhao, S., Singh, R. and McDermott, P.F. (2004) Antimicrobial resistance
among gram-negative foodborne bacterial pathogens associated with foods of animal
origin. Foodborne Pathogens and Disease 3, 137-152.

71

WHO (2006). Guidelines for the safe use of wastewater, excreta and greywater.
Wastewater use in agriculture 2, Geneva, Switzerland.
Wiles, S., Ferguson, K., Stefanidou, M., Young, D.B. and Robertson B.D. (2005)
Alternative luciferase for monitoring bacterial cells under adverse conditions. Applied
and Environmental Microbiology 71, 3427-3432.
Wong, M. and Chen, S. (2013) First Detection of oqxAB in Salmonella spp. Isolated
from Food. Antimicrobial Agents and Chemotherapy 57, 658-660.
Wood, M.W., Jones, M.A., Watson, P.R., Hedges, S., Wallis, T.S. and Galyov, E.E.
(1998)

Identification

of

a

pathogenicity island

required

for

Salmonella

enteropathogenicity. Molecular Microbiology 29, 883-891.
Wray, C., and Sojka, W.J. (1977) Reviews of progress in dairy science: Bovine
salmonellosis. Journal of Dairy Research 44, 383-425.
Xie, J., Yi, S., Zhu, J., Li, P., Liang, B. and Li, H. (2015) Antimicrobial Resistance
and Molecular Investigation of H2S-Negative Salmonella enterica subsp. enterica
serovar Choleraesuis Isolates in China. PLoS ONE 10, 1-11.
Zhang, S., Kingsley, R.A., Santos, R.L., Andrews-Polymenis, H., Raffatellu, M.,
Figueiredo, J., Nunes, J., Tsolis, R.M., Adams, L.G. and Baumler, A.J. (2003)
Molecular pathogenesis of Salmonella enterica serotype typhimurium-induced
diarrhoea. Infection and Immunity 71, 1-12.
Zhang, S., Santos, R.L., Tsolis, R.M., Stender, S., Hardt, W.D., Baumler, A.J. and
Adams, L.G. (2002) The Salmonella enterica serotype typhimurium effector proteins

72

SipA, SopA, SopB, SopD, and SopE2 act in concert to induce diarrhea in calves.
Infection and Immunity 70, 3843-3855.
Zhang, Y., Higashide, W.M., McCormick, B.A., Chen, J. and Zhou, D. (2006) The
inflammation-associated Salmonella SopA is a HECT-like E3 ubiquitin ligase.
Molecular Microbiology 62, 786-79

73

CHAPTER 3
VIRUTYPING OF SALMONELLA STRAINS ISOLATED FROM
FERMENTED ROOIBOS
3.1

ABSTRACT

Aim: The objective of this study was to determine the prevalence of Salmonella
isolated from Rooibos tea. This experiment was designed to explore the
characterisation and genotyping of potential virulence genes associated with
Salmonella after natural fermentation of Rooibos tea.
Methods and Results: Rooibos samples from various farms were collected after
fermentation and post-pasteurisation from the processing plant. Salmonella detection
was carried out using traditional microbial methods based on the ISO (International
Organisation for Standarization 1993) method. To reduce the possibility of attaining
false negative results, a non-selective pre-enrichment, a selective enrichment and two
different selective media’s were used. Media for isolation included a pre-enrichment
in non-selective medium Buffered Peptone Water (BPW), selective enrichment in
Rappaport Vassiliadis broth (RV), sub-cultivation on Xylose Lysine Desoxycholate
(XLD) and Tryptic Soy agar (TSA). Virutyping of Salmonella genes was explored by
cultural dependent techniques. It was concluded that 26/60 isolates were confirmed to
be that of the Salmonella genus, totalled to 43 percent. This revealed that throughout
the processing of Rooibos, Salmonella contamination occurred. The overall prevalence
of virulence genes invA, sipA, sifA and ssaR from the Salmonella isolates was 19/60
(32 percent), 8/60 (13 percent), 7/60 (12 percent) and 6/60 (10 percent) respectively.
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Conclusion: The results revealed that unpasteurised herbal teas are potential
mechanisms of transmission of pathogenic Salmonella isolates; this could be linked to
the prevalence of salmonellosis and other Salmonella related infections. However the
samples from post-pasteurisation revealed no that no Salmonella was present, this
gives significant insight to the efficacy of the sterilization process. This study reports
the first data that validates the potential transmission of Salmonella strains harbouring
virulence determinants from herbal infusions to cause infections in humans,
specifically genes from SPI-1 and 2.
Significance and impact of study: Determining the prevalence of virulence genes of
Salmonella could be significant in predicting the risk of contracting salmonellosis from
food products. This study will lead to a better understanding of the fate of Salmonella
in the processing environment and it is the first to identify virulence genes in herbal
tea. Several studies of virulence determinants in Salmonella have focused on clinical
and veterinary strains only, but this study focused on virulence genes in Salmonella
isolated from plant material. To fully understand the scale of virulence in Salmonella,
and to combat this emergent problem, it is also vital to consider consumer exposure to
potential virulence genes present in food products. Furthermore, this study provides
evidence about the possible public health risks associated with unpasteurised herbal
teas. It is crucial to identify any trends in Salmonella-related infections by conducting
routine virutyping of genes. Currently, no reports have been published about virulence
genes in Salmonella, isolated from herbal teas in South Africa. Studies on these
virulence factors may provide new insights into the prevention and treatment of
salmonellosis. These virulence genes are involved in the intestinal phase of infection
and are located in SPI-1 and SPI-2. SPI’s generally take part in intracellular
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replication, as it interferes with host responses and favours Salmonella survival.
Regardless of the controls that have previously been set into place, Salmonella
infection that arises from contaminated food remains a great issue, with numerous
worldwide outbreaks occurring annually. Detection of Salmonella prior to
contaminated foods being consumed is therefore an indispensable attribute of
safeguarding public health and parenthetically preserving the statuses and affluences
of food manufacturers and processors. Scrutiny of Salmonella in all the various phases
of feed-food chain creates a vital component in the investigation of epidemiology of
foodborne salmonellosis, and in the progress and execution of proficient Salmonella
control stratagems.
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3.2

INTRODUCTION

Tea is a product of botanical origin, which is used for preparing a beverage or to be
prepared from such product. Aspalathus linearis is a well-known herbal tea, known as
Rooibos (Joubert and de Beer 2011). Aspalathin seems to have in vitro antioxidative
and antimutagenic effects (Hamilton-Miller 1995; Ivanova et al., 2005; Joubert and de
Beer 2011). In 2007, the Swiss Business Hub South Africa (Anon 2007) stated that,
‘Rooibos is seemingly headed to becoming the second most frequently consumed tea
beverage worldwide, after regular tea (Camellia sinensis)’ (Gouws et al. 2014).
Rooibos tea is well established in South Africa and it is enjoyed over an estimated 10.9
million households (Gouws et al. 2014). No deleterious effects of Rooibos have been
publicised from the nutritive aspect (Joubert and de Beer 2011). However, this may
well be fallacious when considering it from the microbial aspect of the plant and the
final product (Gouws et al. 2014). The outcomes of most studies express potential
health benefits of tea, when consumed, including prevention of cancer and heart
disease (Joubert and de Beer 2011; Omogbai and Ikenebomeh 2013).
However, there are risks involved with the microbial contamination and succeeding
adversative events. The reason of these adverse effects are common microbial
pathogens such as yeasts, moulds, Escherichia coli, Staphylococcus aureus,
Staphylococcus

epidermidis,

Bacillus

subtilis,

Pseudomanas

flourecens,

Pseudomonas aeruginosa, Klebsiella pneumoniae, Serratia marcenscens, and
Salmonella typhimurium; therefore, it is crucial to detect them in herbal teas (Omogbai
and Eze 2011; Omogbai and Ikenebomeh 2013). It is imperative to diminish such
contamination of food and the consequences of microbial growth (Joubert and de Beer
2011). Hence, microbiological standards have been set in South Africa (Foodstuff,
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Cosmetics and Disinfectants Act) (Anon 2008) and on the European market (European
Herbal Infusion Association (EHIA)) (Anon 2005). These standards provide
parameters for the allowed level of a microbe that can be present per gram of Rooibos
tea. South African standards enforce a sterner acceptance level, in comparison to
Europe (Gouws et al. 2014). Nonetheless, although the parameters vary between
Europe and South Africa, both have a zero tolerance for the presence of Salmonella in
Rooibos tea (Gouws et al. 2014).
Rooibos seeds are disseminated during the period of February to March and the seeds
are transplanted a few months after this. The plants requires at least 18 months to grow
and develop before it can be first harvested (Gouws et al. 2014; Joubert and de Beer
2011). During spring the plant produces a yellow flower containing legumes which
have a seed inside. These seeds are then released once ripened. No fungicides and
antibiotics are utilised during cultivation, pesticides are however used generously and
only, if required (Gouws et al. 2014; Joubert and de Beer 2011). The sheaves are then
cut for the final product, which is then bruised to trigger fermentation (Joubert and de
Beer 2011).
Rooibos is typically regarded as a herb, and as of late, herbs have been increasingly
recognised as potential sources of Salmonella outbreaks (Omogbai and Ikenebomeh
2013). Documented outbreaks by Franz and van Bruggen (2008) and Jacobsen and
Bech (2012) may well be associated with a change in consumer decree towards a
greater consumption of fresh fruits and vegetables (Lynch et al. 2009). Jacobsen and
Bech (2012) and Lynch et al. (2009) have detailed three stages in the management of
fresh produce where contamination is almost certainly to occur: Firstly in the field,
then for the duration of the initial processing and, thirdly, throughout the final
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preparation in the kitchen (Lynch et al. 2009). It is presumed that compost and
irrigation water are of the main sources of contamination of vegetation in the field
(Jacobsen and Bech 2012; Lynch et al. 2009).
Food animals are also commonly documented as carriers of Salmonella spp. (Jacobsen
and Bech 2012; Lynch et al. 2009). As soon as Salmonella discovers its mode to farm
areas, the risk of contamination will likely be contingent on its survival competencies
in compost, loam and in/on plants (Jacobsen and Bech 2012). Outbreaks that are
related to the survival of Salmonella in soil and the transference to water and to fresh
produce (Jacobsen and Bech 2012; Lynch et al. 2009) is necessary to control
salmonellosis. The contamination of fresh produce is can also be through water
splashes during the period of rain events (Jacobsen and Bech 2012). Fresh produce can
either be contaminated by cells attached to the surface, or by internal colonisation of
the plant cells (Jacobsen and Bech 2012; Noel et al. 2010).
As a foodborne pathogen, Salmonella causes gastroenteritis, bacteraemia, and
succeeding focal infections (Gouws et al. 2014; Jacobsen and Bech 2012).
Pathogenesis and immune responses related to Salmonella infections is influenced by
the infecting Salmonella serotype, virulence of the infected serovar and infected hosts,
genetics and immune responses (Deekshit et al. 2013; Que et al. 2013). Variations in
virulence among Salmonella serovar and in the course of Salmonella infections in
various host species, have been attributed to the variable acquisition and evolvement
of virulence genes (Deekshit et al. 2013).
In serovar Typhimurium, at least 80 different virulence genes have been identified. A
large part of these genes are clustered on the chromosome in SPIs (Karunasagar et al.

