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Preface

Salmonella spp. is a global pathogen responsible for millions of deaths each year. 
Salmonella is a complex genus comprising two species, S. enterica and S. bongori, 
and more than 2600 different serotypes. S. enterica is composed of six different
subspecies: enterica (I), salamae (II), arizonae (IIIa), diarizonae (IIIb), houtenae
(IV), and indica (VI). Serotypes of S. enterica subsp. enterica are responsible
for more than 99% of human infections. Another way to classify Salmonella is
according to the type of disease it causes. In general terms, there is typhoid fever
caused by S. Typhi and infections caused by non-typhoidal Salmonella.

Typhoid fever is caused by the ingestion of water or food contaminated with fecal 
material carrying S. Typhi. As described by Al-Khafaji et al. in Chapter 1, a tool of
mechanisms is responsible for the virulence of S. Typhi. The Vi capsule antigen can
inhibit phagocytosis and complement C3. This capsule decreases the recognition of
somatic antigens by antibodies. Flagella also contribute to virulence by interacting 
with host epithelial cells, macrophages, and immune evasion. S. Typhi also encodes
in its genome some pathogenic island with the genes necessary to invade the host
and effectively evade the immune system. Although typhoid fever is distributed 
worldwide, improvements in water supply and sewerage systems have resulted in a
decreased incidence.

In low- and middle-income countries where sanitary conditions continue to be a
problem, typhoid fever is still highly prevalent. In developed countries, typhoid 
fever is a travel-related disease. It is estimated that there are 26.9 million S. Typhi 
infections annually. However, these data are misleading. The fact that this disease
presents non-specific symptoms along with the lack of diagnostic tests and under-
reporting of cases in some regions of the world suggests that the real prevalence of
this disease is much greater. In Chapter 2, Sado and Sado describe the importance of
enteric fever diagnosis in primary care. The development of nonspecific symptoms
complicates disease diagnosis. It is therefore important to follow a series of criteria
established by health authorities to facilitate diagnosis.

Prevention is undoubtedly the key and vaccines can certainly play a key role in this
regard. Although there are some vaccines commercially available, their efficacy
can still be improved. In Chapter 3, Rachmawati et al. provide an overview of the in
silico approach for the S. Typhi epitope vaccine. There are three types of S. Typhi
vaccines: live-attenuated, inactivated, and sub-unit vaccines. The authors further
elaborate on the steps to be followed for developing a new type of vaccine using only
the part of the subunit that is recognized by B and T cells of the immune system,
the epitope area. The development of bioinformatic tools, omic technologies, and
recombinant DNA technologies give these types of vaccines enormous potential.
In Chapter 4, Mishra et al. describe how computational tools can help in the
development of effective vaccines against multidrug-resistant S. enterica strains.

Nontyphoidal Salmonella primarily causes gastroenteritis, bacteremia, and focal
infection, mainly related to the consumption of food contaminated with this
pathogen. Livestock, especially poultry, can carry Salmonella in their gut without
symptoms. Therefore, Salmonella can contaminate products produced from these

XII
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animals, move through the food chain, and reach the consumer. In Chapter 5, Pandey 
and Goud highlight the importance of control measures to prevent the spread of 
this pathogen. Another cause for concern is the increase in antibiotic resistance. The 
Exponential increase in antibiotic resistance in recent years has resulted in increased 
hospitalization and deaths. In Chapter 6, Al-Hamadany describes how Salmonella 
must evade the host immune system to survive. The main serotypes involved in 
human cases of salmonellosis are S. Typhimurium and S. Enteritidis. The virulence 
and invasiveness of these and other serotypes are mainly related to the presence of 
Salmonella Pathogenicity Islands (SPIs), as discussed in Chapter 7 by Sarika. In these 
SPIs are located the main genes involved in invasion, survival, and extra-intestinal 
spread. These SPIs are also of great interest from an evolutionary point of view as 
they can be acquired by horizontal transmission. SPI1 and SPI2 are the main types of 
pathogenicity islands, and they encode the main virulent genes and Type III secretor 
systems necessary for host cell invasion. However, in Salmonella there are more than 
10 different SPIs, some of which are specific to certain subspecies.

S. Enteritidis is one of the main serotypes causing infections in humans. As reviewed 
in Chapter 8 by Ogunremi et al., it is important to characterize the S. Enteritidis 
strain implicated in food salmonellosis. Although pulsed-field gel electrophoresis 
(PFGE) is a widely used typing tool, its discriminatory capacity in S. Enteritidis is low 
due to the clonality of this serotype. In the genomic era, whole genome sequencing 
is an attractive tool for a full and comprehensive characterization of the genetic 
attributes of bacteria. Despite massive information obtained with this technology, 
this approach is not useful for generating a useful nomenclature-based description 
of S. Enteritidis subtypes. In this sense, the characterization of 60 polymorphic loci 
by a single nucleotide-based genotypic polymerase chain reaction assay (SNP-PCR) 
allowed to define 25 circulating clades of S. Enteritidis. This approach is an ideal 
subtyping test, being highly discriminatory, low cost, rapid, and reproducible. It is 
useful to identify the subtype designation of an isolate for outbreak surveillance.

Non-enterica subspecies of S. enterica are mainly related to cold-blooded animals. 
However, it has been observed that these subspecies can also colonize warm-blooded 
animals. For example, in Chapter 9, Rubira et al. describe the adaption of S. enterica 
subsp. diarizonae serotype 61: k: 1,5, (7) to sheep. This serotype has become highly 
prevalent in sheep herds in Sweden, Norway, Switzerland, and the United Kingdom. 
In this sense, most animals are asymptomatic carriers and rarely show clinical symp-
toms. Studies carried out in slaughterhouses have isolated this serotype from the 
intestinal content and respiratory track of healthy animals. Rarely these S. enterica 
subsp. diarizonae serotype 61: k: 1,5, (7) cause health disorders such as chronic prolif-
erative abortions, testicular lesions in rams, or tract disorders in young animals. This 
serotype is endemic in sheep herds in Sweden, with 40% of large herds being positive 
for this bacterium. In addition, 1.8% of sheep carcasses of the largest slaughterhouse 
in Sweden were positive for this serotype. This could suggest that there is a direct 
link between the consumption of sheep products and cases of human salmonellosis 
caused by S. enterica subsp. diarizonae serotype 61: k: 1,5, (7). However, the number 
of reported cases due to this serotype is residual. These data highlight the low patho-
genicity of this serotype. Consequently, an exception for this serotype was made in 
the Swedish Salmonella control program. However, the pathogenicity of this serotype 
could change over time and an increase of human salmonellosis cases due to S. 
enterica subsp. diarizonae serotype 61: k: 1,5, (7) should result in the revision of this 
exception. A similar situation is observed with serotype S. enterica subsp. salamae 
4, [5], 12:b:- (commonly known as S. Sofia) in Australia broiler flocks. This serotype 
has also become highly prevalent, but no direct relationship can be established with 

V

an increase in cases of human salmonellosis due to this bacterium. This study reflects 
the adaption of non-enterica serotypes of S. enterica to livestock. Comparative 
genomic studies are necessary to fully understand the potential pathogenicity of 
these serotypes and if they can be considered as commensal microorganisms.

Antimicrobial resistance is one of the main challenges of global public health. The 
indiscriminatory use of antimicrobials in both humans and animals has increased 
the number of resistant bacteria exponentially. For that reason, it is necessary to 
make rational use of antibiotics and to find new alternatives to them. The food 
production chain is one of the points where it is important to reduce the use of 
antibiotics. The transmission of multidrug-resistant foodborne pathogens from 
food to consumers is one of the main areas of concern. In the last years, a great 
effort has been made to introduce new control measures from farm to fork.

Bacteriophages (phages) are prokaryotic viruses that can infect and kill bacterial 
pathogens. Phages were discovered in the beginning of the 20th century, but due 
to the discovery of antibiotics they were relegated to the background during the 
subsequent decade. However, the need for antibiotic alternatives has resulted in the 
rediscovery of phages. In Chapter 10, Thanki et al. describe the application of phages 
in different points of the poultry and swine production chain. They can be applied to 
farm animals through feed or water, in slaughterhouses to reduce Salmonella load in 
chicken and swine skin, or in food packaging to inhibit the growth of this pathogen 
during storage. There are some commercially available Salmonella phage cocktails 
approved by the US Food and Drug Administration to be used in the food chain. 
However, phage therapy needs to overcome some challenges such as host range, 
resistance development, and phage delivery. Tools like genetic engineering and phage 
encapsulation could help to solve the actual limitations of this antibiotic alternative.

In Chapter 11, Ruiz-Pérez et al. describe the potential of natural products to control 
the growth of Salmonella in the food production chain. Different bacteria-, fungus-, 
animal-, and plant-derived products have been tested against different foodborne 
pathogens such as Salmonella. Some of them have shown promising results, but 
commercial production and application of these products is still a limiting factor. 
Biofilm formation is another problem associated with Salmonella in the food 
production chain. In Chapter 12, Lamas et al. explain that bacteriocins and phages 
can be applied to combat biofilms. However, they also have some limitations to kill 
biofilm cells, mainly due to protection offered by the characteristic extracellular 
substances produced in this type of bacterial life.

This book offers a global vision of the Salmonella genus and its implications for 
human health, from host-specific S. Typhi to serotypes transmitted through 
the food chain. The guest editors would like to thank the editorial team for their 
invaluable assistance.

Alexandre Lamas, Patricia Regal and Carlos Manuel Franco
Department of Analytical Chemistry,

Nutrition and Bromatology,
Universidade de Santiago de Compostela,

Lugo, Spain
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Chapter 1

Virulence Factors of Salmonella 
Typhi
Noor S.K. Al-Khafaji, Ali M.K. Al-Bayati  
and Hussein O.M. Al-Dahmoshi

Abstract

S. Typhi is an enteric bacillus which belongs,to the genus Salmonella in the 
family Enterobacteriacaea and it is a multi–organs pathogen which inhibits the 
lymphatic tissues of the small intestine, liver, spleen, and blood stream of infected 
humans. S. Typhi has a mixture of features that make it an efficient pathogen. This 
species contains an endotoxin that is characteristic of Gram-negative organisms, as 
well as the virulence-enhancing Vi antigen. Many of the S. Typhi virulence factors 
are clustered in some areas of the chromosome known as Salmonella pathogenic-
ity islands (SPI), such as adhesion, invasion, and toxin genes. A protein known 
as invasin that permits non-phagocytic cells is also produced and excreted by 
the bacterium., Where it is capable of intracellular living. The oxidative burst of 
leukocytes may also be inhibited, making innate immune reaction ineffective.

Keywords: S. Typhi-virulence factors -endotoxin, enterotoxin, cytotoxin

1. Introduction

It was quite a long time before typhoid fever was differentiated from other febrile 
disorders. Pierre Louis was the first who used the word “ typhoid “ and give the classical 
picture of typhoid in 1829 and described in detail post-mortem finding, especially the 
enlargement and ulceration of peyer’s patches. However, he did not clearly differentiate 
between typhoid and typhus. In 1837, Gerhard was the first who clearly differentiate 
typhoid from typhus fever and William Budd described the contagious nature of the 
disease and Incriminated transmission of facially polluted water supplies in 1873 [1].

In 1873, William Budd, a physician in Bristol who was interested in cholera and 
intestinal fever, showed that typhoid fever could be transmitted by a particular toxin 
found in the excrement and that this propagation was responsible for the contamina-
tion of water by the feces of patients. Each case was linked to another anterior case, 
according to Budd. A significant number of doctors and scientists have attempted 
to discover the nature of the disease-causing microorganism and have experienced 
considerable difficulty in isolating the bacillus. It was Karl Joseph Eberth, Rudolf 
Virchow’s doctor and pupil, who discovered the bacillus in the abdominal lymph 
nodes and the spleen in 1879. In 1880 and 1881, he reported his findings. The 
genus ‘Salmonella’ was named after Daniel Elmer Salmon, an American veterinary 
pathologist, who was the administrator of the USDA (United States Department 
of Agriculture) research program. His discovery was then tested and confirmed by 
German and English bacteriologists, including Robert Koch., Thus, despite the fact 
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that a number of scientists had contributed to the quest [2, 3], the organism was 
named after him. Salmonella has thus become new scientific knowledge and thus the 
mechanisms of infection and the presence of healthy carriers have been relatively 
nascent [4]. Recent reports suggest that there are approximately 20 million cases of 
typhoid each year, resulting in deaths of 100,000-200,000 [5]. Karl J. Eberth, who 
isolated the bacterium from spleen parts and lymph nodes from a patient who died 
of typhoid fever and discovered the typhoid agglutinins and their diagnostic applica-
tion, first isolated S. Typhi in 1880. In 1881, Robert Koch succeeded in cultivating the 
bacterium. However the isolation of typhoid bacillus from other enteric bacteria was 
unclear due to the lack of differential characters [6, 7].

Salmonella is a genus of rod shaped (bacillus) gram negative bacteria related 
to family Enterobacteriaceae. They have two species which are Salmonella enterica 
and Salmonella bongori. S. enterica is the kind species and is further divided into sex 
subspecies [8]. that contain over 2,600 serotypes [9]. Salmonella species are non 
spore forming, predominantly motile enterobacteria for cell diameters between 
on 0.7 and 1.5 μm, lengths for 2 to 5 μm, and peritrichous flagella (all concerning 
the cell body [10]. exceptions S. Gallinarum and S. Pullorum [11, 12]. The bacterial 
strain was named after the American pathologist, Dr. Daniel Elmer Salmon, who 
collaborated with Smith. The Salmonella nomenclature is controversial and still 
changing. The Centers for Disease Control and Prevention (CDC) is currently using 
the Salmonella nomenclature system suggested by the World Health Organization 
(WHO) Collaborating Centre as a nomenclature system.: Species: Salmonella 
enterica serotype Typhi. [13].

2. Virulence factors of Salmonella Typhi

Virulence factors in Salmonella Typhi are involved in the various stages of infection, 
namely: the production of toxins (LPS) endotoxin, enterotoxin, cytotoxin), coloniza-
tion, adhesion and invasion, as well as survival inside the host cells [14] (Figure 1).

2.1 Vi antigen

The capsular Vi antigen is a linear homopolymer of alpha 1–4 linked to galactose 
aminouronic acid which is variably acetylated at the C3 position. This antigen is 

Figure 1. 
Salmonella virulence factors [14].
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believed to inhibit phagocytosis and complement C3 activation thus inhibiting 
non-specific opsonization, “[15] One of the main characteristics that distinguishes 
S. Typhi from (non typhoid Salmonella) NTS is the production of a polysaccharide 
capsule named the Vi antigen. The Vi capsule inhibits phagocytosis and confers 
serum resistance [16, 17], likely by shielding the O-antigen from antibodies [16]. 
The genes encoding the Vi capsule comprise the viaB locus within Salmonella 
pathogenicity island (SPI)-7, which also encodes the type III secretion system 
(T3SS) effector SopE and a type IVB pilus [18].

2.2 The SPI-1, SPI-2 and type III secretion systems

Common to both typhoidal and NTS are two pathogenicity-island encoded 
type III secretion systems (T3SS): the SPI-1 and SPI-2 T3SS, which are essential 
for Salmonella virulence. In S. Typhi, the SPI-1 T3SS is also required for invasion 
of nonphagocytic cells [19], but the importance of the SPI-2 T3SS is less clear. 
Disruption of the SPI-2 T3SS did not influence the survival of S. Typhi in THP-1 
and human monocyte-derived macrophages [20]; however, S. Typhi strains with 
transposon insertions in the SPI-2 components ssaQ, ssaP, or ssaN were negatively 
selected against during competitive growth in human macrophages [21]. The role 
of SPI-2 during the intracellular lifestyle of typhoidal serovars therefore warrants 
further investigation.

2.3 Somatic O antigen (cell wall Ag or LPS)

The outer L-layer underlying the capsular material has the lipopolysac-
charide (LPS) called the ‘0’ antigen. This’L’ layer also has certain proteins called 
outer  membrane proteins (OMP) which are antigenic. These OMPs include both 
porin (OMP F and OMP C) and non-porin substances. Porins are pore-forming 
channels which help in solute uptake and non-porin proteins are structural 
proteins (Figure 2) [23]. These antigens are highly immunogenic and there is 
a good antibody response to all these antigens in patients with typhoid fever.”. 
[24, 25]. The somatic  antigens represent the side chains of repeating sugar unit 
projecting outwards from the  lipopolysaccharide layer and the surface of the 
bacterial cell wall; they are  hydrophilic and heat stable. It is used for serological 
diagnosis [26].

Figure 2. 
Antigenic structure of Salmonella Typhi [22].
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2.4 Flagella(H antigen)

Flagella, while contributing to virulence, are also important activators of innate 
immune responses via recognition of monomeric flagellin by TLR5 and NAIP recep-
tors [27, 28], H antigen may occur in either or both of two forms, called phase 1 and 
phase 2. The organism tends to change from one phase to the other. H antigen also 
provides a useful epidemiologic tool with which to determine the source of infec-
tion and its mode of spread [29]; While most NTS display phase variation through 
the alternate expression of two genes of flagellin (fliC and fljB), most S. Typhi 
strains are monophasic, expressing FliC of the antigen H: d directly. Interestingly, 
some Indonesian S. Typhi strains transmit H: j, due to an in-frame deletion in fliC, 
a variant of H:d. [30], and/or are biphasic, expressing a plasmid-encoded FljB 
analogue of the H:z66 antigen [31], H:j and H:z66 antigenic variants are thought to 
have recently emerged during S. Typhi evolution [32], driven by immune selection 
in this high incidence region [31]. This additional variation seems to play a role in  
S. Typhi interactions with host epithelial cells and macrophages and partly in 
immune evasion [33].

2.5 Fimbriae (adhesion protein) and pili

The significant adhesion factors for S. Typhi are fimbriae and pili. These elements 
of virulence are employed by S. Typhi during infection and host colonization for its 
various cellular interactions [34]. The Operon Stg, one of the six Operons Fimbriae 
found in S. Typhi, But not S. Typhimurium has recently been shown to be involved 
in cellular invasion and in vitro destruction of epithelial cells [34]. In addition, the 
STG operon was found to assist S. Typhi targets enterocytes more preferentially than 
M cells, which promotes S. Typhi By passing the Peyer patches, eludes the innate 
immune system [35].

2.6 Virulence plasmid

Certain Salmonella carry a large, low copy number plasmid that contains 
virulence genes. Virulence plasmids are required to trigger systemic disease; their 
involvement in the enteric stage of the infection is unclear. Salmonella virulence 
plasmids are heterogeneous (50–90) kb in size, but all share a 7.8 kb area, SPV, 
necessary for reticuloendothelial system bacterial multiplication [36, 37].

2.7 Invasiveness

Unlike most bacteria that rely on endocytosis mediated by receptors in order to 
invade a target cell, S. Typhi uses a complex mechanism known as bacterial medi-
ated endocytosis, in which bacterial proteins enter the host cell and control signal-
ing cascades that regulate the trafficking of cytoskeletal membrane architecture 
and gene expression, both of which force endocytosis S. Typhi into the host [37, 38]. 
The target cell for S. Typhi is the macrophage. The ability of S. Typhi to survive in 
macrophages is due to the development of bacterial proteins that allow the organism 
to with strand both the oxygen-dependent and the non oxygen-dependent killing 
mechanisms of these professional phagocytic cells [36, 37].

2.8 Biofilm

Biofilm cells manufacture proteinaceous substances that allows synergic growth 
and protection from possible harsh environments it may encounter [39, 40]. In the 
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seventeenth horn, a Dutch scientist Van Leeuwenhoek was the first individual to 
discover biofilm cells which he described as “animacules” on his dental plaque. The 
biofilm development process is initiated with single cells attaching to a surface or to 
each other, this is then followed by the formation of clustered cells or microcolonies. 
Over time, the microcolonies are surrounded by a protective layer of protein-rich 
substances referred to as extracellular polymeric substances (EPS) [37]. The devel-
opment and genetic signaling pathways involved in a Salmonella biofilm formation 
are complex. There are four major components to the structure of the Salmonella 
biofilm: curli, cellulose, capsular polysaccharides and lipopolysaccharides. Curli 
fibers, referred to as thin very aggregative fibers (Tafi) are one of the main compo-
nents of the extracellular polysaccharide (EPS) matrix [40, 37].

Enea et al. [41] were found biofilm production by S. Typhi may represent a key 
factor for the promotion of a persistent infection in the gallbladder, thus sustaining 
a chronic local inflammatory response and exposing the epithelium to repeated 
damage caused by carcinogenic toxins. Figure 3 demonstrates the potential role of 
biofilm-producing S. Typhi, in the development of gallbladder cancer. (A) Chronic 
S. infection. Typhi strains and gallstone presence strongly correlate with the devel-
opment of gallbladder cancer (GC); The presence of gallstones (B) could provide 

Figure 3. 
Showing the potential role of biofilm-producing S. Typhi in the development of gallbladder cancer. (A) Chronic 
S. infection. Typhi strains and gallstone presence strongly correlate with the development of gallbladder cancer 
(GC); The presence of gallstones (B) could provide S. Typhi strains with the ideal substrate. (C) Once the biofilm 
is established, bacterial cells are separated from the gallstones that release carcinogenic molecules [41].
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S. Typhi strains with the ideal substrate. (C) Once the biofilm is established, bacte-
rial cells are separated from the gallstones that release carcinogenic molecules that 
induce genomic instability and chronic inflammation, which are key prerequisites 
for the onset of GC. with an increased biofilm forming capacity.

2.9 Endotoxin of Salmonella Typhi

Endotoxin is a big part of Gram-negative bacteria’s outer membrane (OM). 
Endotoxins have been found to play an important function in the pathogenicity 
of Gram-negative bacterial infections. It is a powerful mediator of a wide range 
of pathophysiological effects in humans, mainly in the gasterointestinal tracts. 
Therefore, these are also known as enterotoxins. These toxic behaviors, as well as 
many beneficial ones linked to immunostimulation, include lethal toxicity, pyro-
genicity and tissue necrotizing activity [42]. Endotoxins are high-molecular weight 
complexes, of lipopolysaccharides (LPS) which is the major component of bacterial 
cell wall [42]. It’s a heat stable toxic substance released by gram negative bacteria’s 
after disruption of cell envelopes [43, 44]. The role of endotoxins in bacterial patho-
genesis and their chemical characterization as lipopolysaccharide (LPS) have been 
studied earlier [45, 46]. Chemically, LPS consist of a hydrophilic polysaccharide 
covalently linked to a hydrophobic lipid portion which is termed as lipid A, which 
anchors the molecules in the outer membrane (OM) [47]. Endotoxins play a major 
role in human disease states that created interest to investigate the pathogenicity of 
the producing bacteria [42]. Lipopolysaccharide found to be an important activa-
tor for the activation of immune system that leads to non- specific inflammatory 
immune response [48].

3. Conclusions

According to above review we put highlights on the role of the Salmonella 
virulence factors. In addition, we mentioned some strategies that could be explored 
in order to take control of Salmonella infections.
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Chapter 2

Enteric Fever in Primary Care
Abdulmaleek Idanesimhe Sado and Aduke Oluwambe Sado

Abstract

Enteric fever is a bacterial infection caused by Salmonella typhi and paratyphi. 
It is endemic in many parts of Africa and South Asia where there is poor access to 
safe portable water and below par food quality assurance. It is important to ensure 
prompt recognition, diagnosis and management of symptoms to forestall complica-
tions. Due to the rising global burden, significant effort has to be made to improve 
primary care services like vaccination, antimicrobial stewardship and encourage-
ment of hygiene measures. Hence, it is imperative to be aware of its current burden 
and options available in primary care for its prevention and treatment.

Keywords: Salmonella, enteric fever, typhoid, primary care, typhoid-conjugate 
vaccine

1. Introduction

Typhoid fever (now more appropriately called Enteric fever) is a bacterial 
infectious disease caused by Salmonella enterica subspecies enterica and serovar 
typhi. It is mainly transmitted through the faeco-oral route via contaminated food, 
water and asymptomatic carriers [1]. It is endemic in developing countries and low-
resource settings where hygiene and sanitation measures are subpar. In developed 
countries and high-income settings, it is less common but cases still occur in recent 
travellers to endemic areas [2]. There are a number of factors which contribute to 
the disease burden including lack of access to clean, portable water, poor food qual-
ity control and lack of public health services (e.g well managed public latrine and 
hand washing facilities); all of which can be attributed to lack of awareness, low 
political will and sociocultural factors. Symptoms of enteric fever vary significantly 
and are generally nonspecific. These include pyrexia, headache, myalgia, arthralgia, 
nausea, rash, abdominal pain, constipation and occasionally diarrhoea [3].

Enteric fever, if left untreated can be life-threatening and result in a myriad of 
complications including intestinal haemorrhage and perforation, peritonitis, sepsis, 
meningitis, osteomyelitis, multiorgan failure and death [1, 3]. Hence, it is expedient 
to ensure early diagnosis and management to mitigate complications.

Central to the actualisation of universal health coverage is an effective primary 
health care system which is usually the first point of contact for most patients. 
Hence, the role of the primary care clinician in the prevention, diagnosis and 
management of enteric fever and its complications cannot be overemphasised. This 
is what this chapter aims to address.
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2. Epidemiology

Enteric fever is a global health problem affecting 21.6 million people (incidence 
of 3.6 per 1000 population) and resulting in just over 216 000 deaths annually 
[4]. It is endemic in developing and low and middle income countries of Africa, 
Asia, Latin America, the Caribbean and Oceania mainly due to poor sanitation 
and environmental hygiene [2, 4]. Bangladesh, Indonesia, China, India, Laos, 
Nepal, Pakistan and Vietnam account for 80% of cases [4]. Untreated, 10%–30% 
of patients will die but mortality reduces to 1%–4% with prompt and appropriate 
treatment. In the pre-antibiotics era, the USA had a case fatality rate of 9%–13% 
[5]. This illustrates how much the discovery of antibiotics has revolutionised its 
management, just like most bacterial infections. However, there is an increasing 
burden of antimicrobial resistant Salmonella strains emanating from endemic coun-
tries mainly due to poor antimicrobial stewardship and measures must be taken to 
stem the tide.

Significant intra- and intercountry variation in disease burden exists in many 
regions of south and south east Asia and parts of Africa. For instance, surveillance 
performed in two sites in Kenya between 2006 and 2009 found that the incidence 
of blood-culture proven typhoid fever in rural and urban sites varied from 29 
up to 247-cases/100 000 person-years [6]. Also, data from the Diseases of Most 
Impoverished areas have described incidence rates varying from 24.2/100 000 in 
Vietnam to 493.5/100 000 in parts of India [7]. However, most disease burden data 
from low- and middle-income countries are hospital-based which leaves a huge 
number of cases unaccounted especially in areas of low health-care usage and 
accessibility. Hence, it is imperative for countries in endemic regions of the world 
to develop a national and regional surveillance system to identify factors respon-
sible for these variations and adopt guidelines and protocols to improve efficiency 
in prevention, diagnosis and management. Central to this should be an efficient 
primary care system where surveillance and data gathering can be co-ordinated and 
synchronised with hospital-based data providing a broad-based approach and a 
better reflection of disease burden.

The incidence of enteric fever varies by age. In endemic areas, incidence is 
higher in younger children but similar across age groups in low burden areas [8]. In 
general, children are at a higher risk of complications including ileitis and intestinal 
perforation. When perforation sets in, mortality has been reported to be as high as 
62% [9, 10]. Therefore, it is imperative that signs and symptoms of enteric fever are 
identified and treated early in primary care. Due to the wide disparity in incidence 
between developed and low and middle-income countries, primary care physicians 
in the latter will most likely see a lot more cases and have a high pre-test probability. 
This poses a challenge for a lot of primary care practitioners in developed countries 
who are less likely to be familiar with its presentation and may result in delay in 
diagnosis. In England and Wales, any case of Salmonella infection is a notifiable 
disease which must be reported to Public Health England and may require urgent 
community investigation to forestall an outbreak [11].

3. Aeotiopathogenesis

Salmonella is a flagellated, non-capsulated facultative anaerobic gram-negative 
bacilli and non-lactose fermenter of the Enterobacteriaceae family which has 
flagellar, somatic and outer coat antigens [7, 12]. Its outermost covering is made up 
of the somatic O antigen while the flagellae are composed of the H antigen. Each 
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O and H antigen have a unique code number and a varied combination of these 
form the basis for the determination of serotypes [12]. Of the over 2500 serotypes 
of Salmonella that have been identified, only 100 are thought to be responsible for 
most human infections [7]. These infections can be broadly divided into nonty-
phoidal and typhoidal. The typhoidal infection is mainly caused by S. typhi and less 
commonly paratyphi. Salmonella typhi and paratyphi A are thought to be restricted 
to humans alone. A key virulence factor in most strains of S.typhi is the Vi capsular 
antigen which possesses immunomodulatory properties that are thought to contrib-
ute to disease pathogenesis, including limiting complement deposition, reducing 
immune activation, assisting with phagocytosis evasion, and inhibiting serum 
bactericidal activity [7, 13, 14]. Without it, S. typhi will be more susceptible to 
attack and destruction by the host immune system. Hence, the Vi antigen has been 
harnessed as a major component of typhoid vaccines including the new conjugate 
vaccines [7].

Transmission is through the faeco-oral route from contaminated food, water and 
unrestricted contact with chronic carriers especially in an unhygienic environment. 
When Salmonella typhi is ingested, it evades degradation by enzymes and gastric 
acid before entering the host’s system primarily through the terminal ileum [15]. At 
the distal ileum, through specialised structures called fimbrae, they attach to the 
epithelial cells overlying clusters of lymphoid tissues called Peyer patches. These 
serve as a relay point for macrophages travelling from the gut to the lymphatic 
system. Activation of the macrophages at the Peyer’s patches release cytokines 
which attract more macrophages to the site. These macrophages serve as a vehicle 
by which S. typhi is transported to several parts of the reticuloendothelial system 
including the liver, spleen and bone marrow where they replicate up to a critical 
density at this point [16], they break into the bloodstream and invade other parts of 
the body. One of such places invaded is the gall bladder. The gall bladder is infected 
haematogenously or through infected bile. Infected bile is then secreted into the 
gut where it once again comes in contact with the Peyer patches at the distal ileum. 
This second sensitization of the macrophages at this site results in inflammation 
and hypertrophy of the lymphoid tissues (typhoid ileitis) [15, 16]. This enlargement 
encroaches on the blood supply resulting in ischaemic coagulative necrosis and con-
sequently perforation and peritonitis. Some of the salmonella is excreted in the stool 
which is serves as a source of infection spread. This is the source of transmission of 
Salmonella in chronic carriers where the salmonella is thought to avoid enzymatic 
and chemical degradation in the gall bladder for a long time by forming biofilms or 
entering an intracellular ‘comfort zone’ in the gall bladder epithelium.

4. Clinical presentation

Enteric fever presents with a number of nonspecific symptoms and a wide varia-
tion in severity. Symptoms must be correlated with laboratory investigation to reach 
a diagnosis. Symptoms generally include fever, constipation, diarrhoea, abdominal 
pain, lethargy, nausea and vomiting, malaise, headache, truncal rash (rose spot), 
anorexia etc. The incubation period for enteric fever is 1–3 weeks and symptoms 
progressively get worse over the course of illness if not promptly treated [17].

In the first week, patients may complain of headache, malaise, intermittent 
fever, cough and constipation. Bradycardia may also be elicited on clinical examina-
tion. In the presence of fever, this is termed Faget sign or sphygmothermic dis-
sociation. This is also seen in yellow fever, Brucellosis, Tularaemia and Colorado 
Tick fever.
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In the second week, the patient appears dull with diarrhoea and apathy, sus-
tained pyrexia, distended, tender abdomen and sometimes red macules (rose 
spots). Splenomegaly may also be present in 75% of cases.

In the third week if still untreated, patient become very ill, delirious and toxic with 
high pyrexia, intestinal haemorrhage and perforation. Toxic myocarditis may also ensue.

10% of cases relapse within the first 3 weeks of apparent recovery or completion 
of treatment, hence adequate monitoring and follow up should be arranged.

In the United Kingdom, any Salmonella infection is notifiable to Public Health 
England. Most cases occur in travellers returning from endemic areas. The PHE has 
developed certain criteria which would serve as an invaluable tool especially for 
primary care physicians in the early identification of suspicious cases for further 
escalation, assessment and confirmation.

According to Public Health England (PHE), cases can be classified into con-
firmed, possible and probable cases based on the following criteria (Table 1) [18]:

It must be noted that the typical presentation of course of enteric fever may 
deviate significantly from that described above. These may include pneumonia, 
delirium, arthralgias and severe jaundice. Younger children, people living with 
AIDS and one third of immunocompetent adults may present with diarrhoea 
instead of the classical constipation. The typical step ladder pyrexia is now only 
seen I 12% of cases with the fever pattern now mostly of the insidious persistent 
type [7]. Untreated or poorly treated infections may result in orchitis, intestinal 
ileitis, haemorrhage and perforation, meningitis, osteomyelitis.

5. Diagnosis

The diagnosis of enteric fever is made by correlation of clinical and laboratory 
investigations. The current gold standard as recommended by the world health 

Confirmed Case Probable Case Possible Case

• A person with S. typhi or S. 
paratyphi infection deter-
mined by the Public Health 
England Gastrointestinal 
Bacteria Reference Unit

OR

• A person with documented 
confirmatory evidence from a 
recognised overseas reference 
laboratory

• Local laboratory presumptive 
identification of Salmonella 
typhi or paratyphi on faecal 
and/or blood culture or 
culture of another sterile site 
(e.g. urine), with or without 
clinical history compatible 
with enteric fever

OR

• A returning traveller giving 
a clinical history compatible 
with enteric fever and docu-
mentation of a positive blood/
faecal culture (or positive 
PCR for S. typhi / S. paratyphi 
on blood) and/or treatment 
for enteric fever overseas

• A person with a clinical history 
compatible with enteric fever 
and where the clinician sus-
pects typhoid or paratyphoid as 
the most likely diagnosis

OR

• A person with clinical history 
of fever and malaise and/or 
gastrointestinal symptoms with 
an epidemiological link to a 
source of enteric fever e.g. if 
they have ‘Warn and inform’ 
information

OR

• A returning traveller reporting 
a diagnosis abroad with 
positive serological testing or 
Salmonella PCR from faeces but 
no documented evidence of a 
positive blood or faecal culture 
positive

Table 1. 
PHE classification of Enteric fever cases
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organisation (WHO) is blood culture, although this may be culture of bone mar-
row, stool or urine depending on the time in the course of infection at which the 
sample was taken [4, 7, 15]. Even blood culture has been found to be an imperfect 
gold standard, hence there is an advocacy in some quarters for the use of a com-
posite reference standard (CRS) to improve estimation of diagnostic accuracy [19]. 
The CRS involves combination of several diagnostic tests to increase the sensitivity 
rather than relying on individual tests. However, at present there is no consensus 
as to which tests should be included in the CRS [19]. This may be the future gold 
standard but further research is needed.

In low- and middle-income countries where the disease is endemic, access 
to contemporary diagnostic tests may be a challenge and a lot of patient in these 
countries pay out of pocket for health service delivery which they may not be able 
to afford. Hence, there is a case for empirical treatment based on clinical symp-
toms. However, this should be seen as a last resort and priority should be given to 
improving access to a simple, effective rapid diagnostic test (RDT) which is both 
reliable and valid. At present, although there are RDTs available commercially in 
endemic areas such as Typhidot, TUBEX and Test-it, their diagnostic accuracy is 
uncertain [20].

A lot of laboratories in low resource settings are still very much dependent on 
the Widal test. The Widal test is a serologic agglutination test developed by F Widal 
in 1896 [21]. The test is based on the presence of antibodies against the flagellar H 
and somatic O antigens of Salmonella typhi. Over the years, it has become a lot more 
controversial and largely abandoned in developed countries [21]. The main limita-
tions with the test include a high cross- reactivity with other infectious agents (like 
nontyphoidal salmonella, plasmodium and tuberculosis), past enteric fever and 
BCG vaccination history. Other limitations include poor performance technique 
and result interpretation. Therefore, its use should be restricted to situations where 
there is no other supportive confirmatory test [21].

There are lots of other tests in development which hold promise for the future 
of enteric fever diagnosis. The antibody-in lymphocyte-supernatant (ALS) test has 
demonstrated good sensitivity and specificity in endemic settings [7, 22]. Others 
include PCR-based assays and high through-put technologies on clinical specimens 
using mass spectrometry [23].

6. Clinical management

In primary care, a thorough history and clinical examination could be sugges-
tive. Unstable patients or those at high risk of deterioration should be referred to 
secondary care for same day hospital assessment and treatment. The mainstay of 
enteric fever treatment is antibiotics. The route of administration is often oral and 
parenteral in primary and secondary care respectively. There are several options of 
antibiotics and first line choice is usually determined by national and local guide-
lines according to sensitivities and antibiotics resistance pattern. In most places, 
fluoroquinolones such as ciprofloxacin and ofloxacin are first line. Second line 
antibiotics include third generation cephalosporins such as ceftriaxone, ampicillin, 
co-amoxiclav and trimethoprim-sulphamethoxazole [7]. Over the years, several 
options of antibiotics have been preferred but have changed based on resistance 
patterns. Decades ago, top on the list of antibiotics were chloramphenicol, ampicil-
lin and co-trimoxazole [7]. The resistance to these traditional antibiotics resulted in 
multidrug resistance (MDR) typically conferred via IncHI1 plasmids, harbouring 
resistance genes such as catA, sul1, sul2, dfrA, blaTEM-1, strA, strB, tetA, tetB, tetC, 
and tetD on composite transposons [7]. MDR strains were responsible for several 
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outbreaks of enteric fever in the 1980/1990s and led to the widespread use of fluo-
roquinolones as first-line therapy [7, 24]. In the event of MDR and fluoroquinolone 
resistance, third generation cephalosporins provided respite and an effective alter-
native. Unfortunately, there are now emerging resistant strains to fluroquinolone 
and cephalosporin especially in Africa, south-east Asia and the Indian subcontinent 
resulting in extreme drug-resistance [7]. Fluoroquinolone resistance occurs mainly 
via chromosomal mutations in the gyrA, gyrB, parC, and parE genes. The local 
pharmacologist or microbiologist should be involved in discussion of the treatment 
of such cases where recommendations can be made for the use of other options. 
Such options would likely include Azithromycin, tigecycline or the monobactam, 
Aztreonam. On a positive note, re-emerging sensitivity to the traditional antibiotics 
of chloramphenicol, ampicillin and co-trimoxazole is being reported after the pro-
longed decline in their use [25]. This makes a case for strict adherence to antibiotics 
stewardship and similar trend may be the case for lot of other infectious diseases 
which is worth exploring. It is inevitable that various forms of MDR may emerge in 
future and antibiotic guidelines have to evolve to reflect the trend.

Also, chronic carriers may be treated with a combination of medical and surgical 
interventions. About 80% clearance rate can be achieved with a 28- day course of 
ciprofloxacin 750 mg twice daily or norfloxacin 400 mg twice daily. Azithromycin 
may be beneficial in those with floroquinolone resistance. In chronic carriers with 
cholethiasis, cholecystectomy under antibiotic cover is indicated and those with 
schistosomal infection should be covered with praziquantel [7, 24].

7. Prevention

As earlier discussed, central to the transmission and pathogenesis of enteric 
fever is poor sanitation and hygiene standards and lack of access to safe drinking 
water. Therefore, public health interventions targeted at addressing these will go a 
long way in reducing the global burden of the disease.

Another factor responsible for high global burden is the emergence of antimi-
crobial resistance strains which result in treatment failure and increased carriage 
rate [7, 14, 16]. In light of this, it is totally rational that the development of a highly 
efficacious vaccine will significantly reduce global burden. This is highly important 
especially for endemic areas with high disease burden and those at high risk of 
complications especially young children. A number of typhoid vaccines have been 
developed over the years and others are still in various stages of development with 
varying degrees of efficacy. Examples include Ty21a and Vi-polysaccharide vaccines 
which have shown efficacy at 2 years of 58% (95% CI 40–71%) and 59% (95% CI 
45–69%), respectively [7]. Typhoid conjugate vaccines (TCVs) have been devel-
oped using the Vi-polysaccharide vaccine covalently linked to a protein to enhance 
immunogenicity, antibody quality, magnitude and duration [7]. Recent studies 
have shown better and long-lasting immunogenicity from TCV than Vi alone. For 
instance a prototype Vi-rEPA vaccine made up of Vi covalently linked to rEPA, a 
recombinant exoprotein A from Pseudomonas aeruginosa demonstrated efficacy 
of up to 91% (95% CI 77–97%) at 2 years, when given as a two dose schedule in 
2–5 year-old children and protection lasted at least 4 years [7, 26, 27].

In England, the two main vaccines available are the Vi vaccine given as a single 
injection and the Ty21a vaccine available in the form of three capsules to be taken 
on alternate days. It is also available in combination with hepatitis A vaccine with 
protection lasting 1 year and 3 years for hepatitis A and Typhoid respectively [28]. 
Vaccination is highly recommended for people who are travelling to high risk areas 
including the Indian subcontinent, Africa, South America, South and South-east 
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Asia [28]. The Ty21a being live-attenuated, should not be given to immunocompro-
mised patients or children below six years of age. However, the Vi vaccine can be 
given from the age of 2 years [28].

The World Health Organisation (WHO) strategic Group of Experts on immuni-
sation, in October, 2017, recommended the inclusion of TCVs in vaccination 
programme schedules in endemic countries from 6 month of age and catch-up 
vaccinations in children and adolescents up to 15 years old where it is feasible and 
appropriate [7, 29]. However, this is yet to be implemented in most of these coun-
tries due to several factors including lack of political will, poor funding and in some 
cases poor uptake due to local cultural beliefs.

In 2008, the Vaccine Alliance (Gavi) made TCVs a priority as part of the typhoid 
investment initiative but did not make any financial commitments due to unavail-
ability of a suitable vaccine [29], however, with the development of promising 
vaccine candidates with clinically appreciable efficacy albeit in the short- to- 
medium term, in November 2017, Gavi committed an $85 million funding window 
to support the roll out of these vaccines in eligible countries between 2019 and 2020 
[7, 29] and in In January 2018, the WHO prequalified the TYPBAR-TCV. Since then, 
three countries have applied for support from Gavi, which includes a request for 
TCV use in response to an outbreak. The first Gavi-supported introduction of the 
TCV began in 2019 with Pakistan being the first country to request the vaccine in 
response to widespread transmission of an of extreme drug resistant strain (XDR) 
of Salmonella typhi. Following on this in the same year, Zimbabwe also applied for 
the TCV to combat an outbreak of drug resistant strains in Harare and was the first 
non-research use of the TCV in sub-Saharan Africa [29]. It is hoped that many more 
countries will apply for vaccine support and increase coverage to enhance reduction 
in global disease burden.

