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Preface

Salmonella is a Gram-negative bacterium, a member of the Enterobacteriaceae, that
causes infections in both animals and humans. Salmonella has been identified as an
important food and water-borne pathogen that can infect organisms, resulting in
significant morbidity and mortality. Besides its known role in food poisoning, this
bacterium has long been recognized as one of the most common causes of systemic
infections. For this reason, significant efforts have been made to prevent its spread,
but Salmonella infection nevertheless remains a major public health problem in both
developed and developing countries. With the emergence of multidrug-resistant
strains in recent years, treating Salmonella infections has become increasingly
challenging.

Salmonella — Molecular Biology, Pathogenesis, and Public Health Impact provides
current information on various aspects of Salmonella infections, from contamina-
tion risks and bacterial spread to treatment, prevention, and control. The chapters
are authored by recognized experts in the field, who provide valuable information
about Salmonella infections, drawing on both their own experience and the existing
literature.

Various aspects related to this bacterium are discussed, such as molecular structures
and mechanisms, new therapeutic approaches, the importance of modern detection
techniques, the genetic mechanisms of antibiotic resistance, and the transmission
of resistance genes. Additionally, topics such as contamination risk assessment and
future strategies to prevent the spread of this bacterium are also addressed.

Since Salmonella infections are a major cause of death in many parts of the world,
particularly in developing countries, the first three chapters of this book focus on
the public health impact of Salmonella in different regions worldwide. The first two
chapters provide information about salmonellosis in Africa, focusing on its burden,
biology, evolution, pathogenesis, antimicrobial resistance, and diagnostic and
surveillance capabilities available in these regions. Chapter 3 provides an overview
of contemporary epidemiological trends in Europe, examining regional differences,
seasonal patterns, and the most common sources of infection.

The following three chapters detail aspects of the mechanisms involved in transmis-
sion, dissemination of disease, virulence, or antimicrobial resistance in Salmonella.
Understanding the mechanisms behind drug resistance and its transmission is
essential for improved monitoring and control. One of the chapters provides a
comprehensive analysis of the role of poultry matrices in the transmission dynamics
of Salmonella, including the pathogen’s biology, virulence mechanisms, and envi-
ronmental adaptability. Chapter 5 explores the molecular basis of Non-typhoidal
Salmonella (NTS) pathogenesis, reviews emerging multidrug-resistant strains,

and discusses current strategies for controlling transmission. Chapter 6 examines
the mechanisms by which Salmonella causes disease in livestock, emphasizing the



dynamics of host-pathogen interactions that contribute to intestinal inflammation
and septicemia. It also explores the role of antibiotics in mitigating salmonellosis.

The next two chapters in this book address Salmonella diseases. One chapter focuses
on skin adverse reactions caused by Salmonella infections, which, although rare, can
be severe and often difficult to identify as the causative factor. The other chapter in
this section addresses Salmonella infections and evaluates the antibacterial activity of
a food plant as an alternative therapy due to increasing resistance to standard antibi-
otic treatments.

The book ends with two theoretical chapters on risk analysis and future approaches.
Chapter 9 analyzes computer models that predict consumer exposure and response to
Salmonella in poultry food, while the final chapter highlights the importance of the
One Health Approach in Salmonella public health, particularly in obtaining a compre-
hensive picture of bacterial antimicrobial resistance.

I would like to thank all the authors for their contributions and the time spent pre-
paring this valuable collection. I would also like to extend my thanks to the staff at
IntechOpen, particularly Ms. Tea Jelaca, for their invaluable help during the editing of
this book.

Mihaela Laura Vica, MSc, Ph.D.