79

2012; Que et al. 2013). Currently, 17 SPIs have been identified (Deekshit et al. 2013;
Karunasagar, et al. 2012). From the total range of virulence genes, the attainment of
distinctive SPIs is predominantly reflected to have extended the adaptive mechanisms
of the diverse Salmonella serovars (Karunasagar et al. 2012), facilitating the crossing
of host barriers and the occupation of niches in new hosts (Deekshit et al. 2013; Que
et al. 2013).
SPI-1 has been related with the ability of Salmonella to penetrate the epithelium,
encodes genes essential for invasion of intestinal epithelial cells and induction of
intestinal secretory and inflammatory responses (Que et al. 2013). In contrast, SPI-2
encodes genes crucial for intracellular replication, but in the mouse enteric fever
model, it is needed for formation of systemic infection beyond the intestinal epithelium
(Forest et al. 2010).
These resilient pathogens are particularly challenging in an extensive variability of
immune-compromised persons, including (but not limited to) patients with
malignancy, HIV patients, or diabetes, and others receiving immunotherapy agents
(Abakpaa et al. 2015). The escalation in outbreaks is most likely allied with improved
surveillance, greater consumer demand and adjustment in production and distribution
(Jacobsen and Bech 2012). Therefore, it is important to meet the legislative
requirements for the production, import and export of tea, tea extracts and preparations
thereof, for handling it and introducing it on the market as is demarcated by the
legislation (Gouws et al. 2014).
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3.3

MATERIALS AND METHODS

3.3.1

Sample Collection of Rooibos tea

Sixty samples of Rooibos tea was collected from several different processing plants in
the Cederberg area (within the Western Cape region), from August to December
during 2013-2014. The samples were collected just after fermentation and drying;
several samples were assembled before, and others after, pasteurisation. The dried tea
leaves were then packaged into sterile whirl-pak bags and transported to the laboratory.
Samples were labelled according to its specific origin, with date of collection, prior to
and after pasteurisation. The samples were subjected to a controlled environment until
it arrived at the laboratory, where it was stored in a cool arid place for further analysis.

3.3.2

Bacterial Isolation of Salmonella

Salmonella strains were isolated according to the Standard ISO-6579 method
(International Organization for Standardization 1993), with some modifications. For
the pre-enrichment of Salmonella, 25g of each sample was homogenised in sterile bags
with 225ml of BPW (Merck Biolab) and incubated at 37°C for 18-24 hours. Following
the incubation, 0.1ml of PBW was added to 10ml of RVS broth (Merck Biolab)
followed by further incubation at 41.5°C for 24 hours. A loopful of culture was then
taken from the selective enrichment RVS broth, streaked onto XLD (Merck Biolab),
and incubated at 37°C for 24 hours. Subsequent to incubation, the black colonies,
indication of Hydrogen sulfide production, were assumed to be presumptive positives
of Salmonella. The colonies were then re-streaked onto TSA (Merck Biolab) which
was incubated for 24 hours at 37°C.

81

Several single colonies were inoculated into Tryptic Soy broth (TSB) (Merck Biolab)
to characterise each Salmonella isolate culture for further identification. The isolates
were then subjected to Gram stain analysis to confirm Gram reaction and morphology.
The biochemical analysis of each isolate was done, as a confirmatory test using the
API 20E (analytical profile index) (BiomerieuX) system for accurate identification and
confirmation.

3.3.3

Characterisation and Virutyping of Salmonella Genes

3.3.3.1 Biochemical Confirmation of Salmonella
Biochemical identification of Salmonella isolates was performed by utilising the API
20E system (BiomerieuX) for characterisation and confirmation. The API 20E system
(BiomerieuX) is a plastic strip that consists of 20 microtubes, containing parched
substrates (Murray, 1979). The API 20E (BiomerieuX) was ultimately developed for
the identification of Enterobacteriaceae and it includes various tests such as: onitrophenile-β-D-galactosidase, arginine dihydrolase, lysine decarboxylase, ornithine
decarboxylase, citrate utilisation, hydrogen sulphide production, urease, tryptophan
deaminase, indole production, acetoin production by the Voges-Proskauer test,
gelitinase and fermentation of glucose, mannose, inositol, sorbitol, rhamnose, sucrose,
melibiose, amygdaline and arabinose. One colony representing a presumptive
Salmonella isolate was re-suspended in deionised water and this was inoculated into
the API 20E (BiomerieuX) test strips. This was done according to the manufacturer’s
instructions to identify the Gram negative organism.
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3.3.3.2 Salmonella DNA Extraction
For DNA extraction, the cells were streaked onto TSA; then, a couple of single isolates
was suspended in 200µl phosphate buffered saline solution (PBS). The ZR
Fungal/Bacterial DNA MiniPrep Kit™ (Zymo Research Corporation) was utilised
according to the manufacturer’s recommendations, then further subjected to PCR
amplification.

3.3.3.3

PCR Detection of Salmonella (ST11 and ST15)

PCR was performed to amplify a 429bp portion of a Salmonella specific gene by using
the primers ST11 and ST15 (Table 3.1). These primers were specific to the Salmonella
genus (Table 3.1) (Aabo et al. 1995). Reference strain S. enterica ser. Typhi (ATCC
14028) was used as a positive control, whereas water and Staphylococcus aureus
(ATCC 25923) was used as negative controls in this study. Negative and positive
controls were utilized for amplication of every sample, and also for all genes. The
positive control was (ATCC 14028) previously cultured Salmonella.

Table 3.1: Primer set for the amplification of Salmonella spp

Source: Aabo et al. (1995)
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For a 25µl reaction, the mixture was composed of: 5X MyTaq reaction buffer
(Bioline), 1U MyTaq DNA polymerase (Bioline), 1µl DNA and 0.3µM of each primer
(ST11 and ST15) (Whitehead Scientific) with the addition of Milli-Q (Merck).
Amplification was carried out in the T100TM Thermal Cycler (Bio-Rad) with the
following program: initial denaturation at 94°C for two minutes, followed by 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, extension at
72°C for 30 seconds, and a final extension step at 72°C for ten minutes.
3.3.3.4 PCR Detection of Salmonella Virulence Genes (in SPI-1 and 2)
To determine the temperature which was optimal for primer annealing and extension,
gradient PCR was employed using the T100 TM Thermal Cycler (Bio-Rad). The
amplification of genes: SPI-1, invA: 2.168kb, sipA: 3.24kb and SPI-2, sifA: 1kb, ssaR:
1.628kb (Hu et al. 2008) was carried out in the T100TM Thermal Cycler (Bio-Rad)
(Table 3.2). Optimal annealing temperatures was observed between 47 and 60°C. S.
enterica ser. Typhi (ATCC 14028) was used as a positive control and Staph. aureus
(ATCC 25923) was used as a negative control. Negative and positive controls were
utilized for amplication of every sample, and also for all genes. The positive control
was (ATCC 14028) previously cultured Salmonella.
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Table 3.2: SPI-1 and 2 Primers

Source: Hu et al. (2008)
For a 20µl reaction, the mixture was composed of: 5X MyTaq reaction buffer
(Bioline), 1U MyTaq DNA polymerase (Bioline), 1µl DNA and 0.2µM of each primer
(Whitehead Scientific) with the addition of Milli-Q (Merck). Amplification was
carried out in a T100TM Thermal Cycler (Bio-Rad) with the program depicted in Table
3.2 (Hu et al. 2008) with slight modifications.
3.3.4

Agarose Gel Electrophoresis

Subsequently, the DNA that was amplified from the PCR was electrophoresed on
agarose gels. 2.5µl of the final product with the addition of 1µl loading dye, was
resolved into amplified fragments by electrophoresis on a 1 percent agarose gel at 80V
for 1.5 hours. To estimate the molecular weights of fragments, a 1kb and 100bp
molecular weight ladders was run on each of the respective gels. The agarose gels were
then immersed in a 3X gel red solution as a post staining procedure for about 30
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minutes. The amplicons were then observed using UV illumination (AlphaInnotech
Corporation) and the photographs were acquired utilising AlphaEase FC™ software
(version 4.0.0).
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3.4

RESULTS AND DISCUSSION

Table 3.3: Salmonella biochemical confirmation using the API 20E system
Isolate Number

Biochemical Confirmation

2

Salmonella spp.

2A

Salmonella spp.

3

Salmonella spp.

3B

Salmonella spp.

4

Salmonella spp.

4A

Salmonella spp.

7

Salmonella spp.

7A

Salmonella spp.

8

Salmonella spp.

9

Salmonella spp.

9A

Salmonella spp.

11

Salmonella spp.

11B

Salmonella spp.

12B

Salmonella spp.

13

Salmonella spp.

13A

Salmonella spp.

14

Salmonella spp.

14A

Salmonella spp.

15A

Salmonella spp.

16A

Salmonella spp.

17

Salmonella spp.

18

Salmonella spp.

20

Salmonella spp.

54 (1)

Salmonella spp.

54 (6)

Salmonella spp.