Another important factor driving an increase in disease burden is antibiot-
ics resistance. This is mainly in endemic countries where the implementation of 
antibiotic stewardship is still a huge challenge. In these areas, a lot of antibiotics 
can be bought over-the-counter and patients often get them from the local chemist 
or patent medicine store without having to see a clinician. This has fostered the 
propagation of drug resistant strains of Salmonella typhi and paratyphi resulting in 
treatment failure, increased morbidity and mortality and increased tendency for 
chronic carriage. To mitigate this, there has to be a deliberate policy in these coun-
tries to better control access to antimicrobials, improved access to rapid diagnostic 
tests and public sanitation measures like clean, safe water, running pipe-borne 
water, clean toilet and waste disposal facilities.

8. Conclusion and recommendation

In conclusion, enteric fever caused by Salmonella typhi and paratyphi is still a 
huge global challenge and remains of major public health concern especially in low 
resource settings. The fundamental reasons for this unrelenting disease burden are 
multifactorial. Major factors include poor hygiene and sanitation measures, lack of 
access to portable drinking water, antibiotics resistance and poor access to vaccines. 
There has to be a strong political will for disease surveillance and primary care 
interventions such as ensuring the typhoid vaccines are included in routine immun-
isation schedules in endemic countries especially for children. The traditional 
typhoid vaccines held some challenges including convenience of administration and 
poor immunogenicity. However, the TCVs with better administration convenience 
especially in children as young as six months and longer-term protection, hold huge 
promise for the future of typhoid vaccine prophylaxis. Also, more countries need 
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to seize the opportunity for vaccine support provided by Gavi to improve vaccine 
uptake. There also has to be increased investment in research and development 
into novel vaccines and diagnostic tools which are accessible, available, reliable and 
affordable. With the aforementioned and improved commitment to environmental, 
food and hygiene status, we will hopefully combat this scourge and forge a better, 
healthier future with enteric fever disease burden reduced to the barest minimum.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

In the case of infection control, one of our primary concerns is typhoid fever. 
According to WHO, typhoid prevalence in Indonesia is highly endemic. There is also 
the problem with the low efficacy of the available vaccine to prevent the disease. 
Therefore, there is an urgent need to develop a highly effective typhoid vaccine. One 
of the phases in vaccine development is an exploratory phase, a research-intensive 
phase of the vaccine development process designed to identify natural or synthetic 
antigens that might help prevent or treat a disease through computer in silico predic-
tion targets. The vaccines developed through epitope peptide are designed to be safer, 
more efficacious, and less expensive than traditional vaccines. A thorough under-
standing of the disease agent, particularly critical epitopes to induce the appropri-
ate immunological reaction, is required to achieve these aims. Mapping epitope 
sequences or antigenic peptides from pathogenic proteins recognized by B cells and  
T cells is crucial for vaccine development. Once the epitopes were identified, the poly-
peptide production could be produced through protein recombinant technology. The 
polypeptide vaccine, in the end, could be delivered using a liposomal delivery system.

Keywords: epitope, vaccine, typhoid, infection, control

1. Introduction

1.1 The urgency of infection control

Research about vaccines is urgently required because vaccinations are still the 
most effective way to prevent illness, disability, and death from vaccine-preventable 
diseases, such as Diphtheria, Pertussis, and Tetanus. WHO reported that global 
immunization successfully averts 2–3 million deaths of children every year. However, 
this achievement can still be improved, which means an additional 1,5 million deaths 
can be prevented. 19,4 million children worldwide are still missing out on essential 
vaccines. One of the critical strategies to improve global vaccine coverage is to 
provide the vaccine at all times and all places, in the best quality.

In the case of infection control, one of the major concerns is typhoid fever. 
According to WHO, typhoid prevalence in Indonesia is highly endemic. Typhoid 
disease still has to get serious attention because of its increasingly complex prob-
lems, making it difficult to manage, treat, and prevent [1]. This problem becomes 
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even more difficult with the increasing resistance to commonly used antibiotic 
drugs. At present, there have even been reported cases of resistance to many drugs 
(multidrug resistance) spread throughout the world [2]. There is also a problem 
with the low efficacy of the available vaccine to prevent the disease. Therefore, 
there is an urgent need to develop a highly effective typhoid vaccine.

2. Six stage vaccine development

According to the CDC [3], there are six vaccine development stages: exploratory, 
preclinical, clinical development, regulatory review, approval, manufacturing, and 
quality control.

Exploratory: This research-intensive phase of the vaccine development process 
is designed to identify “natural or synthetic antigens that might help prevent or treat 
a disease.” Antigens might include weakened strains of a particular virus/bacteria.

Preclinical: During this phase, researchers use tissue-culture or cell-culture sys-
tems and animal testing to determine whether the candidate vaccine will produce 
immunity. Many candidate vaccines do not move on to the next stage of develop-
ment because they fail to produce that immunity or prove harmful to test subjects.

Clinical development: At this point, a sponsor, usually a private company, 
submits an application for an Investigational New Drug (IND) to the U.S. Food 
and Drug Administration (FDA) or BPOM (Badan Pengawas Obat dan Makanan, 
National Food, and Drug Agency) in Indonesia. This step summarizes findings to 
date and describes how the drug will be tested and created. An institution that will 
host the clinical trial holds a review board for approval of the application. The FDA 
has 30 days to approve the application. Once the proposal has been approved, the 
vaccine must pass three trial stages of human testing.

Regulatory review and approval: If a vaccine passes through all three clinical 
development phases, the vaccine developer submits the registration documents to 
the regulatory board.

Manufacturing: Major drug manufacturers provide the infrastructure, person-
nel, and equipment necessary to create mass quantities of vaccines. They also reap 
the profits of successful or widely distributed drugs.

Quality control: The approval and distribution are far from the end of the line. 
Stakeholders must adhere to procedures that allow them to track whether a vaccine 
is performing as anticipated.

3.  Improving safety and efficacy of typhoid vaccine using epitope 
vaccine

On the other hand, there are vaccine safety and efficacy issues that cannot 
be ignored. There are three different types of vaccination developed for S. typhi: 
live-attenuated pathogens, inactivated pathogens, and sub-unit vaccines. From the 
safety point of view, sub-unit vaccines provide better safety profiles because they 
only use specific proteins and could not be reverted into a virulent form. However, 
conventional protein isolation usually results in a minimal yield; thus, we need to 
develop an epitope vaccine. Epitope vaccine is a part of the subunit vaccine, which 
only uses the antigen’s epitope area. The interaction of epitopes and antibodies are 
particular, and the peptides are well characterized. Therefore, we can produce the 
peptides for the epitope vaccine using the recombinant technique.

Until now, vaccines for typhoid fever that have been available and show the 
safety and effectiveness of several clinical trials and are recommended by the CDC 
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(Center for Disease Control and Prevention, USA) are oral Ty21a vaccine and ViCPS 
vaccine (Vi capsular polysaccharide) given parenterally [4]. Ty21a is a vaccine 
that uses a weakened organism (oral attenuated vaccine). This orally administered 
vaccine is technically more comfortable to use because it does not cause pain but 
can be virulent if given to an immunocompromised individual. ViCPS vaccine is a 
parenterally administered independent T-cell antigen that gives uncomfortable pain 
to the patients [5].

The development of bioinformatics tools and advances in recombinant DNA 
technology (rDNA) and the knowledge on the host immune response and the 
genetic background of the pathogen will lead to new vaccines against diseases 
that currently have few or no control measures in just 1 or 2 years. Through 
computer in silico predictions to define targets. The vaccines developed through 
rDNA technologies are safer, more efficacious, and less expensive than tradi-
tional vaccines. A thorough understanding of the disease agent, particularly 
critical epitopes to induce the appropriate immunological reaction, is required to 
achieve these aims [6].

The epitope is part of the antigen that would be recognized by the antibody [7]. 
Different epitopes of protein antigens can be identified based on sequences from 
amino acids or different conformational forms. Some epitopes are hidden in antigen 
molecules and exposed as a result of physicochemical changes. Epitope vaccine is 
part of the subunit/peptide vaccine. Peptide vaccines can be used to induce broad-
spectrum immunity against some serological variants (serovar) or certain patho-
genic strains by formulating several non-contiguous immunodominant epitopes 
and conserved epitopes between different serovars/pathogenic strains.

On the other hand, due to the relatively small peptides, they are often immuno-
genic weak on their own and therefore require carrier molecules to add chemical 
stability and adjuvants to induce a robust immune response. Allergenicity and 
molecular reactogenicity of the carrier itself increases the complexity of the peptide 
vaccine design. Making peptide vaccines are generally considered safe and cost-
effective when compared to conventional vaccines [8].

4. Stages development of epitope vaccine

In principle, a material’s antigenic nature shows how much the antigen’s ability 
to bind to antibodies and cause different reactions in human immunity forma-
tion. Antibodies or immunoglobulins are specialized proteins that are products 
of differentiated B lymphocytes or plasma cells. The bond between antibodies 
and antigens induces systemic immunity and activates the complement to process 
further activate the humoral immune system [9].

Specific antibodies can be made on an individual’s body by immunizing selected 
peptides that present epitopes of these proteins. Epitopes play an essential role 
in vaccine development. Mapping epitope sequences or antigenic peptides from 
pathogenic proteins recognized by B cells and T cells is crucial for vaccine develop-
ment. Epitope mapping provides useful information for designing peptide-based 
vaccines and as libraries to monitor specific cellular immunity in protected indi-
viduals, patients, and vaccines [8].

B cell epitope mapping is divided into linear and nonlinear B cell epitope 
mapping. Although minor, linear B cell mapping has further attention in vaccine 
research because linear epitopes are epitopes ready to replace antigens in immu-
nization. There are various epitope mapping method using different approaches 
and algorithms; for instance Kolaskar and Tongaonkar [10], Bepipred, Preditop, 
ABCPred, LBtope, and many others [11].
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The IEDB (The Immune Epitope Database) maps experiments identify and 
characterize epitopes and epitope-specific receptors with related details, including 
host organisms, immune exposures, and induced immune responses. The genes that 
encode polypeptides are then cloned into pRSETA, a bacterial vector for high-
level expression of proteins, plasmid vectors. Transformation of the recombinant 
plasmid in E. coli host was followed by induction with IPTG (Isopropyl ß-D-
1-thiogalactopyranoside), which resulted in a polypeptide expression as observed 
in SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) and 
Western blot analysis. Purified polypeptides were subjected to step dialysis. The 
final concentration was quantified and adjusted to 2.5 mg/ml by Lowry’s calorimet-
ric assay against BSA (Bovine Serum Albumin) standard [12].

5. In silico experiments as tools to design epitopes for vaccine

Epitope-based vaccine design using this computational method silico is an effec-
tive strategy that can lead to vaccine development to induce the necessary immuno-
genicity without the emergence of a cytokine storm or immune tolerance. Based on 
several in vitro studies and in vivo, if scientifically and critically designed, epitope-
based vaccines offer several advantages over other types of vaccines, including their 
fast design and accurate, time/cost effective formulations, and desired immunoge-
nicity with minimal side effects [13].

There is no denying that vaccination is beneficial in promoting a healthy global 
population. This act has saved countless lives, reduced healthcare costs, and 
improved the quality of human life. Accidental discoveries in immunology are aug-
mented by knowledge about bioinformatics tools for epitope prediction, resulting 
in the emergence of a pattern new vaccine design. The art and science of efficient 
and comprehensive information extraction and analysis of data stored in relevant 
databases is of increasing importance in research related to immunology [14].

Fortunately, although research in experimental immunology are expensive and 
highly intensive, usually large amounts of data are generated. Such data can only be 
analyzed with high precision and high-speed using bioinformatics tools. For exam-
ple, genome sequencing as well as in vitro T-cell confirmation takes place within 
a few months. With conventional vaccine designs, computational immunology 
methods drastically reduce time and labor requirements in epitope screening. With 
computational immunological techniques, it is possible to find vaccine candidate 
epitopes only by scanning deep protein sequences of the desired pathogen. Many 
of these proteins have not been isolated or at least cloned into specific and unique 
pathogens, and they present a ready candidate in vaccine construction [14].

This in silico strategy also helps in selecting better molecules before testing con-
ditions in vitro or in vivo. In this early stage, the use of in silico methods can direct 
and thus significantly shorten the next experimental work. Besides, proper use of 
the silico method can replace, reduce and improve the usage of animal experiments 
that are often misleading and time-consuming [15].

The position of the in-silico method in the vaccine development process lies at 
the preclinical development stage. In vaccine development, the first steps are to do 
is identify a vaccine candidate. The preclinical stage aims to determine the safety 
profile of the vaccine. During this stage, the researchers will carefully select the 
appropriate antigen and technology, and in vitro and in vivo will do. The informa-
tion gathered from this study will be essential to continue with the subsequent 
clinical trials in humans [16].

There are some advantages of using the In silico method [17]. This technique 
offers an advantage in giving new drug candidates faster and at a lower cost. It is 
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also Increases the chances of success in the many stages of the discovery process and 
facilitates access to the large amount of data generated. In silico experiments, it was 
also turning massive complex biological data into useful knowledge.

Revolution in information technology and molecular biology, together with growth 
in genome data storage, has provided the basis for vaccine design using computational 
and bioinformatics tools. These tools are used for silico mapping of the most precise 
and immunogenic components for the manufacture of a hypothetical protein. The 
vaccine that is designed can then be simulated and evaluated prior to experimental 
validation, enabling the process research and development (R&D) to be carried out 
efficiently, and leads to the development of vaccines with few adverse effects [13]. Here 
is some software that can be used to help in silico design of epitope vaccine.

5.1 Mega x™

Over the last decade, genome sequencing has become an efficient and efficient 
way to investigate a wide variety of biological systems, ranging from diversity stud-
ies large-scale biology to tracking the evolution and origin of pathogenic microbes. 
The steps needed to gather interpretable and interpretable results actionable from 
raw sequence data always require a comparative analysis of molecular sequences to 
find differences in functional and adaptive genomes. The Molecular Evolutionary 
Genetics Analysis (MEGA) software provides the tools to do that analysis. MEGA 
includes many programs for assembling sequence alignments, inferring evolu-
tionary trees, estimating genetic distances and diversities, inferring ancestral 
sequences, computing time trees, and testing selection [18]. MEGA software or 
other software allows alignment of salmonella typhi genome sequences from various 
countries to determine which sequences are considered sustainable. The selection 
of sustainable sequences is vital for the manufacture of vaccines so that later the 
vaccine can be used in many countries.

5.2 IEDB

The Immune Epitope Database (IEDB, iedb.org) [19] captures experimental data 
limited in figures, texts, and tables of the scientific literature, making them available 
online free and easily searchable by the public. The scope of the IEDB includes data 
on immune epitopes associated with all studied species and includes the antibody 
binding context, T cells, and MHCs associated with infection, allergy, autoimmune, 
and related diseases transplant [20]. The IEDB is a website that provides tools 
computations that focus on the prediction and analysis of B and T cell epitopes. The 
IEDB maps experiments identify and characterize epitopes and epitope-specific 
receptors with related details, including host organisms, exposures immunity, and 
induced immune response. The site associated with the IEDB is the ISDBA Analysis 
Resource, which is a predictor of various B cell and T cell epitopes. Using a trained 
and validated algorithm [21]. An antigenicity analysis was carried out using the 
Kolaskar and Tongaonkar principles followed by epitope mapping using Bepipred. 
Both are done based on a database owned by IEDB (The Immune Epitope Database).

IEDB web server using some parameters, including Kolaskar-Tongaonkar as 
the antigenicity scale parameter, which is the standard for epitope prediction [22]. 
The Kolaskar and Tongaonkar antigenicity scales based on the amino acid residues’ 
physicochemical properties and the known tendency frequency as an experimental 
epitope have an accuracy of 75% [10]. The BepiPred-2.0 server predicts B cell epit-
opes from protein sequences, using a Random Forest algorithm trained on epitopes 
and amino acids non-epitope determined from the crystal structure [21, 23]. The 
Immune Epitope Database (IEDB) retrieves experimental data through pictures, 
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texts, and tables of scientific literature, even the scope of the IEDB extends to the 
immune epitope, where data are linked to all studied species including antibodies, T 
cells, and the binding context MHC is associated with infections, allergies, autoim-
mune, and transplant-related diseases [20].

5.3 VAXIJEN 2.0™

VaxiJen is the first server for the prediction of protective antigens, antigens 
tumor, and vaccine subunits. It is also a grade-free bioinformatics tool first for silico 
immunogen identification. VaxiJen uses the Z-scale Wold to explain the Physico-
chemical properties of the primary amino acids building protein. The Amino acids 
are tested, converting the derived string to a uniform vector with auto cross-covari-
ance (ACC). The next step is to select the relevant variable with a genetic algorithm 
(G.A.) or gradual regression and classify protein as a protective or non-antigen 
antigen by discriminant analysis least-squares based (PLS). Initially, Algorithm 
files are trained to identify the protective immunogens of bacteria. A model for 
immunogens viruses and tumors was then included, and VaxiJen was developed 
to provide access free to the model. The latest version of VaxiJen (VaxiJen 2.0) also 
includes a model for identifying parasitic and fungal immunogens [15]. Vaxijen 
used to validate the results of the epitope sequences found from the IEDB whether 
they are immunogenic or not.

6. Epitope mapping model using IEDB

The IEDB was first published in 2004 using data that limited numbers, text, 
and tables of scientific literature. Finally, in 2015, the IEDB experiments’ number 
increased by 140% to exceed 1.6 million, and receptor sequence data in the IEDB 
scheme. Previously, this device could only capture antibodies and the T cell receptor 
(TCR) but can now capture antibodies and complementarity determining regions 
(CDR), which is essential for the antigen’s specificity of its diversity. The scope of 
this device extends throughout the epitope for data relating to all species includes 
immunity body/antibody, the context of T cell binding, and MHC-related infec-
tions, allergies, autoimmune, and transplantation of certain diseases and features to 
access also summarize data in terms of quantity and complexity [20].

An antigenicity analysis is used, and epitope mapping is also carried out 
(Figure 1) to analyze areas that have antigenicity potential against B-cell, for 
example, using Bepipred and Emini methods. Both are done based on a database 
owned by IEDB (The Immune Epitope Database). Selection of epitopes according 
to the score above the threshold. Epitope mapping was performed using Bepipred 
software from the immune epitope database (HTTP://toolsiedb.ofg/bcell/) to find 
linear B cell epitopes from a sustainable region with an average threshold value of 
0.030. This method is classically used to measure propensity.

Moreover, using hidden Markov programming [21], we show the epitope 
mapping of the OMP28 protein, a typhus vaccine candidate researched by Saxena 
et al. (2012). OMP28 is outer membrane protein 28 from Salmonella enterica subsp. 
enterica serovar Typhi with Accession number NCBI: ACX42427. The OMP28 
protein sequence is MNKFSLATAGIIVAALVTSVSVN 
AATDTTKTNVTPKGMSCQEFVDLNPQTMAPVAFWVLNEDEDFKGGD 
YVDFQETETTAVPLAVELCKKNPQSELSKIKDEIKKELSK. Preferably, before 
 starting epitope mapping, we need to make sure that the sequence that will be 
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Figure 1. 
Steps of epitope mapping.

Figure 2. 
B cell epitope mapping using the IEDB Bepipred method (IEDB.org) [19].

Figure 3. 
B cell epitope mapping using the IEDB Emini method (IEDB.org) [19].
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analyzed is a conserved region. This step can be done by aligning many of the same 
protein sequences from different strains of salmonella.

The epitope mapping results are shown in Figures 2 and 3; the yellow area is 
considered to have high antigenicity potential. In bepipred linear epitope predic-
tion, a value equal to or greater than the threshold value of 0.030 is said to have a 
strong potential to bind to B cells. This is also done for other methods, such as the 
emini surface method with a threshold limit of 1.

From the Tables 1 and 2, it can be seen that the highest epitope potential is in 
positions 62th–80th because it has the highest score 1.581 with a long sequence 
of 19 amino acid sequences, and 22–38 positions with a score of 1.449 along with 

Bepipred Method Analysis (Treshold = 1,030)

Score Epitope Prediction

Position Residue Score Assignment

65 F 1.581 E

30 K 1.449 E

64 D 1.436 E

31 T 1.422 E

33 V 1.399 E

Sequence Epitope Pediction

No. Start End Peptide Length

1 22 38 VNAATDTTKT NVTPKGM 17

2 48 51 PQTM 4

3 62 80 DEDFKGGDYV DFQETETTA 19

4 90 98 KNPQSELSK 9

5 102 102 E 1

6 104 105 KK 2

Table 1. 
Resume of Bepipred analysis on OMP28 sequence.

Emini Analysis (Treshold = 1) Score Epitope Prediction

Position Residue Start End Peptide Score

91 N 89 94 KKNPQS 4.605

92 P 90 95 KNPQSE 3.988

102 E 100 105 KDEIKK 3.235

29 T 27 32 DTTKTN 3.221

76 T 74 79 QETETT 3.115

Sequence Epitope Prediction

No. Start End Peptide Length

1 25 34 ATDTTKTNVT 10

2 90 95 KNPQSE 6

Table 2. 
Resume of Emini analysis on OMP28 sequence.
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the 17 amino acid sequences. As a comparison, the antigenicity analysis was also 
performed using the emini surface technique, and the most significant potential 
was obtained at positions 25–34 with a sequence length of 10 amino acids, namely 
ATDDTKTNVT.

Based on the analysis of bepipred and emini surface, the sequences that have 
the potential to provide the greatest immunogenicity can be identified at positions 
22–38 and positions 62–80. Furthermore, this peptide can be produced by the 
recombinant protein method. The multi-epitope candida vaccine is considered 
more promising than the single epitope vaccine.

7. Epitope vaccine delivery

One of the drawbacks of using peptide fragments as vaccine antigens is the 
weak immunogenicity generated compared to inactive and live-attenuated 
vaccines [24]. A formulation with the addition of adjuvant ingredients is needed 
to increase the immune response in the subjects. One example of adjuvants that 
have been used commercially for a long time in vaccine formulations is alumi-
num salts or “alum” [25]. Several publications report alum mechanisms such as 
creating a gel depot that prolonged exposure of the immune system to antigen, 
forming particulate structures that promote antigen uptake by APCs (Antigen 
Presenting Cells) via phagocytosis, and inducing inflammation and secretion of 
chemokines. However, its inability to induce Th1 cell-mediated immune responses 
also becomes a limitation for this adjuvant [26], Since the previous study indi-
cated that the typhoid sub-unit vaccine-induced cellular immunity through 
TCD4+ [27].

The benefit of liposome as carrier and adjuvant for antigen has been known 
for quite a long time [28]. Liposomes can boost immune response due to its 
mechanism to create depot effect by causing antigen retention and slowly releas-
ing them to the immune cells [29]. Liposome delivery of antigen is influenced by 
lipid bilayer components such as lipid choice and the role of cholesterol [30]. We 
can either choose neutral lipid or charged lipid as the membrane constructing 
unit. However, previous research showed that positively charged lipid like DDA 
(Dimethyldioctadecyl ammonium) has an advantage over neutral lipid [31–33]. 
Cationic DDA can effectively interact with the APC cell membrane and increase 
the number of antigens delivered into the cell [34]. To put it simply, the more 
antigens delivered, the more significant immune responses are. However, DDA 
could not produce a stable vesicle due to its positive charge due to electro-repulsive 
force. Therefore, previous publications mentioned that DDA should be formulated 
with phosphatidylcholine as a major lipid component and cholesterol to maintain 
membrane integrity [35, 36].

8. Conclusion

There is an urgent need to develop a highly effective typhoid vaccine, especially 
in a highly endemic region. One of the reasons above is that this paper’s rationale is 
to find a faster, cheaper, and more efficient vaccine candidate design. The vaccine 
design used is the Peptide vaccine, and the design is done in silico. Peptide vaccine 
has several advantages when compared to conventional vaccines. The advantages of 
peptide vaccines can be seen in specifications, disease, purity, production capacity, 
and production cost efficiency.
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Abstract

Salmonella enterica serovars are responsible for the life-threatening, fatal, 
invasive diseases that are common in children and young adults. According to the 
most recent estimates, globally, there are approximately 11–20 million cases of 
morbidity and between 128,000 and 161,000 mortality per year. The high incidence 
rates of diseases like typhoid, caused by the serovars Typhi and Paratyphi, and 
gastroenteritis, caused by the non-typhoidal Salmonellae, have become worse, with 
the ever-increasing pathogenic strains being resistant to fluoroquinolones or almost 
even the third generation cephalosporins, such as ciprofloxacin and ceftriaxone. 
With vaccination still being one of the chosen methods of eradicating this disease, 
identification of candidate proteins, to be utilized for effective molecular vaccines, 
has probably remained a challenging issue. In our study here, we portray the usage 
of computational tools to analyze and predict potential vaccine candidate(s) for the 
multi-drug resistant serovars of S. enterica.

Keywords: typhoid, Salmonella Typhi, multidrug resistance,  
computational identification, vaccine candidates

1. Introduction

With a current worldwide prevalence of around twenty-seven million cases  
[1, 2] and hundreds of thousands of deaths every year [2, 3], salmonellosis remains 
the second most common food/water-borne illness. It constitutes a disease caused 
due to the systemic infection of human and animal hosts by the facultatively 
anaerobic, Gram-negative rod-shaped bacterial species of Salmonella enterica from 
the family Enterobacteriaceae. Clinically, several serologic variants (serovars) of 
S. enterica exist, which differ with respect to their different antigenic variation in 
lipopolysaccharide and flagella [4, 5]. They include Typhi and Paratyphi A, besides 
the non-typhoidal serotypes like Typhimurium and Enteriditis [4]. Among these, 
the enteric fever termed typhoid, caused by S. Typhi and Paratyphi, is typically a 
more severe illness than those caused by other non-typhoidal serovars [5].
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Being contagious in nature, salmonellosis, like typhoid, can spread through 
feces, water and the hands of those caring for the sick while, for non-typhoidal 
serovars, through the consumption of raw or undercooked contaminated food 
of animal origin such as meat, poultry, eggs and milk by humans [1, 6, 7]. 
Salmonellosis begins with ingestion of a dose for the bacterium enough to broach 
the first-line host defenses and colonize the gastrointestinal tract. The onset symp-
toms for typhoid are usually accompanied with fever, headache, myalgia, anorexia 
and sometimes diarrhea or constipation [6, 7], moving onto remittent fever, with 
a stepwise increment in the daily peak temperature, reaching 40°C by the end 
of the first week [6]. Slow recovery after 3–4 weeks is the normal case, though, 
for untreated patients with complications, major fatalities occur due to intestinal 
hemorrhage or perforation [6, 7].

Drugs available for the treatments are mostly ineffective due to the resistance 
developed with the emergence of multidrug-resistance (MDR) Salmonella strains 
[8]. These new strains are ineffective to the older generations of drugs including 
ampicillin, chloramphenicol, ciprofloxacin, trimethoprim as well as co-trimoxazole 
and their derivatives, thereby necessitating the newer classes of cephalosporins and 
quinolone derivatives to be greatly explored to combat such MDR threats [1, 8]. 
Moreover, dating as early as the 1890s, whole-cell vaccines with parenteral adminis-
tration of killed suspensions of S. Typhi [9] has several problems having: a) high-
reactivity with 20–25% fever and 40–50% local reactions, b) moderate efficacy 
with protection rates of 51–88% insufficient to halt disease transmission in endemic 
area and c) logistical and safety problems having the need for needles and two 
doses. Approaches with recent vaccines, like, single-dose Typhim Vi® containing 
purified Vi capsular polysaccharide, or, the live attenuated vaccine S. Typhi Ty21a 
(Vivotif®), confer around 50% protection in adults, and very poor immunogenicity 
among young children, without any license for under two years old, besides being 
considered to be expensive for low-middle income areas [10, 11]. Thus, the urgency, 
for new and specific vaccines and/or drugs to combat the disease, is evident and 
indeed, proteins of the pathogen-specific biochemical and biosynthetic pathways, 
involved in the virulence of S. Typhi, has already begun to be targeted with a view 
to developing novel vaccines/drugs.

While the two afore-mentioned vaccines are for S. Typhi, those for other 
serovars including Paratyphi, Typhimurium and Enteritidis were largely unavail-
able until some few years back [11]. Of late, efforts to confer protective immunity 
for serovars of Typhimurium has been reported with the lppA and lppB Braun 
lipoprotein genes with and without the msbB gene, encoding an acetyltransferase 
enzyme required for modification of the lipid A of lipopolysaccharide [12]. Other 
candidate genes proposed for effective vaccines for different serovars include rpoS, 
phoPQ, ssaV, htrA [13], besides the proteins of SseBI, OmpACDFL and SopB being 
used as antigens in other vaccination studies [14]. Such recombinant attenuated 
Salmonella vaccines (RASV) are considered to be same or more effective than the 
whole wild-type strains [15]. RASV can persistently colonize internal lymphoid 
tissues to produce recombinant antigens having their maximum abilities to elicit 
mucosal and systemic antibody along with those of the cell mediated immune 
responses [15]. Thus, development of such recombinant vaccines is considered to 
be the cost-effective and most promising strategy against the pressing antibiotic 
resistance threats. In this regard, several strategies have been adopted in other 
drug resistant bacteria including reverse vaccinology through comparative genome 
analysis and in vitro proteomics [16, 17]. These become especially effective keeping 
in mind the new and emerging threats of multidrug resistance strains of Salmonella. 
Such strains might possibly arise form immune selection leading to antigen 
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sequence variability followed by a down-regulation of the target antigens, thereby 
conferring poor “cross-protective efficacy” as reported for MDR Acinetobacter 
baumannii [18]. Therefore, identification of new and effective vaccine candidates is, 
probably, the current need of the hour.

With an availability of different virulent proteins, reported from different 
experimental verification and predictive databases, selection of the most plausible 
vaccine candidates can be confusing. To cater to the need of simplifying this com-
plex problem of selection, graph theoretical analysis of the interacting networks of 
such virulent proteins, involved in the disease scenario, might be poised to be quite 
useful. Such virulent protein interaction networks (PIN) can be utilized to find out 
the most central or sought-after proteins for such cases [19]. Ideally, the centrality 
of any biological networks is efficiently analyzed through global parameters like 
betweenness, closeness, degree and eigen-vector centralities, referred to as the BC, 
CC, DC and EC, respectively [19–21]. Among them, BC has been regarded to be 
efficient enough to impart central character of a network above CC and DC for long 
until EC gained some prominence and can be quite effective as reported through 
recent studies [22–25].

In this study, we proposed the vaccine candidates for Salmonella serovars 
(Figure 1) as explained in the next section. Essentially, we utilized the four dif-
ferent centrality measures for analyzing three different virulent PINs denoted 
as VVaDK, VFDF and VFDX. Among the top 20 rankers of each of the different 
centralities, the unanimously present unique candidates were finally collected for 
further downstream analyses. These shortlisted candidate virulent proteins were 
rigorously analyzed through different bioinformatic tools to determine their anti-
genic and allergenic potential besides revealing the epitopes for efficient vaccines or 
molecular crevices for good drug targets.

2. Approach

2.1 Dataset collection

We have initiated our study with the proteins collected for Salmonella enterica 
serovar Typhimurium str. LT2 (NCBI txid: 99287) on the 19th of December 2020. 

Figure 1. 
Graphical summary of the methods adopted in vaccine candidates and druggability prediction. This comprises 
a network-based approach to identify the key players in Salmonella virulent proteome coupled with 
downstream predictions of vaccine candidates and druggable pockets among the top rankers.
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They were retrieved from two different sources namely, the National Center for 
Biotechnology Information (NCBI) and the Virulence Factor Database (VFDB) [26]. 
From NCBI, protein datasets were collected through literature search using various 
keywords such as Virulence, Virulence Factor, Virulence Protein, Drug(s), Vaccine(s) 
and Key. Some of these keywords, having essentially the same meaning, were used 
to get more hits and to avoid missing of any possible candidates thereby reducing the 
false-negative hits. Finally, all the candidates of the lists were merged, and duplicates 
were removed to yield 120 proteins to be considered for further analysis. They were 
termed as VVaDK for easy reference, where V stands for Virulence, Va represents 
Vaccine(s), D means Drug(s) and K denotes Key. Moreover, two types of candidates’ 
lists were retrieved from VFDB. They comprised the Full dataset which covers all the 
proteins (261) related to unknown and predicted VFs of S. Typhimurium and were 
referred as VFDF. Additionally, 117 experimentally verified candidates were retrieved 
for S. Typhimurium and termed as VFDX.

All the afore-mentioned proteins for the different categories of VVaDK, VFDF 
and VFDX were fed as queries to the biological meta-database of protein interac-
tion, STRING version 11.0 [27] to retrieve all the possible interactions of a par-
ticular protein [date and time of access: Dec 22, 2020, from 17 hours IST onwards]. 
Detailed protein links file under the accession number 90371 in STRING v11 was 
used to collect all the interactions of the whole genome proteins of S. Typhimurium. 
In each case, a database dictated default medium confidence value of 0.4, for the 
combined scores from different parameters of interaction, was used. Accordingly, 
the total number of protein interactions obtained were 138, 3501 and 2464 for 
VVaDK, VFDF and VFDX listed candidates, respectively.

2.2 Interactome construction

The protein interaction data for all individual sets for VVaDK, VFDF and VFDX, 
having medium confidence values, were imported into Cytoscape version 3.8.2 
[28] to integrate and build the respective interactomes of protein interactions. Care 
was taken to remove duplicate and bidirectional interactions from each dataset. 
In essence, such interactome of proteins or the protein interaction network (PIN) 
has been constructed as an undirected graph, G = (V, E), consisting of E edges and 
a finite set of V vertices (or nodes) where, edge, e = (u, v), is connected to two 
vertices u and v. Each vertex/node in our PIN represents a protein. The number 
of connections/interactions/associations/links, a protein has with other proteins, 
reflects its degree, d [29].

2.3 Network analysis

All the constructed 3 PINs have been viewed by Cytoscape v 3.8.2 in the form of 
interactomes of aforementioned interconnected proteins. They were subsequently 
analyzed through the integrated java plugin CytoNCA version 2.1.6 [30] to com-
pute values for BC, CC, DC and EC as the four different global network centrality 
parameters. The different parametric combined scores from STRING were consid-
ered as edge weights for computing the CytoNCA scores of the 4 centrality param-
eters. Upon sorting these 4 measures from largest to smallest, top 20 proteins for 
each of the categories of centrality were picked to create Venn diagrams using Venny 
2.0 [31] for finding the common proteins from each of the measures. This resulted 
in 12, 10, 7 proteins from VVaDK, VFDF and VFDX, respectively. Among these 29 
candidates, 9 duplicates were removed to yield a total of 20 proteins. Through a 
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BLASTp alignment, these Typhimurium proteins were unanimously found in the 
serovars of Typhi and Paratyphi, and thus, considered for further analyses.

2.4 Vaccine and/or drug candidature prediction

2.4.1 Basic analysis

The 20 shortlisted protein candidates from VVaDK, VFDF and VFDX PIN 
analysis were subjected to further analyses for predicting the plausible vaccine 
and/or drug candidates. All such proteins were explored for their molecular weight 
calculation, cellular localization, signal peptide prediction followed by antigenicity 
prediction. ProtParam was used to find the molecular weight and number of amino 
acids [32] and cellular localization was analyzed by PSORTb v3.0.2 [33]. Location of 
signal peptides was predicted using the server called SignalP 4.1 [34]. Lipoprotein 
signal peptides were predicted using the LipoP 1.0 [35]. Finally, Vaxijen was used to 
predict the possible antigenicity of the proteins [36].

2.4.2 Mapping of available 3D structures in PDB

For the top ranked proteins, the respective crystallized protein 3D structures 
available in Protein Data Bank (PDB) were retrieved (Table 1). The seleno-methi-
onine in PDB structures were changed back into methionine using Dock Prep in 
Chimera [37].

Protein Structural Information

PDB ID Chain ID Structure Coverage Resolution

SptP 1G4W R 161–543 2.20

1JYO E 35–139 1.90

SpaO 4YX1 A 232–297 1.35

4YX7 A 145–213 2.00

4YX7 B 232–297 2.00

PrgH 4G1I A 170–392 1.85

4G2S A 11–119 1.86

6UOT A 1–392 3.30

SipB 3TUL A 81–237 2.79

SsrB 2JPC A 133–193 (First 19 N-terminal amino  
acids missing)

NMR

SctC 4G08 A 22–178 1.80

6PEE A 1–562 3.42

PrgK 6UOT Y 1–252 3.30

4OYC A 96–200 2.60

SiiE 2YN5 A 5078–5365 1.85

SsaQ, SsaD, InvE, HilA, BcfD, SicA, SsaJ, SscA, DD95_23890, DD95_21695, DD95_16310, and DD95_14775 
have no structures available in PDB.

Table 1. 
PDB structure availability among top rankers.
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2.4.3 B-cell epitope prediction

Unlike viral pathogens, most bacterial pathogens are not intracellular parasites, 
especially Salmonella. Thus, the humoral immune response, which involves B 
cells and antibodies, will be of great focus in this study. Herein, BepiPred v2.0 
and DiscoTope v2.0 were utilized in predicting linear and discontinuous B-cell 
epitopes, respectively [38, 39]. For BepiPred, the default threshold score of 0.5 was 
applied for epitope recognition. For DiscoTope, the propensity score radius was 
22 Angstrom, upper half sphere radius was 14 Angstrom, window size was 1, and 
alpha was 0.115. An in-house script (DiscoTope2ChimeraAttr) has been utilized 
to convert DiscoTope result into Chimera attributes for visualization in 3D, with 
a default threshold DiscoTope score of −3.7 [40]. These analyses were done to 
pinpoint the specific immunogenic regions within the full-length proteins. Thus, 
the immunogenically insignificant regions can be trimmed out, resulting in shorter 
peptides which can confer higher specificity and ease the peptide synthesis process.

2.4.4 Allergenicity prediction

The ability of proposed immunogen to potentially evoke allergic reactions can 
usually fail clinical trials due to the severe adverse effects arising upon vaccination. 
Herein, we utilized AllerCatPro, AlgPred2, and AllergenFP v1.0 to predict possible 
allergic reactions raised by the query proteins, which were the top rankers in this 
case. For AlgPred2, the hybrid algorithm was selected and the default threshold 
value of 0.3 was selected. AllerCatPro predicts allergenicity by comparing the 
protein structural and sequential information to known allergens [41]. Besides, the 
hybrid algorithm of AlgPred2.0 utilizes the random forest, BLAST, and MERCI 
algorithms to predict the allergenicity of the query proteins [42]. Moreover, the 
allergenicity prediction of AllergenFP v1.0 utilizes an alignment-independent 
fingerprint-based approach [43].

2.4.5 Druggable pocket prediction

P2Rank was being utilized to predict the presence of druggable pockets in the 
available 3D structures of proteins [44]. P2Rank utilizes a template-independent 
machine learning algorithm in predicting potential ligand-binding sites on the 
query proteins. Herein, the topmost ranked predicted pockets were selected for 
further analyses. Thus, besides being utilized in vaccination, the potential drug-
gability of the top rankers can be discovered.

2.4.6 Detecting human counterparts

Peptide vaccines that contain regions of high sequence similarity to human 
proteome counterparts can lead to ineffective vaccination due to recognition as 
“self” by the immune system, which can result in low antigenicity or adverse effects 
that arise from potential self-reactivity. Thus, the top rankers were screened for 
human counterparts via sequence alignment approach using BLASTp against non-
redundant proteins (nr) database with Homo sapiens as the specified organism [45].

3. Interactome analyses of three virulent PINs

Three different interactomes of virulent proteins of Salmonella were built using 
the method described above. The first of them comprised those available through 
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literature search using different keywords comprising Virulence, Virulence Factor, 
Virulence Protein, Drug(s), Vaccine(s) and Key. This was named as VVaDK. The 
other two PINs were made of the full and experimentally verified datasets of viru-
lent proteins from Salmonella, listed in VFDB and were named as VFDF and VFDX, 
respectively. The four centrality measures were applied for analyzing each of these 
PINs and twenty top rankers from each of the measures were initially segregated. 
Among them, the proteins present unanimously for all the measures were noted as 
12, 10 and 7 for VVaDK, VFDF and VFDX, respectively, and a removal of duplicates 
from them finally yielded 20 candidates for further downstream analysis.

Our unique way of streamlining the candidates is based upon the following 
facts. Under pathological conditions, the virulent proteins are expected to be 
working in unison to render the final disease phenotype. Thus, their connectivity 
could be perceived in terms of the said PINs. Among these proteins, some can be 
master regulators and connecting to others more frequently thereby having higher 
order of connectivity. This renders them degree centrality (DC). Alternatively, 
there could be different types of such regulators for carrying out different sub-
functions of the main disease phenotype and they form the bridge between the 
other proteins. These could impart the betweenness centrality (BC) of such pro-
teins. Moreover, among such conglomerate of different proteins, certain numbers 
could connect to others faster to sequentially carry out their function, leading 
to a concept of closeness for them and having higher closeness centrality (CC). 
Furthermore, certain proteins could be more important to render the final disease 
phenotype and they are only connected to other important proteins to carry out 
their functions. These could bring out their character of eigen vector centrality 
(EC). Finally, from the top-ranking proteins of all these centrality measures, those, 
appearing unanimously, are expected to play a major role in virulence and could 
be segregated to scan for further analysis. These are 20 unique virulent proteins, 
mostly belonging to the Salmonella Pathogenicity Islands (SPI) from three differ-
ent PIN analyses and reflected in Figure 1 and Table 2. These are discussed in the 
next section.

4. Features of the twenty virulent proteins

All the virulent proteins from different serovars of Salmonella are discussed 
here, with their characteristic features along with a note on their existing vaccine 
potential.

SptP is one of the most important SPI-1 Type III Secretion System (T3SS) 
effector proteins which facilitates the bacterial translocation and survival into 
the host non-phagocytic cells by inhibition of the extracellular-regulated kinase 
(ERK) mitogen-activated protein kinase (MAP) pathways [46]. It requires SicP as a 
chaperone protein for its secretion and stabilization [46]. Moreover, SptP is directly 
responsible for the reversal of the actin cytoskeletal changes in the host cells by act-
ing as a GTPase-activating protein (GAP) for Rac-1 and Cdc42. In fact, the efficacy 
of sptP deletion mutation of S. Enteriditis has been shown to be effective for live 
attenuated vaccine (LAV) in chickens [47].

SsaQ is a member of FliN/YscQ/Spa33/HrcQ family of both T3SS and flagellum 
proteins [48]. The gene ssaQ is encoded in the ssaMVNOPQ operon within the SPI-2 
and transcribes to two products namely, SsaQL of 322 residues and SsaQS of 106 
residues. SsaQS acts as a chaperone-like protein for SsaQL and optimize its func-
tion. SsaQ interact with SsaK and SsaN to form the C-ring complex, which have a 
crucial role in secretion by acting as a cytoplasmic sorting platform at the base of 
T3SS as well as rotation and direction switching of the flagella [49].
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SpaO is a major invasion factor of S. enterica spp. and the core component of 
the sorting platform in S. Typhimurium. SpaO is comprised of 303 residues of two 
translated products with SpaOS (the shorter product) encompassing the last 101 
amino acids of SpaOL (full length protein) [50]. It is a highly conserved element in 
T3SS that shares similarity with limited residues with flagellar C-ring substructure 
[51]. In fact, SpaO, along with H1a, has been suggested to be promising new vaccine 
candidates to prevent typhoid fever caused by S. Paratyphi A infection [52].