Cell and Molecular Biology Department,

“Iuliu Hatieganu” University of Medicine and Pharmacy,
Cluj-Napoca, Romania
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Chapter 1

Circulating of Salmonella Strains in
West Africa: Lacks of Surveillance
and Research

Kakou-Ngazoa Evelyne Solange,

Nikiema Marguerite Edith Malatala,

Goualie Gblossi Bernadette, Ainyakou-Sanga Aiza Monique,
Kipré Christ Romuald, Ouattara Zeinab,

Adioumani A. Emmanuella, Barro Nicolas and Karou Germain

Abstract

Salmonella is one of the main causes of diarrheal infections worldwide,
particularly in tropical and subtropical regions. In West Africa, several Salmonella
strains have been identified and characterised, revealing an alarming trend towards
the emergence and spread of multidrug-resistant (MDR) strains. Despite this seri-
ous situation, epidemiological surveillance remains limited and insufficient on a
national scale. The main transmission routes, particularly foodborne transmission,
as well as inadequate hygiene and health-and-safety practices, play a significant
role in the dissemination of these resistant strains within the region. This study
aims to provide an up-to-date overview of salmonellosis in West Africa, focusing
on antimicrobial resistance dynamics and the diagnostic and surveillance capabili-
ties available. It also proposes alternative therapeutic and control strategies. This
analysis is in line with the One Health approach, which is advocated as an integra-
tive framework for multisectoral surveillance of antimicrobial resistance in tropical
contexts, and for rationalising antibiotic use in human, animal and environmental
health.

Keywords: Salmonella, detection, West Africa, MDR, one health, phage therapy

1. Introduction

Salmonellosis, which is caused by typhoidal and non-typhoidal strains of
Salmonella enterica, poses a significant threat to public health in West Africa. Non-
typhoidal strains (NTS) are of particular concern, as they cause a variety of clinical
syndromes, including gastroenteritis, septicaemia and invasive systemic infections,
particularly in children, immunocompromised individuals, malnourished individuals
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and patients with malaria [1]. In tropical regions, the high prevalence of these risk
factors makes populations particularly vulnerable to these severe infections.

Several studies conducted in Burkina Faso between 2008 and 2020 have docu-
mented the circulation of Salmonella in various samples. A summary of these data
indicates an average prevalence of 4.6% in humans, 20.1% in animals, 16.8% in food
and 15.6% in the environment [2]. A recent systematic review and meta-analysis by
Traore et al. [2] have confirmed these data and highlights the widespread presence of
non-typhoidal strains in all human, animal, food and environmental compartments
in Burkina Faso. The study reports high diversity among the circulating serotypes,
which are associated with virulence and resistance genes. This indicates significant
pathogenic and epidemic potential [2].

The situation is also alarming in other countries in the subregion. In Céte d’Ivoire,
for example, a study of ready-to-eat foods, particularly street salads, found that
8.5% were contaminated with Salmonella. The study also found nalidixic acid and
ciprofloxacin resistance, as well as resistance genes such astetA, tetB and gnrA [3].

In Ghana, Salmonella strains have been isolated from dust, soil, water, poultry and
human patients. The most frequently identified serotypes include S. Typhimurium,
S. Enteritidis and S. Kentucky, which are all known to be involved in invasive forms
of the disease and to frequently exhibit antibiotic resistance [4]. A systematic review
conducted in Niger by Abdelkader et al. [5] based on 25 relevant publications showed
that the dominant serotypes in humans in Africa are S. Typhimurium, S. Enteritidis
and S. Typhi, while S. Hadar dominates in poultry, except in North Africa, where

S. Typhimurium is more prevalent [5].

A meta-analysis of avian strains collected in Africa between 2000 and 2020
reports an average prevalence of 14.4% in poultry, with 141 serotypes identified
in West Africa. The most common serotypes are S. Enteritidis, S. Typhimurium,

S. Kentucky and S. Hadar [6]. Additionally, invasive non-typical strains (iNTS),
particularly the ST313 (S. Typhimurium) and ST11 (S. Enteritidis) genomic lin-
eages, have been linked to severe haematogenous infections in various countries
within the region. Without appropriate treatment, these infections often prove fatal,
with estimated case fatality rates of 15-25% [7].