54 (7)

Salmonella spp.
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Table 3.3 indicates that the isolates were confirmed to be that of the Salmonella genus.
API tests base its confirmation solely on biochemical characteristic and as a result it
would merely define the bacterium on a genus level; additional testing can be utilised
for the identification of species. Salmonella was shown to be present in Rooibos
throughout processing and fermentation (Table 3.3). This is, however, not considered
to be that imperative as the final product is pasteurised and no Salmonella was detected
in the post-pasteurised Rooibos samples in this study. Most of the microorganisms
should have therefore been eradicated, thereby reducing the risk for pathogen
detection. This proves that the sterilization process is quite effective. However these
results show implications for possible public health risks associated with unpasteurised
herbal teas. For the purpose of this study only Salmonella strains were isolated,
however according to API 20E system there were quite a few Klebsiella pneumoniae
isolates detected in the Rooibos samples. Although K. pneumoniae is found in the
normal flora of the mouth, skin and intestines, it could cause destructive changes to
human and animal lungs resulting in bloody sputum. K. pneumoniae occurs naturally
in the soil and it has been shown to increase crop yields in agricultural conditions
(Ryan and Ray 2004).
Up to now, over 2 610 serovars of S. enterica have been recognised worldwide,
and virtually all are capable of causing illness in humans and animals
(Guibourdenche et al. 2010). Salmonella has the ability to spread between hosts; for
instance, bacteria can channel from septic farm animals to fresh produce as a result of
field fertilisation with raw, contaminated manure and Salmonella can penetrate,
inhabit and persist on plants (Davies and Wray 1995; Schikora et al. 2011).
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Despite the frequency of Salmonella in the environment, low-moisture foods, such as
dried herbs and spices, are not conventionally considered as high risk with respect to
salmonellosis because the low water activity is a barrier for bacterial growth (Keller et
al. 2015). There have been at least two documented outbreaks of salmonellosis related
to herbal teas. In 2003, a cluster of S. enterica ser. Agona infections, mainly amongst
infants, occurred in Germany (Koch et al. 2005). These infections were linked with
the consumption of herbal tea containing aniseed. A second outbreak caused by S.
enterica ser. Senftenberg was associated with the consumption of fennel seed tea; this
occurred in Serbia from March 2007 to September 2008 (Llic et al. 2010).
According to a survey done by Zweifel and Stephan (2012), of 374 samples of herbal
tea, 1.3 percent was contaminated with Salmonella. The incidence of Rooibos tea has
been reported to be high; 20-100 percent of South African Rooibos samples tested was
contaminated with several serovars of Salmonella (Mossel and Struijk 1991).
In this study, 60 samples of Rooibos tea were tested; 43 percent was contaminated
with Salmonella spp., following isolation and identification (Table 3.3). Omogbai and
Ikenebomeh (2013) isolated S. enterica ser. Typhimurium (3 percent), from 26
samples of herbal tea. A study performed by Keller et al. (2015), showed that all
brewed teas (chamomile, peppermint, and green tea) tested supported the growth of
Salmonella. It was suggested that, if Salmonella can survive after storage, it could also
survive and propagate after a home brewing process (Keller et al. 2015).
South Africa produces approximately 15 000 - 20 000 tons of Rooibos tea annually,
with 6 000 tons being consumed locally and the remainder being exported. In South
Africa, Rooibos tea fills roughly 17-20 percent of the available shelf space (Anon
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2014). During the processing of Rooibos, the presence of microbes is likely;
nonetheless, when pathogens are identified, awareness needs to be implemented,
although we would like the product to be without any foodborne pathogens, even
before pasteurisation.

Figure 3.1: Gel electrophoresis pattern - 429bp
Figure 3.1 Representative gel showing amplification of PCR product, with primer set
ST11 and ST15, 429bp, as analysed on a 1.5 percent agarose gel. Lane M: DNA ladder
(Thermo Scientific GeneRuler 1kb); lane one: S. enterica ser. Typhi (ATCC 14028);
lanes two-eight: Salmonella isolates with ST11 and ST15 primer set taken from
Rooibos tea; lane nine: water (negative control); lane ten: Staph. aureus (ATCC
25923) (negative control) and lane M: DNA ladder (Thermo Scientific GeneRuler
1kb).
The golden standard for Salmonella PCR detection is the 429bp amplification band
(Aabo et al. 1995) (Figure 3.1). This fragment was identified in all 26 Salmonella
isolates from Rooibos, which was already confirmed by biochemical testing. The ST11
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and ST15 primer set was very discriminating, as only the Salmonella genes were
amplified. The negative control was therefore not amplified, and the positive control
demonstrated that the PCR for 429bp gene was specific and herein confirms that the
bacteria isolated was that of the genus Salmonella (Figure 3.1).
Inadequate procedures of cultivation and storage, improper treatment, unsatisfactory
transportation, long-term desiccation, pitiable hygiene at production level and natural
climatic conditions could all cause the Rooibos plants to be susceptible to microbial
contaminants (Stevic et al. 2012),
A variety of environmental sources could have been implicated in the contamination
of the Rooibos tea in this study. Rooibos tea, like any other herbal product, naturally
contains a high microbial load. However, downstream processing stages of this
product should generally help in diminishing any contaminants present. A study
conducted by Du Plessis and Roos (1986), this demonstrates the influence of
fermentation on microbial growth. Their data showed that the colony count of Rooibos
tea artificially spiked with E. coli and S. enterica ser. Enteritidis, augmented from 104
CFUg−1 to 108 CFUg−1 subsequent to fermentation for both microorganisms tested (Du
Plessis and Roos 1986).
The presence of Salmonella in Rooibos is not well understood. The literature currently
accessible is also limited and out-of-date. Studies have identified the presence S.
enterica ser. Enteritidis and S. enterica ser. Lindrick from fermentation heaps (after 23
hours) throughout processing. S. enterica ser. Greiz was also isolated from the product
after a two minute steam pasteurisation procedure (Du Plessis and Roos 1986).
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The first outbreak of salmonellosis associated with consumption of plant products was
documented in Vojvodina, Serbia. This occurred from March 2007-September 2008.
Fourteen cases of S. enterica ser. Senftenberg infection was reported. Outbreaks
related to leafy greens from the period 1973-2006, revealed 502 outbreaks, more than
18 000 illnesses, and 15 deaths, with 35 of the outbreaks caused by Salmonella; this
was reported by the CDC (Herman et al. 2008). At least 12 outbreaks have been
associated with tomatoes contaminated with Salmonella (more than 1 600 cases) since
2000, and three outbreaks related to Salmonella contaminated cantaloupes (72 cases)
(CDC 2003). However, there are currently no reported outbreaks of salmonellosis that
was traced to Rooibos.
The percentages of Salmonella positives from 774 samples on leafy vegetables in eight
distinct studies were 0 (0/151), 0 (0/63), 0.6 (1/159), 0.9 (1/116), 3.5 (2/57), 6.3 (5/80),
7.1 (2/28), and 68 percent (82/120) (Castillo et al. 2004; Froder et al. 2007; Harris et
al. 2003), in comparison to this study 26/60 (43 percent) which is relatively high
considering the amount of samples tested.
A study conducted by Gemmell and Schmidt (2012) recognised potential relationships
between river water quality and the microbiological quality of vegetation that is
irrigated with this water (De Bon et al. 2010; Drechsel et al. 2006; Obi et al. 2002).
Consequently, the farming sector is under increased pressure to generate adequate
magnitudes of food to sustain the rising demand (Addo 2010; Costello et al. 2009; De
Bon et al. 2010; Schaefer 2008).
In South Africa, the majority of mortalities among 1-14 year olds in 2009 was caused
by intestinal infectious diseases (Statistics South Africa 2013), emphasising the
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possible risks of consuming products contaminated by wastewater. However, farmers
generally use fresh water for irrigation purposes. In this perspective, it is of
significance to note that South Africa has been recognised as the country with the
highest prevalence of typhoid fever in Africa (Crump et al. 2004). To facilitate
microbiologically safe production of fresh produce in a short duration, providing
small-scale farmers with microbiologically safer drip irrigation systems could be a
footstep in the right direction. River water needs improved water treatment facilities
and adequate sanitation systems if it is used for irrigation(Gemmell and Schmidt 2013)
to reduce the manifestation of microbial pathogens in wastewater or contaminated
water sources (Mrayyan 2005). The presence of faecal contamination is detected by
selected indicator microbes that are frequently used in risk assessments (Maimon et al.
2010). The presence of faecal coliforms is generally supposed to identify the possible
presence of other faecal pathogens such as Salmonella spp., Shigella spp. or
pathogenic strains of E. coli which is often found on plant material including Rooibos
(DWAF 1996; Maimon et al. 2010; Mara et al. 2007; WHO 1989, 2006).
Workers’ hygiene is also influenced by the accessibility and user-friendliness of wash
and lavatories on the farms, and proper training of staff. Another concern is the
incidence of sick workers in the fields which could also be one of the reasons for the
occurrence of Salmonella in this study (CDC 2003; FAO/WHO 2008; Herwaldt et al.
1997). This underlines the necessity for compulsory health screening. Rooibos, with
its comprehensive appeal and usage by worldwide population groups, including highrisk individuals, initiates public safety concerns calls for further microbiological
evaluation of the product.
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Figure 3.2: Gel electrophoresis pattern - 2168bp
Figure 3.2. Representative gel showing amplification of PCR product, with primer
invA, 2168bp, from SPI-1 of the Salmonella isolates, as analysed on a 1 percent
agarose gel. Lane M: DNA ladder (Thermo Scientific GeneRuler 1kb); lane one: S.
enterica ser. Typhi (ATCC 14028); lanes two-eight: Salmonella isolates with invA
gene extracted from Rooibos tea after fermentation; lane nine: water (negative
control); lane ten: Staph. aureus (ATCC 25923) (negative control) and lane M: DNA
ladder (Thermo Scientific GeneRuler 1kb).
This virulent chromosomal gene, invA was depicted on a representative gel (Figure
3.2). InvA is recognised as a universal standard for detection of Salmonella genus
(Lhocine et al. 2015; Mezal et al. 2013; Troxell et al. 2015; Wang et al. 2015). The
invA gene of Salmonella comprises sequences exclusive to this genus and has been
proved to be a suitable PCR target with potential diagnostic application (Anderson et
al. 2011; Hu et al. 2008; Lhocine et al. 2015; Mezal et al. 2013).
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Figure 3.3: Gel electrophoresis pattern - 3240bp
Figure 3.3. Representative gel showing amplification of PCR product, with primer
sipA, 3240bp, from SPI-1 of the Salmonella isolates, as analysed on a 1 percent agarose
gel. Lane M: DNA ladder (Thermo Scientific GeneRuler 1kb); lane one: S. enterica
ser. Typhi (ATCC 14028); lanes two-eight: Salmonella isolates with sipA gene
extracted from Rooibos tea after fermentation; lane nine: water (negative control); lane
ten: Staph. aureus (ATCC 25923) (negative control) and lane M: DNA ladder (Thermo
Scientific GeneRuler 1kb).
Salmonella invasion protein A (sipA) as depicted on a representative gel (Figure 3.3),
is a secreted effector crucial for the proficient invasion of intestinal epithelial cells
within SPI-1 (Hur and Lee 2011; Lhocine et al. 2015; Raffatellu et al. 2005; Wang et
al. 2015).
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Figure 3.4: Gel electrophoresis pattern - 1000bp
Figure 3.4. Representative gel showing amplification of PCR product, with primer
sifA, (1000bp), from SPI-2 of the Salmonella isolates, as analysed on a 1 percent
agarose gel. Lane M: DNA ladder (Thermo Scientific GeneRuler 1kb); lane one: S.
enterica ser. Typhi (ATCC 14028); lanes two-eight: Salmonella isolates with sifA gene
extracted from Rooibos tea after fermentation; lane nine: water (negative control); lane
ten: Staph. aureus (ATCC 25923) (negative control) and lane M: DNA ladder (Thermo
Scientific GeneRuler 1kb).
Figure 3.4 shows the detection of the secreted effector protein, sifA, isolated from
Salmonella on a representative gel. This serovar Typhimurium effector protein
regulates the assembly and tubulation of the Salmonella phagosome Drecktrah et al.
2008Hur and Lee, 2011; Rajashekar et al. 2008; van der Heijden et al. 2015).
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Figure 3.5: Gel electrophoresis pattern - 1628bp
Figure 3.5. Representative gel showing amplification of PCR product, with primer
ssaR, 1628bp, from SPI-2 of the Salmonella isolates, as analysed on a 1 percent
agarose gel. Lane M: DNA ladder (Thermo Scientific GeneRuler 1kb); lane one: S.
enterica ser. Typhi (ATCC 14028); lanes two: S. enterica ser. Enteritidis (ATCC
13076); lane three-eight: Salmonella isolates with ssaR gene extracted from Rooibos
tea after fermentation and lane nine: Staph. aureus (ATCC 25923) (negative control).
SsaR is a secretion system apparatus protein depicted on a representative gel (Figure
3.5), it is a component critical for the SPI-2 T3SS apparatus (Hur et al. 2011). It is
usually associated with survival and replication within host cells (Fass et al. 2009;
Giacomodonato et al. 2007; Hu et al. 2008; McGhie et al. 2009; Zou et al. 2012).
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Table 3.4: Salmonella virulence-related genes isolated from fermented Rooibos