PrgH is a 55 kDa protein encoded within prgHIJK operon in the SPI-1. All the 
genes of prg operon are essential for the formation of T3SS needle complex (NC) 
and known to share sequence similarity with the flagellar protein, FliF [53]. PrgH 
inserts in the inner membrane by its hydrophobic domain where it forms the 
MS-ring of the flagellar basal body as well as provides the structural foundation 
required for prgK oligomerization for further assembly of the NC [53].

SicA is a wide acting chaperone protein (18 KDa) which aids in the secretion 
process of all T3SS proteins through the invasion of host cells. Accordingly, it is 
encoded upstream to the Sip/SspABCD operon in SPI-1. SipB and SipC proteins 
are responsible for the translocon formation in the host cell membrane to facilitate 
the injection of Type III effector proteins into the host cell to manipulate it [54]. 
Moreover, SicA is essential for the expression of the most virulence genes that 
encode T3SS effector proteins and is identified as a co-regulator with InvF for 
SigDE and SptP [55].

HilA is a member of the OmpR/ToxR regulator protein family and the central 
activator of SPI-1 genes, belonging to T3SS. The hilA gene is encoded within 
SPI-1 and is the key factor in SPI-1-T3SS regulation, starting from the expression 
of downstream genes sicA and invF to ultimate regulation of the effector genes 
sipA and sipB [56]. The upregulation of hilA results in the high expression of all 
genes encoded within the SPI-1 which are necessary for the invasion of epithelial 
cells. Moreover, the expression of hilA is controlled by many different activators 
and suppressors in response to specific environmental changes during invasion 
of the host cells, such as, temperature, bile, fatty acids, osmolarity, pH, oxygen 
concentrations and growth state [57]. Additionally, certain studies considered 
HilA as a promising drug target to inhibit the activity of T3SS without affecting 
the growth of Salmonella [58].

SiiE is the largest protein in Salmonella proteome, with the size of 595 kDa. 
It consists of 53 repetitive bacterial immunoglobulin domains, each containing 
several conserved residues [59]. The protein helps to contact the host cell mem-
brane and positions the SPI T3SS, to initiate the translocation of effector proteins. 
A study states that Salmonella SiiE-mediated entry of enterocytes via the apical 
route requires transmembrane mucin MUC1 [60]. Moreover, it is shown that, siiE 
is required for the prevention of efficient humoral immune response against the 
pathogen and it induces the high tires of specific Salmonella-specific IgG [61].

PrgK is a component from the inner membrane of Salmonella SPI-1 T3SS basal 
body, in its N-terminus. It possess the canonical lipoproteins which acts as anchor 
for the hydrophilic proteins onto the surface of the bacterial cell membranes [62]. 
In addition, C-terminus of PrgK is found in the cytoplasm which confirms that the 
protein traverses the inner membrane. A study observed reduced fever in swine 
which were vaccinated with prgK gene attenuated S. Typhimurium in comparison 
with mock-vaccinated swine [63].

SscA is a chaperone protein of about 18 KDa size. It is an independent α-helical 
protein, that consists of eight α-helices and repeated large tetratricopeptide domain 
from 36 to 137 amino acids. SscA is a virulence factor which encodes the chapero-
nin of SseC and the translocon is involved during the adaptation and survival to 
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desiccation [64]. A huge effect of the gene expression level of sscA, has been noted 
on treatment of the samples with ciprofloxacin [65].

SsaJ is a core encoding component of the T3SS. It is required for SpvB, in-order 
to induce the actin depolymerization, especially inside the human macrophages. 
Salmonella depends on SsaJ effector protein as it prevents the interaction of NADPH 
oxidase subunit Cytb558 with the Salmonella containing vesicle (SCV) thereby 
helping to avoid the oxidative burst [66]. An in vivo study, conducted with the 
peptide of SsaJ, however, showed its inability to provide antigen specific immunity 
when compared with the other chosen peptides [67].

SctC is a layer of outer membrane anchor forming two distinct outer rings 
namely, OR1 and OR2. It is homologous to a protein of Type II Secretion System 
(T2SS) which requires pilotin lipoprotein for its optimal assembly and localization 
[68]. SctC serves as a midline between the inner and outer membrane, with evi-
dence showing that the translocation of foreign antigens can induce potent immune 
response against pathogens [69].

SsrB is responsible for the survival and replication of Salmonella in the host cell 
and plays an important role in the transcription of multiple genes of SPI-2. SsrB has 
been claimed as one of the most important factors for Salmonella’s virulence by the 
fact that, a mutated ssrB, resulted in reduced ability of colonization on comparing 
with the wild type [70]. Moreover, one alteration in the gene ssrB, preferentially 
silencing the acquired DNA, can have a high contribution towards low transcription 
in the virulence factors of Salmonella [71].

BcfD is a fimbrial protein and part of the operon Bcf [72]. BcfD is a surface 
molecule, which helps in the adherence through specific receptors on the host cell. 
This step of adhesion is considered to be an important course during infection as it 
allows bacteria to initiate the colonization [73]. A research shows that the knock-
out of this gene influenced in the low adhesion capacity of Salmonella to the host 
cell [74].

InvE, encoded within SPI-1, is a protein located in the cell membrane and 
said to be essential for the translocation of Salmonella proteins into the host cells 
by regulating the functions of the Sip protein translocases [75]. An investigation 
of finding the region of InvE, as the T3SS regulator protein, indicates that it may 
have two functional domains which are responsible for regulating the secretion of 
translocases as N-terminal secretion signal and C-terminal regulatory domain [76]. 
An in-vivo study conducted with the BALB/c mice, showed less pathogenicity when 
it is injected with the mutated invE gene Salmonella on comparing with the wild 
strain [77].

SipB is one of the effector proteins of SPI-1 T3SS which facilitates the entry of 
Salmonella into the host cell. It is also called as an invasion protein as it initiates the 
bacterial entry process. It forms a complex along with the SipC to assemble into 
plasma membrane-integral structure which mediates the effectors delivery [78]. It 
also affects the membrane fluidity and bacterial osmotolerance and hence a small 
alteration of this gene will pave a huge way to prevent Salmonella entry into the 
host cell [79]. In fact, a study evaluating the effect of sipB deleted mutants, showed 
significant decrease in the virulence of sipB mutants when compared with the wild-
type strains [80].

SsaD is an important cellular component which is responsible for the virulence 
of Salmonella. It is found to be in the transmembrane of the bacteria. The gene ssaD 
encodes for the proteins related to the basal body, cytoplasmic rings and export appa-
ratus and it is also involved in the ATPase complex, regulation and translocation of 
T3SS [81]. A study shows that there is an important defect in the intercellular survival 
with the mutant ssaD strains on comparing with the wild-type Salmonella [82].



Salmonella spp. - A Global Challenge

52

DD95_23890 refers to the computationally predicted protein, mapping to the 
autotransporter adhesin BigA protein. The BigA protein in Salmonella has recently 
been identified via automated genome annotation in 2015. Thus, studies on this 
protein has been scarce. Inferring from its homolog in Brucella, the cell surface BigA 
protein promotes adhesion of bacteria on host epithelial cells [83, 84]. The adhesive 
properties of the BigA protein can be established by binding onto the cell adhesion 
molecules on the host epithelial cellular surface [85].

DD95_21695 maps to the RING-type E3 ubiquitin transferase (SspH2) protein. 
The SspH2 protein aids in Salmonella pathogenicity by conferring anti-inflamma-
tory properties, hence delaying the host immune response in reaction to bacterial 
invasion [86]. Moreover, the ability of SspH2 to ubiquitinate host NOD1 protein, 
through an essential interaction with host SGT1 protein, can result in NOD1-
mediated IL-8 secretion in host [87].

DD95_16310 maps to the Salmonella TorS histidine kinase sensor. The TorS 
protein comprises the two-component systems along with the TorT response regu-
lator [88]. Upon stimulation by Trimethylamine-N-oxide, TorS, along with TorT, 
carry out osmoregulation and protect the cellular proteins against low-pH induced 
denaturation in urea [88].

DD95_14775 refers to the putative transcriptional regulator marT_1 in 
Salmonella. The MarT protein mainly regulates the expression of MisL autotrans-
porter protein, which is a fibronectin-binding protein that is involved in the cell 
adhesive properties of Salmonella [89]. Moreover, MarT has also been reported to 
regulate the expression of genes related to bacterial biofilm formation [90].

5. Initial screening of the candidate proteins

All the twenty proteins were screened to ascertain their potential for plausible 
candidatures as vaccines (Table 2). Proteins were localized in extracellular matrix 
(3), cytoplasm (7), cytoplasmic membrane (3) and outer membranes (2), besides 
some of them being predicted with unknown cellular location (5). Of these, 
surface/outer membrane proteins and vesicles have been deployed for prospective 
vaccinations against bacterial pathogens [91–94]. Again, extracellular proteins 
have been potentiated as drugs for prospects against disease management, albeit, 
in a different scenario [95, 96]. Our results predict the proteins namely, SptP, SipB, 
SsaD, PrgK and TorS to be potentially antigenic except InvE, SctC and SspH2. 
Notably, the five proteins of unknown location, namely, BcfD, SsaJ, BigA, SiiE, and 
MarT_1 are all potentially antigenic. Of the two signal peptides BcfD and SctC, the 
latter was predicted to be non-antigenic while SsaJ and PrgK belongs to another 
category of signal peptides (lipoproteins) with good antigenic potential. Of these, 
SsaJ has been predicted with two transmembrane (TM) spanning helices and poses 
itself a good candidate for vaccines. Other candidates with more TM helices are 
BigA (5), SiiE (3) and TorS (3). Furthermore, a BLASTp alignment of these 20 
proteins revealed SptP and SspH2 to have 40–50% similarity for 101 and 106 hits, 
respectively, against human counterparts, thereby completely ruling out their 
candidature as potential vaccines.

6. Selection of potential vaccine candidates

The 20 top ranked proteins were further screened for B cell epitopes.  
Therein, InvE, SsrB, SicA, and SscA were omitted from being considered as vac-
cine candidates due to the absence of predicted epitopes that fall within the normal 
range of peptide length (Table 3). Moreover, in allergenicity prediction, HilA, 
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Protein Start End Peptide Length Average 
Score

SptP 5 25 EERKLNNLTLSSFSKVGVSND 21 0.5922

59 78 FKNTEVVQKHTENIRVQDQK 20 0.5383

378 396 EDQMQAKQLPPYFRGSYTF 19 0.5593

SsaQ 5 23 ANEERPWVEILPTQGATIG 19 0.5839

58 75 WQRWCEGLIGTANRSAID 18 0.5467

93 113 ASDATLCQNEPPTSCSNLPHQ 21 0.5675

SpaO 21 37 ECQRHGREATLEYPTRQ 17 0.5256

PrgH 84 104 LHELKEGNSESRSVQLNTPIQ 21 0.5941

115 138 ESEPWVPEQPEKLETSAKKNEPRF 24 0.6261

164 182 NSPQRQAAELDSLLGQEKE 19 0.5371

261 277 SRQRNTMSKKELEVLSQ 17 0.5634

SipB 5 22 ASSISRSGYTQNPRLAEA 18 0.5777

232 253 GTANAASQNQVSQGEQDNLSNV 22 0.5356

545 569 MDQIQQWLKQSVEIFGENQKVTAEL 25 0.5389

SsaD 18 38 GHVLQGREVWLNEGNLSLGEK 21 0.5384

155 170 LDKSNIHYVRAQWKED 16 0.5236

257 274 IPGLLHWQISHSHQSQGD 18 0.5234

331 345 QDIAPSHDESKYLPA 15 0.5794

HilA 206 227 VKGYHLLHQESIKLIEHQPASL 22 0.5358

242 256 GLRWDTKQISELNSI 15 0.5672

BcfD 121 144 PMNNVLMGYDENVKAGQPFYVRDS 24 0.5932

214 232 LYSGNFNHAGQKPEGVRAK 19 0.6014

282 303 NALIPNDVQSVAPFITDSAGRA 22 0.5514

SctC 430 449 DGNDKTPQSDTTTSVDALPE 20 0.6323

SsaJ 20 34 DVDLYRSLPEDEANQ 15 0.5328

91 111 NQLVVSPQEEQQKINFLKEQR 21 0.5596

PrgK 20 34 DKDLLKGLDQEQANE 15 0.5634

188 207 SERSDAQLQAPGTPVKRNSF 20 0.5906

229 249 YYKNHYARNKKGITADDKAKS 21 0.6077

BigA 1429 1448 RVLSNRFTMLADAAPQIKDG 20 0.5452

1456 1475 KGDPRAELGNDTQYDMLALR 20 0.5380

1689 1709 SSNDTALHLDAYQWKEDGISD 21 0.5748

SspH2 72 95 FELLRTLAYAGWEESIHSGQHGEN 24 0.5541

431 446 RNQLTRLPESLIHLSS 16 0.5176

574 594 TEATSSCEDRVTFFLHQMKNV 21 0.5220

620 639 FRLGKLEQIAREKVRTLALV 20 0.5312

TorS 133 148 TLRAQQQQLSRQIAEA 16 0.5421

172 192 AGIYDLIESGKGDQAERALDR 21 0.5473

663 677 SKPASKSAFREPINL 15 0.5645
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BcfD, SicA, BigA, SiiE, and MarT_1 were predicted to be potential allergens  
(Table 4), and thus, were excluded from consideration as well. Hence, we report 
SptP, SsaQ, SpaO, PrgH, SipB, SsaD, SctC, SsaJ, PrgK, SspH2, and TorS to be 
potentially utilized as B cell epitopes. Moreover, in discontinuous B cell epitope 
prediction, the localizations of the highly antigenic regions were illustrated in 3D 
(Figure 2). For successful vaccination, these regions should be prioritized and 
retained as much as possible due to their important roles in antigenicity.

Protein Start End Peptide Length Average 
Score

MarT_1 106 126 ITIIATDSETKGRKKQIVRQT 21 0.5981

Only predicted peptides of length between 15 to 25 amino acids were selected [97]. SiiE protein were omitted from 
prediction because of its overly huge sequence.

Table 3. 
BepiPred v2.0 prediction of linear B-cell epitopes.

Protein AllerCatPro AlgPred2 AllergenFP v1.0

Hybrid Score Prediction

SptP No Hits 0.04 Non-Allergen Probable Non-Allergen

SsaQ No Hits 0.08 Non-Allergen Probable Non-Allergen

SpaO No Hits 0.03 Non-Allergen Probable Non-Allergen

PrgH No Hits 0.03 Non-Allergen Probable Non-Allergen

SipB No Hits 0.24 Non-Allergen Probable Non-Allergen

SsaD No Hits 0.09 Non-Allergen Probable Non-Allergen

InvE No Hits 0.02 Non-Allergen Probable Non-Allergen

HilA No Hits 0.54 Allergen Probable Non-Allergen

BcfD No Hits 0.85 Allergen Probable Non-Allergen

SsrB No Hits −0.43 Non-Allergen Probable Non-Allergen

SctC No Hits 0.09 Non-Allergen Probable Non-Allergen

SicA No Hits 0.31 Allergen Probable Allergen

SsaJ No Hits −0.45 Non-Allergen Probable Non-Allergen

SscA No Hits 0.18 Non-Allergen Probable Non-Allergen

PrgK No Hits −0.48 Non-Allergen Probable Non-Allergen

BigA No Hits 0.75 Allergen Probable Non-Allergen

SiiE No Hits 0.86 Allergen N/A

SspH2 No Hits −0.48 Non-Allergen Probable Non-Allergen

TorS No Hits 0.02 Non-Allergen Probable Non-Allergen

MarT_1 No Hits 0.55 Allergen Probable Non-Allergen

For AllergenFP v1.0, N/A refers to Not Available because of overly large protein size.

Table 4. 
Allergenicity assessment through different predictive tools. Potential allergens are in bold case.
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7. Potential druggable proteins

Besides potential vaccine candidates, we have conducted predictions on the 
druggability and druggable sites of the 20 top ranked proteins which have their 
3D crystallized structures available in PDB. Eventually, the localization of the top 
ranked druggable pockets of SptP, SipB, SctC, SpaO, SsrB, PrgK, PrgH, and SiiE 
were illustrated in 3D (Figure 3). This can help future research in structure-aided 
drug discovery, by designing drugs specific for the druggable pockets to suppress 
the virulence of Salmonella.

8. Conclusions

The study depicted here essentially delineates a schematic approach of shortlist-
ing the most probable virulent proteins as potential vaccine and/or drug candidates 
from the proteome of Salmonella spp. It starts with the building of the theoretical 
PIN comprising the known and predicted virulent proteins followed by the graph 
theoretical parametric analyses for identifying a probable set of them. These were 
further screened through different essential tools enabling the prediction of cel-
lular localisation, signal peptides, transmembrane helices, antigenicity, epitopes, 
allergenicity and molecular crevices besides comparing with any human homologs. 
A thorough analysis revealed SsaJ and PrgK to come to the forefront among those 
already known to be virulent. PrgK even has nice druggable pocket to be targeted 
through potential drugs. Our approach can pave the way for screening such effec-
tive molecular vaccines and/or drug targets for such pathogens. Newer candidates, 
however, could be unraveled through other effective methods.

Figure 2. 
DiscoTope v2.0 prediction of discontinuous B-cell epitopes. The residues are colored according to their respective 
DiscoTope scores (red: high, white: threshold of −3.7 and blue: low).
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Chapter 5

Non-Typhoidal Salmonellosis: 
A Major Concern for Poultry 
Industry
Mamta Pandey and Emmagouni Sharath Kumar Goud

Abstract

Salmonella is the most important gastrointestinal pathogen distributed 
ubiquitously. The major serovars involved in Non-typhoidal salmonellosis are 
S. Typhimurium and S. Enteritidis. In the viewpoint of ban in the export and 
import of the Salmonella contaminated poultry food and poultry products, the need 
for rapid detection and mitigation of Salmonella has increased mani-folds. The 
major problem associated with its control is the growing incidence of antimicrobial 
resistance, which has been reported worldwide in the recent years. From causing 
self limiting gastroenteritis they have found to be responsible for several fatal 
diseases like endocarditis, meningitis, lung infestations, appendicitis, pneumonia, 
and cerebral abscess in human beings. Targeting several proteins such as adhesive 
proteins, lipoproteins, outer membrane proteins (Omps) etc. as vaccine candidates 
may pave a way in its control. So, continuous monitoring using one health approach 
and development of effective treatment and control strategies are critical.

Keywords: non typhoidal Salmonella, gastroenteritis, multiple drug resistance, 
poultry, vaccine

1. Introduction

Non-typhoidal Salmonellosis is caused by bacteria belonging to 
Enterobacteriaceae family. In poultry, Salmonella is known to be present in the gas-
trointestinal tract without showing any symptoms [1]. This leads to an undetected 
condition at farm level and after consumption of such poultry products like meat 
and eggs, humans gets infected at fork end. Domestic animals act as a reservoir for 
the food-borne spread of host-generalist serovars, which accounts for worldwide 
incidence of non-typhoidal Salmonella (NTS) infections. The range of symptoms 
varies from self limiting gastroenteritis to various dreadful diseases like endocar-
ditis, meningitis etc. Generally condition becomes severe in children, geriatric and 
immunocompromised individuals [2]. NTS accounts for 93 million enteric infec-
tions and 155,000 deaths globally on annual basis [3]. The two factors contributing 
to majority of NTS infections are its broad host range and multiple drug resistance 
(MDR), which has been reported universally in recent years [4]. In developing 
countries, the situation is grimmer due to poor hygienic conditions. Near about 100 
cells of virulent Salmonella are sufficient to cause infection in humans, which will 
further depend upon the health condition of an individual [5], hence it is critical 
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to adopt multiple intervention strategies. Vaccination is considered as an effective 
tool to control the disease [6], but the available vaccines has their own restrictions 
such as short term immunity etc. which limits their applicability. So, there is a 
must requirement to develop a suitable vaccine against NTS. Several proteins such 
as lipoproteins, outer membrane proteins (Omps) and polysaccharides have been 
targeted to evaluate their potential as suitable vaccine candidates. This chapter aims 
to present a brief overview on some such valuable information on NTS.

2. Non typhoidal Salmonella strains and its transmission

Till now, more than 2500 serotypes of Salmonella have been identified [7]. Non 
typhoidal salmonellosis is caused by all serotypes of Salmonella except for Typhi, 
Paratyphi A, Paratyphi B and Paratyphi C. Poultry can get infected either with 
host-specific Salmonella serovars, like S. Pullorum and S. Gallinarum, which cause 
a typhoid-like systemic disease or wide ranged NTS. Wide range NTS represents 
Salmonella enterica subspecies enterica serovar Enteritidis and Typhimurium 
together with serovars such as S. Newport, S. Heidelberg and S. Javiana etc. Broad 
host ranged S. serotypes get colonize [8] in host and carry infection asymptomati-
cally. Salmonella enterica serotype Enteritidis and Typhimurium are the two most 
important NTS serotypes transmitted from animals to humans in most parts of the 
world [9].

NTS transmission usually occurs through consumption of contaminated food 
i.e. chicken, eggs, pork, beef, dairy products, and water contaminated with animal 
feces. However, contact with animals such as reptiles and animal environment are 
equally important sources [10]. Majority of reptiles are known to carry Salmonella 
as part of their natural intestinal flora. In poultry, mode of transmission can be 
vertical or horizontal. Vertical transmission occurs when parent poultry is suffer-
ing from systemic infection or transovarian infection which results in infection of 
infants. S. Enteritidis serovar have a particular preference to this mode of transmis-
sion. Polluted feed and drinking water, dirty cages, fomites etc. includes horizontal 
mode of transmission. Colonization of Salmonella in poultry without showing any 
sign and symptoms is common, hence, its transmission in layers (vertical) and 
broilers (horizontal) can occur at primary production level [11]. Transmission 
through eggs and meat from such healthy poultry with colonized NTS is common 
[12]. The degree of Salmonella colonization depends on parameters specific to 
Salmonella and effects of environmental stimuli on gene expression. Factors such 
as age, environmental and physiological stress, diet, and survival of Salmonella 
through gastric barrier, use of antimicrobials in the farm, chicken health, and 
genetic background of the chicks could possibly influence the colonization [13]. 
In poultry farms transmission can also occur through workers, vehicles, clothing, 
footwear, garbage, insects, rodents, wild birds, pets, equipment, and many other 
factors. In humans, factors contributing to susceptibility of NTS infections include 
pernicious anemia, any previous gastric surgery, excessive use of medications 
responsible for gastric barrier reduction etc. [14]. Other associated susceptibilities 
include homozygosity for sickle cell anemia [15], HIV [16], malaria [17], malnour-
ished infants, and young adults [18].

3. Global disease epidemiology

In many countries, over the past years, the incidence of NTS has increased 
markedly. In western countries, the predominant serotypes are S. Typhimurium 
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and S. Enteritidis. In United States, each year NTS causes approximately 1.35 
million illnesses, 26,500 hospitalizations, and 420 deaths [19]. As per the fact 
sheets of World Health Organization, NTS is 1 of 4 key global causes of diarrhea. 
The burden is so substantial that every year 33 millions of lives are lost. In Europe, 
NTS is the second most investigated zoonosis responsible for causing gastrointes-
tinal infections in humans. As per the European Food Safety Authority (EFSA) 
and European Centre for Disease Prevention and Control (ECDPC) reports, the 
number of confirmed cases of salmonellosis in Europe still remains high, with a 
total of 91,857 cases reported in 2018 [20]. The estimation of the total number of 
NTS infections is a difficult task in developing and under-developed countries, a 
possible reason to this may be non-reporting of the diseased cases to hospitals. The 
epidemiological pattern has been variable over the past decade in African countries. 
Sub-Saharan African region is principally affected region in Africa. According 
to the hospital based studies of Africa, NTS is the second most frequently occur-
ring pathogen in children and is leading cause of bacteremia in adults [21]. A 
population-based surveillance data reported the incidence to be between 0 and 54 
cases per 100,000 person-years of observation in 13 surveillance sites [22]. The 
disease incidence ranged from 1.4/100,000 population/year in South Africa (all 
ages) to 2,520/100,000 population/year in Ghana (<5 years of age) [18]. The com-
munity acquired NTS bacteremia prevalence varied from 8% in Nigeria to 45% in 
Central African Republic [18]. From Kenya, documented incidences were found to 
be 4134/100,000 person-years [23]. According to the Statistical Committee of the 
Republic of Armenia, a total of 4,392 cases of salmonellosis were reported during 
the period 2010–2019, comprising at least 50% of patients below 6 years of age [24]. 
There is a scarcity in data related to NTS infections from several regions of Asia, 
limited reports are available from India [25], and Taiwan [26]. A hospital-based 
multicenter study from Indonesia, Thailand, and Vietnam, investigated NTS posi-
tivity rates of 27.5% and 11.7% in children and adults respectively from bacteremia 
cases [27]. From 2009 to 2013, the prevalence rate of NTS was found to be limited 
20/12,940 in bacteremia patients with 25% case fatality report in Bangladesh [28]. 
In Malaysia, reported prevalence was 16.2%, among which most of the affected 
cases were from children below 1 year of age [29]. A variety of NTS serovars are 
known to be present in South-East Asia [30], even some less common serovars are 
also known to be prevalent such as occurrence of S. enterica Weltevreden from the 
farms of Vietnam [31].

4. Clinical manifestations

NTS infections can cause several clinical symptoms depending on the type of 
serovar and host factors in humans. NTS symptoms are generally non-specific and 
hence their identification is a challenging task particularly in areas where labora-
tory diagnosis facilities are not accessible. Most commonly, Salmonella causes self 
limiting gastroenteritis in human beings. After an incubation period of 6–72 h 
(mean 24 h), there is sudden onset of nausea, vomiting, abdominal pain and 
tenderness, followed by mild to severe watery diarrhea and sometimes diarrhea 
may contain blood and mucus. The stool examination reveals a moderate number of 
polymorphonuclear leukocytes and blood. Fever is seen in about 70% of patients. 
Usually, symptoms subside within 2–7 days in healthy children. In certain high-risk 
groups, like in neonates, young infants, and immunodeficient individuals symp-
toms may persist for several weeks. As a complication of gastroenteritis, transient 
bacteremia may occur in some patients (reported incidences in approximately 5% 
of the patients) [32]. Certain serotypes i.e. S. Choleraesuis and S. Dublin show a 
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higher predisposition for bacteremia in humans [33]. After gaining entry to the 
bloodstream, Salmonella get metastasize to different organs and cause focal suppu-
rative infection. In sickle cell anemic patients a common finding as a result of NTS 
is osteomyelitis [34]. Less frequent occurrence of meningitis has been observed 
specially in infants [35]. Despite of antibiotic therapy, patients may develop rapid 
neurological deterioration. Other feared lethal complications include develop-
ment of endarteritis [36], endocarditis [37], meningitis [38], lung infestations 
[39], appendicitis [40], pneumonia [41], bone and joint defects [15] and cerebral 
abscess [42].

5. Multiple drug resistance

In current scenario, there has been an extensive increase in documentation of 
antimicrobial resistance in NTS. Multiple drug resistance (MDR) is the antimi-
crobial resistance shown by the microorganism to at least three different groups 
of antimicrobials. Some Salmonella strains are characterized by carrying several 
antimicrobial resistance. The possibility of having MDR in bacteria is due to the 
presence of several different resistance genes or a single resistance gene that shows 
resistance to more than one antibiotic. Some important factors that could cause 
MDR in microorganisms include selective pressures, proliferation of multiple resis-
tant clones, and inability to detect emerging phenotypes. The overuse or misuse 
of antimicrobials for the treatment of human disease, in agriculture, and in-home 
disinfectants comes under selective pressure [43]. The development of the antimi-
crobial resistance in bacteria is as a result of the genetic modifications of a micro-
organism for its own survival either spontaneously or acquired. In spontaneous 
mutation, a genetic modification occurs naturally which helps to survive from the 
lethal effects of antimicrobials. The reason behind the occurrence of spontaneous 
mutations is unknown, but the exposure to the antimicrobials may provide selective 
pressure for antimicrobial resistance [44]. Acquired resistance eventuate from gene 
transfer from other bacteria [45]. High resistance rate have been reported from S. 
Typhimurium DT104, resistant to five antimicrobial agents i.e. ampicillin, chloram-
phenicol, streptomycin, sulphonamide, and tetracycline [46]. Resistance to some 
extended spectrum antibiotics like cephalosporins and fluoroquinolones have been 
increasingly reported [47]. The emergence of S. Choleraesuis resistance to multiple 
antibiotics including ciprofloxacin has posed serious public health concerns [48].

Bacteria develop MDR by three different mechanisms. In first mechanism of 
resistance, the bacteria are known to produce certain specific proteins such as 
hydrolytic enzymes, which destroy the antimicrobials present in their surroundings. 
An example to this is penicillin resistance, where Salmonella produces β-lactamases 
enzymes which cleave the β-lactam ring of active penicillin and convert it into its 
inactive form [49]. The second mechanism of resistance is the presence of an active 
efflux pump system in the cell which actively pumps out the antimicrobials before 
they become effective [45]. Salmonella have energy-dependent efflux pumps for 
tetracycline and chloramphenicol which inhibit protein synthesis in bacteria by 
binding to tRNA to the A-site of the 30S subunit of the ribosome [50]. The third 
mechanism of resistance is called as the receptor modification in which the bacteria 
tends to chemically modify or mutate the target of the antimicrobial agent. For 
example vancomycin is the antibiotic which binds with D-Ala-D-Ala on the cell wall 
and inhibits the peptidoglycan synthesis of the cell wall of bacteria. But vancomy-
cin-resistant enterococcus mutates its terminal peptide to D-Ala-D-Lac that has a 
lower affinity for vancomycin [45]. The mechanism of action adopted by Salmonella 
for different antimicrobial classes has been enlisted in Table 1. Plasmid mediated 
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resistance determinants (genes) to antimicrobials have been known to be responsi-
ble for the worldwide dissemination of several Salmonella serotypes i.e. Enteritidis, 
Heidelberg, Typhimurium, Infantis, Virchow, Kentucky. The most common genes 
found in poultry and its meat products are β-lactamases, CTX-M (CTX-M-1, −2, −9 
and − 15), TEM-52, AmpC-type CMY-2. The transmission of these genes is associ-
ated with diverse plasmid families such as Incl l (blaCTX-M-1, blaTEM-52, blaCMY-2), 
Incl A/C (blaCMY-2), Incl H12 (blaCTX-M-2, blaCTX-M-9). Plasmid mediated quinolone 
resistance is governed by QnrB2, QnrB19, QnrS1 genes. The genes mediating R-type 
ACSSuT in NTS are commonly clustered together in Salmonella genomic island 1 
(SGI-1), a chromosomal genetic element.

6. Antimicrobial resistance in poultry food chain

The practice of using antimicrobials in food animals is rigorous, it may be 
either for growth promotion, prophylactic, therapeutic or metaphylactic reasons 
and this results in MDR. In poultry sector, the use of antimicrobials as growth 
promoters, such as bambermycin, bacitracin, chlortetracycline, penicillin, tylosin, 
fluoroquinolones and cephalosporins is concerning [56]. Consumption of low doses 
of antibiotics in poultry feed for rapid poultry growth is a general practice. Use of 
antibiotics not only kill majority of the gut microbiota, but, some resilient bacteria 
survive and become resistant. Over time, these resistant bacteria transfer antibiotic 
resistant genes to other susceptible microbial population. The situation is crucial 
in developing countries where laws to control the sale and use of antibiotics are not 
strict. For therapy, antimicrobials like erythromycin, fluoroquinolones, gentamy-
cin, neomycin, penicillin, spectinomycin, tetracyclines and tylosin are commonly 
used in poultry [56]. The minimum time period from administering the last dose 
of medication to the production of meat or other animal-derived products for 
consumption purpose is referred to as withdrawal period. The withdrawal period 
for antimicrobials should be followed strictly, in order to prevent the detrimental 
effects of drug residues in food. There are numerous programmes to reduce the flow 
of foodborne pathogens from animals to humans, for instance programs for meat 
and poultry inspection, Hazard Analysis Critical Control Point (HACCP) system 
and standard operating procedures for sanitation.

Antimicrobial class Antimicrobial mechanism of action by Salmonella Reference

Aminoglycosides Decreased drug uptake, drug modification, and 
modification of the ribosomal target of the drug

[51]

Beta-lactams Secretion of β-lactamase enzymes [50]

Phenicols Enzymatic inactivation of the antibiotic by chloramphenicol 
O-acetyl-transferase and removal of the antibiotic by an 
efflux pump

[52]

Quinolones Inducing mutations in the quinolone resistance determining 
region, increased efflux pumps expression and decreased 
outer membrane permeability.

[53]

Tetracycline Produce energy dependent efflux pumps to remove 
tetracycline out from the bacterial cell

[54]

Sulfonamides and 
trimethoprim

Expression of sul genes i.e. sul1 or sul2 for sulfamethoxazole 
resistance and dihydrofolate reductase (dfr) genes for 
trimethoprim

[55]

Table 1. 
Antimicrobial mechanisms of Salmonella for different antimicrobial class.
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The drug-resistant bacteria can be present anywhere, in various environmental 
samples, farms, and retail meat products. S. Enteritidis (88%) isolated from hatch-
ing eggs, litter, feed, drinkers, bird rinse, and ceca, were reported to be resistant to 
drugs, ampicillin, nalidixic acid, and tetracycline [57]. There is a frequent isolation 
of Salmonella serovars such as S. Enteritidis, S. Infantis, S. Typhimurium, and S. 
Heidelberg from broiler carcasses. The antibiotic-resistant Salmonella isolates has 
been found from poultry chiller water and carcasses. The isolated Salmonella were 
resistant to antibiotics including tetracycline, ampicillin, amoxicillin-clavulanic 
acid, ceftiofur, streptomycin, and sulfisoxazole. Broiler farms with Salmonella 
isolates resistant to multiple antibiotics, i.e. streptomycin (30.9%), gentamicin 
(12.6%), sulfadimethoxine (20.9%), tetracycline (13.9%), and trimethoprim-
sulfamethoxazole combination (8.6%) were recovered. Among these isolates, 67% 
of S. Heidelberg and 54% of S. Kentucky isolates showed resistance to five or more 
antibiotics [11]. These serovars have a high resistance towards ceftriaxone and 
ceftiofur antibiotics. It has been observed that conversion of conventional farms 
to organic farms can reduce the prevalence of antibiotic resistant Salmonella from 
44% to 6% [58]. A comparison between the Salmonella isolates obtained from poul-
try samples of Maryland retail shop from conventional and organic farms revealed 
that conventional carcass samples were resistant for five to seven antimicrobials, 
whereas 79% of the isolates from organic carcass samples were susceptible to all 17 
tested antimicrobials. Assessment of the status of poultry retail shops is necessary, 
as in many countries, people prefer to procure the freshly slaughtered chicken. In 
such retail shops, the likelihood of cross-contamination of poultry carcasses is high 
and MDR-Salmonella has been isolated from retail meat shops as well. The Food and 
Drug Administration (FDA) have reported the National Antimicrobial Resistance 
Monitoring System (NARMS), regarding retail meat interim report for Salmonella, 
which includes the antibiotic resistance profile of Salmonella sp. in retail poultry 
meat [59]. The retail meats show high resistance to the common antibiotics such as 
tetracycline, streptomycin, sulfamethoxazole, and ampicillin.

7. Diagnosis

Salmonella diagnosis requires isolation of bacterium from the clinical samples 
and its culture in suitable culture media. The most common selective media used 
for Salmonella are SS agar, bismuth sulfite agar, Hektoen Enteric (HE) medium, 
Brilliant Green agar and Xylose-Lysine-Deoxycholate (XLD) agar. To further 
confirm diagnosis, biochemical, and serological tests are employed. The biochemi-
cal tests include sugar fermentation test, decarboxylation and dehydrogenation 
reactions, and hydrogen sulphide production. Serological examinations are usually 
carried out in outbreaks. Suffering from any other ailments makes diagnosis more 
cumbersome such as in cases of HIV-infected adults [60]. Hence, development of a 
rapid and sensitive diagnostic test is the need of the hour. A multiplex PCR has been 
found to be useful to identify NTS i.e. S. Typhimurium and variants, S. Enteritidis, 
S. Dublin and S. Stanleyville with 100% sensitivity and specificity [61]. Presence 
of low number of bacilli in clinical specimen is a limitation to this. So, to detect 
low infective loads of NTS, a microwave-accelerated metal-enhanced fluorescence 
(MAMEF) technique has been developed [62], which is well efficient enough to 
detect as little as 1 CFU/ml in less than 30 seconds. But, this still needs wider field 
applicability. A well defined ELISA with a definitive cut-off has not yet being com-
mercialized for detection of NTS. But several researchers have suggested the use of 
lipopolysaccharide antigens from S. Enteritidis (serogroup D) and S. Typhimurium 
(serogroup B) for NTS detection [63].
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8. Prevention and control measures

The fundamental basis for the control of NTS is food safety at every step from 
farm to fork. Even antibiotic treatment is not recommended in uncomplicated 
gastroenteritis cases as this condition is self-limiting. The list for preventive and 
control measures include good sanitation practices, safer food, and water han-
dling methods, vaccination, public awareness, malaria control, and antiretroviral 
therapy programmes. To limit the number of infections arising as a result of 
animal contact it is advisable to wash hands properly after each animal contact, as 
in many cases the organism is in colonized state in animals without showing any 
sign and symptoms. Proper food cooking contributes to limit infections. Although 
irradiation technology has been approved by several health agencies like WHO, 
CDC, and European commission’s Scientific Committee on Food, its use is partially 
implemented. Curtailment to the indiscriminate antibiotic usage in poultry feed 
along with better farm managerial practices leads to decreased multidrug resistant 
bacterial load. One health approach including multiple interventions is manda-
tory to enhance understanding, prevention, and control of NTS, as human health 
is completely related to the animal health and their environment. Adoption of 
different on-farm interventions strategies such as genetic selection of Salmonella-
resistant birds, regular flock testing, use of natural antimicrobial products such 
as prebiotics or probiotics and egg washing on farms can reduce infection. The 
incidences of NTS infections have been observed more in individuals suffering 
from malaria and HIV because of immune-compromised health status in such 
individuals. So, adoption of strategies, such as malaria control, and antiretroviral 
therapy programmes, will not only lower the chances of primary sufferings but will 
greatly reduce NTS infections also.

Vaccination could be considered as a potential tool to control NTS, but cur-
rently no licensed vaccine is available for this in humans. The available typhoidal 
vaccine does not provide protection against NTS infections. Vaccination in animals 
may limit transmission of the micro-organism to humans. With this objective 
researchers are trying different vaccine strategies on livestock for NTS prevention. 
It includes live attenuated vaccines, killed vaccines, and a combination of both. 
Oral administration of live attenuated S. Gallinarum to chickens prevented not 
only wildtype infections by S. Gallinarum but also infections by S. Enteritidis [64]. 
Delivery of a killed vaccine comprising three different Salmonella serogroups i.e. 
Typhimurium, Mbandaka and Orion to chickens resulted in significant reduction 
in bacterial load when compared to the unvaccinated groups [65]. Administration 
of live attenuated S. Typhimurium vaccine followed by a killed Salmonella serovars 
Berta and Kentucky into chickens, showed a significant decrease in Salmonella sp. in 
the vaccinated animals when compared to the unvaccinated group [66].

Subunit vaccine development may pave a better way towards control scheme. 
Such vaccines come with an advantage of raising a protective immune response by 
using only a part of the infectious micro-organism. Common sub-cellular compo-
nents of Salmonella used for development of vaccines are outer membrane proteins 
(Omps), porins, toxins and ribosomal fractions. Such vaccines have been tried in 
different animals and have variable success rates [67–70]. Many of the cell surface 
carbohydrates of pathogenic bacteria like capsular polysaccharides are important 
antigenic determinants as in case of Vi-based vaccines against S.Typhi in humans. 
Omps are the surface exposed proteins which play a crucial role in pathogenic 
processes such as motility, adherence and colonization of the host cells, injection of 
toxins and cellular proteases, and formation of channels for the antibiotics removal 
[71]. Administration of Omps of S. Enteritidis can elicit high antibody responses 
and prevent bacterial shedding in chicken challenged with virulent Salmonella [72]. 
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These functions make them attractive targets for the development of vaccines. 
Salmonella is an intracellular pathogen and generation of both B-cell and T-cell 
immune responses are essential. Live attenuated vaccines provide both humoral 
and cell mediated immune response; but, they may pose a risk in immunocompro-
mised individuals. Whereas, inactivated vaccines induce only humoral immunity. 
Hence, the development of subunit vaccines after B-cell and T-cell epitope predic-
tion and assessment of peptides with high affinity for class I and II MHC proteins 
are a better approach, and studies focussing this [73], increase the likelihood of 
developing a successful vaccine. Successful induction high levels of anti-porin 
antibodies and enhanced cell mediated immunity against Salmonella also have been 
 demonstrated [74].

9. Conclusion

The spread of non typhoidal salmonellosis is ubiquitous and persists in environ-
ment for a very long time duration. This poses difficulty in reducing the spread of 
infection. Infection from the poultry farm to fork level leads to severe complica-
tions in humans especially in immunocompromised individuals, children, and 
elderly. Moreover, the emergence of antimicrobial resistance in NTS is a major 
challenge in its effective treatment. Furthermore, till now no known vaccine is 
available which can control all the serotypes of NTS. Hence, in the present cir-
cumstances, implementation of one health approach could be a possible answer to 
prevent NTS infections.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Salmonella and the Immune 
System
Weam Saad Al-Hamadany

Abstract

The human body has many mechanisms to resist invaders like pathogenic 
bacteria to avoid harm according to the living creature’s law “survival for the best”. 
On the opposite; Salmonella as pathogenic bacteria have many weapons that they 
utilize to invade the human body. The resistance mechanisms expressed by the 
human body are called immunity which represented by the immune system that 
has many different types of resistance processes, either specific (adaptive immune 
response) or non-specific (Innate Immune Response) against certain pathogenic 
invaders. As far as these processes are strong they will be enough to avoid infec-
tions occurrence, otherwise, the human body will get infected with Salmonella, be 
ill, show the disease symptoms, transmit the disease to others, and may become a  
carrier for the pathogen according to many circumstances. Prevention is still 
stood the most effective way to avoid getting infected with Salmonella by personal 
hygiene or suitable vaccination if available.