Nikiema et al. [8, 9] conducted a study of fast food (sandwiches) sold on the
streets of Ouagadougou, highlighting a particularly worrying finding. Of the 201
samples analysed, 17.9% were contaminated with S. enterica, representing 16 differ-
ent serotypes, including S. Kentucky, S. Derby and S. Tennessee [8]. Multiresistant
clones were identified, including the ST198-X1 clone of S. Kentucky, which is known
for spreading internationally, as well as an invasive lineage of S. Enteritidis belong-
ing to the West African clade. Several isolates were found to have virulence genes
such as invA, stn, fimA, spvR and spvC, which supports the idea that the street food
preparation and sales chain is a significant route of transmission to humans [9].
Similarly, Somda et al. [10] demonstrated the presence of these virulence genes in
strains isolated in Burkina Faso, confirming their critical role in the pathogenic-
ity and spread of local strains [10]. In addition, Deguenon et al. [11] reported an
association between virulence genes and antibiotic resistance in Salmonella strains
isolated from slaughtered animals in Benin. This suggests a significant zoonotic risk
associated with consuming meat products [11]. This issue is particularly critical
given that more than 80% of the population consume informal urban meals daily, in
a context marked by inadequate sanitary infrastructure and a lack of microbiologi-
cal food control. The risk of the collective spread of pathogenic and multiresistant
strains is therefore extremely high.
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2. Antimicrobial resistance (AMR) in Salmonella in West Africa

Antimicrobial resistance (AMR) in Salmonella enterica poses a significant health
challenge in West Africa. This issue is exacerbated by the uncontrolled and frequently
inappropriate use of antibiotics in human and veterinary medicine and agricultural
practices. A lack of strict regulatory policies, coupled with widespread self-medication
and prophylactic antimicrobial use in livestock farming, promotes the emergence and
dissemination of multidrug-resistant (MDR) strains [12]. Cross-sectional studies
conducted in several countries in the region have highlighted the presence of resistant
strains in hospitals, livestock farms, food markets and urban environments [2]. A recent
meta-analysis of non-typhoidal Salmonella (NTS) in sub-Saharan Africa revealed high
rates of resistance to ampicillin (66%), trimethoprim-sulfamethoxazole (33%) and
chloramphenicol (28%) [2]. In Burkina Faso, recent studies have confirmed the emer-
gence and circulation of resistant clones in the human, animal, food and environmental
sectors. Nikiema et al. [8] found that over 50% of Salmonella isolates from street sand-
wiches and patients’ stools with diarrhoea were multidrug-resistant. Frequent resistance
was observed to ampicillin, tetracycline, streptomycin, nalidixic acid and ciprofloxacin
[8]. Notably, the epidemic clone S. Kentucky ST198-X1, carrying mutations in gyrA
and parC that confer high resistance to fluoroquinolones, was identified. This highlights
the potential for highly pathogenic and difficult-to-treat strains to spread [8, 13].

In the poultry sector, Kagambega et al. [14] revealed alarming levels of antibiotic
resistance in strains isolated from chicken carcasses, droppings, drinking troughs
and slaughtering surfaces in Ouagadougou. These strains exhibited high levels of
resistance to tetracycline (93.8%), ampicillin (68.8%) and chloramphenicol (59.4%).
The presence of resistance genes, such astet(A), sull, blatgm 15, and aadA1, suggests
intense antibiotic pressure in urban farming systems [14]. The convergence of food,
environmental and clinical sources underscores the pivotal role of the food chain in
AMR dynamics. Street food, which is widespread in urban areas, thus appears to be a
critical link in this chain. A complementary study by Nikiema et al. [9] showed that
Salmonella isolates present in sandwiches co-occurred with resistance and virulence
genes, indicating an increased risk to public health.

Similar data have been reported in several neighbouring countries beyond Burkina
Faso. For example, a study conducted in Niger in 2015 among children with diarrhoea
revealed the circulation of several Salmonella serotypes, primarily S. Typhimurium
(20%), S. Enteritidis (15.8%) and S. Corvallis (13%) [15]. Around 13% of the isolates
exhibited an ESBL phenotype, and over half of the enterobacteria were resistant to
amoxicillin and cotrimoxazole. In a context of persistent child malnutrition, these
infections increase the risk of severe forms, even if they are not directly responsible
for diarrhoea. In Ghana, Nigeria, Benin and Senegal, fluoroquinolone and third-
generation cephalosporin-resistant strains have been isolated, some of which carry
blatgm 1, blacrx v, blaoxa or qnr genes [16]. These profiles are characteristic of strains
with a high risk of epidemic spread, which are often associated with mobile genetic
elements such as conjugative plasmids.