+

/ - = tested positive/ negative for virulence gene.

Salmonella spp. involves several genes for complete virulence as it exhibits a
multifaceted set of interactions in its host. Most of these genes are located in
‘pathogenicity islands’ gathered on the chromosome in specific regions (Callewaert et
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al. 2008). Table 3.4 indicates the presence or absence of virulence genes from
Salmonella in Rooibos.

Table 3.5: Frequency of virulence-related genes in Salmonella isolated from
fermented Rooibos
Virulence Genes

Number of Positive

Overall b % Prevalence

Strains (%)

b

invA

19/26 (73.1)

31.7

sipA

8/26 (30.8)

13.3

sifA

7/26 (26.9)

11.7

ssaR

6/26 (23.1)

10

= against all samples. The total number of samples was 60, and this was used to calculate the
overall

b

% prevalence

The virulence gene, invA, frequency amongst the 26 isolates totalled to 73.1 percent
(Table 3.5). Virulence genes that participate in the intestinal phase of infection are
found in SPI-1 and SPI-2 and the remaining SPIs are required for intracellular survival,
fimbrial expression, magnesium and iron uptake, multiple antibiotic resistances and
the development of systemic infections (Almeida et al. 2013; Campioni et al. 2012;
Hapfelmeier et al. 2004).
Additionally to invasion, SPI-1 also takes part in intracellular replication, interferes
with host responses and favours Salmonella survival (Hur et al. 2011; Zou et al. 2012).
This occurrence is, however, not restricted to animals. Salmonella isolated from
Arabidopsis thaliana leaves maintain similar virulence towards animals. This indicates
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that illness or diseases may possibly be developed from contaminated plants; however,
it is unclear how encoded effectors correlate with plants (Schikora et al. 2011).
Eight of the 26 Salmonella positive isolates harboured the Salmonella invasion protein
A gene, sipA, (30.8 percent) and the overall prevalence of sipA was 13.3 percent (Table
3.5). It was suggested that, by modulating actin dynamics, sipA might focus F-actin at
the point of bacterial entry and contribute to membrane ruffle formation by promoting
their outward extension (Lhocine et al. 2015). Moreover, sipA has been revealed to
disrupt constricted junctions of diverged epithelia (Hur and Lee 2011), a process
suggested to be required for the development of diarrhoeal disease (Boyle et al. 2006).
Formerly, SPI-1 was thought to be vital for intestinal Salmonella pathogenicity.
However in 2008, Hu et al. showed that SPI-1-deficient S. enterica serovars caused
human enteropathogenic infection. Furthermore, intestinal inflammation in animal
prototypes of S. enterica infection has been shown to occur in the absence of SPI-1, in
a manner dependent on SPI-2 (Coombes et al. 2005; Hapfelmeier et al. 2005; Hu et
al. 2008). Even though there are variances concerning the bovine and murine
infections described, the development of SPI-1-independent Salmonella enterocolitis
possibly will characterise a comparable process. Detecting which virulence factors are
involved in SPI-1-independent human intestinal salmonellosis will now be a
fascinating and significant opportunity of investigation.
InvA has previously been used as the molecular marker of Salmonella diagnosis
(Arnold et al. 2004; Barthel et al. 2003; Bulte and Jakob 1995; Chiu and Ou 1996;
Cocolin et al. 1998; Cocolin and Comi 1998; Malorny et al. 2003; Ochman and
Groisman 1996; Pathmanathan et al. 2003; Perelle et al. 2004; Raffatellu et al. 2005;
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Rahn et al. 1992; Scholz et al. 2001; Troxell et al. 2015); however, one should reevaluate molecular detection techniques for Salmonella that are based on the absolute
presence of SPI-1 in human disease-causing strains of S. enterica.
Biochemical tests and PCR confirmed that all the isolates were Salmonella serovars.
However, some isolates lacked genes critical for SPI-1 function (Table 3.5) Salmonella
strains that lack the invasion-associated locus SPI-1 have been previously isolated
from foodborne disease outbreaks; this indicates that SPI-1 is not necessarily needed
for human gastroenteritis (Hu et al. 2008).
Table 3.5 shows the prevalence of the secreted effector protein, sifA, isolated from
SPI-2, which totals to 26.9 percent. SPI-2 also encodes a T3SS, regulatory proteins
and effector proteins essential for systematic infection (van der Heijden et al. 2015).
Genetically, SPI-2 encodes 31 virulence genes. These 31 virulent SPI-2 associated
genes are organised in at least four operons (Almeida et al. 2013; Campioni et al.
2012). SifA is encoded by a gene located in the potABCD operon (Hur and Lee 2011).
A specific hallmark of Salmonella is the expression of a functionally diverse second
T3SS encoded by SPI-2 (Shah et al. 2011). This SPI-2 locus has been recognised by
using the signature tagged mutagenesis method to the systemic mouse model (Hu et
al. 2008). Comprehensive studies also exposed a diminished colonisation rate of the
spleen and liver of a SPI-2 mutant, in comparison to exponentially growing wild-types;
henceforward, the island was primarily associated with systemic infections (van der
Heijden et al. 2015).
Currently, a function of SPI-2 has been exposed in the stimulation of enterocolitis
(Coburn et al. 2005; Hapfelmeier et al. 2005). This locus, in vitro, is merely of minor
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significance for intracellular phenotypes. A 10-fold lowered rate of intracellular
replication has been monitored in cell culture models (Hensel et al. 1998). SPI-2
activity promotes functional sequestration of the bacterium enclosing membranebound vesicle from the regular endocytic pathway with the purpose of establishing an
intracellular niche for bacteriological survival, killing resistance and duplication, the
supposed SCV (van der Heijden et al. 2015).
The sif are prolonged from the SCV to create an intracellular network (van der Heijden
et al. 2015). SifA are effectors translocated outside of the SPI-2 locus which are
restricted to the SCV and involved in the induction of sif (Henry et al. 2006; Knodler
and Steele-Mortimer 2005; van der Heijden et al. 2015). The binding of kinesin via
SKIP and sseJ reveals a necessity for sifA to instigate sif formation (Ohlson et al.
2008).
Only six of the 26 Salmonella positive isolates harboured the ssaR gene (10 percent)
(Table 3.5). SPI-2 mutants were detected in primary macrophages and numerous
macrophage-like cell lines, as well as in epithelial cell lines previously (Cirillo et al.
1998; Hensel et al. 1998; Ochman and Groisman et al. 1996). Also, ssaR mutants of
serovar Typhimurium are flawed in intracellular replication in murine macrophages,
are weakened in BALB/c mice and are incapable of secreting SPI-2 effectors
(Coombes et al. 2005; Shea et al. 1996). Wild-type serovar Typhimurium or isogenic
mutants deficient in ssaR (SPI-2 secretion system defective) have previously been
described (Brumell et al. 2001; Hoiseth and Stocker 1981; Hur et al. 2011; Zou et al.
2012).
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Forest et al. (2010) revealed that none of the particular deletion mutations in SPI-2T3SS-encoding genes (including ssaR) altered bacterial uptake or survival, as the
amount of bacteria detected at various intervals (subsequent to infection) was
comparable to that of the wild-type strain. Astonishingly, mutations in ssaR (basal
component) which revoke SPI-2 T3SS function or expression, did not influence
serovar Typhi uptake and survival in human cells. Akiyama et al. (2011) and Mezal et
al. (2013), also recently showed that the isolates from the environment carried
virulence genes similar to clinical isolates, which is responsible for causing human
infections.