Keywords: immune system, Salmonella virulence factors, Salmonella infection, 
Salmonella resistance and Salmonella vaccination

1. Introduction and overview

1.1 Introduction to immunology and immune system

Immunology is the study of our protection against foreign macromolecules or 
invading organisms and our responses to them. These invaders include viruses, 
bacteria, protozoa or even larger parasites. Any Human body is continuously 
exposed to pathogenic microorganisms. The immune system is composed of two 
major subdivisions of immune system, the innate or nonspecific immune system 
and the adaptive or specific immune system [1].

The innate immune system is our first line of defense against invading organ-
isms while the adaptive immune system acts as a second line of defense and gives 
protection against re-exposure to the same pathogen. Each of the major subdivi-
sions of the immune system has both cellular and humoral components by which 
they carry out their protective function and help each other to do these functions. 
Since pathogens may replicate intracellularly (viruses and some bacteria and 
parasites) or extracellularly (most bacteria, fungi and parasites), different compo-
nents of the immune system have evolved to protect against these different types 
of pathogens [2].
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1.2 Innate or non-specific defenses

Include first line of defense which acts before invasion of pathogenic microbes. 
And the second line of defense which acts after invasion. The anatomical barriers 
that works mainly against infections with microbial invaders. This first line of 
defense represented by the epithelial surfaces and skin form the physical barriers 
that are very impermeable to most infectious agents [1].

The shedding of skin epithelium also helps remove bacteria and other infectious 
agents that have adhered to the epithelial surfaces. Movement due to cilia or peri-
stalsis helps to keep air passages and the gastrointestinal tract free from microor-
ganisms. The trapping effect of mucus that lines the respiratory and gastrointestinal 
tract helps protect the lungs and digestive systems from infection [2].

Chemical barriers like Lysozyme and phospholipase found in saliva and other 
secretions can breakdown the cell wall of bacteria and destabilize bacterial mem-
branes. The low pH of gastric secretions prevents the growth of bacteria [3].

The microbiota of the skin and in the gastrointestinal tract can prevent the 
colonization of pathogenic bacteria by secreting toxic substances or by competing 
with pathogenic bacteria for nutrients or attachment to cell surfaces. They represent 
the biological barriers of the innate immunity [2].

The anatomical barriers are very effective in preventing colonization of tissues 
by microorganisms. However, when there is damage to tissues the anatomical bar-
riers are breeched and infection happens. Once infectious agents have penetrated 
tissues, another innate defense mechanisms comes into play, namely acute inflam-
mation as the second line of innate immune defense. Many Humoral and cellular 
factors play an important role in inflammation against microbial invasion, which is 
characterized by edema and the activation of phagocytic cells [4].

These humoral factors are found in serum or they are formed at the site of 
infection. They contain Complement system, Interferons and Lysozymes. The most 
important humoral barrier is the Complement system, since it acts as with the 
phagocytic cells as a bridge between specific and non-specific immune response. 
Complement system represents a set of glycoproteins in blood. Once they are 
activated after rapid cascade events that can lead to increase vascular permeability, 
activation of phagocytic cells, opsonization of bacteria and lysis [5].

Complement glycoproteins are synthesized by liver cells (hepatocytes) and 
macrophages and many other cell (e.g. gut epithelial cells). All normal individuals 
have complement components in their blood. This system can be activated by [1, 2]:

a. Antigen-antibody complexes containing IgG or IgM activate complement by 
the classical pathway that starts with C1 (complement 1).

b. Membranes and cell walls of microbial organisms (e.g. Lipopolyccharides layer 
[LPS] of gram –ve bacteria) and many other substances can activate comple-
ment by the alternative pathway.

c. Proteolytic enzymes released either from microbes or from host cells during 
immune defence mechanisims, can also activate the complement system by 
breaking down critical components.

The complement system takes part in both specific and non-specific resistance 
and generates a number of products of biological and immunological importance. 
The functions of the complement system are summarized in Table 1 [3, 5]:

On the other side; the cellular factors are the main line of defense in the nonspe-
cific immune system, they are listed in the Table 2 [2, 5].
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1.2.1 Phagocytosis and intracellular killing

Phagocytosis is a very important process during non-specific immune response 
when specialized cells engulf foreign body like bacteria or molecule like toxin or 
virus. The phagocytosis has four steps, Figure 1 [2]:

1. Chemotaxis. Phagocytic cells response and migrate to the site of infection 
or injury by the effect of complement products and cytokines released from 
tissue macrophages that have encountered bacteria or any foreign body in 
tissue.

2. Endocytosis. Starts with pseudopodia formation then phagocytic cells bind 
to the foreign body by: Fc receptors–Bacteria with IgG antibody on their 
surface have the Fc region exposed and this part of the Ig molecule can bind 
to the receptor on phagocytes. Complement receptors–Phagocytic cells have 
a receptor for the complement C3b. Scavenger receptors mainly for invading 
bacteria.

No. Function

1. Binding and neutralizing foreign substances that activate it.

2. Induce the ingestion of complement-coated substances by phagocytic cells (help fn the opsonization 
process when C3b and C4b linked with the surface of microorganisms and attach to Complement 
receptor on phagocytic cells then induce phagocytosis).

3. Activation of many cells including polymorphonuclear cells (PMNs) and macrophages.

4. Have roles in regulation of antibody responses.

5. Clearance of immune complexes and apoptotic cells.

6. Have roles in inflammation and tissue damage.

7. Some components (C3a, C4a and C5a), have role in Anaphylaxis (a dangerous case of type 1 
hypersensitivity), hence they are called anaphylotoxins.

8. Some complement components acts as chemotactic facters e.g. C5a and MAC.

Table 1. 
The functions of the complement system.

No. Cell Function

1. Neutrophils Polymorphonuclear cells (PMNs) migrate to the site of infection where they 
phagocytose invading organisms and kill them intracellularly. In addition, 
PMNs contribute to tissue damage that occurs during inflammation.

2. Macrophages Tissue macrophages and activated monocytes, which differentiate into 
macrophages, also function in phagocytosis and intracellular killing of 
microorganisms. In addition, macrophages are capable of extracellular killing 
of infected or transformed cells (self-target). Furthermore, macrophages have 
role in tissue repair and act as antigen presenting cells APC, which are required 
for the induction of specific immune responses.

3. Natural killer NK cells can nonspecifically kill virus infected and tumor cells. These cells are 
not part of the inflammatory response but they are important in nonspecific 
immunity to viral infections and tumor surveillance.

4. Eosinophils Eosinophils have proteins in granules that are effective in killing certain 
parasites.

Table 2. 
Cellular factors of the nonspecific immune system and their function.



Salmonella spp. - A Global Challenge

84

3. Phagolysosome formation and degradation of foreign substances. After 
 attachment of the bacteria the phagocyte begins to extend pseudopods around 
the bacteria and surround and engulf them forming the phagosome. During 
phagocytosis the granules or lysosomes of the phagocytes bind or fuse with 
the phagosome and empty their contents. The result is the foreign bodies or 
bacteria engulfed in the phagolysosome which have the contents of the  
granules or lysosomes.

Intracellular killing and Digestion (Lysis and excretion): There are three 
means of killing the microorganisms inside phagocytic cells; either Oxygen 
dependent killing by formation of NADPH using Oxygen, then production 
of the toxic oxygen compounds like H2O2 and hydroxyl radical (OH•). These 
compounds are toxic to microbes and kill them, Oxygen independent killing by 
production of toxic hypochlorite (OCl-) and singlet oxygen (1O2) from H2O2 
using the enzyme Myeloperoxidase that released into the phagolysosome or 
Nitric oxide dependent killing by Toxic nitric oxide synthesis and production 
(NO) when microorganism binds to the macrophage because of cytokines release 
(TNF-α and IFN-γ) [3].

Oxygen -dependent killing and Oxygen -independent killing both are called the 
Respiratory burst. After killing, the enzymatic system of the cell will digest all the 
phagosome components then absorb the useful materials and excrete the residues 
to the environment (blood) by fusing the phagolysosome with the cell membrane.

The cells that able to do phagocytosis are (monocytes, macrophage, PMNs and 
dendric cells). The results of phagocytosis are either a complete destruction of 
foreign body and excretion (PMNs). Or a complete destruction of foreign body and 
some parts (polypeptides) of it will be processed and presented on the surface of 
the phagocytic cells (monocytes, macrophage and dendric cells) then the phago-
cytic cell will be antigen presenting cell (APC) [2, 3].

Figure 1. 
Phagocytosis process steps.
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1.3 Cells involved in specific immune responses

1.3.1 Antigen presenting cell (APC)

These cells are the messengers between innate (non-specific) immunity and the 
adaptive (specific). Specialized APC are macrophage (MØ), B-cells and Dendric 
cells (DC) [3].

Roles of Antigen Presenting Cell (APC) can be summarized as [5]:

1. Engulfment of foreign Ag, processing it and presenting it (or a olypeptide 
from it) on the surface near the Major Histocompatibility Complex MHC 
class I or II.

2. Communication during the immune response between immune cells especially 
T- cells to induce the proper immune response cellular or humoral.

3. Secretion of cytokines which are substances (glycoproteins) that regulate the 
immune response.

1.3.2 Lymphocytes

B-cells or B-lymphocytes, T-cells or T-lymphocytes (T-helper cells including Th1 
and Th2, T-Cytotoxic Tc and T-suppressor Ts) [3].

1.3.3 Natural killer cells (NK)

Natural killer cells (NK) have no CD markers on the surface so they are usually 
called null cells [3].

It is important to know that B-cells are able to be APC by internalization of Ag 
inside the cell and do the processing and presenting, which will be discussed later. 
Also Dendric cells (DC) are cells found only in the mammalian immune system; 
their function is to engulf and process Ag then present it on the surface to other 
immune cells. Found in tissues that in contact with external environment such as 
skin, lung, stomach and intestine [2].

1.4 Mucosal immune response

In the mucosal surfaces and sites, the mucosal immune response come to play 
role in resistance against infection establishment. Many lymphoid tissues are asso-
ciated with mucosa which are usually called mucosa-associated tissues play major 
role in protection since they are rich with both T-cells and B-cells, produce many 
types of Lymphokines that acts as signals of the immune system actions, produce 
IgA (sIgA Secretory IgA); the main effective immunoglobulin type in the surfaces 
of the body and the most important part is that mucosal surfaces have the receptors 
of microbiota that play as a biological barrier and support innate immunity. Many 
secretions are also produced by the mucosa to protect surfaces like gastric acid and 
continuous mucous secretion and shedding helps in renewing normal flora popula-
tion and shed colonized pathogens.

Mucosa-Associated Lymphoid Tissues (MALT) Include the lymphoid tissues 
of the intestinal tract, genitourinary tract, tracheobronchial tree, and mammary 
glands. All of the mucosa-associated lymphoid tissues are unencapsulated and 
contain both T and B lymphocytes [2, 5].
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1.5 Gut-associated lymphoid tissue (GALT)

It is found along the digestive tract. Three major areas of GALT that can be 
identified are the tonsils, the Peyer’s patches, located on the submucosa of the small 
intestine, and the appendix. In addition, scanty lymphoid tissue is present in the 
lamina propria of the gastrointestinal tract [3, 5].

1. Tonsils, located in the oropharynx, are predominantly populated by  
B-lymphocytes and are the site of antigenic stimulation.

2. Peyer’s patches (PPs), they are lymphoid structures disseminated through the 
submucosal space of the small intestine

Physiological roles of secondary lymphoid organs:

a. The follicles of the intestinal Peyer’s patches are extremely rich in B-cells, 
which differentiate into IgA-producing plasma cells.

b. T-lymphocytes are also present in the intestinal mucosa, the most abundant 
of them expressing membrane markers that are considered typical of memory 
helper T-cells. This population is involved in the induction of humoral immune 
responses (HMI) [1, 2].

1.6 Antibody mediated immune response (humeral mediated immunity, HMI)

B-cells have normal Ag receptors on the surface they are natural Igs, these Igs are 
able to form Ag-Ab complex on the surface of B-cell. This complex will be internal-
ized inside B-cell, then the foreign Ag will be processed within B-cell and presented 
(or polypeptides from it) on the surface of B-cell near MHC class II and now B-cell 
is APC.

T-helper (Th) cells come near the APC B-cell and by the help of TCR and CD4; 
Th will interact and communicate with APC B-cell and Th cell will be activated 
and release cytokines or lymphokines (IL-2, IL-4, IL-5 and IFN-γ), these products 
will induce other B-cells for dividing, proliferation and differentiation. IgM will be 
the first Ig produced then B- cell will switch to make IgG. This response is called 
T-dependent Ag immune response. The other type of response is T-independent 
Ag immune response, this type of Ag stimulates B-cells without need for T-helper 
lymphocytes interfere [1, 2].

After B-cells activation, series of events happen (proliferation, clonal expansion, 
division and maturation), ending with Ab and memory B-cells production. These 
series of events called B-cell Maturation. During the second exposure to the same 
Ag that started the first immune response (perhaps after year from first expo-
sure), the B-memory cells will remember the Ag and will be activated and divide 
into a clone of plasma cells to start the Secondary immune response (Memory 
response) [3].

Antibodies or Immunoglobulins (Ig) that are produced after specific humoral 
response are in five types; IgG; IgM, IgA, IgD and IgE based on differences in the 
amino acid sequences in the constant region of the heavy chains. In addition, the 
classes of immunoglobulins can be divided into subclasses based on small differ-
ences in the amino acid sequences in the constant region of the heavy chains [1].

IgG immunoglobulin: is a Monomer, have4 subclasses (IgG1, IgG2, IgG3 and 
IgG4), the subclasses differ in the number of disulfide bonds and length of the hinge 
region. IgG is the major Ig in serum and extra vascular spaces of total serum Igs. Able 
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to cross placenta transfer is mediated by receptor on placental cells for the Fc region 
of IgG, able to fix complement an binding to cells - Macrophages, monocytes, PMN’s 
and some lymphocytes have Fc receptors for the Fc region of IgG. The term opsonin 
is used to describe substances that enhance phagocytosis. IgG is a good opsonin [2].

IgM immunoglobulin: is a pentamer, but it can also exist as a monomer. It is 
the third most common serum Ig and it is the first Ig to be made by the fetus and 
the first Ig to be made by B cells when it is stimulated by antigen. This type of Ig is a 
good complement fixing Ig. Thus, IgM antibodies are very efficient in leading to the 
lysis of microorganisms. Also a good agglutinating Ig. Thus, IgM antibodies are very 
good in clumping microorganisms for elimination from the body [5].

IgA immunoglobulin: is a monomer but IgA found in secretions is a dimer. When 
IgA is found in secretions is also has another protein associated with it called the 
secretory piece or T piece (sIgA), this secretory piece is made in epithelial cells and 
is added to the IgA as it passes into the secretions. The secretory piece helps IgA to be 
transported across mucosa and also protects it from degradation in the secretions. It 
is the second most common serum Ig and the major class of Ig in secretions - tears, 
saliva, colostrum, and mucus. Since it is found in secretions secretory IgA is impor-
tant in local (mucosal) immunity but does not fix complement [5].

IgD immunoglobulin: is a monomer and found in low levels in serum; found 
on B cell surfaces where it functions as a receptor for antigen also does not bind 
complement [5].

IgE immunoglobulin: is a monomer and rare on serum. It has role in allergic 
reactions and does not fix complement [5].

1.7 Cell mediated immune response (cellular mediated immunity, CMI)

This response occurs against cells, which are called Target cells. During both 
HMI and CMI, T-helper cells recognize foreign Ag processed on the surface of APC. 
If this Ag was processed and presented near MHC class II, then Th cells will activate 
HMI by B- cells activation, but if the presented Ag on APC was near MHC class 
I, then Th cells will activate CMI by activation of Tc, NK and MØ. Th cells able to 
activate and regulate CMI and HMI by many cytokines production.

In addition, in both CMI and HMI, when Th cells recognize the foreign Ag, Th 
cells will start T-cells activation by series of events (expanding, clonal proliferation 
and differentiation), then become mature to give specific activated T-helper cells in 
HMI and give specific activated T-helper cells and memory T-cells in CMI [2, 5].

Role of CMI response: is the defense against Tumor cells or cancer cells, Grafts 
Rejection, against Intracellular parasite infected cells with foreign Ag presented 
near MHC class I. Target cell is the infected cell with parasite and Types 4 hypersen-
sitivity (Delayed type of hypersensitivity) [5].

1.7.1 Activation of CMI cells

When T-helper cells recognize foreign Ag on the surface of target cell in associa-
tion with (or near) MHC class I. The TCR and CD4+ play role in recognition. Then 
Th cell will be activated and produce cytokines (especially IL-2 and IFN- γ). These 
cytokines will activate Tc CD8+ cells, MØ and NK cells. This activation will increase 
these cells ability for killing and became more effecter.

1.7.2 Mode of action for killing target cells

After T-cytotoxic cells and NK cells activation by Th cells, T-cytotoxic cells 
come into close contact with target cell; they will bind to the Ag by their specific Ag 
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receptors. While NK cells will attach to Ag (on Target cell surface) by their non-
specific receptors for Ag.

T-cytotoxic cells and NK cells will kill target cells by the following  
mechanisms [1–5]:

a. Direct contact killing: Production of perforin, which is a protein able to form 
pores in target cell membrane at the point of contact between Tc cell and target 
cell, lead to osmotic lysis of target cell.

b. Indirect killing: By secretion of a toxin protein in the space between the two 
cells, which causes fragmentation of target cell nuclear DNA, then the death of 
target cell by Apoptosis: the programmed cell death.

c. Antibody-dependent cellular cytotoxicity (ADCC) killing: it is specific mode 
of killing occurs when the parasites Ags have ability to induce both HMI and 
CMI, target cells will be coated with specific Abs formed after HMI against 
some parts of intracellular parasite like virus. These Abs will bring Tc and NK 
cells very close to the target cell by acting like a bridge because Tc and NK have 
receptors to the constant region of Ab. Then Tc and NK cells will be activated 
and kill the target cell by extracellular products (toxins and enzymes).

This type of CMI occurs when the foreign Ag persist for long time (e.g. 
Mycobacterium tuberculosis infection is long standing intracellular infection), also, 
against some kinds of cancer cells [2, 5].

1.8 Primary immune response

It is the first exposure to the Ag resulting of forming specific Abs and memory 
B-cells for HMI or T-cells and memory T-cells for CMI, the phases are, Figure 2 [1–5]:

1. Latent Phase: start after first time exposure to an Immunogen or after  
induction, include the followings

• No Ab level increase (Steady titer).

• Recognizing Ag as foreign after processing the Ag inside APC.

• Cellular proliferation and differentiation.

• Duration of this phase (period) is variable depending on many factors (Ag 
immunogenicity, Ag dose, Ag solubility, Ag route of immunization or exposure).

2. Logarithmic phase: starts when Ab titer begin to increase (active biosynthesis 
of Ab), last for 10-14 days till reach peak.

3. Steady phase: starts when the rates of both formation (synthesis) and  
catabolism are equal, then serum concentration of Ab is constant.

4. Decline phase: starts when the Ab titer starts to fall down due to increase Ab 
catabolism rate than synthesis.

Note: during early primary response, IgM class antibodies is predominant and 
first rise than IgG appears later [2, 5].
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1.9 Secondary immune response

It is the second exposure to the same immunogen that induced the first immune 
response (after booster dose of vaccination) may be after weeks, months, or even 
years later, includes [1–5]:

1. Accelerated or fast appearance of Abs.

2. Shorter latent period.

3. Rapid rate of Ab synthesis.

4. Higher peak titer of Ab.

5. More presence of memory cells.

6. Dose of immunogen needed is lower than primary.

7. Predominant Ab Class is IgG.

8. Long standing steady phase, whereas Ab titer will stay high longer time.

Negative phase: occur between primary and secondary Immune response when 
immunogen second dose is small and/or there is pre-existing antibodies from the 
first immune response (primary), then immunogen will be all consumed in Ag-Ab 
complex formation and phagocytosed then removed with no induction to secondary 
immune response [5].

2. Salmonella as a pathogenic Bacteria

Salmonella is a Gram-negative facultative rod-shaped bacterium in the same 
family as Escherichia coli, Enterobacteriaceae. Salmonella live in the intestinal tracts 

Figure 2. 
Primary and secondary immune response.
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of warm and cold blooded animals. In humans, Salmonella are the cause of two dis-
eases called salmonellosis: enteric fever (typhoid), resulting from bacterial invasion 
of the bloodstream, and acute gastroenteritis, resulting from a foodborne infection/
intoxication. Most common species related to human infections are Salmonella 
Typhi and Salmonella Paratyphi cause host-specific infections, being human the 
host. But other serotypes as S.Typhimurium and S. Enteritidis, mainly related to food 
products are also important serotypes that cause human diseases [5, 6].

Salmonella are found in the natural environment (water, soil, sometimes plants 
used as food). These bacteria are zoonotic, human or animal can excrete Salmonella 
either when they are infected with disease Salmonellosis and when they remain 
carriers. Also this disease is called food handling born disease due to the infected or 
carrier food handling workers [7].

Salmonella is intracellular parasite pathogen, do not multiply significantly in the 
natural environment (out of digestive tracts), but they can survive several weeks in 
water and several years in soil if conditions of temperature, humidity, and pH are 
favorable [5].

2.1 Antigenic structure and virulence factors

The bacterial antigens are the components or products of pathogens that are 
able to induce the immune defenses of the host to defend against, and to eliminate, 
the pathogen or disease. As with all Enterobacteriaceae, the genus Salmonella has 
three kinds of major antigens with diagnostic or identifying applications: somatic, 
surface, and flagellar [8–10].

2.1.1 Somatic (O) or cell wall antigens

Somatic antigens are the O side chain of LPS; they are heat stable and alcohol 
resistant. Cross-absorption studies individualize a large number of antigenic factors, 
67 of which are used for serological identification. O factors labeled with the same 
number are closely related.

2.1.2 Surface (envelope) antigens

Surface antigens, commonly in enteric bacteria (e.g., Escherichia coli and 
Klebsiella), may be found in some Salmonella. Surface antigens in Salmonella may 
mask O antigens, and the bacteria will not be agglutinated with O antisera. One 
specific surface antigen is well known: the Vi antigen. The Vi antigen occurs in only 
three species Salmonella Typhi, Salmonella Paratyphi C, and Salmonella dublin.

2.1.3 Flagellar (H) antigens

Flagellar antigens are heat-labile proteins. Mixing Salmonella cells with flagella-
specific antisera gives agglutination. Also, anti-flagellar antibodies can immobilize 
bacteria H antigens. Antigenic changes of the flagella known as the phase variation 
of H1 and H2 occurs in Salmonella Typhimurium.

2.1.4 Exotoxins

Salmonella strains may produce a thermos-labile enterotoxin that which has a 
limited relatedness to cholera toxin and E. coli (enterotoxin LT) in both structurally 
and antigenically characters. Additionally, a cytotoxin that inhibits protein synthe-
sis. Both of these toxins play a role in the diarrheal symptoms of Salmonellosis.
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2.2 Salmonella between pathogenicity and immunity

Innate immunity barriers play a good role in defense against Salmonella adhesion 
and colonization. But, upon infection specific immunity come to act; both humoral 
and cellular specific immune response will be activated to control this infection.

Primary infections with S. Typhi or Salmonella ParaTyphi usually induce a 
degree of immunity. Reinfection may occur but is often milder than the first infec-
tion. Circulating antibodies to O and Vi are related to resistance to infection and 
disease [11, 12].

Salmonella infections in humans vary with the bacterial species, the infec-
tious dose upon ingested contaminated food, and the host health. The oral dose 
of at least 105 Salmonella Typhi cells are the most effective dose to cause typhoid 
in 50% of human volunteers as agreed by many references, whereas at least 109 S. 
Typhimurium cells (oral dose) are needed to cause symptoms of a toxic infection. 
Infants, immunosuppressed patients, and those affected with blood disease are 
more susceptible to Salmonella infection than healthy adults [12].

2.3 Salmonellosis (Typhoid fever)

In the pathogenesis of typhoid the bacteria enter the human digestive tract, 
penetrate the intestinal mucosa (causing no lesion), and stope in the mesenteric 
lymph nodes. Enteric Fever, Salmonellosis or Enterocolitis occurs after attachment 
to enterocytes of the ileum and colon. About 12-24 hours following ingestion of 
contaminated food (containing a sufficient number of Salmonella), the ingested 
Salmonella reach the small intestine, from which they enter the lymphatics and then 
the bloodstream. They are carried by the blood to many organs, including the intes-
tine. Then Salmonella cells will attach to Microfold cells (M cells) and dendric cells 
of the jejunum. These specialized epithelial cells are found in the Peyer’s patches 
and initiate mucosal immunity by endocytosis process for these bacteria antigens 
to the Macrophages and B-Lymphocytes to form APC specific for these antigens. 
Invasion can occur in this stage via the means of endocytosis, transfer, and exo-
cytosis. Phagocytosis in the subserosa by macrophages and translocation into the 
mesenteric lymph nodes. Lymphogenous and hematogenous dissemination com-
bined by immune cells proliferation and specific immune response is integrated. 
Of course the complement system upon these events is already activated, since LPS 
layer can activate the alternative pathway as soon as this endotoxin liberated from 
bacterial cells due to destruction leading to more inflammatory reactions at the site 
of invasion as described in the complement system roles. Moreover, the mannose 
residues that are found on the surface of Salmonella undergo lectin pathway activa-
tion of the complement system [5–12].

The organisms usually multiply in intestinal lymphoid tissue and are excreted in 
stools. However, in the case of S. Typhi, the bacteria survive ingestion by the phago-
cytes, and multiply within these cells. This period of time, during which the bacteria 
are multiplying within the phagocytes, is the 10–14 day is known as the incubation 
period. When huge numbers of bacteria fill an individual phagocyte, the bacteria 
are discharged out of the cell and into the bloodstream, where their presence begins 
to cause symptoms. Secondary foci in the spleen, liver, bone marrow, bile ducts, skin 
(roseola), and Peyer’s patches then develop [5].

The presence of increasingly large numbers of bacteria in the bloodstream 
(called bacteremia) is responsible for an increasingly high fever, rising in stages 
throughout the first week to 39/40/41°C and may last throughout the four to eight 
weeks of the disease, in untreated individuals. Other symptoms include constipa-
tion (initially), extreme fatigue, headache and joint pain. Further symptoms: 
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leukopenia, bradycardia, splenic swelling, abdominal roseola, beginning in the 
third-week diarrhea, sometimes with intestinal bleeding due to ulceration of the 
Peyer’s patches and inflammation of the gallbladder, severe irritation and inflam-
mation of the lining of the abdominal cavity, called peritonitis, which is frequently 
a fatal outcome of typhoid fever [5, 12].

From the mesenteric lymph nodes, viable bacteria and LPS (endotoxin) will be 
released into the bloodstream resulting in septicemia. Moreover the effect of LPS 
as pyrogenic toxin, it causes activation of the complement alternative pathway 
which ends with membrane attack complex MAC, and that will increase LPS levels 
in bloodstream due to breakage of more bacterial cells leading to more harmful 
pyrogenic effects. The fever rises to a high plateau, and the spleen and liver become 
enlarged. Rose spots or rash usually on the skin of the abdomen or chest may be 
seen in some cases. Another scientific fact, LPS can induce both T-Dependent and 
T-Independent specific immune response. Specific antibodies against Salmonella 
antigens will be formed after primary infection occurrence, but, T-independent 
specific antibodies are with no memory B-cells formation. And that is the cause of 
short time specific immunity resultant after Samonella infections according to many 
scientists’ opinions [7].

The complications of typhoid fever include liver and spleen enlargement 
(sometimes so extreme that the spleen ruptures), anemia (low red blood cell 
count due to blood loss from the intestinal bleeding), joint infections (especially 
frequent in patients with sickle cell anemia and immune system disorders), pneu-
monia (due to a superimposed infection, usually by Streptococcus pneumoniae), 
heart infections, meningitis, and infections of the brain (causing confusion and 
even coma). Untreated typhoid fever may take several months for full resolve. 
Spontaneous cure usually occurs [12].

2.4 Immune response features of Samonella

Due to that Salmonella behave as intracellular parasite inside host, these bacteria 
can survive inside phagocytic cells and escape the immune system meeting. Escape 
of destruction inside phagocytic cells like macrophage referred to the resistance 
of Salmonella to the oxidative burst used by these immune cells to kill and digest 
invading bacterial cells. Phagocytosis is the key process for induction of specific 
immune response but in the condition of contact with invading microbes and pro-
cess the antigens to become APCs. Hence encountering of these bacteria sometimes 
can be late due to lack facing with immune cells and bacteria hide inside phagocytic 
cells. Also in certain circumstances as in immunocompromised patients like diabetic 
and old people, they usually suffer from late or weak immunological response 
against Salmonella and almost become carriers when the diagnosis and treatment 
are late [7, 8].

Salmonella induce both Th1 immunity (T-helper 1 or immunity or cellular 
mediated immunity) and Th2 immunity (T-helper 2 or humoral mediated immu-
nity). When APC formed, then the immune response will be turned from innate 
or non-specific immunity to the specific humoral and cellular immune response, 
APC will present the processed Antigens of Salmonella to the cells of the specific 
immunity. Concerning Humoral mediated Immunity, specific IgG, IgM and IgA 
antibodies are formed against Samonella antigens, LPS- O antigen Vi antigen and 
H-antigen. Agglutinating antibodies can give positive reaction after one week post 
symptoms rise according to Gruber-Widal against H and O Salmonella antigens then 
the antibodies titer continue to elevate with infection time going. The white blood 
cell count can be found as normal or low at these stages [7, 8].
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Antigenic variation can occur due to that Salmonella is able to generate genetic 
exchange and mutation abilities leading to the flagellar phase during infection 
course. This phenomena will cause the sero-variation and disease phases properties 
that is usually a characteristic of the infectious disease resultant from Salmonella.

Cellular mediated immunity is induced after APC formation, since Salmonella 
act as intracellular parasite and multiply inside macrophages. Then specific 
activated Cytotoxic T-cells will be produced and specific T-memory cells are 
released. Some scientists attribute joints inflammation that combined with 
Typhoid infections to the cellular immune response and due to accumulation of 
antigen-antibody complexes in patients’ joints mainly during high bacterial load 
infections [7–12].

Cytokines of both Th1 and Th2 levels increase during Salmonellosis, Interlukins 
(IL-1, IL-2, IL-4, IL-6, IL-8, IL-9, IL-10, IL-13, IL-15, IL-17). Also Interferon-
gamma (IFN-γ) play a great role during cellular immune response and its levels 
elevates in patients’ blood even after cure. Another important cytokine is Tumor 
necrosis factor-alpha (TNF-α), its levels raise upon infection start and stay elevated 
along the disease time [5, 12].

2.5 Carriers

After manifest or subclinical infection, some individuals continue to harbor 
Salmonella in their tissues for different times (for example convalescent carriers 
or healthy permanent carriers). Three percent of survivors of typhoid become 
permanent carriers, harboring the organisms in the gallbladder; biliary tract; or, 
rarely, the intestine or urinary tract. Carriers of S. Typhi must be treated even when 
asymptomatic, as they are responsible for the majority of new cases of typhoid 
fever. Eliminating the carrier state is actually a difficult and require two different 
medications for four to six weeks at least.

In the case of carriers with gall stones, surgery may need to be performed to 
remove the gall bladder, because the S. Typhi bacteria are often housed in the gall 
bladder, where they may survive despite antibiotic treatment [7, 8, 12].

2.6 Re-infections and healthy carriers

Despite of that some patients with Salmonella will get spontaneous cure, 
Salmonella excretion by human patients may continue long after clinical cure. 
About 5% of patients clinically cured from typhoid remain carriers for months 
or even years. Antibiotics are sometimes ineffective on Salmonella but can reduce 
mortality which may reach was 10% [9].

However, relapses may occur in 2–3 weeks after recovery despite specific anti-
bodies titer rise. Secretory IgA antibodies may prevent attachment of Salmonella 
to intestinal epithelium during next time exposure and avoid secondary infection 
establishment.

Some genetic factors can make person susceptible host for re-infection easier 
like persons with S/S hemoglobin (sickle cell disease) are susceptible to Salmonella 
infections. Persons with A/S hemoglobin (sickle cell trait) may be more susceptible 
than normal individuals (those with A/A hemoglobin) [9, 10].

The incidence of human disease decreases when the level of development of 
a country increases (like controlled water sewage systems, improve hygiene, pas-
teurization of milk and dairy products). Bad ways in having food like eating raw or 
undercooked egg can cause illness due to these bacteria called Salmonella Enteritidis 
Infection or Egg-associated salmonellosis which is an important public health problem.
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Plasmid-borne antibiotic resistance is very frequent among and can be con-
sidered as a virulence factor upon ongoing infections. Salmonella strains can 
get resistance against ampicillin, streptomycin, kanamycin, chloramphenicol, 
tetracycline, and sulfonamides [11–13].

2.7 Vaccination against Typhoid fever

Vaccination is very good health measure in eradication of Salmonella infections. 
Tourists and visitors for countries endemic with Salmonella must be vaccinated with 
Salmonella vaccines as a prophylactic health measure.

Early research produced two vaccines made from the entire (whole-cell) bacte-
rium. The first one became available in the 1890s, the second in 1952. Both pro-
tected about 65% of recipients. However, the frequency and severity of the adverse 
effects they caused dissuaded many countries from using them. These shortcom-
ings, combined with drug treatment failures, as a result of increasingly widespread 
resistance to antibiotic therapy [12–14].

Before the end of the 20th century, two new-generation typhoid vaccines had 
entered the scene. One, named (Ty21) and first licensed in 1983, is given in three 
to four oral doses and consists of a live but genetically modified S. Typhi strain. The 
second, named “Vi” and licensed in 1994, is given by injection and consists of a 
sugar molecule (polysaccharide) located on the surface of the bacterium. In clinical 
trials and early field use, the duration of efficacy of both vaccines varied to some 
degree. Moreover, no evidence of efficacy has been reported in children under two 
years of age [15]. Both vaccines are licensed, internationally available, and safe, 
and both are effective enough not only to reduce the incidence of typhoid fever in 
endemic areas but also to control outbreaks [9–11].

Meanwhile, third-generation typhoid vaccines are under trial. One is a Vi con-
jugate vaccine that protects about 85% of recipients, according to late-stage clinical 
trials, and appears to be effective in children under two years of age. A second 
candidate vaccine, is, like Ty21a, a live attenuated vaccine but, unlike Ty21a, can be 
given in a single oral dose [15].

Three types of typhoid vaccines are currently available for use nowadays:

1. Oral live-attenuated vaccine.

2. Heat-phenol-inactivated vaccine; killed bacterial vaccine.

3. The Vi capsular polysaccharide vaccine for intramuscular use.

A fourth vaccine, an acetone-inactivated parenteral vaccine, is currently avail-
able only to the armed forces. While Typhoid fever vaccinations for tourists and 
travelers to the endemic areas is best be done with the oral attenuated vaccine 
Virotif Ty 21a.

Despite of that; No typhoid vaccine is 100% effective and provide only short-
term protection (sometimes for a few months), it is not a substitute for being 
careful and elevate hygiene [15].

3. Conclusions

Salmonella, whatever species, is dangerous microbe that is able to invade human 
body due to many weapons owned. Good and healthy immune system can stand 
against these bacteria. But with bad nutrition, low hygiene and immunosuppression; 
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infection with Salmonella will occur upon exposure and may develop to a systemic 
disease. Salmonella induce human immunity with different types of resistance pro-
cesses, either specific (adaptive immune response) or non-specific (Innate Immune 
Response) that act against these bacteria and lead to cure during treatment course. 
Despite of many effective vaccines that have been produced; elevation personal 
hygiene is still the best way to eradicate this infectious disease. Healthy carriers of 
Salmonella are a public health problem.
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Abstract

Considering a complex set of interplay with its host, Salmonella needs numerous 
genes for its full virulence. These genes responsible for invasion, survival, and extra 
intestinal spread are located on pathogenicity islands known as Salmonella patho-
genicity islands (SPIs) that are thought to be acquired by horizontal gene transfer. 
A total of 17 SPIs (1–17) are recognized so far. The type III secretion system (T3SS) 
encoded by SPI-1 is considered as the most important virulence factor for Salmonella 
that delivers effector proteins necessary for invasion and production of enteritis. 
Among various SPIs, the role in virulence is well proven for SPI1 and SPI2 and 
further insight into the complex regulatory network of SPIs can contribute to drug 
investigation and prevention of infection.

Keywords: Salmonella, virulence genes, Salmonella pathogenicity islands,  
Type III secretion system

1. Introduction

Salmonellae are gram-negative bacteria and members of the family 
Enterobacteriales. They are chiefly intestinal parasites of human and a wide 
 variety of animals including wild birds, domestic pets, rodents, chickens etc. 
They are also found in sewage, rivers and waters and soil. The genus Salmonella is 
divided into two species: Salmonella enterica that encompasses six subspecies  
(I, II, IIIa, IIIb, IV, and VI), and Salmonella bongori, which was earlier subspecies V 
[1]. Members of the seven Salmonella species can be serotyped into more than 2500 
serotypes (serovars) based on somatic O and H antigens [1].

2. Pathophysiology of Salmonella

Salmonella is noted to cause diverse disease spectrum in humans and animals, 
varying from localized inflammation and gastroenteritis to typhoid fever which can 
lead to life-threatening systemic infection. The prime issue is that of asymptomatic 
healthy carriers who possibly shed bacteria in feces causing risk to community. 
There is diversity seen among certain Salmonella serovars based on host adaptation, 
such as Salmonella Typhi, Salmonella Paratyphi, and Salmonella Sendai are known 
to be very well adapted to only human host while Salmonella Typhimurium and 
Salmonella Enteritidis has a broad host range infecting animals and humans. Others 
produce diseases in farm animals like S. Choleraesuis in swine, S. Gallinarum in 
fowl. Salmonella Dublin (cattle) and Arizonae (reptiles) are mainly adapted to an 
animal species and seldom infect humans [1].
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3. Pathogenesis of Salmonella

For the Salmonella infection to commence the bacteria is ingested through con-
taminated food and water. The infectious dose varies considerably ranging between 
103–106 colony-forming units [2].

The first hurdle to Salmonella colonization is acidity of stomach and certain 
situations which either decreases stomach acidity (antacids, proton pump inhibi-
tors, achlorhydric disease) or integrity of intestine (previous surgery of gastro-
intestinal tract, altered intestinal flora due to antibiotic use, inflammatory bowel 
disease) increases the chances of Salmonella infection [3].

Salmonellae exhibit an adaptive acid tolerance response on exposure to acid 
in vitro that possibly eases its survival in the stomach and movement to the small 
intestine.

When it reaches the small intestine, it attaches to the mucosal epithelial cells by 
fimbriae. Now, the penetration of the mucosal epithelium is achieved by bacteria-
mediated endocytosis (BME) [4].

When the bacteria adheres to the apical epithelial surface, an extensive cytoskel-
etal rearrangements is followed shortly which disturbs the normal epithelial brush 
border prompting the configuration of membrane ruffles. These membrane ruffles 
reach out and encloses adherent bacteria in large vesicles. M cells (specialized cells 
overlying the Peyer’s patches) are probably considered the primary portal of entry 
in case of Enteric fever and the generalized intrusion of enterocytes is thought 
to play a prominent role in enteritis caused by Non-Typhoidal Salmonella (NTS) 
serotypes [5].

There are several large insertions in the genome of Salmonella that are consid-
ered to arise from bacteriophages or plasmids, called as the Salmonella pathogenic-
ity islands (SPIs). These SPIs encode genes that are crucial for survival in the host. 
The virulence genes are responsible for invasion, survival, and extra intestinal 
spread. For instance, Salmonellae encode a type III secretion system (T3SS) within 
Salmonella pathogenicity island 1 (the SPI-1 T3SS), which is necessary for bacteria-
mediated endocytosis and epithelial invasion in the intestine.

4. Definitions

4.1 Genomic Island

Genomic islands (GIs) such as integrative and conjugative elements (ICEs) and 
integrative mobilizable elements (IMEs) are clusters of genes inside a bacterial 
genome which seems to be acquired by horizontal gene transfer [6]. Initially noticed 
in pathogenic bacteria, designated as pathogenicity islands because they carried 
virulence genes or other pathogenicity factors, now are also identified in various 
non-pathogenic bacteria. Therefore, GIs are frequently named based on the adap-
tive properties they bestow such as metabolic islands, antibiotic resistance islands, 
symbiosis islands, pathogenicity islands etc. [7]. Furthermore, GIs bless their hosts 
with new traits, like resistance to antimicrobials and enhanced virulence.

4.2 Pathogenicity island (PAI)

Pathogenicity islands are a definite class of GIs acquired by microorganisms by 
horizontal gene transfer. They constitute large genomic regions (10–200 kilobases 
in size) that are integrated in the genome of pathogenic bacteria and are not seen in 
non-pathogenic bacteria of the same or closely related species [6]. The concept of 
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pathogenicity islands was established in the late 1980s by Jorg Hacker and his col-
leagues while probing the genetic grounds of virulence of uropathogenic Escherichia 
coli strains 536 and J96 [8]. The important features of PIs are summarized in 
Table 1 [8].

5. Salmonella Pathogenicity Islands

Pathogenicity islands in Salmonella spp. are generally known as ‘Salmonella 
Pathogenicity Island’ or SPI. They are found in large number and are the 
central elements for virulence in Salmonella. A total of 17 SPIs (1–17) are 
recognized so far [9].

5.1 SPI1

Salmonella species has the capability to penetrate non-phagocytic host cells. 
For the penetration or invasion to take place, there is requirement of several genes 
which were first identified for S. typhimurium [10]. At the later stages of research, 
it was established that all the genes responsible for invasion were bunched within a 
region at centisome 63 of the Salmonella chromosome [11]. After that, the second 
cluster of genes were identified which were required because of the ability of 
Salmonella to proliferate in different organs of the infected host, lead the research-
ers to designate Invasion Locus Salmonella Pathogenicity Island 1 and accordingly 
newly identified locus as Salmonella Pathogenicity Island 2 [12].

The size of SPI-1 is nearly 40 kilo bases in size and encodes a type III secretion 
system (T3SS) that is needed for BME and intestinal epithelial invasion (Figure 1). 
T3SS are considered as complex macromolecule machines that emerge to bring down 
the function of host cell by translocation of virulence proteins straight from the bac-
terial cytoplasm into the host cell. T3SS are also known as injectisomes’ or ‘molecular 
needles because of their capability to translocate proteins in a cell contact-dependent 
manner [13]. T3SS is also found in several species of several Gram-negative bacteria 
(e.g. Salmonella, Yersinia, Shigella, E. coli, Pseudomonas) and encompasses at least 
20 different subunits that enables these bacteria to translocate specific substrates 
(or ‘effectors’) directly into the host cell cytoplasm which exerts a broad range of 
virulence functions [14]. The mutants of Salmonella not having a functional SPI-1 
T3SS do not invade epithelial cells in tissue culture [15].