In the face of this critical situation, the World Health Organisation (WHO) recom-
mends adopting a ‘One Health’ approach, which considers the human, animal and
environmental aspects together in order to combat AMR. The aim is to strengthen inte-
grated surveillance systems, such as the Global Antimicrobial Resistance Surveillance
System (GLASS), and improve diagnostic capabilities, including molecular microbiol-
ogy and sequencing. The approach also seeks to promote the prudent use of antimicro-
bials in all sectors and develop alternatives to antibiotics in animal production chains
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[17]. However, effective implementation of this approach in this region is hindered by
several challenges, including a lack of intersectoral coordination, inadequate labora-
tory infrastructure, and an absence of coherent national monitoring and control
programmes. Prioritising the development of local capacity, particularly in the fields of
microbiology and genomics, is essential to halting the spread of AMR in the region.

3. Detection capacity of Salmonella in West Africa

Studies on Salmonella in West Africa generally focus on strains originating from
food (meat, milk, eggs, street food, vegetables, etc.), animals (poultry, fish, pigs,
etc.), water, humans (faeces and blood) and environmental samples. The isolation
and identification of Salmonella in West Africa rely largely on conventional methods
standardised by the WHO, ISO, and, in some cases, the internal protocols of national
laboratories. However, local constraints, such as technical and financial resources,
often influence the choice of methods used.

3.1 Standard techniques in West Africa for the isolation and identification of
Salmonella

In general, the isolation method used is based on ISO 6579-2005 for the analysis of
food, as well as samples of animal and environmental origin.

The analyses are conducted in three main steps. First, pre-enrichment of 25 g
of the sample in 225 ml of Buffered Peptone Water (BPW) or trypticase soy broth
during 24 h at 37°C followed by an enrichment using a selective medium, which may
be either Rappaport-Vassiliadis (RV) broth [8, 18-20], Tetrathionate (TT) broth, or
Selenite Cystine medium [21] at 37-42°C for 6-24 h. Finally, isolation is performed on
a selective agar medium by the streak plate method. The most commonly used culture
media are Xylose Lysine Deoxycholate (XLD) agar, Hektoen Enteric agar, Salmonella-
Shigella (SS) agar and MacConkey (MAC) agar [22]. Other agar media, such as
Brilliant Green agar, are also reported.

In some studies, isolation is carried out in two steps, both from human samples
(blood and faeces) and from animal-derived samples. In these protocols, enrichment is
performed directly in Selenite broth or brain-heart infusion broth at 37°C for 18-24 h
followed by isolation on Salmonella-Shigella agar at 37°C for 24 h [8, 18-21, 23, 24].

Identification of Salmonella strains in most studies is based on morphologi-
cal (macroscopic and microscopic), biochemical, and molecular characteristics.
Biochemical identification is generally performed using the reduced Le Minor test kit
or the API 20E system. In some studies, standard techniques as described by Cowan
and Steel [25] and Cruickshank et al. [26] are used for biochemical identification [23].

Molecular identification targets specific virulence genes of the Salmonella genus,
notably the invA gene [18, 20], fimA, stn, spvC or the spvR genes [9, 11]. However,
these biochemical and molecular methods are limited to identifying the genus
Salmonella and do not allow determination of the specific serotype.

3.2 Salmonella serotyping methods in the west African laboratories

Salmonella serotyping plays a central role in the identification of this genus. It
enables differentiation of strains within the species and links laboratory findings to
epidemiological surveillance by mapping the geographical distribution of strains [27].
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The most widely used reference method in studies reported in West Africa is
serotyping according to the White-Kauffmann-Le Minor (WKLM) scheme. This
method is based on the identification of O (somatic) and H (flagellar, phases 1 and
2) antigens, as well as the capsular Vi antigen (particularly in certain serovars), using
slide agglutination tests [6]. However, In the West African context, where laboratory
resources and infrastructure are often limited, the WKLM scheme remains the gold
standard for comprehensive Salmonella serotyping but is constrained by high costs,
reagent availability, and the need for highly trained personnel [28].