Figure 3.6. The overall prevalence of SPI-1 and 2 genes in Salmonella isolated
from fermented Rooibos
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The overall prevalence of invA, sipA, sifA and ssaR was 32 percent, 13 percent, 12
percent and 10 percent respectively (Figure 3.6) and 3.3 percent of the isolates
contained all the virulent genes tested. 33 percent of the Salmonella isolates lacked the
specified SPI-1 and 2 genes. Smith et al. (2015) showed the prevalence of the invA
gene to be 38.6 percent, in comparison to 32 percent in this study (Figure 3.6).
However, in a recent study from Korea, the prevalence of the invA gene was about 96
percent (Mezal et al. 2013). The use of invA gene for Salmonella detection in food
samples is suggested; however, according to a study by Smith et al. (2015), the
majority of the isolates lacked the virulence-related genes described. One possibility
could be that not all isolates comprise virulent plasmids, as lower proportions were
described in some studies for the plasmid virulence genes (Gorman 2000; Mezal et al.
2013; Todd et al. 2008).
Among 25 strains isolated in 2000-2001, 100 percent carried the sipA gene, and
amongst 17 strains isolated in 2005-2006 approximately 90 percent carried sipA (Hur
and Lee 2011). However, in this study, only 13 percent of the isolates carried the sipA
gene (Figure 3.6). The presence of SPI-1-deficient strains of S. enterica serovars in
various environmental reservoirs, including livestock feed and aquatic environments,
has been previously reported in literature (Hu et al. 2008; Rahn et al., 1992). These
strains, however, are revealed as having reduced invasiveness in vitro, and were
considered to be improbable that they would cause human infection due to the
weakening of invasion and the conjectured requisite for SPI-1 for in vivo intestinal
pathogenesis (Hu et al. 2008).
PCR analysis revealed that among 25 Salmonella positive isolates in 2000-2001, 96
percent carried the sifA genes (Hur and Lee 2011); however, in this present study, sifA
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was only detected in 12 percent of the isolates (Figure 3.6). SifA is translocated across
the membrane of the SCV by the SPI 2-encoded T3SS; SPI-1 and 2 genes are regulated
differentially, and respond to numerous environmental signals. Mutant strains lacking
these SPI-2 genes encoded within this region are highly weakened, subsequent to
intraperitoneal, circulatory or oral infection of mice, whereas SPI-1-lacking mutant
strains are only weakened after it is orally administrated (Hu et al. 2008; Shea et al.
1996). This data was confirmed by directed mutagenesis. SPI-2 is relatively conserved
amongst the S. enterica subspecies; however, it is absent in S. bongori (Hu et al. 2008).
Among 25 strains isolated in 2000-2001, 100 percent carried the ssaR gene, and
amongst 17 strains isolated in 2005-2006 approximately 90 percent carried ssaR gene
(Hur and Lee 2011). In another study of 42 Salmonella positive isolates, only 14
percent contained the ssaR gene (Hu et al. 2008), which is somewhat comparable to
this study as only 10 percent contained ssaR genes (Figure 3.6). Forest et al. proposed
in 2010 that the SPI-2 T3SS of serovar Typhi is not essential for survival in human
macrophages. However, serovar Typhimurium strains lacking SPI-2 are highly
attenuated in the murine systemic infection model (Hensel et al. 1998; Shea et al.
1996).
Salmonella, lacking SPI-2 genes, was observed throughout survival in whole human
blood, invasion and survival of human epithelial cells. It is probable that SPI-2
effectors may be translocated by the SPI-1 T3SS when the SPI-2 T3SS is mutated,
but a double SPI-1 (invA)/SPI-2 (ssaR) mutant in serovar Typhi survives and
replicates to a level similar to that of the isogenic wild-type strain (Forest et al.
2010), and for this reason the lack of these virulence related genes in Salmonella
isolates should not be considered as non-pathogenic strains.

105

3.5

SUMMARY

Recently, promotion of healthier regimes for public wellbeing and consumer demands
has led to increased consumption of herbal teas. This trend could also be related to the
increase in the amount of outbreaks recorded of foodborne diseases and illnesses.
Based on these results, it cannot be assumed that the Rooibos teas available on the
market are safe for consumption. Even though the tea has not been pasteurised yet, the
alarming presence of Salmonella throughout fermentation is intolerable. As some
strains such as serovar Senftenberg has a much higher heat resistance than most other
Salmonella serotypes, it might not be killed during pasteurisation. Current outbreaks
of serovar Senftenberg infection resulted from consumption of fresh produce and
partially processed foods. Therefore, products processed from plant material should
endure more rigorous testing for pathogens, or improved approaches of infection
control must be expended. The European Food Safety Authority has stated that all
herbs or herbal preparations might become perilous as a result of flaws in the
production procedure; for that reason, companies should follow the Hazard Analysis
and Critical Control Point (HACCP) systematic approach. To diminish potential risks,
economical and effectual methods to decrease microbial loads in contaminated water
used for irrigation must be applied. Maintaining good manufacturing and hygiene
practices with the use of HACCP at farming, harvesting and processing of material is
indispensable. Cold atmospheric gas plasma treatment can be used as an alternative
method for the decontamination of fresh and nominally processed food. The presence
of the virulence genes that were investigated in this study highlights the pathogenic
potential of the Salmonella strains, which causes disease in humans. Determining the
prevalence of virulence genes of Salmonella is significant in predicting the risk of
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contracting salmonellosis from food products. Several studies of virulence
determinants in Salmonella have focused on clinical and veterinary strains only, but
this study focused on virulence genes in Salmonella isolated from plant material. To
fully understand the scale of virulence in Salmonella and to combat this emergent
problem, it is also vital to consider consumer exposure to potential virulence genes,
present in food products. Furthermore, this study provides evidence about the possible
public health risks associated with unpasteurised herbal teas. However, the relatively
low frequency of these virulence genes should not disregard the fact that Salmonella
is present in these Rooibos samples, and according to legislation Salmonella should be
absent in 25g. This product should be free from pathogens and the microbiological
status of the tea should be acceptable (according to the regulations), to not only ensure
high-quality tea but also that which is safe to consume. It is important to identify any
trends in Salmonella related infections by conducting routine virutyping of genes.
Regardless of the controls that have previously been set into place, Salmonella
infection that arises from contaminated food remains a great issue, with numerous
worldwide outbreaks occurring annually. Detection of Salmonella prior to
contaminated foods being consumed is therefore an indispensable attribute of
safeguarding public health and, parenthetically, preserving the statuses and affluences
of food manufacturers and processors. Scrutiny of Salmonella in all the various phases
of feed-food chain creates a vital component in the investigation of epidemiology of
foodborne salmonellosis, and in the progress and execution of proficient Salmonella
control stratagems.
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CHAPTER 4
ANTIBIOTIC RESISTANCE OF SALMONELLA STRAINS
ISOLATED FROM FERMENTED ROOIBOS

4.1

ABSTRACT

Aim: The objective of this study was to determine the level of antibiotic resistance in
Salmonella isolated from Rooibos tea.
Methods and Results: Rooibos samples from various farms were collected, after
fermentation from the processing plant. Salmonella detection was carried out using
traditional microbial methods based on the ISO method. Eight different antibiotics i.e.
ampicillin, tetracycline, kanamycin, streptomycin, nalidixic acid, sulphafurazole,
chloramphenicol and ceftriaxone, all which are conventionally used against
Salmonella, were evaluated for antimicrobial resistance. The bactericidal resistance
of the selected antibiotics were determined by disk diffusion assays. Antimicrobial
resistances exhibited among the isolates were to ampicillin (30 percent), tetracycline
(11 percent), kanamycin (92 percent) streptomycin (100 percent), ceftriaxone (4
percent), sulphafurazole (92 percent), chloramphenicol (16 percent) and nalidixic acid
(16 percent).
Conclusion: The results showed that unpasteurised herbal infusions are possible
modes of transmission of pathogenic Salmonella isolates that could contribute to the
occurrence of salmonellosis and other Salmonella related infections. This study
presents the first data that validates the potential transmission strains of Salmonella
harbouring virulence traits, and resistance dynamics from herbal infusions, to cause
infections in humans. And it is of significance to note that from the results no
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recommendation can be made as a first line drug of treatment for salmonellosis, as no
Salmonella strain revealed complete susceptibility to any antimicrobial compound.

Significance and impact of study: Determining antimicrobial resistance levels for
microbes is important in predicting the risk of proliferation of the microbes in the
environment. This study will lead to a better understanding of the fate of Salmonella
in the processing environment, and is the first to identify antimicrobial resistance in
herbal tea. Several studies of resistance in Salmonella have focused on clinical and
veterinary strains only, but this study focused on Salmonella isolated from plant
material. To completely appreciate the scale of antimicrobial resistance and to oppose
this emergent problem, it is also essential to consider consumer exposure to resistant
strains present in food products. Additionally, this work provides information about
the possible public health risks associated with unpasteurised herbal teas. It is also
imperative to recognise any trends in antimicrobial resistance by conducting routine
screening. Currently, no reports have been published about antibiotic resistance in
Salmonella, isolated from herbal teas, in South Africa.
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4.2

INTRODUCTION

Salmonellae are considered as potential human pathogens, as it generally causes
human infections and diseases (Abakpa et al. 2015). Traditionally, Salmonella is
divided into a small number of human-restricted invasive typhoidal serotypes (S.
enterica serovar Typhi and S. enterica serovar Paratyphi A) and thousands of nontyphoidal Salmonella serotypes, these serotypes characteristically have a broad
vertebrate host range and cause various diseases (Gordon et al. 2012).
Salmonella is an important causative agent of foodborne infections, with a
comprehensive host spectrum (Wei et al. 2011), where certain cases are so severe it
often requires antimicrobial therapy for treatment (Marrero-Ortiz et al. 2012). It is
habitually isolated from environmental sources that serves as relay for the microbes
and co-operate in its dispersal amid various hosts (Abakpa et al. 2015).
Salmonella species are becoming progressively resistant, making it more problematic
to treat patients with severe infections (Rusul et al. 2012). This makes multidrugresistant Salmonella an imperative subject area of exploration and a foremost concern
for food safety (Abakpa et al. 2015; Levantesi et al. 2012; Rusul et al. 2012).
Salmonella has the capability to adapt to diverse external conditions, including g low
pH or high temperature; this allows it to survive outside the host organism (Semenov
et al. 2007). Undeniably, Salmonella is able to attach and adhere to plant surfaces prior
to dynamically infecting the interior of various plants, steering to the colonisation of
plant organs (Gu et al. 2011; Klerks et al. 2007) and destruction of the plant immune
system (Schikora et al. 2012). In addition, Salmonella originating from plants retains
virulence toward animals (Schikora et al. 2012); thus, plants are an alternative host for
Salmonella pathogens and have a role in its transmission back to animals.
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Rooibos (Aspalathus linearis) is a flowering shrub-like bush, innate to the Cedarberg
Mountains in the Western Cape region of South Africa, where it is comprehensively
cultivated (Gouws et al. 2014). Rooibos has been traditionally utilised for therapeutic
purposes; treating asthma, colic, eczema, headache, nausea and mild depression
(Abakpa et al. 2015; Gouws et al. 2014).