S.No. Characteristic features of Pathogenicity Islands

1. Carrying of one or more genes of virulence

2. Present in pathogenic bacteria and not seen in non-pathogenic ones of the same or closely related 
species

3. Constitute large genomic regions (10–200 kilobases in size)

4. Possess DNA content that varies markedly from the rest of the host genome, especially 
percentage of G + C content and codon usage

5. Commonly situated adjacent to tRNA genes

6. Frequent association with mobile genetic elements, often flanked by direct repeats
Presence of integrase gene at one end of the island

7. Genetic instability that can lead to loss of the Pathogenicity islands

Table 1. 
Features of Pathogenicity Islands.
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There is requirement of at least five translocated proteins adequate invasion of 
cultured epithelial cells, whereas invasion is more complex and diverse in animal 
tissues [16]. Two subsets of effector proteins are generated by SPI-1 in which one 
subset mediates invasion by Salmonella of non-phagocytic cells through alteration 
of active cytoskeleton system of host cell and the other second subset is related 
with entero-pathogenesis and inflammation of cells of intestinal epithelium. The 
important effector proteins are summarized in Table 2.

Effector protein Function Mechanism

SipC & SipA Promotes membrane 
ruffling and Salmonella 
invasion

By direct interactions with the actin cytoskeleton

SopE & SopE2 Promotes membrane 
ruffling ans Salmonella 
invasion

Directly activate Rac1 and Cdc42 in vitro by acting 
as GDP/GTP exchange factors (GEFs) and induce 
membrane ruffling and macropinocytosis after 
microinjection into epithelial cells

SopB
(Additional SPI-1 
translocated 
protein)

Promote membrane ruffling 
and Salmonella invasion

Targets inositol phosphate signaling within the host 
cell by acting as an inositol polyphosphatase.

SopA and SopD Intestinal secretory and 
inflammatory responses

Recruitment of immune cells and secretion of fluid 
in intestinal lumen

SptP Reverse the cytoskeletal 
rearrangements induced by 
SopE/E2 and SopB

GTPase activating protein (GAP) acts on Rac1 and 
Cdc42,

Table 2. 
Important translocated proteins of SP-I of Salmonella.

Figure 1. 
Invasion of Salmonella into non-phagocytic cells by SPI1. At the time of contact with host cell, there is 
injection of different effectors into cytoplasm of host cell by SPI1 encoded T3SS. This leads to stimulation 
of small rho GTPases that causes massive cytoskeleton rearrangements. This results in intake of bacteria 
by macropinocytosis. Now, bacteria live in vacuole and the host cells regain a normal architecture. (from 
Gerlach RG, Hensel M. Salmonella pathogenicity islands in host specificity, host pathogen-interactions and 
antibiotics resistance of Salmonella enterica. Berliner und Munchener tierarztliche Wochenschrift. 2007 Jul 
1;120(7/8):317).
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5.2 The SPI1 regulon

The expression of SPI1 is driven by central transcription factor, SPI1 encoded 
HilA which is a member of OmpR/ToxR family of transcriptional regulators. The 
expression of SPI1 regulon is directed by specific blend of environmental signals 
such as osmolarity, antimicrobial peptides, oxygen, pH and other unidentified 
signals. These signals are perceived by a set of 2 component regulatory systems: 
BarA/SirA [17], OmpR/EnvZ [18], PhoBR [19] and PhoPQ [20]. The phosphory-
lated connected response regulators can promote the expression of either HilD or 
HilE that in turn either stimulates or represses SPI1-expression.

1. PhoB, PhoP and FimZY can activate hilE expression that can negatively impact 
hilA expression [21]

2. HilD along with HilC and RtsA make up a feed-forward loop, where each 
factor can promote the expression of itself, rtsA, hilC and hilA, thus 
 integrating and greatly enhancing the signal [22]

3. Nucleoid proteins HU and Fis are essential for hilA expression [23]

4. HilA binds to cis-elements present in respective promoters that activates 
prg/org and inv./spa operons within SPI1 which in turn leads to production 
of InvF, a member of the AraC family of transcriptional regulators. Now, 
InvF along with the chaperone SicA induces expression of a set of genes 
 encoded within SPI1 and on various loci elsewhere in the chromosome.

5. RtsA/HilD/HilC can activate the expression of dsbA required for the function 
of the SPI1-encoded T3SS [23] (Figure 2).

Figure 2. 
The SPI1 regulon. The main regulatory factor of SPI1 expression is HilA whose activity is mainly controlled on 
the transcriptional level and relies on a complex network of transcription factors and two-component regulatory 
systems. Arrows indicate activation of gene expression. Positive feedback loop are highlighted by bold arrows. 
Repression is noted as lines with blunt ends. Solid lines represent direct transcriptional regulation. (from Gerlach 
RG, Hensel M. Salmonella pathogenicity islands in host specificity, host pathogen-interactions and antibiotics 
resistance of Salmonella enterica. Berliner und Munchener tierarztliche Wochenschrift. 2007 Jul 1;120(7/8):317).
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5.3 SPI2

Salmonella has a second T3SS that is essential for survival within the macro-
phage and for establishment of systemic infection. Proteins delivered by both type 
III secretion systems are vital for intracellular survival. The second T3SS is encoded 
on Salmonella pathogenicity island 2 (SPI-2). The activity of SPI2 is needed to 
establish and maintain the Salmonella- containing vacuole (SCV) as an intracellular 
niche in which Salmonella can remain live and replicate.

SPI2 is of nearly 40 Kb in size and comprises of 2 distinct regions [24]:

1. The larger region relatively 25 Kb in size found exclusively in S. enterica,  
implicated in systemic pathogenesis. It encodes second T3SS.

2. The smaller region of 15 Kb in size was identified in S. bongori. It encodes the 
tetrathionate reductase (Ttr) that is involved in anaerobic respiration.

This second T3SS expressed by intracellular bacteria translocates proteins across 
the SCV membrane into the macrophage cytosol. With the help of these SPI2 trans-
located proteins, Salmonella escapes intracellular killing by altering the phagosome 
membrane to tubulate [25]. Phagosome tubulation is dynamic and rapid process and 
occurs to be dependent on the recruitment of microtubule motors, membrane lipid 
alteration and the activation of small GTPases, and membrane lipid alteration [25]. 
Phagosome tubulation is also correlated with the virulence by unknown mechanisms.

A total of seventeen effectors are recognized to be translocated over the SCV 
membrane into the host-cell cytoplasm, most of them being encoded outside 
the SPI2-locus [26]. Only 3 effectors are known to be encoded within SPI2 which 
includes SpiC, SseF and SseG. The SPI-2 translocated proteins, including SifA, 
SifB, SseJ, SopD2, PipB, and PipB2, localize to the surface of the SCV and either 
contributes to tubulation or other alterations of the phagosome [27]. The summary 
of important effectors has been given in Table 3.

5.4 The SPI2 regulon

The expression of SPI2 genes is controlled governed by global regulatory system: 
SsrAB system. It is a typical two-component system that is necessary for SPI2 
regulon expression in intracellular bacteria. The main global regulatory systems 
that affect the expression levels of SPI2 genes are the EnvZ/OmpR and PhoPQ  
two-component systems, SlyA and Fis [23].

Effectors Functons

SpiC Block fusion of the SCV with lysosomes

Sif A Salmonella containing vacuole membrane integrity

SseJ Cytoskeleton rearrangements

SsPH2 Cytoskeleton rearrangements

Ttr genes Tetrathionate respiration and outgrowth in the intestine

SseFG Maintaining a juxtanuclear position of the SCV in HeLa cells

SpvB Salmonella virulence protein that is secreted into
the macrophage cytoplasm,

Table 3. 
Functions of major effectors of SPI-2.
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5.5 SPI3

The SPI3 locus is of size 17 kilobases and is inserted at the selC tRNA gene locus. 
The primary known virulence determinant is Mgt CB (Magnesium transport system) 
operon: MisL and Mar T. This determinant is necessary for survival of Salmonella in 
the intra-phagosomal habitat in nutritionally deprived conditions. Mis L, a anti-
transport protein of SPI3, is identical to the autotransported AIDA-1 adhesin of 
enteropathogenic E. coli (EPEC) while Mar T shows resemblance with Tax R (Toxin 
gene regulator) of Vibrio cholerae and it is implicated in the activation of Mis L [28].

MisL is proved to work as an adhesion [29] and it is vital for the long term 
persistence of Salmonella in the intestine as observed in animal studies. Another 
autotransporter, ShdA is seen to have a function in adhesion and virulence in case of 
S. Typhimurium.

A high degree of sequential variation exists in SPI3 among different serovars; 
however it is conserved in cases of S. Typhi and S. Typhimurium.

5.6 SPI4

The size of SPI4 is identified as 27 Kb. Sequencing of the Salmonella 
Typhimurium genome anticipated that the pathogenicity island constitute of not 
more than six genes. Hence the genes of the locus SPI4 are named as siiA-F. SiiC, 
SiiD and SiiF encodes components of type I secretion system which secretes SiiE. 
This, SiiE is huge protein (approximately 600 kDa) that is known to colonize the 
bovine intestine [30]. The molecular functions of SPI4 encoded proteins are not 
known. The role of SPI4 in Salmonella virulence was investigated in one of the 
studies using refined cell culture and infection models, there it was observed that 
SPI4 contributes to gastrointestinal inflammation in murine colitis model and is also 
required for adhesion to epithelial cells [31]. De Keersmaecker et al. suggested a role 
for SPI4 in intra-macrophage survival as shown for SPI2 [32].

SPI4 seems to be highly conserved among different Salmonella serovars [33].

5.7 SPI5

The size of SPI5 locus is nearly 7.6 Kb. It encodes the effector proteins for both 
the T3SS that is encoded by SPI-1 and SPI-2. Pip A and Pip B are also known to be 
encoded by SPI5 locus. Pip A is implicated in the development of systemic infection 
and Pip B is involved in the accumulation of lipid rafts and is a translocated effec-
tor of SPI-2 encoded T3SS which is under the control of Ssr AB two-component 
systems. However, PipB is neither needed for bacterium’s intracellular survival nor 
for systemic virulence as studied in mice [34, 35].

In enteropathogenicity in a cattle infection model, significant attenuation of 
SPI5-deficient Salmonella was observed. However SPI5 mutants showed only a 
minor virulence defect in mouse model [36].

5.8 SPI6

The SPI6 locus is also known as ‘Salmonella centisome 7 genomic island’ or SCI 
[37]. It is of size 59 Kb and it has been recognized in S. Typhi and S. Typhimurium. 
It is investigated to contain [35]:

1. saf gene which codes for fimbriae

2. pag N gene which encodes for invasion protein
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A microarray analysis indicated the conservation of SPI6 among serovars of 
S. enterica subspecies I serovars was indicated by microarray analysis.

Deletion of SPI6 had no influence on the systemic pathogenesis but decreased 
invasiveness of the bactetia in tissue cultured cells. SPI-6 was detected to be con-
served among serovars of S. enterica as indicated by microarray analysis. Some of the 
portion of SPI-6 that was also identified in subspecies III b, IV, and VII. Further, SPI-6 
has shown sequential homology with the genome of P. aeruginosa and Y. pestis [38].

5.9 SPI7 and SPI8

The size of SPI7 and SPI8 is approximately 133 Kb and 6.8 Kb respectively. SPI7, 
also termed as major Pathogenicity Island is specific to S. Typhi, S. Dublin and S. 
Paratyphi. It encodes for Vi antigen and constitute pil gene cluster that encodes for 
putative virulence factors. Its genetic organization is very complex and composed of 
several horizontally acquired elements. It also constitutes few genes of conjugative 
plasmid-like tra and sam.. The locus is said to not stable and loss of the capsule can 
be seen in S. Typhi isolates. Additionally SPI7 also encodes a type IV fimbrial adhe-
sin. There exists a sequential homology with few other bacteria like Xanthomonas 
axonopodis and Pseudomonas aeruginosa in the case of SPI7 [39].

SPI8 has been identified in Salmonella Typhi and the genes located here encode 
for putative virulence factors, whose exact function has not been reported so far.

5.10 SP19

The size of SPI-9 locus is nearly 16,281 basepairs. SPI9 from S. Typhi harbors 
three ORFs (STY2876,STY2877,STY2878) presenting 98% identity with a type 1 
secretory apparatus (T1SS) and a single ORF (STY2875) that is similar to a large 
RTX-like protein exhibiting repeated Ig domains. It encodes for virulence factors of 
type I secretion system. Furthermore, as it is functional in S. Typhi and encodes for 
adhesion which is induced under conditions of high osmolarity in culture. However 
it does not participate in biofilm formation [40].

5.11 SP110

SPI10 has a size of 32.8 Kb and is defined as an insertion at the tRNA leuX gene. 
It appears to be hyper variable and is a point of insertion for several different DNA 
fragments. Sef and pef gene clusters which encodes for fimbrial adhesions have 
been detected in S. Enteritidis and cryptic bacteriophage has been seen within this 
locus in case of S. Typhi and S. Paratyphi A. On the other hand, S. Typhimurium 
has entirely different gene content. Because of these findings, the leuX locus repre-
sents a hot spot for the insertion of various mobile genetic elements [41].

5.12 SPI11 and SPI12

The SPI11 and SPI12 were identified in Salmonella choleraesuis. Both these islands 
shows properties of PAI such as association with bacteriophage genomes and tRNA 
genes. The low G + C content of 41.32% was seen for SPI11. The proteins encoded by 
these SPIs contributes to virulence of Salmonella but exact role is still not clear and 
awaits further characterization [42].

5.13 SPI13 and SPI14

SPI13 and SPI14 were first identified in avian adapted S. Gallinarum which is 
causative agent of typhoid in fowls. SPI13 is close to the tRNA pheV gene and is 
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composed of 18 ORFs while SPI14 is not associated with a tRNA gene and consti-
tutes 6 ORFs. Both these islands are not present in S. Typhi and S. Paratyphi A but 
are seen in S. Typhimurium and S. Enteritidis. This may indicate a possible role of 
the loci in host specificity. The role of proteins encoded by these SPIs is not clear yet 
and requires further molecular characterization [43].

5.14 SPI15, SPI16, and SPI17

SPI15, SPI16 and SPI17 were identified in S. Typhi using bioinformatics 
approach. All these exhibit association with tRNA genes. SPI16 and SPI17 encodes 
for genes that are responsible for LPS modification. There is presence of SPI15 
in only S. Typhi isolate CT18 and role of its effecter proteins is not clear till 
date. SPI16 and SPI17 are seen in S. Typhi and most other S. enterica genome 
sequences [44].

Table 4 summarizes the various SPIs.

SPI & Insertion point Distribution among 
Salmonella species

Variable or 
conserved

Function

SPI1

flhA-mutS Salmonella spp. Conserved T3SS, iron uptake

SPI2

tRA val V S.enterica Conserved T3SS, tetrathionate 
reductase

SPI3

tRNA sel C Salmonella spp. Variable Mg2+ uptake, Misc. 
adhesin

SPI4

tRNA like Salmonella spp. Conserved T1SS adhesin

SPI5

tRNA ser T Salmonella spp. variable T3SS effectors SopB, 
PipB

SPI6

tRNA asp V Subsp. I. parts in IIIB, 
IV, VII

Conserved
In subsp. I

Saf fimbriae

SPI7

tRNA pheU Subsp. I serovars Instable Vi antigen, pilus 
assembly, SopE

SPI8

tRNApheV sv. Typhi NK NK

SPI9

prophage Subsp.. I serovars NK T1SS, adhesin BapA

SPI10

tRNA leuX subsp. I serovars variable Sef fimbriae

SPI11

prophage S.Choleraesuis NK NK

SPI12

tRNA pro S.Choleraesuis NK NK

SPI13
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5.15 SGI1

Strains showing resistance to multiple antibiotics is a usual phenomenon seen in 
pathogenic bacteria and is also mostly observed in S. enterica. Resistant Salmonella 
isolates harbor resistance plasmids of variable size and composition of resistance 
genes. A multidrug resistance phenotype conferred by ‘Salmonella genomic island 
1’ or SGI1 was recognized in epidemic strain S. Typhimurium DT104 by molecular 
testing though It can also be present in other strains as well. The SGI1 confers 
resistance to the antibiotics such as ampicillin, chloramphenicol, streptomycin, 
sulfonamides and tetracycline [23].

6. Conclusion

PAI phenomenon frequently identified in pathogenic bacteria and encodes 
virulence genes which help pathogens to establish infections. The molecular charac-
terization of individual virulence genes and genome sequences demonstrated large 
numbers of PAI in S. enterica serovars. Among various Salmonella pathogenicity 
islands, only SPI1 and SPI2 have well proven role in virulence while knowledge of 
the molecular function of the rest of the SPIs is lacking. Furthermore, molecular 
analysis of SPI is vital for improvement of prevention and treatment of Salmonella 
infection in human and animals. Also the varied degrees of disease severity and of 
bacterial pathogenesis can be explained better by understanding SPI.

SPI & Insertion point Distribution among 
Salmonella species

Variable or 
conserved

Function

tRNA pheV S.Gallinarum,S. 
Typhimurium

NK NK

SPI14

NK S.Gallinarum,S. 
Typhimurium

NK NK

SPI15

tRNA gly S. Typhi NK NK

SPI16

tRNA arg S. Typhi, and 
others ? serotype conversion

S. Typhi, and others NK serotype conversion

SPI17

tRNA arg S. Typhi, and others NK serotype conversion

SGI1

thdF–yidY subsp. I serovars variable 5 antibiotic resistance 
genes

CS54

xseA-yfgK subsp. I serovars NK adhesion
NK – Not Known.

Table 4. 
Summary of various Salmonella Pathogenicity Islands.
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Abstract

Salmonella enterica serovar Enteritidis (or Salmonella Enteritidis, SE) is one of 
the oldest members of the genus Salmonella, based on the date of first description 
and has only gained prominence as a significant bacterial contaminant of food over 
the last three or four decades. Currently, SE is the most common Salmonella serovar 
causing foodborne illnesses. Control measures to alleviate human infections require 
that food isolates be characterized and this was until recently carried out using 
Pulsed-Field Gel Electrophoresis (PFGE) and phage typing as the main laboratory 
subtyping tools for use in demonstrating relatedness of isolates recovered from 
infected humans and the food source. The results provided by these analytical 
tools were presented with easy-to-understand and comprehensible nomenclature, 
however, the techniques were inherently poorly discriminatory, which is attribut-
able to the clonality of SE. The tools have now given way to whole genome sequenc-
ing which provides a full and comprehensive genetic attributes of an organism and 
a very attractive and superior tool for defining an isolate and for inferring genetic 
relatedness among isolates. A comparative phylogenomic analysis of isolates of 
choice provides both a visual appreciation of relatedness as well as quantifiable esti-
mates of genetic distance. Despite the considerable information provided by whole 
genome analysis and development of a phylogenetic tree, the approach does not 
lend itself to generating a useful nomenclature-based description of SE subtypes. 
To this end, a highly discriminatory, cost-effective, high throughput, validated 
single nucleotide based genotypic polymerase chain reaction assay (SNP-PCR) was 
developed focussing on 60 polymorphic loci. The procedure was used to identify 25 
circulating clades of SE, the largest number so far described for this organism. The 
new subtyping test, which exploited whole genome sequencing data, displays the 
attributes of an ideal subtyping test: high discrimination, low cost, rapid, highly 
reproducible and epidemiological concordance. The procedure is useful for identi-
fying the subtype designation of an isolate, for defining the population structure of 
the organism as well as for surveillance and outbreak detection.
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1. Introduction

The genus Salmonella contains a large number of Gram-negative bacteria 
primarily found in the gastrointenstinal tract of vertebrate organisms including 
humans, cattle, pigs, horses, companion animals, avian, reptiles and fish [1]. 
There are two species of Salmonella, namely Salmonella enterica and S. bongori [2]. 
Salmonella enterica is the species of relevance in food safety, and consists of five 
subspecies of varying importance in human health. Salmonella enterica subspecies 
enterica has received the greatest attention because of its large number of constitu-
ent organisms, now estimated at about 2,600, each defined as a serovar based 
on the Kauffman-White classification [1]. Salmonella enterica serovar Enteritidis 
(commonly written as Salmonella Enteritidis or SE) is the most prominent. The 
organism was originally described as a distinct species and named as Salmonella 
enterica alongside two other species namely Salmonella choleraesuis and Salmonella 
typhi. Since those early days, the taxonomy of Salmonella has changed to reflect 
two species and hundreds of serovars. Curiously, a limited number of S. enterica 
serovars is associated with foodborne illnesses of which SE has emerged over the 
last few decades as the most prevalent cause of foodborne salmonellosis in humans 
worldwide [3]. However, this has not always been the case and prior to the 1970s 
there was only the occasional report of foodborne salmonellosis attributable to SE.

The earliest reports of foodborne illnesses caused by Salmonella were 
attributed to duck egg sources as summarized by Scott [4]. Subsequently, the 
organisms was found in live chicks, ducks and ducklings [5, 6]. Although these 
early reports came from different countries, SE did not become a common cause 
of foodborne illnesses until the 1980s [7]. By 1994, SE was the most commonly 
reported Salmonella serotype, with an incidence of 110 laboratory-confirmed 
infections per 100,000 population in the Northeast of US, and shell eggs from 
hens were identified as the major vehicle for SE infection in humans [8], in 
contrast to the earlier reports incriminating duck eggs. A 2010 outbreak of  
egg-related SE infections in the US resulted in an estimated 1,939 illnesses and a 
recall of over 500 million eggs, which ranked as the largest egg recall in history 
and one of the most expensive food recalls ever [9]. Similar events occurred 
in other parts of the world and were severe enough to warrant a warning of a 
new pandemic [7]. Together with two other serovars namely, Typhimurium 
and Heidelberg, the three most common serovars alone account for 59% of 
Salmonella outbreaks in humans in Canada, while the 10 most commonly 
observed Salmonella serovars account for about 76% of the total Salmonella 
infections reported. Establishing epidemiological linkages between contami-
nated products and human disease for Salmonella serovars has been particularly 
difficult for a number of reasons. One of the historically important reasons has 
been the clonal nature of many of the dominant serovars, especially Enteritidis 
which makes discrimination of strains difficult and an attribution of a particular 
strain linked with illness to a food source particularly challenging.

One resource that has been used by researchers to study SE is the strain P125109 
phage type 4 (PT4) which was isolated from an outbreak of human food poisoning 
in the United Kingdom, and traced back to a poultry farm. The strain is highly viru-
lent in newly hatched chickens and is also invasive in laying hens, resulting in egg 
contamination [10, 11]. The complete genome sequences of the host-promiscuous 
SE PT4 isolate P125109 was determined by Thomson et al. in 2008 [12].
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Next generation sequencing (NGS) and especially whole genome sequencing 
(WGS) has emerged in recent years and has made it possible to sequence bacte-
rial genomes within hours, a remarkable feat that is revolutionizing the field of 
microbiology. With the advent of microbial WGS, new light is shed on the nature of 
pathogens and our understanding of the biology of Salmonella is steadily increasing 
as Salmonella genomes are generated increasingly at a rapid rate and are deposited in 
public databases. Further understanding of genome diversity and variation of bacte-
rial pathogens has the potential to improve quantitative risk assessment and assess 
the evolution of Salmonella, relationship among strains and serovars, emergence of 
new strains and the role of mobile genetic elements especially plasmids and bacterio-
phages in Salmonella [13]. The recent development of the Salmonella SystOmics data-
base (SalFoS https://salfos.ibis.ulaval.ca/), a rich collection of over 3000 Salmonella 
genomes and their metadata represents a milestone and an important resource for 
future approaches to mitigate the burden of foodborne salmonellosis [14].

Food safety which is significantly impacted by Salmonella has gained from 
the advent of microbial genomics. Subspecies characterization including serovar 
identification and strain differentiation can now be done using genomics approach. 
As will soon be evident to the reader, there is much work yet to be done as the new 
capacity is yet to translate to tangible benefits to the consumer. Outbreaks caused by 
SE have remained at a high level or even increasing and there is a need to evaluate 
the efficacy of procedures used to detect the organism in food as well as approaches 
used in tracking the organism through the entire spectrum of the food chain, from 
farm to fork.

2. Laboratory culture and identification of organism

2.1 Culture procedures for Salmonella

Culture-based methods are commonly employed to detect pathogens in food, 
and in clinical and environmental samples. The Compendium of Analytical 
Methods (https://www.canada.ca/en/health-canada/services/food-nutrition/
research-programs-analytical-methods/analytical-methods/compendium-methods.
html) and the Bacteriological Analytical Manual (https://www.fda.gov/food/labo-
ratory-methods-food/bacteriological-analytical-manual-bam) are compilations of 
laboratory procedures developed by the food safety regulatory agencies in Canada 
and the United States, respectively and each contains a catalog of official and 
recommended methods for isolating and detecting Salmonella. Briefly, Salmonella 
detection in food relies on a series of culture steps in broth formulations optimized 
to resuscitate Salmonella following injury caused by food handling, processing and 
storage and to reduce the abundance of competing bacteria [15]. In many enrich-
ment protocols, broth and culture plates have been described for the isolation of 
Salmonella in different types of samples and matrices [16–18]. Typically, the first 
step is to culture a suspect food sample in a non-selective pre-enrichment broth, 
examples of which are lactose broth, buffered peptone water, trypticase soy, bril-
liant green water, powdered milk with brilliant green and universal pre-enrichment 
[16]. Following an overnight incubation commonly performed at 37°C, the culture 
material is subsequently transferred into a selective enrichment broth which sup-
presses and inhibits the growth of non-salmonellae while expanding the Salmonella 
population, facilitating isolation by plating on the appropriate media plates [19, 20]. 
Tetrathionate (TT) and Rappaport-Vassiliadis (RV) broths and RV semi-solid 
medium are the most commonly used selective culture conditions, performed at 37° 
or 42°C overnight for several days [15, 19].
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When used to detect the presence of a microorganism in a food sample, labora-
tory culture procedures are slow and time consuming, requiring the sequential 
use of non-selective and selective enrichment broths and could take a week or 
longer. Another disadvantage is the documented inherent bias in the performance 
of selective broths which results in the preferential recovery of certain Salmonella 
serovars and not others [17, 21, 22]. For instance, different Salmonella serotypes are 
recovered by culture procedures performed on non-clinical, non-human sources 
when compared to samples tested in hospitals and other clinical settings from 
patients experiencing symptoms. Experimental results show that members of 
some Salmonella serogroups are unable to effectively compete with other serovars 
leading to a reduced efficiency of recovery of some Salmonella organisms includ-
ing SE, from contaminated food [21]. The use of culture-independent procedures 
that can lead to rapid and sensitive detection of Salmonella [23] may in time eclipse 
the routine use of culture methods for detection. Nevertheless, the recovery of 
Salmonella in food is currently required to establish risk to the consumer and in 
support of a regulatory action. For this reason, and for the purpose of building 
inventories of microbial organisms for clinical and regulatory food microbiology, 
culture procedures are expected to remain in use. A wide variety of selective plating 
media are available for the isolation of Salmonella and a number of them will now 
be examined.

2.1.1 Xylose lysine desoxycholate (XLD) agar

XLD agar is a selective growth medium originally shown to facilitate the isola-
tion of Shigella but was demonstrably useful for Salmonella isolation and has been 
further modified since its first description [24, 25]. At pH 7.4, the XLD agar appears 
bright pink or red as a result of the phenol red indicator. Salmonella ferments 
xylose, a sugar molecule, to produce acid and the bacterial colony turns yellow. 
In time, xylose is consumed and lysine is in turn utilized which upon decarboxyl-
ation produces an acidic environment and colonies turn back to red. In contrast, 
Shigella cannot ferment xylose and the colony remains red. Salmonella is able to 
metabolize thiosulfate to produce hydrogen sulphide, leading to the formation 
of colonies with black centres, which is an important feature in differentiating 
Salmonella colonies from Shigella. XLD agar is capable of supporting other members 
of Enterobacteriaceae such as Escherichia coli however the colonies and media turns 
yellow because of the fermentation of lactose which is also present in the agar. 
Pseudomonas aeruginosa is also able to grow on XLD plates as pink, flat, rough colo-
nies but will not metabolize thiosulfate nor turn black. Proteus organisms can grow 
on XLD to give rose colored colonies and can sometimes metabolize thiosulfate to 
render the colonies black which will be readily confused with Salmonella. In addi-
tion, Salmonella strains have been described that do not metabolize thiosulfate and 
will grow as pink colonies which will be readily confused with Shigella. Thus, XLD 
agar is a moderately selective medium for isolating Salmonella and for differentiat-
ing it from other organisms.

2.1.2 Xylose lysine Tergitol-4 (XLT-4) agar

Similar to XLD agar, XLT-4 agar is also a selective culture medium which 
is used to isolate and identify Salmonella in food and environmental samples. 
Compared to XLD agar, XLT-4 is supplemented with a surfactant, 7-ethyl-
2-methyl-4-undecanol hydrogen sulfate commonly referred to as Tergitol 4 while 
lacking sodium chloride and sodium desoxycholate. The surfactant is responsible 
for the inhibition of Proteus spp. and other non-salmonellae. XLT-4 agar is 
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clearly one of the most stringent of all selective culture plates used for isolating 
Salmonella with positive colonies growing up as red and eventually turning black 
starting from the centre as a result of hydrogen sulfide production. However, 
Salmonella strains that fail to produce hydrogen sulfide appear as yellow colonies 
on XLT-4 agar [26, 27].

2.1.3 XA medium - modified XLD agar by adding D-arabinose

XA medium is an improved selective and differential medium over XLD 
agar following its supplementation with arabinose, a sugar that is fermented by 
Citrobacter and Proteus but not by Salmonella [28]. The sensitivity of isolation of 
Salmonella using the XA and XLD media are equally high, however, the specificity 
of XA medium (92.0%) is superior to that of XLD (73.0%) [28]. Many Salmonella 
organisms appear as black colonies on XA agar whereas non-salmonellae will either 
not grow or appear as pink colonies. The use of arabinose to differentiate Salmonella 
from other closely related organisms represents a cost-effective approach, especially 
when compared to chromogenic plates (see Section 2.1.7).

2.1.4 Hektoen enteric (HE) agar

HE agar is a selective and differential medium for isolating and distinguishing 
members of the genera of Salmonella and Shigella from the other Enterobacteriaceae. 
HE agar has a blue appearance and contains indicators of lactose fermentation  
and hydrogen sulfide production while inhibiting the growth of Gram-positive 
bacteria. Species belonging to Enterobacteriaceae that are capable of fermenting 
one or more carbohydrates produces yellow or salmon-orange colored colonies, 
e.g., Klebsiella pneumonia which ferments lactose. Non-fermenters produce blue-
green colonies. Organisms that reduce sulfur to hydrogen sulfide such as Salmonella 
will produce black colonies or blue-green colonies with a black center. In contrast, 
colonies of Shigella remain green and do not turn black because of inability to 
metabolize sulfur.

2.1.5 MacConkey agar

MacConkey agar is used for the isolation of Gram-negative enteric bacteria 
which represents a large group of bacteria prominent among which includes 
Salmonella, E. coli, Proteus, Citrobacter, Klebsiella, Pseudomonas, Shigella, 
Enterobacter and Yersinia. These organisms grow on the agar because of the selective 
property conferred by crystal violet and bile salts to inhibit the growth of Gram-
positive bacteria. The indicator system is the neutral red dye which turns red at a 
pH below 6.8 but is colorless at higher pH. Thus, lactose fermenters such as E. coli, 
Klebsiella and Enterobacter which contain the lac operon form red or pink colonies 
on McConkey agar. In contrast, the other organisms including Salmonella which are 
generally non-lactose fermenters do not change color. Because Salmonella produce 
colonies similar to other non-lactose fermenters on MacConkey, the medium does 
not allow for identification of Salmonella, an objective that has to be achieved 
by employing other more selective agars. At the same time, lactose fermenting 
Salmonella have historically been shown to be causes of severe infections and out-
breaks in humans [29] which is attributable to the presence of the lac operon carried 
in the chromosome or on plasmids [30] and leading to colonies that appear pink or 
reddish on MacConkey agar. Despite its limitations, the MacConkey agar can still be 
a very useful addition to the collection of media needed to comprehensively isolate 
and identify Salmonella in contaminated samples.
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2.1.6 Brilliant green sulfa (BGS) agar

The selectivity of the BGS agar is due to the presence of brilliant green and 
sulfadiazine, two components that individually inhibits Gram-positive and 
most Gram-negative bacilli. Phenol red is the pH indicator that detects changes 
in pH due to the fermentation of sucrose and/or lactose. Salmonella colonies 
range from reddish or pink to nearly white in color with a red zone. Lactose or 
sucrose fermenters occasionally grow on this medium and appear as yellow-green 
colonies surrounded by a yellow-green zone. The presence of sulfadiazine in the 
media is effective in inhibiting the growth of E. coli and Proteus and to a large 
extent Shigella species [31]. In a latter modification of the BGS agar, the replace-
ment of lactose with glucose and of sulfadiazine with novobiocin to create the 
novobiocin-brilliant green agar (NBG), led to a higher recovery of Salmonella but 
the medium could not differentiate it from hydrogen sulfide-positive Citrobacter 
organism [32].

2.1.7 Salmonella chromogenic agar

Chromogenic plates have been developed for Salmonella as an improved alter-
native to procedures that rely on the ability of the organism to produce hydrogen 
sulfide or their inability to ferment lactose, attributes that are not fully diagnostic 
of Salmonella. This often result in Citrobacter and Proteus species being mistakenly 
identified as Salmonella while some atypical Salmonella are missed entirely, using 
agar plates described above. There are a number of commercially available chromo-
genic culture media which incorporate different chromogenic substrates and result 
in different colors of Salmonella colonies. Using the Salmonella chromogenic agar 
marketed by Oxoid (United Kingdom) as an example, the medium contains the sub-
strate, Magenta-cap (5-bromo-6-chloro-3-indolylcaprylate) which is hydrolyzed by 
Salmonella species to give magenta colonies. The second substrate, X-Gal (5-bromo-
4-chloro-3-indolyl-D-galactopyranoside), is hydrolyzed by many non-Salmonella 
species including Citrobacter and Proteus to give blue colonies [33, 34]. The selection 
for Salmonella is further enhanced by the presence of bile salts which inhibit Gram-
positive bacteria, and of two antibiotics namely, novobiocin and cefsulodin which 
inhibit Proteus and Pseudomonas, respectively.

The isolation of Salmonella colonies in contaminated food demonstrates the 
presence of live organisms that can potentially cause harm. As indicated above, the 
procedure requires a combination of culture conditions, and takes time. Molecular 
procedures that can rapidly detect Salmonella are often used to accelerate the 
process, to improve on sensitivity of detection and also to confirm colonies as 
Salmonella because of the challenges with the isolation of the bacteria as outlined 
above. Many molecular techniques are now available for serotype-specific identifi-
cation of SE.

2.2 Identification of Salmonella Enteritidis

Many laboratory diagnostic platforms have been applied to detect and identify 
Salmonella contamination in food and these include the PCR, enzyme-linked 
immunosorbent assay and the lateral flow assay [35–37]. Examples are avail-
able as commercial products. Currently, the most popular platform is the PCR 
and the most frequently used gene target is the invA gene. Nevertheless, many 
commercial offers do not disclose their target for proprietary reasons. PCR assays 
have also been developed with other gene targets present either in the chromo-
some, e.g., flagellin [38], OriC [39] hilA [40], ttr [41] or on plasmids, e.g., SpvR 
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operon [42]. Multiplex PCR assays that are able to detect and distinguish among 
multiple serovars have also been developed by including serovar-specific gene 
targets such as STM4449 (Typhimurium [43]), STM 4497 (Typhimurium [44], 
fliC (Typhimurium [45]), sdfI (Enteritidis [46]) and sefA [29]. Recent work 
by Nadin-Davis and colleagues showed that many of the previously identified 
serovar specific markers were shared by other serovars especially sefA and fliC 
while highlighting the limitation with the use of a plasmid encoded target [47].

A multiplex PCR method which is capable of detecting all Salmonella spp., 
while identifying and distinguishing SE from the other two most prevalent serovars 
namely Typhimurium [48] and Heidelberg (Ogunremi et al., unpublished) is now 
available. The PCR was designed to amplify DNA fragments from four Salmonella 
genes, namely, invA gene (211-bp fragment), iroB gene (309-bp fragment), 
Typhimurium STM 4497 (523-bp fragment), and Enteritidis SE147228 (612-bp 
fragment) and has lately incorporated a 124-bp Heidelberg-specific fragment.

The identification of members of genus Salmonella to the subspecies level i.e., 
serovar is pivotal in tracking these pathogens along the food chain and the above 
molecular methods are very promising replacements to replace the traditional 
biochemical tests because of ease of application and high specificity for identifying 
SE and the other serotypes.

3. Typing of Salmonella Enteritidis

3.1 Serotyping

Serotyping has consistently been the basis of public health surveillance of 
Salmonella and has retained this primary role, as a first-line typing method, in the 
era of WGS based on the development of novel bioinformatics tools (see Section 
3.3). Serotypes of Salmonella are defined by the presence of two types of antigens, 
namely, a heat stable, somatic O antigen, a component of the lipopolysaccharide 
envelope covering the organism which is an important virulence factor, and the H 
antigen which is present on the flagella of the organism [49]. The antigenic proper-
ties of the O antigen are depicted as numerals, e.g., 1,9,12 for SE. In contrast, the H 
antigens are described using one or a few letters for the phase I antigen (e.g., g, m 
for SE) or as a combination of letters and numbers for antigens that are expressed 
should the flagella bear a phase II antigen (e.g., r and 1, 2 for Heidelberg). 
Agglutination assays are performed on the organisms using antibodies that are 
able to recognize specific antigenic molecules developed through laborious cross-
absorption process against other serovars [50]. The result is an elaborate classifica-
tion scheme, developed by Kauffman and White [51, 52] and which has now led to 
the identification of some 2,600 serotypes of Salmonella. The complexity has been 
further enhanced by the ability of plasmids and prophages to alter the expres-
sion of some of the antigens, and this had led to a frequent re-evaluation of some 
serovar designations. Fortunately, these alterations are fairly rare and the serotyp-
ing scheme has served well since first proposed by Schüte in 1920 [53]. Of the large 
number of Salmonella serovars identified so far, only a relatively small numbers, 
perhaps no more than 100 serovars are commonly associated with foodborne 
illnesses [54, 55].

3.2 Traditional subtyping procedures for Salmonella Enteritidis

There are two approaches for the subspecies characterization of SE. Phenotypic 
tests rely on the biochemical properties of the live organism and the most 
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prominent example is phage typing. More recently, DNA based approaches or 
genotypic tests have dominated the field. The most widely used genotypic test being 
the Pulsed-Field Gel Electrophoresis. Whole genome sequencing of the DNA of SE, 
has over the last few years, become the dominant subtyping method in the devel-
oped world.

3.2.1 Pulsed-field gel electrophoresis (PFGE)

The PFGE can been used to characterize bacteria isolates based on the pat-
tern of distribution of restriction enzyme sites present in the organism’s DNA. 
For Salmonella, the electrophoretic mobility of DNA fragments digested by the 
restriction enzyme XbaI or BlnI produces a characteristic fingerprinting pattern 
that is used to subtype the isolate. During the period between 2009 and 2019, the 
Canadian Food Inspection Agency used the PFGE for outbreak investigations as 
one of the two subtyping tests for SE, the other being the phage type. Despite 
the presence of hundreds of different PFGE types among field isolates of SE only 
two PFGE types predominated and each consisted of thousands of isolates in 
the Canadian PulseNet database. The two commonest Canadian primary PFGE 
types, namely SEN.XAI 0003 and SEN.XAI 0006, were responsible for 33.8 and 
19.2% of Canadian SE isolates documented in the PulseNet database between 
2012 and 2017 (Ogunremi, Allain and Nadon, unpublished). The predominance 
of only a few PFGE SE types was long recognized as a consequence of the poor 
discriminatory ability of the technique for analyzing the relatedness of SE 
isolates (Table 1) rather than a reflection of an evolutionary dominance of a few 
circulating strains [56]. These observations led to the pursuance of WGS as an 
alternative approach [57].

3.2.2 Phage typing

In contrast to the PFGE, phage typing is a phenotypic test that exploits the 
ability of certain bacteriophages, i.e., viruses that infect bacteria, to differentially 
attach and gain entrance into strains of bacteria. Phage typing of SE is the out-
come of the pattern of susceptibility of different strains to a bacteriophage or a 
combination of bacteriophages, resulting in lysis of the bacterial cell [58]. A large 
number of phage types of SE have been described in Canada and elsewhere, how-
ever phage types 8, 13 and 13a were observed to predominate in Canada [59]. This 
observation may not reflect the presence of a few, circulating dominant strains of 
SE in Canada, but instead may be a consequence of the inadequacy of phage typ-
ing as a discriminatory tool that can accurately delineate the population structure 
of SE in Canada, similar to the PFGE as discussed above (see Section 3.2.2 and 
Table 1). The plasticity of phage types also diminishes its use as a subtyping tool. 
Factors such as the restriction system within the bacteria, ability of lipopolysac-
charides and outer membranes to adsorb the bacteriophage, and the immune 
system of the vertebrate host infected by the bacteria can alter the phage type of 
an organism [60]. The reagents used for phage typing require very rigorous quality 
control and yet, test performance can be remarkably different among laboratories 
[61]. Changes occurring within an organism such as the acquisition or loss of IncN 
plasmid [62, 63], transfer of IncX plasmid [64] or loss of the lipopolysaccharide 
layer [65] have been shown to lead to poor test reproducibility. Thus, two isolates 
with the same phage type may in fact be unrelated and conversely, two isolates 
that show distinct phage types may be closely related. As a result of these factors, 
phage typing shows inadequate discriminatory power, partial typeability and poor 
reproducibility [66].
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Clade Strain 
identification

Source 
description

Phage 
type

PFGE type 
SENXAI, 
SENBNI

EnteroBase

MLST  
(7 gene)

cgMLST_v2 + 
HierCC_v1

1 2007-MI-0187-
0006

Poultry 
environment

Atypical 0214, 0225 814 259062

2 08OTH012 6–4 Poultry 
environment

9b 0214, 0225 814 259068

3 06-1472 Animal feed 13a 0006, N/A 639 273915

4 OLF 10012–1 Sea food, clams 13, 1b 0009, 0013 11 5485

5 ID094888 Clinical case 6a N/A, 0011 11 259098

6 dart-1997-742-B2 Cheese 
lunchables

8 0003, 0003 11 259481

7 S-MBS4754A Chicken ceacum 51 N/A 8471 259064

8 SE974-OLF-
2015-NSub

Bovine, heifer N/A N/A 11 260728

9 S-MBS1982A Chicken thigh N/A N/A 11 259069

10 10OTH025 7–14 Poultry 
environment

13 0038, 0016 11 259063

11 S-MBS0737R Chicken carcass 13a N/A 11 259067

12 05–3936 Chicken breast 13a 0068, N/A 11 259480

13 07–1474 Chicken nuggets 8 0003, N/A 11 30959

14 S-MBS3492A Chicken breast N/A N/A 11 259071

15 S-MBS7608A Chicken carcass 8 N/A 11 259072

16 10SU010 19–1 Poultry 
environment

8 0003, 0003 11 5490

17 07–1485 Chicken nuggets 14b 0003, 0003 11 30959

18 S-MBS3006A Chicken ceacum 8 N/A 11 259070

19 11OTH025 11-5 Poultry 
environment

8 0003, 0003 11 273916

20 S-MBS8825A Chicken ceacum 8 N/A 11 259066

21 SA20100239 Bovine liver 2 N/A 11 14029

22 00D989 83–4 Poultry 
environment

23 0003, 0009 11 5498

23 SE972-
OLF-2015-
NSub112-S19

Water treatment 
plant

8 N/A 11 259100

24 ID112184 Human 8 0007, 0212 11 259479

25 EN1811 Food processing 
equipment

13 0076, 0003 11 233056

The single nucleotide-polymorphism chain reaction (SNP-PCR) was used to test Salmonella Enteritidis (SE) 
isolates and a representative strain for each designated clade (from 1 to 25) is shown in comparison to traditional 
and whole genome sequence based subtyping results. Only the SNP-PCR and EnteroBase core-genome multi-locus 
sequence typing (cg-MLST) supplemented with Hierarchical level analysis (HierCC) showed distinct resolution of 
the representative strains. All other methods including 7 gene MLST, phage typing and pulsed-field gel electrophoresis 
(PFGE) did not provide adequate discriminatory ability relevant for strain differentiation, outbreak investigation or 
tracking SE from farm to fork. N/A: Not available.