A study conducted on Salmonella strains isolated from human, initially in Ghana and
subsequently in other West African countries, including Burkina Faso, Guinee-Bissau
and Senegal, tested and validated a rapid molecular typing method in comparison with
the traditional WKLM serotyping scheme [29]. In this study, the authors applied both
the classical serotyping method and a multiplex PCR targeting major serovars, namely
S. Typhi, S. Typhimurium, S. Dublin and S. Enteritidis [29]. Multiplex PCR offers a
rapid, cost-effective and less labour-intensive alternative for the detection of prior-
ity serovars, enabling faster decision-making in outbreak investigations and routine
surveillance. However, its coverage is limited to the serovars included in the assay design,
meaning it cannot fully replace the WKLM method. A combined approach using mul-
tiplex PCR for rapid initial screening and WKLM serotyping for confirmatory analysis
and epidemiological reporting could therefore provide an efficient, context-appropriate
strategy to strengthen Salmonella surveillance and control efforts in the region [29].

3.3 Techniques for assessing antibiotic resistance

Antibiotic resistance has become one of the major public health concerns world-
wide. Consequently, the determination of antibiotic resistance profiles is routinely
performed in most laboratories in West Africa. The most commonly applied method is
the Kirby-Bauer disc diffusion technique on Mueller-Hinton agar, as recommended by
the CASFM/EUCAST, alongside the determination of minimum inhibitory concentra-
tions (MICs) according to the guidelines of the Clinical and Laboratory Standards
Institute (CLSI) [14, 24, 30, 31]. Typically, between nine (9) [32] and twenty-two
(22) antimicrobial agents may be tested, with the interpretation of results based on
CASFM/EUCAST guidelines [18, 20, 24, 33] or CLSI recommendations [4, 24, 30].
These methods have consistently revealed an alarming increase in Salmonella resis-
tance rates to various antibiotics, as well as the emergence of cross-resistance and
multidrug resistance (MDR) profiles [34]. Many studies have also focused on the
genetic determinants of resistance [30, 35] using molecular biology techniques such
as PCR and sequencing to detect specific mutations within target genes. The most
frequently identified resistance genes are those conferring resistance to -lactams
(e.g., (blarpm, blacrx, blasyy and AmpC) [30, 35, 36], to fluoroquinolones (due to
chromosomal mutations ingyrA and parC genes, as well as plasmid-mediated gnrA,
qnrB, qnrS) [35, 37-41], to tetracyclines (tetA, tetB), to sulphonamides (sull, sul2),
and to trimethoprim (various dfr genes such as dfrA1, dfrA12) [30].

3.4 Genotyping techniques for Salmonella in West Africa

Some studies conducted in West Africa focusing on the use of various genotyping
methods have been reported. These various methods enable fine differentiation of
strains, thereby allowing the tracing of contamination chains and improving epide-
miological surveillance of Salmonella infections.
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Indeed, research conducted by Al-Emran et al. [29] validated a multiplex PCR
technique for the rapid identification of common serovars (e.g., Salmonella Typhi,
Typhimurium, Dublin, Enteritidis), based on the detection of genes corresponding
to O and H antigens. This technique, regularly applied in Ghana and Burkina Faso for
typhoid fever surveillance, remains rapid, relatively inexpensive and well-suited to
laboratories in the region where PCR equipment is still of a standard type [29, 42].

Other studies in Nigeria [39, 43, 44] have demonstrated the potential to explore
clonal relationships among strains isolated from humans, animals and the environ-
ment through next-generation sequencing (NGS) for whole-genome sequencing
(WGS) of each isolate. These authors highlighted the high potential of applied
genomic tools—particularly NGS—in tracing the origin and epidemiological links of
outbreak strains.

In Burkina Faso, WGS using NGS coupled with multilocus sequence typing
(MLST) has been performed to analyse Salmonella enterica serovar Enteritidis and
Salmonella enterica serovar Typhimurium strains originating from poultry and
humans [8, 14, 45]. The authors identified resistance genes and chromosomal muta-
tions specific to the strains studied, as well as mobile genetic elements (e.g., plasmids,
transposons), suggesting the potential for horizontal gene transfer and, consequently,
environmental dissemination. Moreover, they demonstrated that isolates from
poultry and humans were genetically closely related, representing a potential food
safety risk to consumers [14]. The application of NGS in another Nigerian study led to
the creation of a draft genome sequence database from 37 Salmonella enterica strains
of avian origin. According to the authors, these data were deposited in public data
banks (GenBank, DDBJ, EMBL) and can serve as references for improving Salmonella
traceability studies as well as foodborne disease surveillance [46].