The tea is rich in polyphenols, caffeine-free and comprises a rare source of the dietary
dihydrochalcones aspalathin and nothofagin (Gouws et al. 2014). Polyphenols have
generally shown antimicrobial potential; however, their activity is reliant on the
bacterial species and type of polyphenols present. Rooibos tea is consumed largely
worldwide; therefore, a need arises for the production of tea that is microbiologically
safe to drink and of superior export quality (Bagudo et al. 2014; Gouws et al. 2014).
Internationally, and in South Afric, a microbiological standard has been prescribed
which Rooibos export enterprises have to follow. While their regulations differ
somewhat; they all have a zero tolerance for the presence of Salmonella spp. (Abakpa
et al. 2015; Agrawal et al. 2013; Gouws et al. 2014).
Public health intercessions, such as access to safe water, adequate sanitation, hygiene,
vaccinations, schooling, health communication, and access to acute medical care can
promote improvements in health, and in social and financial development (Abakpa et
al. 2015; Khan et al. 2007). One consequence of the improved availability of
antimicrobial agents for the indicative treatment of illness in hospitals, however, has
been the development of antibiotic resistance in pathogens, and this poses a health
concern (Abakpa et al. 2015; Agrawal et al. 2013). Antimicrobial resistance is, indeed,
a matter of profound importance for public health globally (Bagudo et al. 2014; Zakar
et al 2012).
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Climatic change and urbanisation have impeded Earth’s freshwater resources (Zakar
et al. 2012). These factors cause freshwater to become progressively scarcer
worldwide; many countries resort to utilising treated wastewater directly for domestic,
manufacturing, and agricultural uses (Hamilton et al. 2006). Nevertheless, the
detection of residue-level antimicrobials and pathogens have frequently been reported
in wastewater emissions and in recycled wastewater (Fatta-Kassinos et al. 2011).
Due to extended exposure to antimicrobials remaining in wastewater, some bacteria,
such as Salmonella, acquire resistance to these antimicrobial compounds (Abakpa et
al. 2015). In the occurrence of low levels of antimicrobials, bacteria have revealed the
capability to attain antibiotic resistance genes (Gal-Mor 2010). Genetically modified
crops, with antibiotic resistance marker genes (microbes added intentionally or
unintentionally to the food chain that could potentially transfer antimicrobial
resistance genes) and food processing technologies that use antibiotics are also matters
of concern (Gay and Gillespie 2005; Gouws 2015).
People are, in general, very dependent on antibiotics for the treatment of infectious
diseases; however, it should never be considered more than commodities in food and
agriculture (Fielding et al., 2012). Although the main focus is to control antibiotic
usage, there is little understanding of the situation with regards to antibiotic resistance
in disease-causing pathogens.
Meagre medical and veterinary antibiotics, as well as the lack of concern for the
practice of infection prevention and control, has put South Africa in a situation
whereby most of the foodborne infections caused by pathogens are untreatable (Gouws
and Brözel 2000). With the widespread use of agricultural antibiotics, evolution of
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disease-causing microbes resulted in many antibiotics losing their efficacy. As
microbes generally evolve, they adapt to their environment (Gouws 2015). If
antimicrobials inhibit them from growing and spreading, they evolve novel
mechanisms to counterattack the antibiotics by altering their genetic makeup (Abakpaa
et al. 2015). As a result, altering their genetic structure ensures that the progeny of the
resilient microbes also are resistant (Capita and Alonso-Calleja 2013). Most microbes
reproduce by dividing every few hours, permitting them to evolve rapidly and
acclimatise quickly to new environmental conditions. Throughout replication
mutations arise; some of these mutations may assist in the survival of an individual
microbe when exposed to an antimicrobial (Gouws 2015).
Microbes could acquire genes from each other as well, including the genes that make
the microbe drug-resistant. The use of antibiotics, even when they are utilised
appropriately, creates a discriminating pressure for resistant organisms (Gouws, 2015).
As a result, an alarming escalation in the prevalence of ARBs combined with the
meagre success rate of the pharmaceutical industry’s antibiotic discovery systems, is
one reason for significant distress (Fatta-Kassinos et al. 2011; Hamilton et al. 2006).
Respiratory and enteric diseases involve an extensive proportion of the affliction of
morbidity and mortality in the emerging world; severe respiratory infections and
diarrheal illness are the leading two killers of children under 5 years of age worldwide
(Fatta-Kassinos et al. 2011). Reproductive tract pathogens cause rudimentary
infections of the mucosal membranes; nonetheless, if left untreated, infections with
these pathogens could lead to pelvic inflammatory diseases, ectopic pregnancies and
barrenness, which could also assist the transmission of HIV.
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Antibiotic-resistant Salmonella has become a problem due to several reasons. There is
an urgent need for alternative classes of antimicrobial compounds that can be used in
the management of Salmonella infections (Khan et al. 2007). Some authors have
postulated that the antimicrobial resistance of Salmonella strains could be related with
the expression of certain virulence genes including invA (Dione et al. 2011).

Antibiotic-resistant serovar Typhi is generally resistant to first-line antibiotics, such as
chloramphenicol, ampicillin and trimethoprim-sulphamethoxazole. These strains
became prevalent in some Asian countries during the late 1980s to early 1990s and
surfaced as a major therapeutic problem (Kumar et al. 2011). Fluoroquinolone was
then considered as an effective agent for the treatment of antibiotic-resistant typhoid
fever (Marrero-Ortiz et al. 2012). However, with the increased usage of
fluoroquinolone to treat enteric fever, strains of serovar Typhi with diminished
susceptibility to ciprofloxacin arose in the Indian subcontinent, southern Asia and subSaharan Africa; this was then allied with clinical treatment failure (Kumar et al. 2011).

Patients infected with nalidixic acid resistant serovar Typhi strains ought to be treated
with ceftriaxone. Ceftriaxone, cefotaxime and cefixime are currently used effectively
for the treatment of enteric fever, including nalidixic-resistant and fluoroquinoloneresistant strains (Abakpaa et al. 2015, Gal-Mor et al. 2010; Kumar et al. 2011).
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4.3

MATERIALS AND METHODS

4.3.1

Sample Collection of Rooibos Tea

Sixty samples of Rooibos tea were collected from several different processing plants
in the Cederberg area (within the Western Cape region), from August to December
during 2013-2014. The samples were collected just after fermentation, and drying;
several samples were assembled before, and others after, pasteurisation. The dried tea
leaves were then packaged into sterile whirl-pak bags and transported to the laboratory.
Samples were labelled according to its specific origin, with date of collection, prior to
and after pasteurisation. The samples were subjected to a controlled environment until
it arrived at the laboratory, where it was stored in a cool arid place for further analysis.
4.3.2

Bacterial Isolation of Salmonella

Salmonella strains were isolated according to the Standard ISO-6579 method
(International Organization for Standardization, 1993) with some modifications. For
the pre-enrichment of Salmonella, 25g of each sample was homogenised in sterile bags
with 225ml of BPW (Merck Biolab) and incubated at 37°C for 18-24 hours. Following
the incubation, 0.1ml of PBW was added to 10ml of RVS broth (Merck Biolab)
followed by further incubation at 41.5°C for 24 hours. A loopful of culture was then
taken from the selective enrichment RVS broth, streaked onto XLD (Merck Biolab),
and incubated at 37°C for 24 hours. Subsequent to incubation the black colonies, an
indication of H2S production, were assumed to be presumptive positives of
Salmonella. The colonies were then re-streaked onto TSA (Merk Biolab) which was
incubated for 24 hours at 37°C.
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Several single colonies were inoculated into TSB (Merck Biolab) to characterise each
Salmonella isolate culture for further identification. The isolates were then subjected
to Gram stain analysis to confirm Gram reaction and morphology. The biochemical
analysis of each isolate was done, as a confirmatory test using the API 20E
(BiomerieuX) system for accurate identification and confirmation.