Table 1. 
Clade designation of Salmonella Enteritidis organisms depicting a representative strain for each clade and 
comparison with the results of traditional and new subtyping assays.
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3.2.3 Multiple locus variable-number tandem repeat analysis (MLVA) assay

MLVA is a molecular typing method that is based on PCR amplification of poly-
morphic regions of the DNA containing variable numbers of tandemly repeated 
sequences. The method has been standardized by PulseNet International and 
applied to the epidemiological investigations of SE either as a supplement or sub-
stitute for PFGE subtyping [67, 68]. An advantage of the MLVA is the designation 
of the typing results with a numeric sequence of tandem repeats. This represents 
a simple, easy-to-understand nomenclature which facilitated the reporting and 
exchange of test results between laboratories, and translated to a reliable tracking of 
an organism during epidemiological investigations. The discriminative ability of the 
MLVA has been variously shown to be superior [69], equivalent [70] or poorer than 
the PFGE [71].

Detailed genetic studies of SE have consistently shown the underlying causes of 
the poor discriminatory abilities of available subtyping tools, namely: isolates of SE 
are extremely similar (i.e., are highly clonal) and this poses a difficulty in finding a 
definitive, distinguishing trait that could be used to track lineages [70, 72, 73]. The 
timely arrival and increasing adoption of WGS has altered the analytical landscape.

3.3  Application of whole genome sequencing (WGS) in Salmonella Enteritidis: 
identification and characterization

The development of WGS procedure has heralded the application of a powerful 
technology for the identification and characterization of SE [57] which has been 
used for outbreak investigations [74], trace back procedures [75] and surveillance 
[76]. Furthermore, WGS analysis of SE has provided insights into phylogenetic 
relatedness of isolates, presence and prevalence antimicrobial resistance genes, 
novel mobile elements, virulence markers and bacteriophages in strains of the 
organism isolated from humans, food animals, production facilities and environ-
mental sources [77–79]. Relevant to developing long term control and intervention 
strategies are the insights to be gained from the increasing application of WGS to 
the understanding of transmission dynamics of SE as was done in Chile to infer pos-
sible transmission of SE between gulls, poultry, and humans [80]. Bioinformatics 
approaches that allow useful information to be mined from genome sequences will 
now be discussed.

3.3.1 Whole genome-based serotyping

Serovar prediction can now be done on Salmonella isolates if the whole genome 
sequence is available by replacing the laborious agglutination assay (see Section 3.1) 
with an in silico analysis of the nucleotide sequence of the organism. Effectively, the 
traditional gold standard of traditional serology based on the Kauffmann-White 
Scheme has been replaced in the developed economies with in silico approaches 
[81]. Two of the mostly widely tools for this purpose are the Salmonella In Silico 
Typing Resource (SISTR) software and the SeqSero2 software [82, 83].

SISTR is an open, web-based bioinformatics platform capable of rapid in silico 
analyses of minimally processed draft assemblies of Salmonella genomes to generate 
accurate serovar designations. A collection of markers previously developed for 
the various Salmonella serovars formed the basis of the new tool [84]. The perfor-
mance of SISTR is enhanced by the integration of additional multilocus sequence 
typing tools (see Section 3.3.2) which as a separate platform has been suggested as 
a replacement for the use of serotypes to define taxonomic as well as evolutionary 
groups of Salmonella [55]. SeqSero, which was launched in 2015 was developed to 
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employ the use of the rfb cluster, fliC and flijB to categorize Salmonella according 
to serovar using draft genome assemblies [83]. A subsequent improvement of the 
software, released as SeqSero2 included addition of markers at the level of the 
genus, species, subspecies as well as certain serotypes. Furthermore, a kmer-based 
algorithm was included that ensured a genome can be analyzed and the result avail-
able within seconds [85].

3.3.2 Multilocus sequence typing

Multilocus sequence typing (MLST) evaluates the nucleotide sequences of 
multiple housekeeping genes of an organism as a means of establishing similarities 
or differences among isolates [86]. Based on the sequences, each housekeeping gene 
is assigned an allele which can be stringed together in a nomenclature that defines 
the organism. Although the MLST scheme was developed using the bacterium 
Neisseria meningitidis [86], the advantage of electronic portability of sequence data 
and ease of incorporation of additional genes found a good synergy in the advent 
of WGS and has gained application in food safety. This has birthed the widely used 
EnteroBase (https://enterobase.warwick.ac.uk/) [87], an integrated web-based 
platform that permits the upload and analysis of short read Illumina sequences. 
This has allowed the expansion of the MLST scheme which was based on the initial 
six housekeeping genes [86] to a series of flexible applications and expansions 
for Salmonella including seven genes (legacy MLST), 3002 genes identified as the 
core genome of Salmonella, to produce core genome MLST (cgMLST) and 21,065 
orthologous genes detected in a set of 537 Salmonella genomes, regarded as whole 
genome MLST (wgMLST). Despite the adoption of the wgMLST by PulseNet 
International [88], an influential international body which overlooks regulatory 
subtyping procedures for foodborne bacteria, EnteroBase’s Sequence Type, ST, of 
Salmonella became a widely adopted subtype descriptor for Salmonella. However, 
ST does not provide adequate resolution for epidemiological concordance and 
outbreak level discrimination [89], and in addressing the challenge EnteroBase 
has additionally provided the core genome ST, cgSTs, complemented with a newly 
described 11 levels of genetic resolution hierarchies or HierCC for Salmonella 
(Table 1) [87, 90]. The result is a tool that appears to provide the needed resolution 
for strain differentiation in the context of disease outbreaks.

3.3.3 Single nucleotide polymorphism (SNP) pipelines

Single base substitutions represent one of the commonest variation in genomes 
and the resulting polymorphism can form the basis for the characterization of a 
microbe including SE. SNPs are detected as nucleotide changes at a specific loca-
tion in a genome after aligning or comparing it to a designated reference genome. 
Bioinformatics pipelines have been developed to automate the aligning and iden-
tification of the variants. A number of SNP pipelines are in common use and will 
now be described. SNVPhyl which was developed at the Public Health Agency of 
Canada identifies high quality SNPs among a set of selected isolates and is useful 
for generating phylogenetic trees from these SNPs [91]. Public Health England 
developed SnapperDB, also a high-quality SNP pipeline which analyzes microbial 
genomes, evaluates genetic distances among the genomes and infers relatedness of 
strains [92]. Parsnp detects core genome SNP in bacterial genomes and with the aid 
of adjunct interactive tool Gingr can be used to display informative overviews for 
specific sub-clades and genomic regions [93]. The kSNP tool detects SNPs in the pan 
genome but is uniquely able to carry out comparisons among genomes without a 
requirement for genome alignment nor the use a reference genome [94].
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3.4  Rationale for developing a new reliable, rapid, robust, cost-effective, 
epidemiologically concordant, easily implementable subtyping tool

A strategy aimed at developing a tool capable of differentiating lineages in the 
highly clonal S. Enteritidis lineages will likely require interrogating a significant 
amount of the bacterial DNA information. The opportunities provided by the 
massively parallel sequencing technology [95], which deduces the entire nucleotide 
sequence of an organism appeared at the onset to be the most viable option in chart-
ing a course to address the need. Use of genome sequence for taxonomy including 
strain differentiation could conceivably work well with strains showing significant 
genetic diversity, e.g., >5% differences among unrelated strains. However, this may 
be very difficult for a clonal organism such as SE where diversity between unrelated 
strains could be as little as 1% and the similar regions of the genome would have to 
be ignored before focusing on the dissimilar portions to demonstrate an accurate 
quantitative estimate of relatedness. This may explain the failure to use whole 
genome sequence to develop a reliable estimation of genetic distance by means of 
a phylogenetic tree for a group of SE isolates (Ogunremi et al., unpublished data) 
using a method shown to work for other bacteria [96].

Consequently, this led to an effort to develop, analyze and characterize the 
genomes of SE. During the early phase of this endeavor involving a select number 
of SE isolates from Canada, 669 SNPs were detected in the genome of SE [57]. 
Subsequent analysis of 135 SE genomes present in the GenBank in 2014 led to the 
identification of a total of 1440 SNPs providing a robust resource that was exploited 
for a SNP-based strain differentiation and clustering of foodborne SE isolates [57]. 
Thus, despite the universal acceptance of the usefulness of whole genome sequences 
for microbes, individual organisms such as the highly clonal SE may pose a unique 
challenge that might require a more focused analysis on carefully selected targets of 
the entire genome.

4.  Single nucleotide polymorphism-polymerase chain reaction test 
(SNP-PCR) as a new, nomenclature friendly procedure

4.1  History and development of Salmonella Enteritidis lineages/clades and 
SNP-PCR

The existing molecular methods investigate only very small portions or 
attributes of the entire bacterial genome. The PFGE, as an example, identifies 
enzyme restriction patterns in the genome whereas WGS-based procedures have 
available for analysis detailed information on the entire genome to exploit as 
a basis for comparison and discrimination. To that end, extremely small dif-
ferences, such as single nucleotide polymorphisms (SNPs), can be identified 
and used for subtyping as long as these attributes are consistently preserved in 
a particular bacterial lineage. Notably, Allard and colleagues [97] carried out 
bioinformatics analysis of a total of 104 SE genomes belonging, for the most 
part, to the predominant PFGE pattern (JEGX01.0004). They described a total 
of 9 clades and found 366 genes that showed variation, i.e., presence or absence, 
in the SE genome. This observation complemented and expanded on an earlier 
study by another laboratory which showed that two isolates of SE with the same 
phage type, PT 13a, were differentiated by a relatively large number of loci, i.e., 
250 SNPs [73]. Similarly, by using a specific reference genome, for instance SE 
strain P125109, the WGS-based sequence reads were mapped to the reference 
to find SNPs which were used to build maximum-likelihood phylogenetic trees. 
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Another study involving 55 SE strains selected from clinical and environmental 
samples in Minnesota and Ohio from 2001 to 2014 showed the existence of only 
two major groups [98]. Furthermore, WGS based SNPs analysis of 675 SE isolates 
from 45 countries formed a global epidemic clade and two new clades that were 
found to be geographically restricted to distinct regions of Africa [99]. Using a 
closely related serovar - S. Gallinarum - as an outgroup, a maximum-likelihood 
phylogenetic tree was constructed based on the alignment of a total of 42,373 
SNPs [99]. In addition, a SNP-based phylogenetic structure of 401 European SE 
isolates implicated outbreaks correlating with national and international egg 
distribution network [75].

Thus, genetic variation that could allow the development of a routine subtyping 
tool for tracking purposes is present and demonstrable within the SE genome but 
was apparently not fully exploited given the few number of subgroupings in each 
of the reported, sampled populations, and this presented a need to properly mine 
the SE genome and develop a very discriminatory subtyping procedure. In explor-
ing this need, our hypothesis was that the use of a large number of SNPs may not 
necessarily improve the power of discrimination. More is not necessarily better. A 
large number of uninformative loci may be counterproductive and undesirable for 
strain differentiation. As a first step to address this need, whole-genome sequences 
of 11 SE isolates obtained in Canada were developed and compared to SE P125109 
reference strain phage type 4 which led to the identification of 1361 loci where the 
SE genome showed SNP [100]. Subsequent selection of 60 SNPs spread throughout 
the genome and distributed among different gene types and in intergenic locations 
led to the development of a rapid, inexpensive fluorescence-based real time PCR 
subtyping assay [55].

4.2 The SNP-PCR subtyping procedure

The SNP-PCR genotype assay is an allele-specific, single amplification procedure 
based on the specific binding of one of two, competing forward primers, 18–20 
nucleotides long, which differ by one single nucleotide at the locus of interest. 
The use of a single reverse primer completes the amplification process leading 
to the accumulation of an amplicon bearing the SNP of interest. Each primer is 
designed with a specific tail that allows a complementary binding with a com-
mercially provided, customized sequence labeled with a fluorescent dye, FAM or 
HEX for allele 1 or 2 respectively (LGC Genomics, Beverly, MA). Thus, the first 
cycle of amplification ensures that the specific forward oligonucleotide present in 
the primer mix binds to the sequence containing the SNP and excludes the other 
primer. The reverse primer, also 18–20 nucleotides long, binds and elongates the 
fragment during amplification ensuring that the tail sequence is present, which 
then allows the accumulating fragment to contain either the FAM or HEX fluores-
cent label depending on the initial binding of one of the bi-allelic primers, which 
is dictated by which of the SNP corresponds to allele 1 or allele 2. Thus, detection is 
based on the use of fluorescent labeled sequence that assigns the allele number to 
either of the two nucleotides that may occupy the SNP position. The SNP alleles are 
compiled for all SE strains at the 60 loci and used as input to carry out evolutionary 
history analyses using Maximum Parsimony method, which was conducted using 
Molecular Evolutionary Genetics Analysis on the MEGA-X computing platform 
[101]. The distinct grouping of the SE isolates are identified as clades and each given 
a specific numerical description starting from 1.

Following the development of the SNP-PCR procedure, our initial application of 
the assay to a group of 55 SE isolates obtained in Canada led to the recognition of 12 
clades of SE [57].
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4.3 Twenty five circulating clades of Salmonella Enteritidis

Recently, the laboratory validation of the SNP-PCR assay was completed using 1,127 
SE isolates obtained from food, animal, humans, and environmental sources in Canada 
and Europe and we observed a total of 25 circulating clades of SE (Table 1, Ogunremi  
et al., manuscript under preparation). In addition, 13 other globally distributed isolates 
identified from published papers [98, 99] as well as the widely used reference SE 
strain P125109 phage type 4 were also included in a phylogenetic comparison using 
the Maximum Parsimony method. These strains were distributed across the generated 
phylogenetic tree and homed to distinct SE clades providing further validation of the 
SNP-PCR tool to appropriately cluster strains and at the same time, distinguish among 
different strains (Ogunremi et al., manuscript under preparation). The validation 
procedure unambiguously demonstrated the robustness of the assay while displaying 
its prowess in estimating genetic distances and relatedness among and between clades, 
and its relevance in constructing an evolutionary map of SE following the testing of a 
large number of isolates.

4.4 Advantages of SNP-PCR: nomenclature and population structure

Previous studies aimed at evaluating the population structure of the highly 
clonal SE have reported fewer lineages and clades among isolates tested. For 
instance, a study of 675 very diverse isolates collected over many decades (1948–
2013) in 45 countries and 6 continents revealed the presence of only 3 clades; a 
subgroup of 58 isolates was identified but could not be clustered by the method 
used by the authors [97]. Yet another study demonstrated 9 clades among a large 
but PFGE-uniform group of isolates [99]. These studies, which showed a limited 
diversity among SE populations, served to underscore our contrasting observations, 
and reinforced the excellent discrimination observed for SE using the validated 
SNP-PCR assay. The SNP-PCR compares well with cgMLST-HierCC function in 
EnteroBase in discriminating among strains chosen to represent SE clades from 
a very diverse SE population from a variety of sources and different continents 
(Table 1; Ogunremi et al., under preparation).

Apart from being a highly discriminatory and robust assay, the SNP-PCR is very 
cost-effective. Reagents cost are estimated at Can$0.25 per SNP per isolate and 
testing 60 SNPs is cheaper than the traditional, less discriminatory subtyping assays 
(Can$26 for phage typing and Can$36 for two-enzyme PFGE analysis in reagent 
costs) or for WGS (Can$100). The SNP-PCR validation procedure (described 
above) showed that only 17 SNP loci needed to be tested to assign an isolate to a 
clade and the test performed excellently well on crude, boiled bacterial extract, 
obviating the need for DNA purification and further creating an increased savings 
of reagents, labour and time.

Another important attribute of the SNP-PCR is its equal adaptability to few 
samples or a large number of samples. When compared to Illumina WGS which 
requires a prescribed number of samples per run (e.g., 20 Salmonella strains using 
MiSeq version 3 library kit over 600 cycle sequencing which runs for 65 hours), 
the SNP-PCR can be used to test one or a few samples with the appropriate controls 
without any cost implication on the volume of analysis. At the other end, a single 
PCR sample can handle a 384-well plate loaded with hundreds of samples and 
machine run completed in 2 hours. The labor costs of running the SE SNP-PCR test 
(2 h PCR time) and analyzing the results are at least an order of magnitude lower 
than those of any subtyping approach including traditional molecular tests or WGS. 
The SNP-PCR test shows very good reproducibility (95%) in tests conducted in six 
laboratories.
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The SNP-PCR impressively satisfies all the seven criteria expected of an ideal 
subtyping test which includes cost effectiveness, rapid performance, robust 
results, typeability, high discrimination, reproducibility, and epidemiological 
concordance [66].

5. Conclusions

The bacterial pathogen, Salmonella Enteritidis is one of the most prevalent 
causes of foodborne illness in humans worldwide, yet tracking a strain of the 
organism through the food safety system is challenging because of its clonal nature, 
evident at the genomic level, which historically has resulted in poorly discriminat-
ing laboratory typing methods. The current application of genomics has led to the 
development of comprehensive and highly discriminatory tools however there are 
still challenges with the interpretation of the outputs and the application of the 
methods to differentiate between outbreaks and sporadic infections. The effect is a 
poorly understood population structure of SE.

This chapter illustrates the existence of 25 clades of SE, which should be use-
ful for defining the population structure and tracking the pathogen from farm to 
fork. The phylogenetic relationships among the 25 clades of SE was obtained using 
a population of 1127 isolates obtained from a variety of sources in Canada and 
Europe. The validated SNP-PCR assay displayed the attributes of an ideal subtyping 
test and can be implemented in resource deprived countries where routine genome 
sequencing remains unaffordable, as well as in resource rich countries when char-
acterizing a few isolates may not justify the expense of a genome sequencing run or 
for surveillance where interest in characterizing a large number of lower priority, 
non-clinical but valuable isolates is a very desirable goal.
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PFGE Pulsed-field gel electrophoresis
XLD Xylose lysine desoxycholate
XLT4 Xylose lysine tergitol-4
HE Hektoen enteric
BGS Brilliant green sulfa
NTS Non-typhoidal Salmonella
NGS Next generation sequencing
SalFoS Salmonella Foodborne Syst-OMICS database
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Chapter 9

Salmonella enterica subsp. 
diarizonae Serotype 61:k:1:5:(7) a 
Host Adapted to Sheep
Inés Rubira, Luis Pedro Figueras, José Calasanz Jiménez, 
Marta Ruiz de Arcaute, Héctor Ruiz, José Antonio Ventura  
and Delia Lacasta

Abstract

Salmonella genus is widely distributed in nature and causes a spectrum of 
diseases in man and animals. Salmonella enterica subsp. diarizonae serotype 61: k: 
1,5, (7) (SED) is a host adapted to sheep and its presence as saprophytic bacteria in 
sheep has been described in different countries. Several studies performed in abat-
toirs reported the presence of SED in healthy sheep in the intestinal content and 
also in the respiratory tract. In addition, this microorganism has also been isolated 
from nostril and faecal samples in healthy live animals. For this reason, this micro-
organism is considered well adapted to sheep, behaving normally these animals as 
asymptomatic carriers. However, SED has also been reported causing health disor-
ders such as chronic proliferative rhinitis in adult sheep, abortions, testicular lesions 
in rams or alimentary tract disorders in young animals. The zoonotic potential of 
this microorganism is also discussed.

Keywords: sheep, Salmonella enterica subsp. diarizonae serotype 61: k: 1,5, (7), 
respiratory tract, host-adapted, chronic proliferative rhinitis, zoonosis

1. Introduction

Salmonella spp. is a gram-negative, facultative intracellular anaerobe bacterium. 
It is a rod-shaped bacterium belonging to the family Enterobacteriaceae [1, 2]. It 
is also a ubiquitous and hardy bacterium that can survive several weeks in a dry 
environment and several months in water. Most serotypes are present in a wide 
range of hosts [3]. Salmonella spp. is a primary pathogen that is distributed world-
wide. It can be found in several locations and is responsible for important disorders 
in both animals and humans. Certain serotypes are particularly relevant due to their 
zoonotic potential or because they cause relevant economic losses [4].

In animals, salmonellosis is presented in four major forms, such as enteritis, sep-
ticaemia, abortion and asymptomatic carriage. In humans, salmonellosis includes 
several syndromes such as enteric fever, gastroenteritis, septicaemia, focal infec-
tions and, in the case of some typhoidal strains, an asymptomatic carrier state [2]. 
Salmonellosis is endemic in most countries and causes substantial economic losses 
[5, 6]. Salmonella infections in farm animals, and their transmission to humans, 
have a substantial economic and social impact [7].
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Three hundred serovars have been described in Salmonella enterica subsp. diari-
zonae (IIIb) group that was firstly isolated from reptiles [7]. Most of these serovars 
are isolated from coldblooded animals, and some of them can also affect humans. 
Reptiles carry Salmonella spp. as part of their intestinal flora, and shed the micro-
organism intermittently through their faeces. Infected faeces can contaminate, 
directly or indirectly, humans [8, 9].

Salmonella arizona serotype 61:K:1,5,7 (currently Salmonella enterica subsp. 
diarizonae serotype 61:k:1,5, (7): SED) was firstly identified in sheep in 1952 from 
carcasses of newborn lambs [10] and Salmonella arizona 61:k:1,5,7 was isolated for 
the first time in abortifacient material from sheep in England and Wales in 1976 
[11, 12]. In 1999, in the UK, this specific serovar was responsible for all the identi-
fied incidents in sheep [13]. In addition, from 1998, SED became the most common 
serovar isolated from sheep in England, and in 1999 represented 45.7% of the total 
Salmonella incidents [14, 15]. Likewise, SED, along with Salmonella abortusovis, 
are the salmonella microorganisms more often isolated from ovine in Spain [4]. 
Moreover, the detection of SED has been increased in recent years.

SED is considered host-adapted to sheep, and it displays a very different epi-
demiological pattern than does the sheep-restricted Salmonella enterica serovar 
abortusovis. SED is able to produce both intestinal and extraintestinal infections 
with faecal, vaginal, and nasal colonisation, but mostly without clinical disease. 
These properties deviate from the classical characteristic of ubiquitous serovars. 
Therefore, the term “sheep-associated serovar” appears to be more appropriate for 
characterising it [16]. Interestingly, a bacterium apparently “host-adapted” to the 
digestive tract of some reptiles jumped between species and found the respiratory 
tract of sheep as a location for its saprophytic existence, mainly when it is not a 
common pathogen of the respiratory system neither in humans or animals.

2.  Salmonella enterica subsp. diarizonae serotype 61:k:1:5:(7)  
host-adapted to sheep

Although Salmonella spp. has been mostly related to digestive and reproductive 
disorders, SED is a microorganism well adapted to the respiratory tract of sheep. 
The traditional association of bacteria of the genus Salmonella with digestive disor-
ders has meant that, for many years, SED was mainly sought in the digestive system 
and its possible location in the respiratory tract was neglected [17, 18].

Several works reported the presence of SED in the intestinal content of healthy 
sheep. Thus, SED has been isolated from this location in the United Kingdom 
[12, 14, 19], Norway [20, 21], Switzerland [22–24], Iceland [25], Sweden [26], 
Canada [27], the United States [28, 29] or Spain [18]. All these studies suggest that 
sheep are a reservoir for this microorganism, thus being considered as a saprophyte 
microorganism of this specie. As mentioned above, in almost all these studies 
only intestinal content was analysed, then the percentages of isolation found were 
normally low. It is described a 1% in the UK, 2% in Iceland, 17.6% in Sweden and 
11–43% in Switzerland [26]. The samples collected and analysed in these studies 
were either stool from live animals or intestinal content or gut sections in studies 
carried out in abattoirs. However, for the past two decades, it has been proven that 
SED is a common microorganism of the respiratory tract of sheep. Bonke et al. 
analysed the presence of SED in tonsils and faeces of healthy sheep at the abattoir, 
and they found 43% of positive adult animals in tonsils, while only a 2% of the 
faeces samples were positive and only in young animals [23].

A recent study was performed by our research group to investigate the preva-
lence of SED in nostrils and stool of healthy live sheep in Spain [18]. The data 
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collected in this study were analysed at two levels, animals and farms. The results 
showed that 45.3% of the animals were SED positive in nostrils or faeces, being 
the number of positive samples in nostrils higher than in faeces (38.5% vs. 22.5%). 
These data differ from those reported by Bonke et al. [23], that despite showing 
a high prevalence in tonsils all the adult animals analysed were negative in faeces. 
This was justified by the authors with poor conservation, and a small number of 
intestinal samples analysed. In our study, at farm level, nine of the ten analysed 
farms had at least one positive isolation of SED in one of the locations (nostrils or 
faeces). Further, all positive farms except one had SED isolations in both locations, 
nostrils and faeces, and in almost all positive farms sheep belonging to the youngest 
age ranges (0–2 and 2–4 years) accounted for more than 50% of positive isolates. 
The collective and individual prevalence in the studied region (Aragon, Spain) was 
estimated at 90% and 45.3%, respectively [18].

3.  Salmonella enterica subsp. diarizonae serotype 61:k:1:5:(7) causing 
disease

The importance of this bacterium as a pathogen causing disease in sheep seems 
to have been increased in recent years, with the number of reports in international 
publications and conferences growing.

The first report of this microorganism as pathogen was related to abortifacient 
material from sheep of England and Wales in 1976 [12]. Several authors consider 
SED as a relevant abortive agent in sheep; however, a detailed analysis of different 
studies indicate that these bacteria appear along with other abortive microorgan-
isms, suggesting a secondary role in these processes. Thus, Sojka et al. reported 
the presence of SED in nine abortion incidents, however in eight of them other 
abortifacient agents were also isolated, and on the ninth, SED was isolated in small 
numbers from placental cotyledons of only one of the two aborted lambs [12].

SED has also been associated with testicular lesions in rams [30, 31]. In both 
clinical descriptions, severe enlargement of the scrotal contents, fibrous adhesions 
between testicular layers, the coexistence of epididymal abscesses and testicular 
atrophy were described. This bacterium was isolated from the suppurative exudate 
in both cases, and the authors highlighted the importance of including this microor-
ganism in the differential diagnosis of ovine genital infections.

Recently, SED was also associated with an outbreak of diarrhoea in lambs in 
Greece [32], where the presence of this microorganism was suggested as the cause 
of the digestive clinical signs in the lambs. Although SED is regularly isolated from 
faeces and tissues of the gastrointestinal tract from apparently healthy lambs and 
adult sheep [33], the pathogen has also been detected in faeces and tissues of lambs 
that had died from diarrhoea, thus gaining attention as a potential causative agent.

Although the previously mentioned incidents are infrequent health disorders 
associated with SED, chronic proliferative rhinitis (CPR) is a common disease 
that has been clearly related to this specific serovar of Salmonella. This disorder is 
precisely located in the upper tract of sheep where this microorganism is frequently 
isolated in healthy animals. CPR is a slow and progressive condition with an irrepa-
rable and poor prognosis for the untreated affected animals. It causes an inflam-
mation of the ventral nasal turbinates causing very specific clinical signs that start 
with uni or bilateral thick seromucous nasal discharge together with snoring. These 
signs persist for several weeks or months and worsen, with almost complete nasal 
obstruction caused by the severe proliferation of the nasal mucosa of the turbinates 
in association with severe chronic inflammation, often visible at the nares [24, 34]. 
At this point, animals develop severe respiratory distress with striking mouth 
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breathing. The inadequate flow of air provides a better situation for opportunis-
tic bacteria, and secondary pulmonary diseases can also be found. The affected 
animals are early removed from the flocks either because of their death or because 
of their premature health condition deterioration [17]. At post-mortem examination, 
the ventral turbinates are shown swollen and have a roughened surface [17]. The 
section of the turbinate shows a proliferative tissue and affected animals frequently 
have nasal deformation and deviation of the nasal septum [24]. Histopathological 
evaluation reveals a thickened nasal mucosa with multiple polypoid projections. 
These polyps are covered by hyperplasic respiratory epithelium. Gram staining 
reveals the presence of numerous gram-negative bacilli within many epithelial cells, 
and Samonella immunohistochemistry reveals intracellular dot or rod formations 
inside proliferating epithelial cells and macrophages [17, 24, 29]. Although CPR 
generally produces a proliferative inflammation of the ventral nasal turbinates, 
recently it was described for the first time the affection of the dorsal turbinate and 
ethmoidal areas in an adult sheep [35].

In the prevalence study of SED carried out in Spain by our research group [18], 
a significantly higher percentage of isolates of SED was found in the flocks with 
previous cases of CPR than in those in which the disease had never been diag-
nosed. This could suggest that the infection pressure in the farm might favour the 
occurrence of clinical cases of the disease, since, as concluded in the experimental 
infection carried out in 2017 [36], the simple presence of the bacteria in the nasal 
secretions is not enough to trigger clinical signs of the disease. It seems that other 
factors, yet to be discovered, are necessary for SED to pass through the epithelial 
cells of the nostrils and elicit the inflammatory reaction. Further studies will be 
necessary to unravel why this saprophytic bacterium of the high respiratory tract is 
able to cross the epithelial barrier causing severe inflammation in some animals.

4.  Zoonotic potential of Salmonella enterica subsp. diarizonae serotype 
61:k:1:5:(7)

Salmonellosis represents one of the most important zoonosis [16]. Salmonellosis 
in humans is generally contracted through the consumption of contaminated food 
of animal origin (mainly eggs, meat, poultry, and milk), although other foods, 
including green vegetables contaminated by manure, have been implicated in its 
transmission. Salmonella bacteria are prevalent in food animals such as poultry, pigs, 
and cattle and can pass through the entire food chain from animal feed, primary 
production, and all the way to households or food-service establishments and insti-
tutions [3]. Person-to-person transmission can also happen through the faecal-oral 
route. Human cases also occur where individuals have contact with infected animals, 
including pets. These infected animals often do not show signs of disease [3].

Salmonella enterica subsp. diarizonae is frequently isolated from the environment, 
cold-blooded animals, sheep and humans. However, only a few studies describe the 
isolation of this serovar from invasive human infections [37]. The rising popularity 
of exotic reptile as pets has led to an increase in the number of reptile-associated 
salmonelloses (RAS), considering it as an emerging zoonosis in humans [38]. All the 
zoonotic cases that have been described associated with SED were in persons that had 
some contact with reptiles, mostly as pets. Salmonella enterica subsp. diarizonae is the 
serovar most commonly isolated in patients with RAS. Young children and immuno-
compromised people seem to be especially prone to infections with reptile-associated 
Salmonella and often experience severe clinical courses, as it was described in 
different studies. Gastroenteritis in a neonate was presented, in which a regular 
contact of her mother with several pet reptiles was confirmed. The isolated serovar 
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isolated in this case was S. enterica subsp. diarizonae serotype 47:k:z35 [8]. Also, this 
serovar was reported on reptile-associated maxillary sinusitis in a Snake Handler in 
2016 [38]. In the United States, more than one million cases of human Salmonella 
infection occur every year, and a great amount of these cases result from exposure to 
reptiles or amphibians [39]. In order to prevent RAS, the Centres for Disease Control 
and Prevention have recommended handwashing with soap and water after handling 
reptiles or reptile cages; these recommendations also stipulate that reptiles should 
not be kept near children and immunocompromised persons, and should not be 
allowed to roam freely throughout the home or living area [40, 41].

The zoonotic potential of Salmonella enterica supsp. Diarizonae serotype 
61:k:1:5:(7) and the role of sheep in the transmission has been widely discussed 
[17, 26, 42], even though there have been no confirmed human cases associated with 
this specific serotype. In France, in 2008, a pseudo-outbreak in humans associated 
with SED was reported [43]. After a large number of SED positive samples from 
humans, trace-back investigations incriminated culture media containing contami-
nated sheep blood agar. None of the positive patients had suggestive symptoms of 
Salmonella infection. All samples had been taken during routine screening and SED 
was isolated from different body sites, including nine from usually sterile sites. The 
unusual clinical presentation and unusual serotype of Salmonella led to the suspicion 
that the origin of the contamination might be linked to the laboratory processing of 
the samples. After some investigations, they revealed that nine of the ten isolates had 
grown on sheep blood agar from the same manufacturer and that the batch number 
was similar for three cases. The manufacturer confirmed that the samples of the 
blood agar were positive to SED, owing to contaminated sheep blood [43].

On the other hand, and to emphasise that the discussion of zoonotic potential of 
this bacterium is still on the table, despite the high prevalence of SED in countries 
where other zoonotic salmonellas are under control, such as Sweden, Norway or 
Finland [18, 26], there have been no cases of human salmonellosis associated with 
this microorganism. As scientific opinions and evaluation of on-farm control 
measures performed in Sweden concluded that the impact of sheep associated 
S. enterica subsp. diarizonae on human health was very low, Swedish authorities 
decided to make an exemption for S. enterica subsp. diarizonae in sheep in the cur-
rent Salmonella control measures and, in Norway, it was concluded that the impact 
of S. enterica subsp. diarizonae on human health appeared to be marginal [18, 26].

5. Conclusions

Salmonella enterica supsp. Diarizonae serotype 61:k:1:5:(7) is a host-adapted to 
sheep, being commonly isolated from upper respiratory tract of healthy sheep. This 
microorganism has been probably under-reported because traditionally it has been 
sought in the digestive tract of sheep and lambs when its more frequent isolation 
is from the upper respiratory tract. Some recent studies clarified the prevalence of 
SED in the nasal mucosa of healthy animals in different flocks.

Chronic proliferative rhinitis is an upper respiratory tract disorder clearly related 
to SED. However, the kinetics of the infection is not entirely understood, and fur-
ther studies will be necessary to uncover why this saprophytic bacterium of the high 
respiratory tract is able to cross the epithelial barrier causing severe inflammation in 
some animals. In recent years, the number of CPR reports has been increased, what 
could mean that the knowledge and a proper description of the disease can lead to 
identifying new cases. Finally, it is essential to highlight that there are still some 
concerns about the zoonotic potential of this bacterium and the relevance of sheep 
as a reservoir of the infection.
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Abstract

This chapter discusses application of natural parasites of bacteria, bacteriophages 
(phages), as a promising biological control for Salmonella in poultry and swine. 
Many studies have shown phages can be applied at different points from farm-to-
fork, from pre to post slaughter, to control the spread of Salmonella in the food chain. 
Pre-slaughter applications include administering phages via oral gavage, in drinking 
water and in feed. Post slaughter applications include adding phages to carcasses and 
during packaging of meat products. The research discussed in this chapter demon-
strate a set of promising data that relate to the ability of phages to reduce Salmonella 
colonisation and abundance. Collectively the studies support the viability of phage 
as antimicrobial prophylactics and therapeutics to prevent and control Salmonella in 
the food chain.

Keywords: Bacteriophages, phages, swine, poultry, delivery

1. Introduction

The global problem of antimicrobial resistance (AMR) is driving the search 
for novel treatments to control multidrug-resistant (MDR) pathogenic bacteria. 
Infections caused by MDR pathogens impose a significant burden on healthcare 
systems and economic productivity and are a major cause of mortality. Globally, 
AMR is associated with 700,000 deaths annually, with the prospect of this reaching 
10,000,000 by 2050 if no resolution is found [1].

A One Health approach, that considers the intrinsic associations between 
antibiotic use in livestock and agriculture, the emergence of MDR pathogens, 
and the societal impact of AMR in developed and developing nations is required 
[2, 3]. However, integrating these approaches is challenging as antibiotic use in 
agriculture is generally widespread [4, 5]. For example, prophylactic administra-
tion of antibiotics to pigs during the weaning process is a standard technique 
employed in many countries [6]. Over recent years, efforts to limit antibiotic 
use other than specifically to control active bacterial infections have been 
implemented. Consequently, the use of antibiotics as growth promoters in food 
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production animals was banned in the European Union (EU) in 2006 and in the 
United States of America (USA) in 2017 [7].

Gram negative Enterobacteriaceae are an important component of human, 
animal, and environmental microbiomes and can be associated with both health 
and disease. While the family contains several notorious pathogens (e.g. certain 
E. coli, Klebsiella spp., Shigella spp. etc.), the genus Salmonella presents a problem 
for AMR due to its ubiquitous distribution in food production environments and 
MDR phenotypes [8]. Worryingly, clinically important antibiotics are becoming 
ineffective, including colistin, which is a human critical antibiotic [9]. As such, 
alternative strategies to control/eliminate MDR Salmonella that may replace or 
complement antibiotics are needed.

Globally, dominant Salmonella serovars display a distribution pattern in pigs 
and poultry reflective of each industry. In pigs, S. Typhimurium (e.g. U288, U302, 
DT193, DT104), monophasic 4,[5],12:i:- and other variants such as 4,12:i:- are 
the dominant strains at both farm and slaughterhouse facilities in the UK and 
EU [10–13]. Other serovars such as S. Derby, S. Enteritidis, S. Bovismorbificans, 
S. Kedougou, S. Rissen, and S. Brandenburg are also reported [13, 14]. In the USA 
and China the dominant Salmonella serovars include S. Typhimurium, monophasic 
4,[5],12:i:- S. Infantis, and S. Brandenburg [15].

For poultry, and in parallel with the global emergence of strains such as 4, 
[5],12:i:- the most prevalent serovar in UK production facilities is an S. Typhimurium 
derivative 13,23:i:- that accounted for almost a quarter of all isolations in 2019 [13]. 
Across the EU, the USA and China monophasic strains continue to expand through-
out poultry production facilities. Other serovars such as S. Enteritidis, S. Berta, S. 
Typhimurium, S. Infantis, S. Hadar, S. Kentucky, and S. Heidelberg have all been 
isolated and/or linked to outbreaks [16–18]. The global diversity of Salmonella spp. 
within pig and poultry production constitutes a significant source of disease for 
humans and animals alike.

Controlling Salmonella requires intervention strategies capable of implementa-
tion at the national/international level. One such strategy is the targeted application 
of natural bacterial predators, bacteriophages (phages). Over the last decade, a 
robust body of evidence has demonstrated that phages can be applied at various 
points from farm-to-fork for pathogen control [19, 20]. Phage application could be 
implemented at the stage of rearing [21, 22], slaughter and processing [23], or at 
pre-retail/packaging [24, 25].

2. Phages

Phages are viruses that specifically infect and kill bacteria and with few reported 
side-effects in humans and animals. Phages are the most abundant biological entity 
on Earth, with estimated numbers ten times greater than bacterial cells [26]. Phages 
were independently discovered by Frederick Twort and Felix d’Herelle in 1915 
and 1917 respectively. D’Herelle was the first to test phage efficacy in animals and 
showed phage treatment increased the survival of chickens suffering from fowl 
typhoid by 95–100% compared with 0–25% in untreated birds [27]. Despite this, 
phage therapy research slowed markedly following the discovery of antibiotics. 
However, research into phage therapy has been renewed since the emergence of 
AMR as it offers a promising alternative to antibiotics. Studies have shown phages 
are able to lyse MDR strains [28, 29] and there are multiple examples of success-
ful phage therapy in humans [30] and animals [31]. Furthermore, phages can be 
applied to food to reduce bacterial loads and globally are being used commercially 
to improve food safety [32].
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2.1 Phage morphology and infection cycle

Phages are characterised based on their virion morphology, genome type and 
sequence, and the infection cycle they follow. Phages are approximately a hundred 
times smaller than bacterial cells by volume, and generally only infect a subset 
of strains within a host species. Over 5,000 phages have been viewed under the 
transmission electron microscope (TEM) [33] and over 96% of phages studied are 
tailed phages and belong to the order Caudovirales. Siphoviruses, myoviruses and 
podoviruses are the most common phage types and constitute 61, 25 and 14% of all 
isolated tailed phages respectively (Figure 1) [34].

Phages are obligate parasites of bacteria as they lack the capacity to replicate 
independently. Phage replication occurs through either a lytic or lysogenic cycle 
(Figure 2). Phages following the lytic cycle attach to receptor(s) on the host cell 
surface using tail fibres, after which they inject their DNA and sequester the host’s 
metabolic processes to produce more phage, eventually leading to cell lysis and release 
of the virions for further cycles of infection [35]. In comparison, during the lysogenic 
cycle phage DNA is incorporated into the bacterial cell and is replicated along with 
the host. Under certain conditions, e.g. stress and DNA damage, the phage can enter a 
lytic cycle as above. The lifestyle of the phage is determined via sequencing where the 
absence of recognisable integrases and other genes involved in the process of integra-
tion can be taken as indicative of a strictly lytic life cycle [36]. As lytic phages kill their 
target cells directly, they are preferred for therapeutic applications.

Figure 1. 
Morphology of tailed phages viewed under TEM. The images show the typical structure of a (a) siphovirus, 
(b) myovirus and (c) podovirus. TEM images were taken by the Electron Microscopy Facility at the University 
of Leicester.