In Sierra Leone, real-time PCR and NGS were applied to the samples from patients
with fever in Freetown with the aim of improving the reliability of typhoid fever
and invasive salmonellosis diagnoses, and especially to replace unreliable traditional
methods (e.g., the Widal test) with modern molecular techniques such as quantitative
PCR (qPCR) and next-generation sequencing (NGS) [47].

In summary, in West Africa, PCR methods are commonly used for rapid typing,
while WGS is gaining ground due to its analytical power. The use of these techniques
provides key genomic data on various characteristics of Salmonella strains from
diverse origins, notably the factors responsible for antibiotic resistance and their
virulence aptitudes, the circulating serotypes, and, most importantly, the existence of
clonal links between animal, environmental and human strains within a One Health
context. However, these techniques remain largely inaccessible to most laboratories
in this African region.

4. Strategies for Salmonella research in West Africa

For an effective Salmonella research strategy in West Africa, the following actions
are essential:

* Establish strong collaborations among laboratories across West African countries
to promote the pooling of equipment and resources, thereby enabling less well-
equipped laboratories to implement modern techniques for studying this bacte-
rial genus, including PCR, next-generation sequencing (NGS) and multilocus
sequence typing (MLST).
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e Form multidisciplinary and cross-sectoral research teams to ensure integrated
surveillance of this pathogen across the subregion.

* Create a multi-country sentinel network for efficient monitoring of circulating
serovars.

* Develop a West African biobank and a centralised database compiling whole-
genome sequencing (WGS) data on isolates from diverse origins. These initia-
tives should help address key research questions, such as:

* Which serovars or clones are predominant in each country and along specific
production chains?

* Which genes and plasmids are most frequently associated with antimicrobial
resistance (AMR) in West Africa, and what strategies are currently employed in
each country for AMR surveillance?

* What are the highest-risk behaviours and the most critical control points identi-
fied within the transmission chain?

* What is the true prevalence of Salmonella infections in each country of the
subregion?

Ultimately, the implementation of a robust Salmonella research strategy should
focus on reducing the burden of both non-typhoidal and typhoidal Salmonella infec-
tions through a One Health approach in West Africa. This approach would integrate
surveillance, genomics, risk assessment and field interventions across the entire food
chain (pork, poultry, beef, fish, high-risk vegetables, street food, restaurant-prepared
meals), while considering the human-animal-environment interface.

5. Phage therapy for Salmonella in Africa

Foodborne microbial diseases continue to be a serious food safety problem world-
wide. In addition to their public health significance, the economic impact of food-
borne bacterial infections is considerable. Preventing contamination and providing
a safe food supply are the two high-priority areas for controlling and limiting food-
borne pathogen outbreaks within the One Health approach [48]. Currently, conven-
tional pathogen decontamination protocols are used in food processing facilities.

In Africa, Egypt has confirmed the efficacy of phages against multiresistant strains
of Salmonella in ready-to-eat foods and in broiler chicken [49, 50]. Worldwide, many
studies report the uses of phages for One Health purposes (Food products/veterinary
medicine). This suggests that these phages could play a dual role: not only effectively
reducing zoonotic Salmonella strains, thus lowering FBO risk, but also limiting the
transmission of AMR Salmonella to humans [51].

6. Conclusion

For phage therapy to effectively complement strategies to combat antibiotic
resistance, several actions need to be considered:
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1. Local capacity building: Investing in training researchers and healthcare profes-
sionals on phage isolation, characterisation and use is crucial. Partnerships with
international institutions could facilitate knowledge and technology transfer
between Phagenetworks and the Food industries, Academic institutions.

2. Infrastructure development: The creation of laboratories with phage production
capacities, as well as the establishment of phage banks.

3.Regulatory framework: Health authorities must develop clear guidelines for the
approval and use of phages, drawing on successful experiences in other regions
of the world.