4.3.3

Confirmation of Salmonella

4.3.3.1 Biochemical Confirmation of Salmonella
Biochemical identification of Salmonella isolates was performed by utilising the API
20E system (BiomerieuX) for characterisation and confirmation. The API 20E system
(BiomerieuX) is a plastic strip that consists of 20 microtubes, containing parched
substrates (Murray, 1979). The API 20E (BiomerieuX) was ultimately developed for
the identification of Enterobacteriaceae and it includes various tests such as: onitrophenile-β-D-galactosidase, arginine dihydrolase, lysine decarboxylase, ornithine
decarboxylase, citrate utilisation, hydrogen sulphide production, urease, tryptophan
deaminase, indole production, acetoin production by the Voges-Proskauer test,
gelitinase and fermentation of glucose, mannose, inositol, sorbitol, rhamnose, sucrose,
melibiose, amygdaline and arabinose. One colony representing a presumptive
Salmonella isolate was re-suspended in deionised water and this was inoculated into
the API 20E (BiomerieuX) test strips. This was done according to the manufacturer’s
instructions to identify the Gram negative organism.
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4.3.4

Antimicrobial Susceptibility Testing

Each culture tested was streaked onto TSA (Merck Biolab) to obtain isolated colonies.
After incubation at 37°C overnight, two well isolated colonies were selected with an
inoculating needle loop, and transferred to a tube of 1ml TSB (Merck Biolab) and
mixed thoroughly, followed by incubation until turbid (usually 16-24 hours) at 37°C.
The inoculums were then set to 0.5 McFarland Standard by adjusting the turbidity to
the proper density (Appendix A). Within 15 minutes after adjusting the turbidity of the
inoculum suspension, a sterile cotton swab was then dipped into the suspension and
streaked over the entire surface of Muller-Hinton (MH) agar (at most three times),
rotating the plate approximately 60 degrees after each application to ensure an even
distribution of the inoculum. This was done to perform a disk agar diffusion assay.
The antibiotic susceptibility of the isolates was determined according to the guidelines
of the Clinical and Laboratory Standards Institute (CLSI 2013) Disk agar diffusion
assays was done with a panel of eight different antibiotic agents, and this was done in
duplicate to confirm the results. The antibiotics tested were as follows: ampicillin
(AMP) (10 μg), tetracycline (TE) (30 μg), kanamycin (K) (30 μg), streptomycin (S)
(10 μg), nalidixic acid (NA) (30 μg), and sulphafurazole (SF) (300 μg),
chloramphenicol (C) (30 μg) and ceftriaxone (CRO) (30 μg) (Oxoid). The disks
containing the antibiotics were then placed on the agar plates with a disk dispensing
apparatus. Diffusion of the drug in the disk begun immediately; therefore, once a disk
makes contact with the agar surface, the disks were not to be moved. After the disks
were placed on the plate, it was incubated at 37°C for 16-18 hours. Subsequent to
incubation, the zone diameters were measured of complete inhibition (including the
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diameter of the disk) and it was recorded in millimeters and inferred based on analysis
of zone diameter of test culture provided by CLSI (2013). The zone meters

Growth

Zone of
inhibition

Figure 4.1: The antimicrobial susceptibility disc diffusion test
Figure 4.1 The antimicrobial susceptibility disk diffusion test: disk placement and
measurement of inhibition zone diameters on MH agar. Antibiotic disks S 10:
streptomycin (10μg), AMP 10: ampicillin (10μg), TE 30: tetracycline (30μg) and NA
30: nalidixic acid (30μg).
The distance was measured from the inner-most colonies (i.e., those closest to the disk)
to the center of the antimicrobial disk, and this measurement was doubled to obtain the
diameter (Figure 4.1); the measurement was then recorded and interpreted based of
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antimicrobial susceptibility. The interpretive categories determined as susceptible,
intermediate or resistant were utilised according to CLSI guidelines (CLSI 2013) and
diameter of zone of inhibition (Appendix B).
E. coli (ATCC 25922) strain which is sensitive to all the antibiotics was used as a
quality control organism and S. enterica serovar Typhi (ATCC 14028) was used as a
positive control. An isolate was defined as ‘resistant’ subsequent to confirmation of
resistance to at least one antibiotic agent tested, and ‘multiple resistance’ was defined
as resistance to two or more antibiotic agents (CLSI 2013).
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4.4

RESULTS AND DISCUSSION

In this study, a total of 26 Salmonella isolates were subjected to antimicrobial
susceptibility testing by disk diffusion technique. These were again tested against eight
commonly used antibiotics (Agrawal et al. 2013); this revealed several resistance
patterns. All isolates exhibited multidrug resistance (MDR), each isolate being
resistant to two or more antibiotics (Table 4.1). Resistance to streptomycin (10μg) was
the most common resistance phenotype observed among all the isolates (Table 4.1).
Two isolates (2A and 15A) from Rooibos tea exhibited resistance to six antibiotics
tested and one isolate (7A) exhibited resistance to seven of the eight antibiotics tested
(Table 4.1). This signifies a great public health concern as some incidences of
salmonellosis are severe and need antimicrobial treatment (Marrero-Ortiz et al. 2012).
Henceforward, these MDR Salmonella strains obtained from Rooibos processing
farms is a major concern for food safety. The concern is heightened as MDR
Salmonella isolates have been suggested to be more virulent than non-MDR
Salmonella isolates (Foley and Lynne 2008).
The detection of these MDR Salmonella strains in this study demands attention. The
findings show that the isolates have the potential to develop resistance for routinely
prescribed antibiotic drugs and proffers significant health vulnerabilities to consumers;
therefore, the need for prudent control measures arises. However, it cannot be said
with certainty that the antimicrobial resistance genes could have been traced from a
definitive source due to small quantity of isolates tested. The mechanisms from which
Salmonella develops resistance consists of the production of enzymes, that can
disintegrate cell permeability to antibiotics, stimulation of antimicrobial efflux pumps,
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and production of β-lactamase to vitiate the chemical structure of antimicrobial agents
(Foley and Lynne 2008; Sefton 2002).

Table 4.1: Antimicrobial resistance of Salmonella strains isolated from Rooibos
tea by disk diffusion assay
Isolate

Degree of Susceptibility

Number
AMPa

TEa

Ka

Sa

CROa

SFa

Ca

NAa

I

I

2

S

I

R

R

S

R

2A

R

R

R

R

I

R

I

R

3

S

S

R

R

I

R

S

I

3B

R

I

R

R

S

R

S

I

4

S

I

R

R

S

R

I

I

4A

R

S

R

R

I

R

S

R

7

I

I

R

R

I

R

S

I

7A

R

R

R

R

I

R

R

R

8

S

I

R

R

I

R

S

I

9

I

S

R

R

I

R

I

I

9A

R

I

R

R

I

R

R

I

11

I

S

R

R

I

I

S

S

11B

S

S

R

R

S

R

S

I

12B

I

I

R

R

I

R

S

I

13

S

S

R

R

R

R

I

S

13A

R

I

R

R

S

R

I

I

14

S

I

R

R

I

R

S

I

14A

S

I

R

R

I

R

I

I

15A

I

R

R

R

S

R

R

R

16A

R

I

I

R

I

I

I

I

17

I

S

R

R

S

R

R

S

18

I

I

R

R

I

R

I

I

20

R

I

R

R

I

R

I

I

54 (1)

I

I

I

R

I

R

S

I

54 (6)

S

I

R

R

I

R

I

S

54 (7)

I

I

R

R

I

R

I

I

Degree of susceptibility: R=resistant, I=intermediate, S=susceptible
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a

AMPa: ampicillin (10μg), TEa: tetracycline (30μg), Ka: kanamycin (30μg) and Sa:

streptomycin (10 μg), CROa: ceftriaxone (30μg), SFa: sulphafurazole (300μg), Ca:
chloramphenicol (30 μg) and NAa: nalidixic acid (30μg).

Figure 4.2: Degree of antimicrobial susceptibility of Salmonella strains isolated
from Rooibos tea by disk diffusion assay
Percent susceptibility of AMP: ampicillin (10μg), TE: tetracycline (30μg), K:
kanamycin (30μg) and S: Streptomycin (10 μg), CRO: ceftriaxone (30μg) SF:
sulphafurazole (300μg), C: chloramphenicol (30 μg) and NA: nalidixic acid (30μg).
Antimicrobial degree of susceptibility RES: resistant, INT: intermediate and SUS:
susceptible.
Previously, chloramphenicol and ampicillin (first generation antibiotics), were used as
treatment for Salmonella infections (Birosova and Mikulasov 2009). However, as
depicted in (Figure 4.2), 30 percent of the isolates demonstrated resistance to
ampicillin and 16 percent to chloramphenicol; this suggests that it will not remain
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effective for much longer. The isolation of highly resistant Salmonella strains from
herbs has been previously reported (Brockmann et al. 2004; Zhao et al. 2006),
including serovar Typhimurium DT 104; this salmonellosis outbreak was associated
with sesame seed consumption (Guérin et al. 2001; Little 2001). It was typically
resistant to ampicillin, chloramphenicol, streptomycin, sulphonamide and tetracycline.
The prevalence of ARB Salmonella strains in these herbs seem to be higher than that
found for imported foods in general, where values ranged from 8-17 percent for
isolates from food samples collected throughout 2001-2005 (Zhao et al. 2003, 2006).
In a study of virulence genes by Dione et al. (2011) they observed a high prevalence
(99.5 percent) of strains carrying invA. They discovered significant correlations
between the presence of this gene and other virulence genes, as well as antimicrobial
resistance to amoxicillin, ticarcillin, sulfamethoxazole, tetracycline, trimethoprim,
streptomycin and sulphonamides (Agrawal et al. 2013; Thai et al. 2012).
Salmonella strains showed the highest susceptibility to Nalidixic acid at 69 percent
(Figure 4.2). Kumar et al. (2011), reported Salmonella strains having a higher
susceptibility to chloramphenicol to (95.3 percent) and ampicillin (94.5 percent);
however, the results were not comparable in the present study as it was much lower.
Salmonella strains that were Tetracycline resistant was at 11 percent, as observed in
(Figure 4.2); this is one of the most extensively used antibiotics in human and
veterinary medicine practice (Carraminana et al. 2004; Thai et al. 2012; Yan et al.
2010). Salmonella isolates demonstrated complete resistance to streptomycin (100
percent). Additional reports in other countries (Chen et al. 2004; Poppe et al. 2001;
Yan et al. 2010) also revealed that Salmonella isolates were generally resistant to this
antibiotic.
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The ever-increasing resistance of Salmonella to universal antibiotics has been routing
to the usage of third-generation cephalosporins, in order to combat salmonellosis. As
a result, ceftriaxone is now being utilised specifically for treating children (Agrawal et
al. 2013; Endt et al. 2012). However, only 27 percent of the isolates showed sensitivity
to ceftriaxone, and 69 percent showed intermediate susceptibility (Figure 4.2); as a
result, this antibiotic will not remain effective for treatment of salmonellosis.
In a study by Abakpa et al (2015), the presence of Salmonella strains in vegetables and
environmental samples from irrigation sites in Nigeria were revealed; farmers irrigated
vegetables with untreated wastewater, as well as using untreated animal manure in
produce production. Salmonella detection from vegetation is usually a sign of faecal
contamination; this may possibly be tracked to sewage emissions into wastewater used
for irrigation of vegetables. Bagudo et al. (2014) found that contamination of natural
water increased the intensity of detection, incidence and perseverance of pathogenic
microbes in parts involved with sewage discharge. However, its detection in this study
is not related to the usage of untreated animal manure as a basis of nutrient replacement
in the soil, as no manure or antibiotics is used in the production and processing of
Rooibos tea; fresh water is generally used in harvesting of Rooibos.
According to Levantesi et al (2012), plants could also be used as vectors for some
pathogens to live in until they reach a human host. Plants are generally not optimal
environments for Salmonella, which stresses the bacteria and this could amplify the
potential of developing resistances to harsh environments, such as those with
antibiotics present (Thomas 2014). The antibiotics accumulated inside the plant may
also be considered a stress to the internalised Salmonella.
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It is probable that these isolates could have attained resistant genes to several
antibiotics from other enteric bacteria (Marrero-Ortiz et al. 2012; Rusul et al. 2012).
This characterises an immense public health concern as particular cases of
salmonellosis are severe and usually require antimicrobial therapy for treatment.
Bhullar et al. (2012) recently reported a screen of samples from the culturable
microbiome of Lechuguilla Cave in New Mexico. This region of the cave was secluded
for over four million years and it was revealed that, like surface microbes, these
bacteria tested were found to be highly resistant to antibiotics; certain strains were
resistant to as many as 14 various commercially antibiotics available currently (Bhullar
et al. 2012). The implications of the Bhullar et al. (2012) study was significant in
understanding the occurrence of resistance, and in this case microbiomes that were
isolated from human use of antimicrobial agents. This supports a growing awareness
that antibiotic resistance is native, prehistoric, and built-in the microbial pan genome
(Bhullar et al. 2012). Hence, this could be another reason for the high level of
antimicrobial resistance within the Salmonella strains that was isolated from Rooibos
tea, as no antibiotics were utilised during cultivation and processing. The theory of the
antibiotic resistome suggests that resistance is the result of active and competitive
microbial interactions that ante-cede human use of antibiotics (Wright, 2007, 2010).
A study of soil Actinomycetes reported prevalent MDR, even in the absence of evident
human sources of antibiotics (Bhullar et al. 2012; D’Costa et al. 2006). These studies
support a proposition that resistance is a primitive and genetically-rich biological
phenomenon, profoundly rooted in the microbial pan genome. There is also an
increasing amount of evidence suggesting that non-pathogenic environmental
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organisms could act as reservoirs of resistance genes which have the potential to be
transferred to pathogenic bacteria (Allen et al. 2009; Donato et al. 2010).
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4.5