Figure 2. 
Phage lytic and lysogenic infection cycle. (a) phages attach to a receptor on the bacterial cell, after which  
(b) they inject their DNA (red line) into the cytoplasm of the cell. Phages can then go on to follow the lytic cycle 
(c-d) or the lysogenic cycle (f-g). In the lytic cycle (c) phages take over the host cells machinery to replicate their 
nucleic acids and proteins (d) to form new phage progeny. This (e) leads to lysis of the bacterial cell to release 
the phage progeny and the phages go on to infect more target bacterial cells. In the lysogenic cycle (f) phage DNA 
is integrated into the bacterial genome and (e) as the bacterial cells are replicated the prophage is replicated 
simultaneously.
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2.2 Phage isolation, host range and resistance

Phages can be isolated from any environment their hosts inhabit. Salmonella-
specific phages have been isolated from faecal material obtained from pig and 
chicken farms, food processing plants, wild boar reserve [29], slurry lagoons [37], 
and sewage [22, 23]. Consequently, as phages are found in nature, humans and 
animals are continuously exposed to them, which is a major advantage in using 
them, as new entities would not be introduced into biological systems when phages 
are applied therapeutically [38].

The lytic spectrum (host range) of a phage is determined by screening against 
multiple strains of the target pathogen. Both narrow and broad host range phages 
have potential uses as therapeutics [39], for example a highly-specific, narrow 
host range phage can be applied with minimal perturbation to other residual 
microbial populations. Broad host-range phages provide a better scope of lysis 
and are therefore the desired components of most phage therapeutic applications. 
Multiple phages can be combined as a cocktail to improve phage coverage of the 
target species [40].

Emergence of resistance against therapeutic phages is a possibility as both 
phages and bacteria are in a continuous arms race. The mechanisms of phage 
resistance include altering the phage receptor, blocking phage DNA injection or 
inhibiting phage replication. This resistance can be countered by using cocktails of 
phage which bind to different receptors, as its unlikely resistance to all phage in the 
cocktail will emerge concurrently. Moreover, phage resistance can lead to a fitness 
cost for the bacterial cells [41]. Different multiplicities of infections (MOI’s), which 
is ratio of phages to bacterial cells can also be trialed to limit resistance [42].

3. Experimental phage studies in chickens and pigs

In this section, the application of phages pre- and post-slaughter to reduce 
Salmonella numbers in chickens and pigs is discussed. Studies have varying levels 
of success in reducing Salmonella in challenge models, but with each study, valuable 
information is gained on phage dose, route of administration and resistance.

3.1 Experimental phage studies in chickens

3.1.1 In vivo phage studies in chickens at farm level

One of the first studies that investigated phage therapy against Salmonella chal-
lenged chickens dates back to 1991 [43]. The authors orally challenged one day old 
Rhode Island Red chickens with S. Typhimurium (108 Colony Forming Units (CFU)) 
and 10 minutes later administered a single phage orally at dose 1012 Plaque Forming 
Units (PFU)/mL. The mortality of untreated chickens was 56% 21 days post-chal-
lenge but in chickens treated with phage mortality was reduced to 20%. The authors 
demonstrated phage transition and replication in the gut at sites of Salmonella coloni-
zation such as the crop, intestine and caecum. Similarly, Atterbury et al. [21] showed 
in two different broiler chicken studies phage treatment (1011 PFU/mL) administered 
two days after challenge (108 CFU/mL), reduced ceacal colonisation by 4.2 and 2.2 
log10 CFU/mL in birds challenged with Enteritidis P125109 or Typhimurium 4/74 
respectively after 48 hours.

Goncalves and colleagues [44] compared the efficacy of three different phage 
cocktails in 45-day-old broiler chickens. The phages were administered at a 
dose of 109 PFU/mL via oral gavage, 1 hour post challenge with S. Enteritidis at 



151

Potential Roles for Bacteriophages in Reducing Salmonella from Poultry and Swine
DOI: http://dx.doi.org/10.5772/intechopen.96984

107 CFU/mL. Two of the three phage cocktails reduced caecal Salmonella counts 
by ~2 log10 CFU/mL in 12 hours, and Salmonella counts were below the detectable 
limit in the crop.

Toro et al. [45] designed a cocktail of three phages which could infect the top 
seven serotypes commonly associated with chickens. This cocktail was administered 
orally on days 4, 5, 6, 18, 19 and 20 at a dose of 5.4 × 106 PFU/bird and birds were 
challenged on day 7 with S. Typhimurium (105 CFU/mL). The phage treatment 
reduced Salmonella colonisation in the caeca by ten-fold, 4 days post-challenge, and 
48 hours after treatment phages were isolated in the birds’ faeces. Interestingly, the 
authors found phage treatment had a beneficial effect and chickens given the treat-
ment gained more weight in comparison to challenged birds.

Delivering phages to chickens individually, via oral gavage, would be impractical 
commercially, however they could be administered easily through drinking water. 
Clavijo and colleagues [46] added a six-phage cocktail (named SalmoFREE®) at 
dose of 108 PFU/mL to drinking water on days 18, 26 and 34 (chickens were slaugh-
tered on day 35), which was sufficient to reduce ceacal Salmonella counts to below 
the detectable limit (below 100 CFU/mL). The trial was conducted at a commercial 
farm where there was a record of Salmonella outbreaks and included 34,680 broiler 
chickens. This is the biggest and the only trial to date evaluating phage efficacy 
against Salmonella in a commercial setting. There was no difference in mortality or 
productivity measurements between untreated control birds and those treated with 
phage only, suggesting the cocktail was safe. Furthermore, the authors conducted 
a microbiome study and showed phage treatment had no detrimental effect on the 
chicken’s microbiota [47]. Their studies provide further valuable evidence into the 
effectiveness and safety of phage treatment.

Delivering phages as feed additives has been investigated. Sklar and Joerger. 
[48] added a single phage dose (A) and a three-phage cocktail (B) to starter broiler 
feed at a dose of 107 PFU/g. The treated feed was available throughout the trial and 
chickens were challenged with S. Enteritidis at 104 CFU on day 1. After 14 days 
phage A reduced caecal colonisation by 1.9 log10 CFU/g and cocktail B by 0.6 log10 
CFU/g. The authors found that the process of mixing phage with feed and storing 
feed in bird rearing conditions over 14 days caused a 2 log10 PFU/g reduction in 
phage numbers. Phage stability in feed could be a limitation and further research is 
needed to determine the impact storage conditions have on phage stability, such as 
factors as humidity and temperature.

3.1.2 Experimental post-slaughter phage studies in chickens

Following processing and packaging, meat is refrigerated to avoid bacterial 
growth, but Salmonella can survive under these conditions and phages could be 
used to reduce surface contamination of Salmonella. Goode et al. [38] applied 
a single phage to chicken skin artificially contaminated with S. Enteritidis at 
103 CFU/cm3. Phage applied at doses above 105 PFU/mL reduced bacterial numbers 
by over 98% and phages amplified on the surface of the infected skin by three-fold 
over 48 hours. In comparison, in the uninfected samples the phage titre reduced 
by 1 log10 PFU/cm3, which suggests phages don’t linger in absence of their target 
pathogen.

Atterbury et al. [49] showed phage treatment at dose 109 PFU/mL reduced levels of 
S. Enteritidis and S. Typhimurium by 72.2% and 38.9% respectively on spiked chicken 
skin samples (106 CFU/ml). The authors confirmed phage infection was occurring on 
the surface of the chicken skin by spreading a bioluminescent S. Typhimurium strain 
on the surface of chicken skin and then monitored its growth using photon counting. 
Further studies have shown the efficacy of phage treatment to reduce Salmonella 
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numbers on chicken skins are comparable to the typical chemical agents used by the 
food industry [50]. In addition, combining phage and chemical treatment was able to 
further decrease Salmonella counts to below detection levels [51].

To date only one study has investigated phage application on whole carcasses. 
Higgins et al. [52] spiked chicken carcasses with S. Enteritidis at 20 CFU, after which 
carcasses were sprayed with phage at different doses. The authors found only high 
phage doses of 108 and 1010 PFU/ml were effective and after 24 hours, Salmonella 
was only isolated from one out of fifteen carcasses. The phage counts were not 
monitored in the study, therefore it’s unclear if there was phage amplification.

Phage treatment of raw meat samples has been shown to be effective at reduc-
ing bacterial load and consequently reducing its presence in the final consumer 
product. Duc et al. [53] tested the lytic activity of a five-phage cocktail at dose 109 
PFU on chicken breasts inoculated with either S. Enteritidis or S. Typhimurium at 
105 CFU. The phage cocktail reduced counts of both strains by ~1.6 log10 CFU/piece 
of chicken breast, when stored at 8°C, over 24 hours. However, when the meat was 
stored at 25°C phage treatment was more effective and reduced S. Enteritidis or S. 
Typhimurium by 3.1 and 2.2 log10 CFU/piece respectively over 24 hours. This could 
suggest phage activity is temperature dependent. However, another study showed 
phage activity was unaltered when spiked chicken breasts (105 CFU/ml) were 
treated with phage at doses 106 and 107 PFU/mL and stored at 4°C and 25°C. Under 
both conditions, phage treatment reduced bacterial counts to undetectable levels 
after just 12 hours [54]. The studies suggest phage temperature stability can vary 
between phages and its stability needs to be tested to determine which are more 
effective at food storage temperatures.

3.2 Experimental phage studies in pigs

3.2.1 Phage therapy in pre-market and market-weight pigs

Very few studies have examined the efficacy of phage treatments to control 
Salmonella in live pigs and this is largely due to the inherent difficulties of per-
forming longitudinal studies from piglets to finished pigs. One pioneering study 
did exactly that and the efficacy of a fifteen-phage cocktail were tested in chal-
lenged piglets and market-weight pigs [22]. In the first study, the phage cocktail 
(109 PFU/mL) and challenge strain S. Typhimurium γ4232 (5 × 108 CFU/pig) were 
co-administered via oral gavage to piglets. Piglets were euthanised 6 hours post-
inoculation in order to mimic the amount of time spent in a holding pen. Overall, 
the activity of the phage cocktail was sufficient to achieve 2–3 log10 CFU (~99%) 
reductions in the ileum, tonsils and caecum. In collected ileum and caecal samples, 
in five out of six phage-treated pigs S. Typhimurium counts were reduced to below 
the limits of detection (~100 CFU/mL).

The authors next assessed the efficacy of the phage cocktail in market-
weight pigs. Four pigs (in three replicates) were inoculated via oral gavage with 
5 × 109 CFU S. Typhimurium and allowed to contaminate a holding pen for a 
period of 48 hours. Following this, sixteen naïve pigs (non-Salmonella infected 
– eight phage-treated/eight mock treatments controls) were introduced to the 
holding pens and allowed to co-mingle with the seeder pigs for 6 hours. Phage 
cocktail administration involved an initial oral gavage of 109 PFU/mL followed 
by further identical doses every 2 hours for a total of 6 hours. After 6 hours of 
co-mingling between S. Typhimurium γ4232-infected, phage cocktail-treated, 
and mock control-treated pigs, each cohort was euthanised. In phage treated 
pigs there was 1 to 1.5 log10 CFU/mL reductions in Salmonella colonisation in 
ceacal and ileal samples. The role phages can play in controlling Salmonella 
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infection in pigs at a critical stage of the production process is evident from the 
work performed by Wall et al. [22].

A similar degree of efficacy was observed when applying a microencapsulated 
phage cocktail treatment to control shedding of S. Typhimurium during a hold-
ing period of 6 hours [55]. Saez et al. found that shedding of Salmonella from 
pigs in the phage-treated group (PT) was less common than non-phage treated 
pigs (nPT) at 2 hours (% pigs shedding PT-38.1%, nPT-71.4%) and 4 hours 
(PT-42,9% - nPT-81.1%). Sampling of caecal and ileal contents 6 hours post-
infection showed that phage-treated pigs had significantly less S. Typhimurium 
levels at both anatomical sites by 1 log10 CFU/mL. Another study produced some 
promising results by showing how dietary supplementation with probiotics 
(Saccharomyces cerevisiae, Lactobacillus acidophilus, and Bacillus subtilis) and 
phages can positively influence growth performance of pigs. A phage cocktail 
(~109 PFU/g) designed to target a diverse selection of bacteria (S. Typhimurium, 
S. Enteritidis, S. Choleraesuis, S. Derby, Staphylococcus aureus, Escherichia coli, and 
Clostridium perfringens types A and C) was administered as part of a feed supple-
ment. Interestingly, the addition of phage was found to be more effective than 
probiotics. Phages may therefore offer an attractive alternative to replace the use 
of antibiotics as growth promoters in pigs [56].

3.2.2 Phage decontamination of pigskin

Post-slaughter application of phages has the potential to reduce risks associated 
with pork contaminated with Salmonella prior to general retail. An investigation 
into the stability of phages at retail temperatures (fresh 4°C and frozen −20°C) and 
also their ability to control the endemic UK pig pathogen S. Typhimurium U288 was 
examined [23]. Hooton et al. tested killing activity of Salmonella-specific phages 
against a diverse panel of Salmonella serovars prior to formulation as a four phage 
cocktail (PC1). PC1 consisted of three novel Salmonella phage isolates (ΦSH17, 
ΦSH18, and ΦSH19) combined with the broad-host range Salmonella phage Felix 
01 in equal volumes/titres for a final concentration of 108 PFU/mL. Initially it was 
shown that both S. Typhimurium U288 and the phage components of PC1 are 
both stable on experimentally-contaminated pigskin pieces stored at temperatures 
reflective of those at retail. The efficacy of PC1 was subsequently tested on spiked 
pigskin over a five-day trial under fresh conditions (4°C). A 3 × 3 matrix of CFU 
(106, 104, and 103) versus PC1 PFU (107, 105, and 104) was used to examine a range 
of MOIs (0.01–10,000) to determine the most effective combination.

The phage cocktail applied at MOI’s of 1000 (107 PC1 V 104 U288) and 10 (105 
PC1 v 104 U288) reduced S. Typhimurium U288 levels by ~92% after 1 hour post 
challenge. After 48 hours Salmonella counts were significantly reduced by ~1.4 
log10 CFU/4 cm2. The first reductions of S. Typhimurium U288 below the limits of 
detection were also reported at the 48 hour timepoint, specifically when an MOI 
of 10 was employed against low level contamination. At 96 hours post-inoculation 
it was evident that MOIs in excess of the target bacterium could reduce low-level 
bacterial contamination to below the limits of detection. The results reported here 
indicate that phages may provide useful tools for the post-harvest reduction of S. 
Typhimurium U288 on pork products [23].

4. Commercial phage products

A handful of phage products that target Salmonella in pre- and post- slaughter 
stages of the food chain are commercially available and summarized in Table 1.  
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Some products (SalmoFresh® and SalmoPro®) have already obtained clearance from 
specific regulatory agencies, such as FDA, and are available to purchase, while others 
are patented but not approved by any regulatory authority, at the time of writing. 
However relevant scientific data about the product has been published, such as for 
SalmoFree® [20].

Product name 
and developers

Phages Approval Notes Reference(s)

GPI Biotech 
VAM-S
Gum Products 
International, 
Inc. (Newmarket, 
Canada)

Three lytic 
phages: 
Phi_16, 
Phi_78, 
Phi_87

FDA approved, 
GRAS (GRN000917 
Sep 2010)

• For use on  
poultry, red 
meat, eggs, fruits, 
vegetables, fish and 
shellfish

https://www.fda.gov/
grasnoticeinventory

Bafasal
Proteon 
Pharmaceuticals 
(Poland)

Four lytic 
phages: 
3sent1, 
8sent65, 
8sent1748 
and 5sent1

EURL approved 
(FAD-2017-0039 
- CRL/170007 Oct 
2018)

• Approved as feed 
additive

• Awaiting approval 
in the EU

[57]
https://ec.europa.eu/
jrc/sites/jrcsh/files/
finrep-fad-2017-0039-
bafasal.pdf

Biotector®
SCJ CheilJedang 
Research Institute 
of Biotechnology 
(South Korea)

Non-
disclosed

Patented • On feed to control 
Salmonella in 
poultry

[20]

SalmoFresh™
Intralytix Inc. 
(USA)

Six lytic 
phages

FDA-approved, 
granted GRAS status
(GRN000435)
Feb, 2013
Approved by Israel 
Ministry of Health; 
Health Canada

• Food treatment

• Effective 
against over 900 
Salmonella strains 
representing more 
than 50 serotypes.

https://www.
cfsanappsexternal.fda.
gov/scripts/fdcc/?set=
GRASNotices&id=435
&sort=GRN_No&orde
r=DESC&startrow=1&
type=basic&search=IN
TRALYTIX
[58]

SalmoPro®
Phagelux 
(Canada)

Two lytic 
phages: 
BP-63, 
BP-12

FDA-approved, 
granted GRAS status 
(752)
Jul 2018

• For use as an 
antimicrobial 
processing aid to 
control Salmonella 
on food, when 
applied onto food 
surfaces

https://www.fda.gov/
grasnoticeinventory
[58]

Salmonelex™ 
(Former 
PhageGuard)
Micreos Food 
Safety BV (The 
Netherland)

Two lytic 
phages: 
Fo1a and 
S16

FDA-approved, 
granted GRAS status 
(GRN000630)

• For use as an 
antimicrobial 
on foodstuffs to 
control Salmonella

• Can be sprayed 
topically or added 
to chill tank water

Micreos Food Safety 
BV. Salmonelex™. 
Available online: 
https://www.fda.
gov/media/98485/
download
[58]

SalmoFREE®
Sciphage 
(Colombia)

Six lytic 
phages

Patented only 
(patent number 
WO2017089947A2)

• For therapy and 
control Salmonella 
in poultry frm

• Phages are added to 
water

[46, 47]

Table 1. 
Patented and approved Salmonella phage products.
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5. Phage/antibiotic synergy (PAS)

The efficacy of combinatorial medicinal treatments is well-documented and have 
proven successful in treating a range of human diseases such as cancer, HIV, and 
malaria [59]. Similarly, the use of phages and antibiotics synergistically (PAS) has 
been explored and experimental studies have shown using phages and antibiotics 
in combination could enhance bacterial suppression and lower emergence of bacte-
rial resistance. Furthermore, a combined approach can lead to re-establishment 
of antibiotic sensitivity, for example in cases where phages bind to bacterial drug 
efflux pumps [60]. In vitro studies have investigated PAS activity for the control of S. 
Typhimurium with the well-studied phage P22 and antibiotics ceftriaxone and cip-
rofloxacin. The study found pre-treatment of S. Typhimurium with phage P22 prior 
to antibiotic addition was the most effective approach in comparison to treating with 
phages 6 hours after antibiotic treatment [61]. The timing and order of phage and 
antibiotics needs to be considered as it can influence PAS activity. It was also reported 
that the presence of antibiotics did not negatively influence phage binding to 
Salmonella cells, and a significant increase in phage lytic activity was observed [62].

To date, no in vivo PAS studies have been conducted in Salmonella challenged 
chickens and pigs. Therefore, further in vivo work is required for the underly-
ing dynamics of PAS to be understood and developed into useful combinatorial 
therapies. Within the context of phage therapeutics in agricultural settings (and 
potentially in the clinic) PAS may well provide an exciting route of research for 
development into a parallel treatment with antibiotics. The emergence of resistance 
from the target bacterium to both antibiotics and phage treatment, choice of antibi-
otics and phage combinations, and potential efficacy-improving interactions with 
immunological responses will be important factors for consideration [59].

6. Potential challenges of using phages in poultry and pigs

The use of phages against Salmonella in farming, either pre or post-slaughter, 
have some challenges. Some of those difficulties are common to phage therapy in 
general and fall in to four categories initial phage selection; phage delivery; resis-
tance development; and regulatory approval.

6.1 Phage selection

On the initial phage selection, potential phage candidates need to be virulent 
and propagate via the lytic cycle as opposed to temperate (can propagate via lyso-
genic or lytic cycle), which need to be confirmed by sequencing. This is to ensure 
the phage will not integrate on host genome avoiding transduction and horizontal 
gene transfer [21, 63, 64].

6.2 Phage delivery

The topic of phage therapy pharmacodynamics and pharmacokinetics is com-
plex and more specific reviews have recently been published on this topic [65, 66]. 
In brief, phages need to reach the site of bacterial colonisation, and in poultry and 
pigs, Salmonella initially colonises the gut. Many studies have been designed to 
establish if phages can be delivered to the gastrointestinal tract and beyond via oral 
administration, either in feed or drinking water. For post-slaughter application, 
phage preparations can be applied by directly applying to carcasses, meat, skin, 
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packaging materials as well as surfaces in the abattoir or meat processing facilities. 
Both pre- and post-slaughter applications present challenges to phage delivery [36].

A particular challenge to phages delivered orally to control Salmonella is to 
ensure they will be active in the gut pH, despite the fact that they are sensitive 
biological entities and will encounter changes in pH (Figure 3) and temperature. 
Phages are typically stable between pH 4 and pH 10 [67]. However, the studies dis-
cussed in Section 3 highlight natural phages retain lytic activity through the passage 
of the gut and do reach the focal point of infection.

Alternative solutions have been developed to protect phages from the acidic 
conditions by using dry or liquid formulation solutions. For example, it was shown 
that Felix O1 microencapsulation in chitosan-alginate microspheres could fully 
preserve phage viability upon 1 hour exposure to simulated gastric fluid (pH = 2.4 
with 3.2 mg ml−1 pepsin) and 3 hour exposure to 2% (wt/vol) porcine bile extract 
[68]. Other studies have shown that liposome-encapsulated phages (UAB_Phi20, 
UAB_Phi78, and UAB_Phi87) were significantly more stable in simulated gastric 
fluid (pH = 2.8 with 3.0 mg ml − 1 pepsin) when compared to free phages in vitro 
while the preparation was stable at 4°C for at least 3 months [69]. These data show 
that the challenge of gut pH range that the phage has to endure, when administered 
orally, can be overcome by selecting phages that remain viable and withstand wide 
pH variations or, in addition or as an alternative, shield the phages by means of pH 
resistant pharmaceutical formulation development.

6.3 Overcoming phage resistance

Phages are no different from other antimicrobials that are used to kill bacteria, 
and can become resistant to them following exposure. Often, the use of phage 
cocktails and rotation schedules is used to limit or avoid the development of resis-
tant mutants. When phages are used post-slaughter as disinfectants, they can be 
deployed at a high titer, to reduce the build up of phage-resistant bacteria [70]. In 
order to reduce the accumulation of phages on surfaces after their intended use in 

Figure 3. 
The gastrointestinal pH changes in the gut of pigs and chickens.
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the food industry, some disinfectants were tested and proved to be successful at 
neutralizing phages, such as peracetic acid [71].

When using phages within farm settings the challenge of phage persistence, 
spread and resistance development is more significant because successive animals 
will be housed in the same facilities and disinfection must be thorough. A recent 
study using a patented six phage cocktail against Salmonella (SalmoFREE) showed 
that after the first trial, SalmoFREE phages were detected from the beginning 
of the second trial in treated and control groups houses, showing that even after 
the cleaning and disinfection process, phages persisted in the environment and 
survived between trials. As a consequence, birds in the second trial (control and 
treatment group) showed unexpected reduction of Salmonella counts even before 
treatment/placebo administration at day 17 [46].

Effective disinfection practices and phage cocktail rotation may be the solution 
to the phage persistence challenge, however the effect of disinfectants should be 
tested on a case-by-case basis to determine their efficacy at neutralizing the respec-
tive phage(s) cocktail [72].

6.4 Regulating phage products

As discussed above, phages may be used as a feed additive to prevent or treat 
infection, as a medicine to treat infection or as a post product treatment for 
carcasses or meat. Phages could also be used to decontaminate either the environ-
ment that the animals are living in, or facilities regarding production of the final 
product. Phages go through specific regulatory pathways depending on which of 
these intervention points that they are used in, and on the level of claims associ-
ated with their use. To take a product to market requires the developer to know 
which regulatory route they will take, in order to gather appropriate data on safety 
and efficacy [73].

In recent years there has been a significant amount of engagement from regulat-
ing bodies, who are also acutely aware of the need to find novel antimicrobials. 
They are also aware that this is often seen as a major hurdle to developing the 
technology and are keen to help. It is important to state that by working with 
regulators there is an opportunity to impose a regulatory system that will allow 
the exploration of this technology whilst hopefully mitigating against many of the 
mistakes that we have previously made in terms of overusing antibiotics from the 
outset. Antibiotic stewardship was largely implemented after extensive bacterial 
resistance to antibiotics had already been achieved however sensible regulation 
could work hand in hand with a stewardship program to maintain effective phage 
use for future generations [74].

Establishing how phages fit into traditional drug/veterinary medical product 
regulatory systems is not always trivial. In the USA, phages are regulated by the 
Food and Drug Administration (FDA), regardless as to whether they are to be used 
in humans or animals, although they go through different parts of this depending 
on exactly how they are being used. Interestingly the FDA regulates phages in the 
same way regardless of whether they are ‘natural’ or engineered [73].

In Europe phages are currently regulated by the European Commission through 
the European Medicines Agency. Unlike the system in the USA, if phages are 
genetically altered, they are regulated differently. In the UK if phages are to be used 
within animals, they are regulated by the Veterinary Medical Directorate but if their 
end use is in humans they are regulated by the Medicines and Healthcare products 
Regulatory Agency and in food they are regulated by the Food Standards Agency. 
The different regulatory authorities do communicate with each other to identify 
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commonalities and routes forward. Clearly there are parallels with other biologi-
cals such as monoclonal antibodies, which will inform how phages are effectively 
regulated [73].

7. Future work: machine learning tools

Phage characterisation based on host range analysis, studying phage host 
interactions, phage infection kinetics and designing phage cocktails is resource-
intensive. Machine learning (ML) based tools can be developed to predict these 
interactions, and the application of computational biology, artificial intelligence 
(AI) and modelling in phage research is rapidly developing [75]. The combination 
of these techniques with high-throughput Next Generation Sequencing promises 
greater insights into phage biology alongside the development of new tools to 
address previously intractable problems in phage therapy [76]. Computational tools 
applied to phage research are based on:

1. Homology-based methods: comparing the features (e.g. DNA/RNA/protein 
sequences) of an unknown phage with comparable information from databases 
of known phage. Examples include HostPhinder [77], VirHostMatcher [78] 
and ILMF-VH [79].

2. Machine Learning (ML) methods: these use combinations of algorithms and 
statistical techniques such as logistic regression and support vectors to find 
patterns in large datasets which are then used to make predictions [80].

3. Deep Learning (DL) methods: a subset of machine learning in which the key 
features used for pattern recognition and classification are identified by the 
computer algorithm directly and do not require human input [81].

A key aim of these approaches, as applied to phage therapy, is to facilitate or 
automate the matching of phages to target bacterial pathogens. This would revo-
lutionize the field as it would reduce or eliminate the need for extensive host range 
profiling in the laboratory and would allow the rapid countering of resistance.

Homology-based methods have been used more extensively than ML so far, but 
more for the identification and annotation of phage DNA from metagenomic data 
than for phage host matching. Homology-based approaches have used genomic 
similarity (e.g. HostPhinder [77]), oligonucleotide frequency (e.g. VirHostMatcher 
[77]), and phage abundance profiling [82]. However, the success of these methods 
varies widely, with correct identification of the host to genus or species level only 
occurring between 9.5% and 75% of the time.

Phage host matching using ML has also met with varied success. Approaches 
include using chemical parameters of all phage and host proteins [80], or focusing 
on a subset of these, such as receptor binding proteins [75], which have accurately 
predicted phage hosts 30 to 90% of the time. Relatively few studies have used DL 
methods. As with the homology-based methods above, some studies have focused 
on the use of DL to identify and separate phage sequences from metagenomic data. 
DL was used by Li et al. [79] to accurately to match phage and host species 81% of 
the time using 27 features of phage and host proteins.

A disadvantage of ML and DL is that large datasets are required, and these are 
often skewed heavily towards phage which infect a small number of well-studied 
bacteria. For example, in one study approximately 86% of phage used in the ML 
model infected a single species (M. smegmatis). Moreover, DL methods are not 
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readily interpretable and regarded as ‘black boxes’ due to the lack of human involve-
ment in feature selection and application. Additionally, even the best performing 
ML and DL models are currently unable to predict phage hosts at the strain level, 
which will a necessary step in real-world therapeutic applications.

Phage host matching is likely to be more useful when using phage therapy for 
highly diverse pathogens, such as Salmonella and E. coli, than for more homogenous 
bacteria such as Staphylococcus aureus. ML and DL have the potential to automate 
the process of phage selection of their predictions are shown to be reliable, and 
potentially in the future could help design personalised phage therapeutics for 
human and agricultural use.

8. Conclusions

Phages could provide a natural alternative to traditional antimicrobial therapies 
in pig and poultry production. Multiple intervention points exist from farm-to-fork 
allowing for the development of targeted phage therapeutic strategies. The promising 
results obtained from diverse experimental approaches demonstrate the potential 
of phages to reduce Salmonella in live animals, as well as in finished retail products. 
With correct stewardship, phages may well become an integrated solution in live-
stock production especially within the remit of controlling significant pathogens 
such as Salmonella. While some products have made it to market, current legislation 
needs further development prior to widespread acceptance of phage therapeutics in 
animals and on retail products. The next generation of phage research is set to take 
advantage of developments in the fields of machine-based learning and other com-
putationally oriented approaches. Such exciting techniques may offer a more refined 
approach towards the application of phages for elimination of Salmonella from pig 
and poultry production.
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Abstract

Salmonellosis is a disease of great relevance in terms of public health given the
economic and social impact that causes both in developing and highly industrialized
countries. Due to its transmission mechanism, it affects hundreds or thousands of
people every year and is considered an acute disease of worldwide distribution.
Causative agent of salmonellosis is salmonella specie which are small gram-negative
bacilli and facultative intracellular pathogen of the Enterobacteriaceae family.
Multidrug resistance is reported more frequently in strains of salmonella, raising the
necessity of new strategies to combat its spread and to treat the disease. Natural
products (NPs) derived from traditional medicine knowledge have become an
important resource to this end. In this chapter, we present a summary of informa-
tion published from 2010 to 2020, as a sample of the potentiality of NPs as agents
for Salmonellosis. This search was not exhaustive, rather, we aim to obtain a ran-
dom sample of information using the simplest terms on the matter of natural
products for salmonellosis, hopefully, as a reference source for interested
researchers.

Keywords: salmonella, antibacterial activity, natural products, anti-salmonella,
Salmonellosis

1. Introduction

Salmonellosis is a disease of great relevance in terms of public health given the
economic and social impact that causes both in developing and highly industrialized
countries. Due to its transmission mechanism, it affects hundreds or thousands of
people every year and is considered an acute disease of worldwide distribution [1]
with variations in the frequency of serotypes from one country to another [2], being
notably more frequent in areas that have not reached adequate sanitation and
hygiene conditions or that do not have enough resources and public health infra-
structure. There is no distinction in the occurrence of salmonellosis by sex, age, or
social and economic status with high incidence at the extremes of life, being the
most vulnerable groups, children under 5yo, adults over 60 years of age and immu-
nocompromised individuals [3, 4]. On the other hand, it is also a seasonal disease, so
incidence is higher on periods of increased environmental temperature like spring
and summer, showing a decrease in autumn and winter [5].
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The raise in salmonellosis at any part of the world is of maximum relevance. For
example, an incidence of 0.78–3.8 million cases per year has been estimated in the
United States. Natural reservoir is made up of domestic animals (dogs and cats),
wild animals (reptiles such as iguanas and turtles) as well as humans (carriers,
convalescent). Transmission is through food (with or without manufacture) and
water contaminated with human or animal feces and from individual to individual.
Salmonellosis presents as sporadic cases or as outbreaks with variable affectations.
Incidence rate is dose-dependent in function of the disseminated serotype and is
determined by incubation period, symptoms and severity.

Causative agent of salmonellosis are salmonella species, numerous disease out-
breaks are related to the consumption of eggs, chicken meat and other raw products
(mainly dairy). For instance, in an outbreak of enteric salmonellosis serotype
Typhimurium (n = 99) induced by consumption of roast porcine meat in an institu-
tion for the mentally ill in Konagua it was shown that the incubation period was
between 10–12 hours and that the supply of antibiotics prolonged excreta periods.
Salmonellosis due to Salmonella enterica serotype Enteritidis was detected in an inter-
state outbreak in the United States in the early 90’s, produced by the consumption of
ice cream (224,000 cases) and in Canada due to the consumption of commercial
packaged cheese (800 cases). Salmonella Javiana (n = 66) has been reported to
produce outbreaks as in Boston due to the consumption of chicken sandwiches [6].

2. Salmonella

Salmonella belongs to the Enterobacteriaceae family, which are small gram-
negative bacilli varying in sizes ranging in average from 2–3 μm in length and 0.4–
0.6 μm in width. These bacilli do not form spores and possess peritrichous flagella
hence are mobile microorganisms, although some genera, such as Klebsiella and
Shigella, are lacking on these organelles and so on mobility. Traditional grouping
classification is carried out using primary biochemical characteristics that allows a
further sorting into subgroups based on antigenic structure determinants or using
bacteriophage reactions. Currently, with the advances in molecular biology, the
differentiation of groups and subgroups can be made using PCR technique for
identification, diagnostic and epidemiological purposes.

Regarding its metabolic characteristics, salmonella grows in simple synthetic
media and can use unique carbon sources, such as glucose in a fermentative way
with the subsequent formation of acids and/or gases, reducing nitrates and nitrites,
rendering oxidase negative reaction. Salmonella also tests positive for methyl red,
hydrogen sulfide, indole-ornithine motility (MIO medium), lysine decarboxylase,
arginine dihydrolase, ornithine decarboxylase, gas from glucose, and fermentation
of numerous carbohydrates such as rhamnose, arabinose, mannitol, etc.

Most enteric microorganisms are resistant to inhibition by the action of certain
bacteriostatic dyes, the selective media containing these compounds facilitate con-
siderably isolation from fecal samples, salmonella is less sensitive than coliform
microorganisms against citrate inhibition action; for instance, SS (Salmonella-
Shigella) agar containing both citrate and bile salts is therefore used as a selective
medium for the culture of pathogenic species [7, 8].

3. Classification

Although controversial and evolving, there is a salmonella nomenclature used by
the Centers for Disease Control and Prevention (CDC) and recommended by the
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Collaborating Center of the World Health Organization (WHO), which according
to the differences in their 16S rRNA sequence analysis classifies this genus into two
species, Salmonella enterica and Salmonella bongori. S. enterica can also be further
classified into six subspecies mainly found in mammals and is responsible for 99%
of infections in humans and warm-blooded animals. On the other hand, S. bongori is
predominantly environmental and on cold-blooded animals [9].

3.1 Classification according to Kauffmann-White

Since decades ago, classification of salmonella finalizing at the species level are
based on its antigenic structure. Although certain strains that have the same anti-
genic activity could present different metabolic reactions (biotype variants or sero-
types), this sorting method is generally accepted and is actively in use.

Surface antigen studies are based on H, O, K and Vi antigens. H is denominated
surface or flagellar antigen and participates in host immune response, O (aka
somatic antigen) is a lipopolysaccharide located in the cell membrane, K is a capsu-
lar antigen and Vi antigen is a subtype of K antigen associated to virulence [9] and
the obtention of antisera containing antibodies against all these fractions allows the
identification of salmonella species. More than 2,500 serotypes have been identified
related to the H, O, K and Vi antigens [10] as a result of the numerous absorption
tests and cross-reactions studies carried out in Denmark and England by Kauffman
and White. Currently, large centers in Copenhagen, London, and Atlanta have the
necessary collections of specific antisera for salmonellas typing. In most testing and
diagnostic laboratories, salmonella strains are identified and classified by their fer-
mentative characteristics and agglutination reactions using group-specific antisera.

In Mexico, for example, a study for the classification and identification of sal-
monella serotypes at public and private health centers and hospitals analyzed 24,394
salmonella strains isolated from different sources, 15,843 (64.9%) of human origin
and 8,551 (35.1%) non-human demonstrating the usefulness of Kauffmann-White
scheme and using antisera produced at the National Institute of Diagnosis and
Reference (INDRE) in accordance with the Center for Disease Control and Preven-
tion, Atlanta (GA), showing that most frequent serotypes both in human and non-
human samples were S. Typhimurium, S. Enteritidis, S. Derby, S. Agona and S.
Anatum. From the epidemiological point of view, it is interesting to identify which
are the circulating and emerging serotypes to implement prevention strategies [8].

4. Pathogenicity

Salmonella spp. is a highly pathogenic microorganism that presents different
pathogenicity mechanisms including adherence, invasiveness, colonization and
growth, toxicity and tissue damage [11]. It is a facultative intracellular pathogen
causing moderate to severe infections, or even compromising systemic infections
risking patients’ lives, depending on the serotype, virulence, inoculum and immu-
nological state of involved host, and all of this using only a mixture of toxins and
other virulence factors.

Clinical manifestations in humans include enteric fevers, acute gastroenteritis
and septicemia in extreme cases. Prototypical enteric fevers are caused by Salmo-
nella Typhi, this is also known as typhoid fever, after its incubation period (7–
14 days), symptoms such as anorexia, headache, followed by general malaise and
fever may occur. The interaction patient-causative agent is essential for the pro-
gression of the disease, salmonella must find a microhabitat suitable for its estab-
lishment, multiplication and virulence factors expression.
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Salmonella produces at least three toxins: enterotoxin, lipopolysaccharide endotoxin
(LPS), and cytotoxin. Enterotoxigenicity, which is a property present in many sero-
types of this microorganism, including S. Typhi, is expressed a few hours after contact
with the host cell. The pathogenicity mechanisms by which salmonella induces diarrhea
and septicemia have not yet been clearly elucidated, but it appears to be a complex
phenomenon involving numerous virulence factors such as those mentioned above.

The specific virulence factors are encoded by a group of genes for the formation
of pathogenicity islands (SPI), with G + C percentages differing from the average of
the bacterial genome. Direct repeats are present at the filament ends, carrying genes
that encode mobility factors such as integrases, transposases or insertion sequences
and are frequently inserted on tRNA. This suggests that they have been obtained
from other species by horizontal transfer or by plasmids. There are numerous genes
that participate in the invasion and that are present in salmonellas, genes that code
for the synthesis of proteins related to the translocation of effector molecules within
the cytoplasm of the host cell. Today, it is known that salmonella has five islands of
pathogenicity: SPI-1, SPI-2, SPI-3, SPI-4 and SPI-5 [10].

5. Mechanisms of resistance

Drug resistance and worldwide incidence of salmonella infections has been
increasingly reported. For example, it has been observed a high incidence among
humans, livestock and poultry of Salmonella enterica serotype [4, [5],12:i:-], with
variants ranging from sensitive- to multi-drug resistant, since the 1990s. Other
examples include a strain of Salmonella enterica discovered on 2015 that was provided
with the gene mcr-1 of plasmid-mediated colistin resistance and clinical isolates from
Portugal, China and United Kingdom observed in 2016 with this same gene [12].

Several types of salmonella with multi-drug resistance (MDR) are capable of
generating diverse types of plasmids, with gene cassettes that provide the property of
resistance against antibiotics such as chloramphenicol, tetracycline, ampicillin, and
streptomycin [13, 14]. The chromosomal mutation in the regions that determine the
resistance to quinolones of the gyrA gene are responsible for the appearance of
salmonella serotypes with little susceptibility to ciprofloxacin [15]. On the other hand,
the mutated genes that code for extended spectrum β-lactamases, are responsible for
the serotypes that have begun to develop resistance to cephalosporins [16].

Resistance not only by salmonella, but by other microorganisms are currently a
public health problem worldwide, which threatens the prevention, control and treat-
ment of innumerable infectious diseases, having as expected consequences in terms of
health and economic impact. This problem was recognized by the World Health
Organization and in 2001 this organization published the Global Strategy for the
Containment of Antimicrobial Resistance, publicizing interventionist actions to delay
the appearance and to reduce the spread of resistant microorganisms [17]. For 2012,
WHO proposed a series of actions such as strengthening health services and epidemi-
ological surveillance, regulated use of antimicrobials in hospitals and in communities,
promoting the development of new drugs and appropriate vaccines, among others
[18]. This problem is one of the reasons for the development of new alternatives, being
natural products derived from traditional medicine, one of the most used resources.

6. Traditional medicine and natural products

The origin of Natural and Traditional Medicine is indisputably linked both to
human history and to its fight for survival [19]. Written evidence on plants being
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used as remedies for disease is as ancient as Mesopotamian tablets, and from there, a
nearly endless number of registers in all cultures, supports its essential role on
human well-being. Currently, traditional medicine has been delineated as the use of
products of natural origin for health preservation, having the so-called Natural
Products (NPs) at its focus.

NPs are broadly defined as small molecules produced by a living organism. This
definition comprises a wide variety of compounds including the synthesized during
basic metabolism (primary metabolites) or as by-products of it (secondary metabo-
lites). Lipids, carbohydrates, proteins and nucleic acids are part of the first kind of
NPs, while smaller molecules such as alkaloids, tannins, saponins and flavonoids are
examples of secondary metabolites. Many of the latter does not seem to have a
metabolic or evolutionary function for the parental organism, but regardless to that,
its utility as drugs, preservatives, dyes, food additives and/or antibiotics is undeni-
able. Its application to counteract the pathogenic microorganisms affecting our spe-
cie, alongside side-effects and resistance to antibacterial drugs, is undoubtedly
enough motivation for the current formalization and systematization of traditional
knowledge, with methodological studies being carried out very frequently nowadays.

There has been an important upturn in the study of compounds of natural origin
during the last decade, supported on ethnopharmacological information, folkloric
reputation, traditional uses and the existence of previous evidence, and also based
on NPs chemical composition and its chemotaxonomic classification. This explosion
of information has been enriched primarily through the obtention and separation of
crude extracts, essential oils, and/or other types of preparations that are subse-
quently analyzed for possible biological activities of metabolites or secondary prod-
ucts. Modern experimental strategies have included bioassays (mainly in vitro),
development of NP libraries, production of active compounds in cell or tissue
cultures, genetic manipulation of organisms, natural combinatorial chemistry, etc.
[20]. NPs, being originated in living organisms, are essentially complex mixtures
contained within cellular structures, hence the first step into the study of its prop-
erties is the separation of such structures. This first step is called extraction, and is
generally carried out by liquid solvents at room temperature and atmospheric
pressure, along with other well-known and widely used techniques such as steam
distillation and the use of supercritical fluids or pressurized gases [21]. The proper
choice of an extraction step is necessarily based on the nature, origin and composi-
tion of the product to be studied, taking into account the characteristics of the
possible solvents (innokenty, reactivity, etc.), toxicity of secondary products,
product sufficiency needs and evaluation methods to be followed afterwards, as a
whole this step should result suitable to fulfill the objective of a research. Second
and third steps are the setting of an adequate model for biological efficacy assess-
ment and the elucidation of individual bioactive components.

In this chapter, we enlisted natural products frequently reported against salmo-
nella from bacteria (Table 1), fungus (Table 2), animal (Table 3), plant (Table 4)
or combined (Table 5) origin, organized on a chronologically descending order
according to publishing date. To get a glimpse on the universe of information that
NPs research has become, we made a fast search on two commonly used and easily
accessible databases (PubMed and Google scholar) for the terms: salmonella, anti-
salmonella, salmonellosis, natural product and antibacterial activity, alone or in com-
binations. Search results without the terms salmonella or salmonellosis were
excluded. From the remaining registers, we selected those corresponding to exper-
imental reports where the extraction step was performed and thoroughly described
by authors. Studies on isolated or synthetic NPs were not included and research on
infection or tissue damage protection after salmonella colonization were also
excluded. Review articles or abstracts were not considered, although we accounted
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congress and meeting proceedings where useful data were present. NPs and bioac-
tive principles were registered according to the molecules isolated by the authors
and/or in contrast to the literature. This search was not exhaustive, rather, we aim
to obtain a random sample of information using the simplest terms on the matter of
natural products for salmonellosis.