SUMMARY

Emergent drug resistance in Salmonella has compelled scientists to explore
alternatively novel classes of antimicrobial agents. Farmers depend mainly on
untreated wastewater sources for irrigation purposes, while also using raw animal
manure as nutritional sources to vegetables. Moreover, preceding studies report that
Salmonella can live for lengthy periods of time in the farm environment, as there is
constant movement within the farm from wildlife, humans, livestock faeces, soil and
vegetation. The alarm is intensified by reports that say MDR Salmonella isolates have
been described as being more fatal than non-MDR Salmonella isolates. The detection
of these resistant Salmonella strains in this study demands responsiveness. The
findings specify that these isolates have the ability to attain resistance for customarily
recommended antimicrobial drugs and present significant health risks to consumers;
henceforward, the requisite for introduction of prudent control actions. It cannot,
however, confirm that the antimicrobial resistance genes occurred from a conclusive
source as only a small number of isolates were tested. Consumption of Rooibos tea
without adequate decontamination and suitable pasteurisation signifies a serious public
health risk. This study presents the first data that validates the potential transmission
strains of Salmonella-harbouring virulence and resistance dynamics from herbal
infusions, causing infections in humans. Better awareness of the factors that possibly
influence the development and distribution of resistant zoonotic pathogens, can
enhance the implements used by public health experts to regulate antimicrobial
resistance, which can restrict possible therapeutic options in acute cases of
salmonellosis. With the amplified mindfulness of the health benefits of consumption
of Rooibos tea, the deficiency of access to safe water by farmers and the rise in organic
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production in South Africa, stern compliance with the treatment of wastewater is
encouraged. The crucial consequences ascending from these situations, the chain of
transmission of Salmonella and its resistance mechanism should be meticulously
studied and monitored to lessen the dispersal and danger to human health. This study
also supports the argument that antibiotic resistance could be native, prehistoric, and
built-in the microbial pan genome; this may possibly be another reason for the high
level of antimicrobial resistance within the Salmonella strains that were isolated, as no
antibiotics were utilised during cultivation and processing of Rooibos. Now, recently,
vast arrays of pharmaceuticals (including antibiotics), have been found in the drinking
water supplies; this too could have been another reason for the level of resistance found
in the Salmonella isolates from Rooibos. Significantly, and from the results, no
recommendation can be made as a first line drug of treatment for salmonellosis, as no
Salmonella strain revealed complete susceptibility to any antimicrobial compound.
Further trials are needed to validate the findings.
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CHAPTER 5
CONCLUSION
5. 1

CONCLUSION

Determining the prevalence of virulence genes of Salmonella could be significant in
predicting the risk of contracting salmonellosis from food products. This study will
therefore lead to a better understanding of the fate of Salmonella in the processing
environment and it is the first to identify virulence genes in herbal tea. Several studies
of virulence determinants in Salmonella have focused on clinical and veterinary strains
only, however this study focused on virulence genes in Salmonella isolated from plant
material. To fully understand the scale of virulence in Salmonella and to combat this
emergent problem, it is also vital to consider consumer exposure to potential virulence
genes present in food products. Furthermore, this study provides evidence about the
possible public health risks associated with unpasteurised herbal teas. It is therefore
crucial to identify any trends in Salmonella-related infections by conducting routine
virutyping of genes. Currently, no reports have been published about virulence genes
in Salmonella (isolated from herbal teas) in South Africa. Studies on these virulence
factors may provide new insights into the prevention and treatment of salmonellosis.
Regardless of the controls that have previously been set into place, Salmonella
infection that arises from contaminated food remains a great issue, with numerous
outbreaks occurring annually worldwide. Detection of Salmonella prior to
contaminated foods being consumed is therefore an indispensable attribute of
safeguarding public health and, parenthetically, preserving the statuses and affluences
of food manufacturers and processors. Scrutiny of Salmonella in all the various phases
of feed-food chain creates a vital component in the investigation of epidemiology of
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foodborne salmonellosis, and in the progress and execution of proficient Salmonella
control stratagems. The reduction in the number of microorganisms in Rooibos tea is,
however, challenging due to the subtle nature and flavour properties of the plant. Less
abrasive approaches are therefore necessary to control microbial contamination. The
results also revealed that unpasteurised herbal teas are potential mechanisms for the
transmission of pathogenic Salmonella isolates; this could be linked to the prevalence
of salmonellosis and other Salmonella-related infections. Currently, rooibos tea
farmers use steam pasteurisation, whereby water is heated to approximately 180 ∘C to
generate steam. Methods such as the use of radiation, Salmonella-specific
bacteriophages and ozone treatment, however it is more expensive than other available
methods. Determining antimicrobial resistance levels for microbes is important in
predicting the risk of proliferation of the microbes in the environment. To completely
appreciate the scale of antimicrobial resistance and to oppose this emergent problem,
it is also essential to consider consumer exposure to resistant strains present in food
products. Additionally, this work provides information about the possible public health
risks associated with unpasteurised herbal teas. It is also imperative to recognise any
trends in antimicrobial resistance by conducting routine screening. Currently, no
reports have been published about antibiotic resistance in Salmonella isolated from
herbal teas in South Africa. The results also showed (and it is of significance to note)
that from the results no recommendation can be made as a first line drug of treatment
for salmonellosis, as no Salmonella strain revealed complete susceptibility to any
antimicrobial compound. From this study it was concluded that research in Rooibos is
extremely limited and the potential of this food product is so immense, that additional
research needs to be carried out.
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APPENDIX A
PREPARATION OF TURBIDITY STANDARDS (MCFARLAND
TURBIDITY STANDARDS)
Commercially prepared 0.5 McFarland turbidity standards are available from various
manufacturers. Alternately, the 0.5 McFarland turbidity standard may be prepared by
adding 0.5ml of a 1.175 percent (wt/vol) barium chloride dehydrate (BaCl2•2H20)
solution to 99.5ml of 1 percent (vol/vol) sulfuric acid (H2SO4). The turbidity standard
is then aliquoted into test tubes, identical to those used to prepare the inoculum
suspension. Seal the McFarland turbidity standard tubes with wax, Parafilm, or some
other means to prevent evaporation. McFarland turbidity standards may be stored for
up to six months in a dark at room temperature (i.e., 22°-25°C); discard after six
months or sooner if any volume is lost (mark the tube to indicate the level of liquid,
and check before use to be sure that evaporation has not occurred; if it has, a fresh
turbidity standard should be prepared). Before each use, shake the tube containing the
turbidity standard well, so that the fine white precipitate of barium sulfate is mixed in
the tube. The accuracy of the density of a prepared McFarland turbidity standard
should be checked by using a spectrophotometer with a 1-cm light path; for the 0.5
McFarland turbidity standard, the absorbance at a wavelength of 625nm should be
0.08-0.1. Alternately, the accuracy of the McFarland turbidity standard may be verified
by adjusting a suspension of a control strain (e.g., E. coli ATCC 25922) to the same
turbidity, preparing serial 10-fold dilutions, and then performing plate counts of
colonies.
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APPENDIX B

Table B.1: Diameter of zone of inhibition

Antimicrobial
agent

Disk
potency

Susceptibility Intermediate

Resistant

Ampicillin

10μg

≥ 17mm

14-16mm

≤ 13mm

Chloramphenicol

30μg

≥ 18mm

13-17 mm

≤ 12mm

Streptomycin

10μg

≥ 15mm

12-14mm

≤ 11mm

Nalidixic Acid

30μg

≥ 19mm

14-18mm

≤ 13mm

Ceftriaxone

30μg

≥ 23mm

20-22mm

≤ 19 mm

Kanamycin

30μg

≥ 18mm

14-17mm

≤ 13 mm

Sulphafurazole

300μg

≥ 17mm

13-16mm

≤ 12 mm

Tetracycline

30μg

≥ 15mm

12-14mm

≤ 11 mm

Source: CLSI (2013)
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