All these works were developed on all continents, being Asia the most active,
followed by Africa, America, Europe and Oceania (Figure 1A and B). It is note-
worthy that much of the research was developed in equatorial locations where
biodiversity is abundant. Country-wise, there is a remarkable number of publica-
tions from India and Indonesia, where incidence of salmonella is high. The map
constructed for the distribution of publishing frequencies, in fact, resulted fairly
similar to a previously reported salmonella incidence map (Figure 1A versus [9]).
The number of articles per year showed an upward trend though it stabilizes in the
last five years (Figure 1C).

The spectrum of biological activities evaluated are as diverse as the application
to which they are oriented, from the study of antimutagenic, antioxidant,

Animal species Vegetable
species

Microorganisms Solvents Bioactive compound

Identification of
genus and, if possible,
species

Geographical
site

Identification of
genus, and
species

Explanation
for its
selection

Isolation technique

Harvesting data Reference strain
identification

No-
reactivity
assessment

Structure determination
method (MS–GC, for
instance)

Ethnobiological
identification

Identification of
origin:
• Clinical isolate
• Food
• Soil…

No-
interference
assessment

Identification by
PCR

No-toxicity
assessment

Table 6.
Checklist proposed for NPs research.

Figure 1.
(A) Distribution map of publishing frequencies. (B) Continental frequency. (C) Publications per year.
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anticancer, anthelmintic, antiviral, antifungal activities to its antibacterial potential,
being its activity against salmonella spp. one of the most studied activities.

The analysis of the last decade research render studies exploring the antibacterial
activity against salmonella serovars of crude extracts and essential oils, from com-
pounds of natural origin, as well as their components. A wide variety of these NPs
have been evaluated from commercial formulations, products of animal origin such
as honey, propolis, milk and chitosan, through complete plants and/or their com-
ponents (roots, stem, leaves and flowers), up until products of microbial metabo-
lism as crude protein extracts, membrane and cell wall glycosides, natural antibiotic
peptides (nisin). Several chemical compounds such as water, ethanol, methanol,
acetone, formaldehyde, hexane, ethyl acetate and chloroform were used as solvents
by direct maceration extraction rather than vapor distillation or more complex
methods.

Nonetheless, we believe the description of methodological conditions could
further standardized with the inclusion of a fixed set of data. According to our
observation, the list of items enlisted in Table 6 could be a minimal checklist when
performing NP research.

7. Conclusions

Salmonellosis, caused by salmonella serovars, is still an uneradicated disease both
in industrialized and developing countries. Multidrug resistance is a phenomenon
increasingly widespread and alternative tools for disease control are urgently nec-
essary. Natural products research based on traditional medicine is nowadays a
consolidated study field full of vitality, salmonella research in particular has an
upward trend with work being develop worldwide. Authors cited within this chap-
ter explored biological activities of local organisms for the solution of salmonellosis
for their communities, although a minority showed interested in foreign resources
or commercial formulations. We observed a higher number of active researches on
countries with diverse and abundant natural resources coincidentally also with high
salmonellosis incidence. Even though our search is a minimal sample from the
whole work being published on NPs and salmonellosis, it reveals certain features of
the field.

Most of the works displayed in here are initial screening in vitro studies, maybe
due to the scarce number of sources for funding in vivo applications. In perspective,
NPs studies for clinical applications is a potential goal in order to control this
disease.
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Abstract

Salmonella is a major food-borne pathogen around the world. In the European 
Union (EU), this pathogen is responsible of more than 90,000 human cases of 
salmonellosis every year. Salmonellosis in normally linked to the consumption of 
contaminated food, especially poultry products as meat, eggs and the products 
elaborated with them. Several control measures have been implemented in the 
EU to reduce the prevalence of Salmonella in the food chain. However, the ability 
of Salmonella to form biofilm along the food chain difficult its eradication. Also, 
ineffective cleaning and disinfection measures favors biofilm formation. The 
widespread use of biocides along the food chain has led to the emergence of resis-
tant Salmonella strains. Therefore, it is necessary to look for alternatives to biocides 
to eradicate Salmonella biofilms. In this chapter we evaluate the use of bacterio-
cins and bacteriophages and their derivatives as a new alternative to eliminate 
Salmonella biofilms along the food chain.

Keywords: Salmonella, biofilms, control, bacteriocins, bacteriophages

1. Introduction

Salmonella genus is composed only by two species, S. enterica and S. bongori and 
more than 2600 different serotypes. S. bongori is composed of about 20 different 
serotypes and strains of this species are rarely isolated. Most of the serotypes belong 
to S. enterica. This species is subdivided in six different subspecies: S. enterica 
subsp. enterica (I), S. enterica subsp. salamae (II), S. enterica subsp. arizonae (IIIa), 
S. enterica subsp. diarizonae (IIIb), S. enterica subsp. houtenae (IV) and S. enterica 
subsp. indica (VI) (Table 1) [1]. The subspecies enterica attracts most of the atten-
tion of researchers as it is responsible for more than 99% of Salmonella infections 
in humans. Although the other S. enterica subspecies can also cause infections in 
humans, these infections tend to occur mainly in people with a very weakened 
immune system. The non-enterica subspecies of Salmonella enterica are usually 
isolated mainly from cold-blooded animals such as reptiles [2].
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Salmonella is important because it is one of the world’s leading food-borne 
pathogens. In the European Union (EU), Salmonella is the second food-borne 
pathogen in number of human infections only behind the genus Campylobacter. 
In the year 2018, Salmonella was responsible of 91,857 human cases of salmonel-
losis and 119 deaths in the EU. Most infections are due to the consumption of food 
contaminated with Salmonella [3]. Thus, this pathogen can be isolated from dif-
ferent type of animals and their food derived products as bovine, porcine, ovine, 
fish or seafood [4–6]. But the largest number of human infections are related to 
the consumption of poultry products, especially meat and eggs as well as derived 
products [3]. As a consequence, the EU has developed legislation for member states 
to implement national control plans for salmonella in poultry production [7, 8]. 
The objective of this legislation is to reduce annually the prevalence of Salmonella 
in different types of farms including breeder farms, layer farms and broiler 
farms. Furthermore, this legislation also establishes that those serotypes that are 
of major epidemiological importance will be subject to special surveillance. For 
example, in broiler flocks S. Typhimurium and S. Enteritidis are subjected to this 
control. The ultimate goal of the European Union is for the combined prevalence 
of S. Typhimurium and S. Enteritidis to be less than 1% [9]. This due to these two 
serotypes are responsible of more than the 70% of human infections in the EU [3]. 
Cleaning and disinfection processes are of great importance to reduce the preva-
lence of Salmonella in the food chain. The implementation of inadequate control 
measures may result in Salmonella being able to resist in the food chain environment 
and contaminate different batches of food [10]. One of these bacterial resistance 
mechanisms is the formation of biofilms. For decades, biocidal substances such as 
quaternary ammoniums have been used to eliminate the presence of biofilms in the 
food industry [11]. However, the presence of multidrug-resistant strains is increas-
ing [12]. This is a major concern as it may hinder the removal of biofilms from the 
food chain. Therefore, the development of alternative substances to combat food 
pathogen biofilms is necessary [13]. A brief description of Salmonella biofilms and 
the use of natural alternatives such as bacteriocins and bacteriophages to combat 
biofilms will be given throughout this chapter.

2. Salmonella biofilms

2.1 Basic concepts on biofilms

Costerton et al. [14] were the first researchers in stablish the term biofilm in 
paper published in Scientific American in 1978. They propose that most bacteria in 

Species Subspecies Number of serotypes

S. enterica 2637

S. enterica subspecies enterica 1586

S. enterica subspecies salamae 522

S. enterica subspecies arizonae 102

S. enterica subspecies diarizonae 338

S. enterica subspecies houtenae 76

S. enterica subspecies indica 13

S. bongori 22

Table 1. 
Number of serotypes present in each Salmonella species and subspecies.
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aquatic ecosystems growth attached to surfaces in a closed self-produced matrix. 
Researchers also postulates that sessile cells (biofilm) differ from the planktonic 
cells (floating). It is important to note that the authors include the reference to 
aquatic environment because it was the first place where bacterial biofilms were 
observed. But, at present it is known that biofilms are the predominant style of 
life of bacterial in environment and its related with 80% of bacterial infections. 
Actually, biofilm is defined as a community of bacterial cells enclosed in a self-
produced polymeric matrix and adhered to biotic (plant surfaces, epithelial cells, 
gallstones) or abiotic surfaces (plastic, rubber, glass, stainless steel). Biofilms 
have a great importance in the food production chain and human health because 
cells enclosed in this matrix are extremely difficult to eradicate because are more 
resistant to environmental stressors as antibiotics, disinfectants, host immune 
system [15–18].

There are four different steps of biofilm formation: 1) bacterial attachment, 
2) microcolony formation, 3) bacterial maturation and 4) dispersion (Figure 1). 
The initial adhesion of bacterial cells is highly influenced by surface properties 
(roughness, hydrophobic interactions), environmental changes and bacterial 
regulation. Biofilm maturation and architecture is regulated by the signals of 
bacteria cells that compose biofilm and its stability depends on the accumulation 
of specific proteins, eDNA and polysaccharides. The presence of disruptive factors 
as proteases and nucleases and other enzymes activates biofilm dispersion. Factors 
as quorum sensing play an important role in this last step which function is the 
colonization of new niches [19].

2.2 Biofilm formation steps

2.2.1 Adhesion

Salmonella cells adhesion can be active or passive according the motility of 
bacteria or gravitational transport of planktonic cells. Both surfaces of bacte-
rial cells and substrate surface highly influence the initial cell attachment. 
At this point bacterial cells have small quantities of extracellular polymeric 
substance (EPS) and maintain independent movement from other bacterial 
cells. Adhesion is reversible during this phase and cells do not present the 
morphological changes associated with biofilm cells and they can return to its 
planktonic state [16].

Figure 1. 
Steps involved in Salmonella biofilm formation. Created with biorender.com.
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2.2.2 Irreversible adhesion

The change from a weak interaction to a strong interaction between surface and 
bacterial cells is responsible to the switch from a reversible adhesion to an irrevers-
ible adhesion step. This change can happen in minutes and the production of EPS is 
key. The secretion of this polymeric substance by bacterial cells enhances the cell-
surface interaction being necessary shear forces or chemical substances to break the 
adhesion [16, 20].

2.2.3 Microcolony formation

The formation of biofilm microcolony results from the accumulation of bacteria 
growth and the production and association with EPS. As a result, the bond between 
bacteria and substrate increases and protect bacteria from different environmental 
stressors. The cell-to-cell communication mechanism play an important role in this 
step of biofilm formation by regulating the expression of biofilm related genes. This 
results in an increased EPS production and caption of planktonic cells [21].

2.2.4 Maturation

The small microcolonies formed join to form the mature biofilm and its char-
acteristic three-dimensional structure. The production of EPS and union between 
cells permits that mechanical pressure do not detach the biofilm from the surface. 
There are three different parts in mature biofilm. The bottom layer is a biofilm that 
forms a network structure that did not completely covers the surface that supports 
the biofilm. The intermediate layer is composed by a compact basement membrane. 
Finally, in the outer layer are located the planktonic cells [16].

2.2.5 Dispersion

The last step of biofilm formation is dispersion. In this phase the biofilm cells 
revert to their planktonic form. There are different factors that influences biofilm 
dispersion including external disturbance, starvation, endogenous enzymes, the 
release of EPS or surface binding proteins. This is an important step for the coloni-
zation of new niches by bacterial cells [22].

2.3 Structural components of Salmonella biofilms

Salmonella biofilm matrix is composed by proteins and exopolysaccharides 
among other things. There are two main proteins related with biofilms. Curli, an 
amyloid fimbria, and BapA protein. In the other hand, cellulose and colonic acid are 
the main exopolysaccharides of biofilm matrix. Also the type I fimbriae, Lpf and 
Pef are important in the initial steps of biofilm formation. Other components as 
fatty acids and lipopolysaccharides have also a role in biofilm formation.

Curli fimbriae is the most important protein involved in biofilm formation. 
Also is related to other processes as colonization, persistence, motility and inva-
sion. This is a highly aggregative, unbranched, amyloid-like protein that promote 
cell-to-cell interactions through surfaces interactions and forms a complex with 
cellulose and O-capsule antigen. Other protein involved in biofilm formation is 
fimbriae type I. This protein is necessary for adhesion and biofilm formation in 
enterocytes. The protein BapA has an important role in bacterial aggregation and 
biofilm formation in air-liquid interface through homophilic interaction between 
bacterial cells [23–26].
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Cellulose is the main polysaccharide involved in Salmonella biofilm formation. 
It is necessary for biofilm maturation phase in different surfaces, and it is inversely 
correlated with virulence as its production is suppressed in Salmonella enterocyte 
colonization phase. Another exopolysaccharide is the lipid bound O-antigenic 
capsule, with importance in resistance to desiccation and environmental persis-
tence. This exopolysaccharide has demonstrated a role in biofilm formation in 
gallstones and plants but lower importance in adhesion to abiotic surfaces as glass 
or plastic. In other hand, cholinic acid is important for three-dimensional struc-
ture formation in enterocytes but not in abiotic surfaces, gallstones or alfalfa seeds. 
Therefore, some polysaccharides are only important for some types of biofilm 
formation [27–33].

Flagella, which are basic for cell movement and swarming in Salmonella also 
play a role in biofilm formation. In the initial step of reversible and irreversible 
adhesion, motility is important. Also, motility is necessary for 3D biofilm structure 
and the dispersion phase. But in other steps of biofilm formation the expression 
of flagella is inhibited. There is switch mechanism system that causes a reduction 
of flagella function and increased the expression of cellulose, resulting in the 
inhibition of flagellar rotation. This demonstrates the ambivalent role of flagella 
in biofilm formation. Fatty acids have also a role in Salmonella biofilm formation, 
especially in hydrophilic surface such as glass but not in hydrophobic surfaces as 
gallstones [34–36].

2.4 Genetic control of Salmonella biofilms

The change from a planktonic to a biofilm cell lifestyle needs some physiological 
changes. This switch is controlled by a complex genetic machinery that regulates 
the production of substances that conform the biofilm extracellular matrix, bacte-
rial metabolism and the response to environmental signals. The transition between 
planktonic to biofilm cells and the expression of specific biofilm matrix-associated 
components is the master regulator of biofilm formation CsgD. It forms part of 
the operon that control the synthesis of curli fimbriae and acts as a transcriptional 
activator of the quorum sensing LuxR family. CsgD expression respond to differ-
ent environmental signals as nutrient concentration, temperature, growth phase, 
oxygen tension, osmolarity, membrane integrity, tryptophan, and indole. CsgD 
positively regulates cellulose biosynthesis in Salmonella through direct stimulation 
of adrA transcription. AdrA synthetize c-di-GMP, a signaling molecule, that also 
activates the cellulose synthase BcsA, resulting in increased production of cellulose. 
Although it is the most important, there are other enzymes involved in cellulose 
synthesis [37–40].

RpoS and Crl are other important regulators of Salmonella biofilm formation 
regulating the expression of several components. Gene rpoS encodes a sigma factor 
called σS that regulates genes involved in stress response and stationary phase. It 
has been observed that almost the 25% of genes regulated with this sigma factor 
are overexpressed in biofilm cells of S. Typhimurium. For example, RpoS increases 
the expression of csgD and biofilm formation in environments with limited iron 
availability and regulate the expression of adrA in some steps of biofilm formation 
and is involved in the expression of genes related with motility. In other hand, the 
transcriptional regulator Crl protein regulates the activity of σS. RpoS and Crl 
have an effect in each other and their concentration are negatively correlated. Crl is 
necessary for maximal expression of csgB, csgD or bcsA and increased the expression 
of other genes related to RpoS. It is also remarkable that its effect are higher at 28°C 
than at 37°C. This indicates that this transcriptional regulator acts as a temperature 
sensor of Salmonella biofilm formation [41–44].
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Figure 2. 
Schematic representation of quorum sensing mechanisms AI-1 and AI-2 in Salmonella. Created with 
biorender.com.

The bacterial messenger molecule c-di-GMP regulates several biological func-
tions as virulence, motility, cell cycle regulation, differentiation, and biofilm 
formation. This molecule promotes Salmonella biofilm formation by regulating the 
production of some important components of biofilm matrix as cellulose and curli 
fimbriae. The c-di-GMP has a positive feedback on csgD expression. Thus, high 
levels of c-di-GMP increased the levels of CsgD, this increased the levels of AdrA 
and therefore c-di-GMP and cellulose synthesis [45, 46].

Other regulatory system implicated in motility and biofilm formation is the two-
component system BarA/SirA. This system is modulated by factors as external pH, 
metabolic end products (formate, acetate), short chain fatty acids or bile salts. SirA 
modulates the Salmonella Csr system, an important regulator of motility, virulence, 
carbon storage, secondary metabolism and biofilm formation. CsrA control the 
change between sessile cells and motility, mainly activating motility. SirA activate 
the transcription of small RNAs CsrB and CsrC that inhibits CsrA activity and 
motility related genes. This increases type I fimbriae production and therefore 
biofilm formation [47, 48].

2.5 Quorum sensing

Another mechanism implicated in biofilm formation is Quorum sensing (QS). 
This is a cell-to-cell communication mechanism used by bacteria to adapt to 
environmental changes and implant a common bacterial strategy to respond to 
environmental stressors. QS is implicated in responsive defense against eukaryotic 
host cells, nutrient access, growth restriction environments, survive in hostile 
environments as well as cell differentiation to other form of life as biofilm cells. This 
communication is based in small molecules called autoinducers and that diffuse 
through bacterial membranes. Autoinducers are secreted at a basal level during 
bacterial growth. The concentration of this molecules increases with the growth of 
bacterial population until reach a threshold level and modulate the expression of QS 
target genes (Figure 2) [49, 50].

Gram-negative bacteria QS is divide into three categories: (i) N-acyl homoserine 
lactones (AHLs) called AI-1; (ii) furanosyl borate diester derived from the recycling 
of S-adenosyl-homocysteine to homocysteine called Autoinducer II (AI-2) for 
interspecies and intraspecies communication; and (iii) Autoinducer (AI-3) related 
to the recognition of host catecholamines epinephrine and norepinephrine. In the 
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case of Salmonella, only encode the receptor for AHLs but do not produce AI-1 
molecules. But Salmonella can recognize AHLs produced by other bacterial genera 
as Pseudomonas aeruginosa or Yersinia enterocolitica. QS is basic in the formation of 
healthy biofilms and have a role in every stage. Genes regulated by the AI-1 receptor 
SdiA promote Salmonella cell adhesion and the production of extracellular proteins 
that compose biofilm matrix. Thus, Salmonella can response to the presence of 
AHLs molecules produced by other bacteria and increase biofilm formation. In the 
same way, AI-2 LuxS also can increase the expression of motility and biofilm related 
genes. Therefore QS is key a component of biofilm formation regulation [51–53].

3. Biofilms in the food industry

Nowadays, it is totally accepted that most bacteria grow in biofilm in the envi-
ronment. Biofilms can have beneficial effects. For example, biofilm formation by 
Lactobacillus and Lactococcus results in more efficient fermentation processes and 
in the case of human health protect against the adhesion of pathogenic bacteria in 
the gut. But biofilm formation by undesirable bacteria, as food-borne pathogens, 
has a negative impact on food industry. Also, bacteria growing in biofilm can cause 
deterioration in the machinery as corrosion, efficiency reduction in heat transfer or 
clogging filters [54, 55].

Biofilms are a persistent source of contamination in the food industry. This 
cause hygiene and economic issues due to the spoilage of different food product 
batches with bacteria that persist in biofilms [56]. This is especially important 
in today’s globalized world where food is globally distributed. Also, in the last 
years consumers demand fresh and minimally processed food products. Hygiene 
measures must therefore be strict to avoid contamination of food products. The 
presence of food-borne pathogen biofilms in the food processing environment can 
result in large number of food batches contaminated and outbreaks worldwide 
[57]. A good example was the salmonellosis outbreak caused by contamination of 
different batches of infant formula manufactured in a single facture and causing 
an outbreak that affected different countries around the world. Poor cleaning and 
disinfection procedures of food industry surfaces results in the presence of food 
residues that in the presence of humidity favors the development of bacterial bio-
films as Salmonella. Cross-contamination occurs when food contact with surfaces 
with bacterial biofilms or also through aerosols from contaminated equipment. 
Until now, there is limited information of the real presence of Salmonella biofilms 
in the food processing environment. But in vitro studies have demonstrated that 
Salmonella can attach to different material commonly present in the food industry 
as plastic, glass, or stainless steel [57, 58].

Biofilm formation is influences but different factors as bacterial genus, species 
and even strains. But surface have a high influence on the ability of bacteria to 
adhere and form biofilm [59, 60]. Different type of material as stainless steel, glass, 
rubber, polystyrene and polyurethane, Teflon, nitrile and rarely wood are present 
in the food industry [61–63]. Physical properties have influence on biofilm forma-
tion, especially surface tension. Bacterial adhesion is favor by moist, energy free 
surfaces. Bacterial cells have better adherence to hydrophilic surfaces in comparison 
to hydrophobic surfaces. Surface roughness also influence cell adherence [57, 64]. In 
this sense, polished stainless steel showed less bacterial adherence than unpolished 
stainless steel [65]. Also, a study that compared stainless steel, glass and wood 
found that this latter surface favor biofilm formation because its porosity and ability 
to hold organic matter [66]. But also, surface influences biofilm formation in food 
industry. In this sense, welds, joints, corners or equipment design could enhance 
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initial bacterial cell adherence [67]. But the presence of organic molecules on food 
industry surfaces is one of the major factors that influences biofilm formation. The 
presence of a layer of molecules as milk or meat proteins, EPS produced by other 
bacteria, favor the initial adhesion of bacterial cells. Diverse studies have observed 
that the presence of chicken juice macromolecules in stainless steel surfaces favor 
the initial adhesion of C. jejuni or S. Typhimurium. However, in some occasion 
macromolecules have the opposite effect. In this sense, an study observed that milk 
proteins reduced the initial adhesion of L. monocytogenes [68–70].

In the food production chain, there are different environmental conditions 
that can modulate Salmonella biofilm formation ability through modulation of 
initial adherence. Nutrient availability is one of these environmental conditions to 
which bacteria have to adapt. Under specific conditions, Salmonella has to persist 
under limited nutrient availability [71]. Biofilm formation is one strategy used for 
Salmonella cells to survive under this environmental stress conditions [72]. In vitro 
studies have demonstrated that Salmonella enhance a biofilm under limited nutrient 
conditions. These studies used common laboratory media as Tryptic Soy Broth or 
peptone water. These studies are a first approximation of the possible behavior of 
Salmonella under nutrient-limited conditions [71]. Temperature is another factor 
that changes through the food production chain. Several studies have demonstrated 
that Salmonella strains showed different biofilm formation amount under dif-
ferent temperatures tested. Interestingly, temperatures below 37°C and specially 
temperatures of 20°C favored Salmonella biofilm formation. The pH also influences 
Salmonella biofilm formation. A study that evaluated a total of 60 S. enterica strains 
under different pH, NaCl concentrations and temperature concluded that pH was 
the environmental factor that most influenced biofilm formation in S. enterica 
strains tested. This is probably due to the different ability of strains to adapt to 
acidic pH through an acid tolerance response mechanism [60, 73]. In the same way, 
another study found that weak acidic pHs (6) increased initial adhesion to stain-
less steel surfaces in comparison to neutral pHs. But curiously, acidic pHs reduced 
the number of cells present in mature biofilms due among other things to a lower 
presence of biofilm matrix components as polysaccharides and proteins [74]. Gene 
expression showed that acidic pH caused changes in the expression of virulence 
and biofilm related genes [75]. The environmental conditions under biofilms are 
formatted also influences its resistance to disinfectants. In this sense, biofilms 
formed under refrigeration temperatures showed higher sensitivity to disinfectants 
than those produced at 25°C under nutrient restriction as well as biofilm formed 
under acidic pH. In the other hand, mature biofilm are more resistant to substances 
such as quaternary ammonium compounds, peroxyacetic acid or organic acids. 
This is probably due a higher presence of matrix compounds as cellulose and curli 
fimbriae [76].

Although monospecies biofilm studies are interesting to understand the mecha-
nism involved in biofilm formation under different environmental conditions of a 
specific bacteria, in nature biofilms are commonly composed by bacteria of dif-
ferent species and genera. These different bacteria communicate with each other 
through diverse mechanism as quorum sensing stablishing synergistic interactions 
that increase the resistance of biofilm to stressful environments. Also, genetic 
exchanges between different bacteria can occur in the biofilm environment [77]. 
This is specially interesting when resistance genes are transmitted. Dual biofilm 
studies are the first step to study multi-species biofilms. In this kind of studies, the 
biofilm formation ability of each bacterial group is studied individually, and then 
conjunct studies are carried out to determine the synergic mechanism stablished 
between the different groups [78]. In this sense, a study observed that Salmonella 
and E. coli mixed biofilms are more sensitive to disinfectants that biofilm of only 
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one species [79]. In other hand, S. Enteritidis and P. aeruginosa mixed biofilms are 
more resistant to chlorine treatments [80]. In the same way, it was observed that 
mixed biofilms of S. Typhimurium and cultivable lettuce microorganism increased 
resistance to cold oxygen plasma treatments [81]. These studies provide a first clue 
of mixed biofilms. These studies are a first approach to multi-species studies. But 
undoubtedly the study of biofilms composed of hundreds of different bacterial 
genera will provide valuable information to fully understand how biofilms behave 
in nature. Such studies supported by genomics, metabolomics and high-resolution 
imaging will be the trend of the coming years in this field of microbiology.

4. Bacteriocins

4.1 Briefly definition and characteristics

Bacteriocins are defined as a group of ribosomally produced antimicrobial pep-
tides synthesized by both Gram-positive and Gram-negative bacteria. These mol-
ecules are characterized by its ability to act against closely related bacteria (narrow 
spectrum) or a diverse group of bacteria (broad spectrum) [82]. Bacteriocins can be 
dived in two general groups: Class I composed by peptides with post translational 
modifications and Class II composed by unmodified peptides. The production of 
bacteriocins is considered as a competition mechanism that allows bacteria to kill 
other bacteria that can compete with it for a certain niche or for nutrients. This sug-
gests that many bacterial groups produce at least one bacteriocin, which means that 
there are still many bacteriocins to be discovered [83, 84]. Bacteriocins have a great 
antimicrobial capacity against their targets at nanomolar concentrations and exerts 
its activity by membrane permeabilization [85].

In recent years these molecules have received much interest in general and in 
particular their application in the food chain. The main reason is the search for alterna-
tives to antibiotics due to the emergence of antimicrobial resistance [86]. While the use 
of antibiotics to treat enteric pathogens can cause harm to commensal bacteria in the 
intestinal microbiota, narrow-spectrum bacteriocins can be used in such a way that 
only the target bacteria are affected by the treatment [86]. On the other hand, the bac-
teriocins can be used as modular of the intestinal microbiota. For example, they can be 
used to establish a microbiota that favors the fattening of the chickens and therefore 
as natural substitutes for antibiotics as growth promoters [87]. In addition, today 
consumers are demanding food products where the use of chemicals is reduced to a 
minimum, and natural alternatives such as bacteriocins would be welcomed. Finally, 
another advantage is that the bacteriocins can be used directly or bacteriocin-produc-
ing probiotic cultures can be used resulting in the production of these molecules in 
situ. This would eliminate the process of production and purification of bacteriocins 
making their application more economical. But bacteriocins can be also useful to 
inhibit and eradicate biofilm biofilms in the food production chain (Figure 3).

4.2 Applied studies on Salmonella biofilms

One of the first studies in this field, two concentrations of enterocin AS-48  
(25 and 50 mg/L) produced by Enterococcus were tested in combation with antibiot-
ics and biocides against four Salmonella strains [88]. Concentrations of 25 mg/L 
of bacteriocin in combination with antimicrobials highly inhibited the growth of 
Salmonella. This bacteriocin also have effects on sessile biofilm cells. Preformed 
biofilms were treated with different combinations of bacteriocin and antimicrobi-
als. Enterocin AS-48 at 50 mg/L had a synergic effect in combination with some 
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biocides. But the results differ between strain tested. In another study, Bag and 
Chattopadhyay [89] tested the antibiofilm activity of nisin alone or in combination 
with essential oil components. S. Typhimurium preformed biofilms were treated 
with MIC doses of nisin alone or in combination with ρ-coumaric acid. MIC doses 
of nisin only reduced in 20% biofilm formation. However, in combination with 
ρ-coumaric acid were reduced in almost 80%. This study demonstrated that nisin 
by itself have a low antibiofilm activity. Kim et al. [90] tested the crude bacteriocin 
DF01 derived from Lactobacillus brevis DF01 against S. Typhimurium biofilms. 
The incubation of this pathogen with bacteriocin DF01 reduced S. Typhimurium 
biofilm formation in almost 47%. However, the treatment of preformed biofilms 
with bacteriocin did not reduce biofilm mass. Therefore, the main action of DF01 
bacteriocin is interfere in the biofilm formation process. In a similar study, Seo and 
Kang [91] evaluated the antibiofilm effect of bacteriocins purified from Pediococcus 
acidilactici K10 and HW01 in S. Typhimurium biofilm formed in stainless steel and 
chicken meat. Crystal violet staining method and fluorescence microscopy showed 
that those two bacteriocins reduces S. Typhimurium biofilm formation. In contrast 
to previous studies, this work demonstrates the ability of bacteriocins to also reduce 
the formation of biofilms in the food matrix itself.

In addition, instead of bacteriocins, the bacteriocin-producing bacteria them-
selves can also be used as alternative way to reduce Salmonella biofilm formation 
through competition, exclusion and displacement [92]. Das et al. observed that L. 
plantarum KSBT 56 isolated from Indian traditional food reduces in 2 log CFU/mL 
the cells present in S. Enteritidis biofilms [93]. Gómez et al. [94] used potential pro-
biotic lactic acid bacteria (LAB) to inhibit the formation of food-borne pathogens 
biofilms. In this study they evaluated both bacteriocinogenic (sakacine and nisin 
producer strains) and non-bacteriocinogenic Lactobacillus and Lactocococcus strains 
against S. Typhimurium. The researchers preformed biofilms of LAB and after 
formation added a culture of S. Typhimurium. Preformed biofilms of LAB signifi-
cantly reduced the attachment and biofilm formation of Salmonella in comparison 
to control. However, it is important to note that this reduction was not influenced 
by the production of bacteriocins. In another interesting study, the adhesion of 
food-borne pathogens as S. Typhimurium to wood commonly used in traditional 
cheese production in Sicilia was evaluated. The results showed that indigenous milk 
LAB highly adhere to wood surfaces while in samples artificially contaminated with 
S. Typhimurium, no adherence of this food-borne pathogen was observed. The 
researchers propose that biofilms formed by LAB in wood surfaces have a protective 
effect in biofilm formation by food-borne pathogens [95].

Figure 3. 
Mode of action of bacteriocin and bacteriocing-producing bacteria to inhibit and/or eradicate Salmonella 
biofilms.
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5. Bacteriophages and derived protein endolysin

5.1 Briefly definition and characteristics

Bacteriophages are viruses that infects bacterial cells with a high specificity. 
The life cycle of bacteriophages can be classified in two general categories: the lytic 
cycle (virulent) and the lysogenic cycle (temperate phage). In the lytic cycle the 
infection process starts with the irreversible attachment of the phage tail proteins 
to a receptor of the bacterial cell surface (protein or lipopolysaccharides). The 
ability of the bacteriophages to recognize and attach to molecules of the bacterial 
cell surface defines its host range. Once the phage DNA is in the host cell, specific 
enzymes are synthetized to drive host cell to the production of proteins necessary 
for the generation of new phage particles and cell lysis enzymes. At the end of 
the phage cycle, cell lysis, release of progeny phage and infection of neighboring 
susceptible cells occurs. Temperate phages combine its capacity to carried out the 
lytic cycle with the ability to persist as a prophage in the genome of the host cell 
and replicate with them. Diverse environmental signal can result in the prophage 
entering in the lytic cycle [96]. The use of temperate phages in medical and food 
applications is avoided because can cause transduction of genetic material between 
bacteria including virulence genes. In addition, due to its cycle, they do not kill all 
the bacteria that infect [97].

Lytic phages are those chosen for being used in phage therapy because they can 
replicate exponentially on bacterial culture and can eliminate multidrug resistant 
bacteria [86]. Based on their activity spectrum can be defined as monovalent phages 
when they are specific to one type of bacterial species and polyvalent phages when 
they are able to attack two or more bacterial species. But normally phages have a 
narrow host range, strains specific in most cases, and therefore cocktails composed 
by two or more phages are normally used to broaden the antimicrobial spectrum 
and reduce phage resistance [98].

Although bacteriophages have been known for over a century, the develop-
ment of antibiotics resulted in their use not being explored in the Western world. 
However, the global problem of antimicrobial resistance and the need to seek 
alternatives has resulted in bacteriophages being brought back into the spotlight. 
Its applications in the food chain are very wide. They can be used for the treatment 
of bacterial diseases of production animals, for the disinfection of facilities and 
the elimination of biofilms or they can be added to food or packaging to inhibit the 
growth of food pathogens [86, 97]. In fact, there are different commercially avail-
able bacteriophage solutions to be applied to food or food processing facilities. Some 
examples are ListShield™, SalmoFresh™ and EcoShield PX™ commercialized by 
Intralytix or PhageGuard Listex and PhageGuard S commercialized by PhageGuard.

The bacteriophages synthetized at the end of the phage multiplication cycle 
peptidoglycan hydrolases commonly called endolysin. Its function is to lyse the 
host bacterial cell by directly target bonds in the bacterial cell wall peptidoglycan 
structure. This result in the degradation of the rigid murein layer and the release 
of newly assembled bacteriophage virions [99]. While endolysins can act as exo-
lysins in the Gram-positive bacterial peptidoglycan layer, they cannot degrade the 
bacterial outer membrane of Gran-negative bacterial cells. Therefore, the outer 
membrane can prevent the access and the effect of endolysins [100]. For that 
reason, it is necessary to combine endolysins with other treatments for the lysis 
of Gram-negative bacteria. The combination of endolysin with outer membrane 
disruptors in one the main options for the application of enzymes in Gram-negative 
bacteria. Gram-positive phages endolysins have a modular structured formed by 
a cell-wall-binding domain that specifically recognizes the cell wall-associated 
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ligand molecules and an enzymatically active domain that cleaves the peptidoglycan 
structure. Although gram-negative bacteriophage endolysins may also have this 
structure, they usually have a globular structure that only possesses a an enzymati-
cally active domain [101, 102].One of the main advantages of the use of endolysins 
is that a very small amount of purified enzyme is enough to lyse in minutes or 
even seconds a dense suspension of bacterial cells. This in combination with their 
substrate specificity makes them have great potential for application in food science 
[103]. Endolysins are considered to be safe and also have some advantages compared 
to the use of bacteriophages because do not create gene transduction issues and 
therefore not contribute to the emerging problem of antimicrobial resistant bacteria 
[104]. Its applications in the food industry are very wide. They can be added directly 
to food, can be part of bioactive packaging or can even be used to remove biofilms 
in the food industry environment Furthermore, due to their specificity, they can be 
applied directly to treat intestinal infections in farm animals without causing altera-
tions in the intestinal microbiota [103].

5.2 Applied studies on Salmonella biofilms

Tiwari et al. [105] tested a specific S. Enteritidis virulent phage called SE2 against 
planktonic and biofilm cells of an antimicrobial resistant S. Enteritidis strain. The 
phage showed a high bacteriolytic effect. This phage reduced in 4.2 log UFC/mL 
the count of S. Enteritidis after incubation of 4 h at 37°C and 2.5 log UFC/mL after 
incubation at 4°C. These results demonstrate that this phage can also be used effec-
tively at refrigeration temperature. Also, biofilm studies showed that treatments 
with phage SE2 concentrations of 1011 PFU/mL reduced in 97% viable cells present 
in biofilms formed in glass. Also this phage showed that could maintain its activity 
at different ranges of pH and temperature. It has been also proposed that phage 
predation could increase biofilm formation by bacteria in some specific conditions. 
Hosseinidoust et al. [106] carried out and study to evaluate this theory in different 
pathogens including S. Typhimurium and to determinate if the increase of biofilm 
formation is due to the development of phage resistance or to non-evolutionary 
mechanism as spatial refuge. The results indicate that phage resistance was the 
mechanism implicated in increased biofilm formation in P. aeruginosa. However, 
in the case of S. Typhimurium it was due to non-evolutionary mechanisms [106]. 
Karaca et al. [107] evaluated the effect of phage P22 in S. Typhimurium biofilm 
formation in polystyrene and stainless-steel surfaces. The authors evaluated both 
the incubation of phage particles with Salmonella in biofilm studies and the treat-
ment of preformed biofilms. S. Typhimurium biofilm formation was significantly 
reduced at high phage titer (≤106 PFU/mL). Also, all phage titers were effective 
against biofilm formation in 24 h incubation period but only higher phage titers 
were effective in 48–72 h incubation time. In addition, the ability to reduce biofilm 
formation was lower in polystyrene than in stainless steel. In the other hand, phage 
treatment was not effective in eradicating pre-formed Salmonella biofilms. This is 
probably due to the presence of extracellular matrix components that prevent bac-
teriophages from binding to specific receptors on the bacterial surface. In this sense, 
Yüksel et al. [108] combined phage P22 with EDTA and nisin to improve the antibio-
film activity of phage. The combination of the three inhibit in 93% S. Typhimurium 
biofilm formation at low phage titer concentrations but only reduced 70% mature 
biofilms. Therefore, the combination of phages with other antimicrobial substances 
could enhance antibiofilm activity. But it is still difficult to reduce biofilm in mature 
stages, when high quantities of extracellular matrix substances are present.

Garcia et al. [109] tested a cocktail of lytic bacteriophages biofilm to eradicate 
biofilms formed by different Salmonella serotypes in different surfaces (stainless 
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steel, glass, and polyvinyl chloride) at short and long incubation times. Preformed 
biofilms were treated with 108 PFU/mL during 3, 6 and 9 h. The results were not 
very promising and had a lot of variation between different surfaces and salmonella 
serotypes. In the same way, Gong et al. [110] tested different phage concentration 
(104–108 PFU/mL) against hard Salmonella biofilms formed in microtiter plates. 
Phages were selected based in its range activity against the different Salmonella 
serotypes included in the study. The reduction of biofilm formation was of 90% 
when Salmonella was incubated in combination with phages and 66% in pre-
formed biofilms. Milho et al. [111] tested the phage PVP-SE2 against S. Enteritidis 
biofilms formed in food contact surfaces polystyrene and stainless steel. This phage 
caused reductions of 2 to 5 log CFU cm2 at room temperature of 24 h and 48 h old 
Salmonella biofilms, showing its efficacy to control S. Enteritidis biofilms. Also, it 
was observed that this phage inhibited the growth of S. Enteritidis in poultry skin, 
even in freezing phage-pretreated poultry skin. The same research group evaluated 
the antibiofilm effect of phages in E. coli and S. Enteritidis dual-species biofilms 
[112]. The results of this study showed that phages were more effective to eradicate 
mono-species biofilms than dual-species biofilms. It is important to consider this 
when designing products that include phages to eradicate biofilms as biofilms in the 
food industry are often composed of various bacterial species. Kosznik-Kwasnicka 
et al. [113] evaluated three phages vB_SenM-1, vB_SenM-2, and vB_SenS-3 with 
lytic activity against different Salmonella serotypes. The phages were able to reduce 
biofilm cells and biomass in different strains tested and under different tempera-
tures. This is important as there are different temperatures in the food chain and 
this study would indicate that phage treatment could be used over a wide tem-
perature range. In the same way, Esmael et al. [114] tested to S. Typhimurium lytic 
phages against 72 h-old biofilms formed in microtiter plates. Concentrations of 8 
log10 PFU/mL reduced more than three times biofilm formation. However, most of 
the studies conducted so far focus on specific Salmonella serotypes. One of the main 
characteristics of phages is their specificity. Thus, phages usually show activity 
against specific species, serotypes or even strains. This leads to a number of studies 
evaluating phage cocktails. Even so, it is difficult to find a phage cocktail effective 
against all Salmonella serotypes. This is one of the main problems to be solved with 
the use of phages in the food industry.

Using a food model, Sadekuzzaman et al. [115] evaluated the efficacy of 2 h 
bacteriophage treatment against Salmonella biofilms formed in lettuce surface. 
Although effective, phage treatment only reduced 1.0 log CFU/cm the count of 
Salmonella. Another alternative is the use of the active parts of the phages, for 
example the phage-encoded proteins. Altought some of the functions performed 
by proteins can be also performed by the phage itself, the use of proteins can have 
advantages in consumer acceptance and in terms of regulation. In this sense. Zhang 
et al. [116] tested endolysin LysSTG2 against S. Typhimurium biofilms. One hour 
treatment with 100 μg/mL of this endolysin, reduces 72 h biofilm in 13%. However, 
the combination of this endolysin with slightly acidic hypochlorous water con-
taining 40 mg/L available chlorine reduces S. Typhimurium biofilm cells in 99%. 
Therefore, the combination of endolysin with other antimicrobial substances is a 
potential alternative against Salmonella biofilms.

6. Conclusion

Salmonella biofilm formation in the food production chain is a major public 
health problem. Mechanisms regulating biofilm formation in Salmonella are 
complex and is regulated by a wide range of environmental factors. The ability of 
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Salmonella to form biofilm in a wide temperature or pH range as well as in other 
stressful situations poses a major problem for its eradication. Also of concern is the 
increase of Salmonella strains with resistance to multiple biocides. Both bacteriocins 
and bacteriophages are a potential alternative to eliminate Salmonella biofilms. In 
addition, they can be combined synergistically with traditional antimicrobials, 
thus reducing the amount of antimicrobials used. One of the main limiting factors 
in its application is its range of activity. Normally bacteriocins and bacteriophages 
present a narrow spectrum of activity. They are therefore very useful for use against 
a specific pathogen. But in order to have a broad spectrum of activity to prevent 
different bacterial groups in the food chain, formulations combining a cocktail 
of bacteriocins and phages are needed. Studies evaluating such products as an 
alternative to traditional biocides are still limited, but future research and the use 
of recombinant technologies will make it possible to obtain products with high 
efficacy against Salmonella biofilms.
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