4. Awareness and acceptance: Information campaigns targeting healthcare profes-
sionals and the general public are essential to promote phage therapy and allay
fears related to its use.

5.0ne Health approach in agriculture, and animal production must be urgently
considered phages uses for reduction of antibiotics uses in Africa.
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Chapter 2

The Rising Crisis of Salmonella
Typhimurium in Africa

Derrick A. Daah and Samuel Duodu

Abstract

Non-typhoidal Salmonella (NTS) serovars globally cause self-limiting gastroenteritis
in healthy humans. While the majority of NTS infections remain localized in the gut,
invasive non-typhoidal Salmonella (iNTS) serovars have evolved to cause systemic
disease. The major contributors of iNTS disease include Salmonella Typhimurium,
Salmonella Enteritidis, and Salmonella Dublin. Notably, S. Typhimurium sequence type
313 (ST313) and its sublineages have been linked to invasive salmonellosis epidemics,
especially in children and the immunocompromised in sub-Saharan Africa (sSA).
Unique features of these strains include enhanced survival in host cells and signatures
of genome degradation favoring their bloodstream dissemination. Although primarily
localized in sSA, ST313 has been detected sporadically in South America and Europe
suggesting the potential for global dissemination. The clinical challenges caused by
these strains are further exacerbated by their rising antimicrobial resistance, making
treatments less effective elevating their threat to public health. This review will examine
the burden, biology, evolution, pathogenesis, and antimicrobial resistance of African
S. Typhimurium. This will shed light on why this pathogen is a pressing public health
concern emphasizing the need for continuous research to avert the possibility of global
outbreaks of invasive salmonellosis.

Keywords: non-typhoidal salmonella (NTS), invasive non-typhoidal salmonella
(iNTS), S. Typhimurium sequence type 313 (ST313), bloodstream infection, multidrug
resistance, sub-Saharan Africa

1. Introduction

Salmonella enterica constitutes the largest bacterial species under the genus
Salmonella with over 2600 serovars identified [1]. The subspecies enterica consists of
clinically important serovars and is broadly divided into typhoidal and non-typhoidal
Salmonella (NTS). Salmonella Typhi and Paratyphi are the major typhoidal serovars
causing typhoid fever in humans. They are host-specific, human restricted and trans-
mitted via the fecal oral route. Non-typhoidal Salmonella (NTS) serovars have a wide
host range and cause self-limiting enterocolitis in the majority of immunocompetent
individuals [2]. In these individuals, secondary bacteremia is uncommon and esti-
mated case fatality rates are low [3, 4]. Humans are often infected via the fecal-oral
route [5-7]. NTS infections can proceed to an invasive infection in infants, children
with malaria and malnutrition, and individuals with HIV infections [8]. While the
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global health trends between 1990 and 2021 show a marked decline in the incidence
of typhoid and paratyphoid fever, infections caused by invasive non-typhoidal
Salmonella (iNTS) have gradually increased during the same period. Although the
incidence of typhoid and paratyphoid remains 17 times higher than that of iNTS, the
latter now accounts for higher mortality and disability-adjusted life years (DALYs).
The rise in iINTS disease burden underscores its significance as a cause of invasive
bacterial disease worldwide [9]. Annually, approximately 500,000 cases of iNTS
infection are estimated in sSA, with a mean case fatality rate of 14.5%. These figures
may be underestimated due to infrequent surveillance and substantial variation in
regional and national demographics [10-13]. Typically, iNTS disease is not associated
with diarrhea, but presents symptoms of fever, respiratory defects, and hepatospleno-
megaly comparable to febrile illnesses such as malaria and typhoid fever [14, 15].

Salmonella enterica serovar Typhimurium (S. Typhimurium) is the most com-
mon cause of iNTS disease in sub-Saharan Africa (sSA) [16]. While S. Typhimurium
strains globally responsible for gastroenteritis belong to multilocus sequence types
(MLST) ST19 and ST34 [17], those causing bloodstream infections are strongly
associated with ST313. These African-associated ST313 strains are broadly classified
into distinct lineages (lineages 1 and 2) linked to multidrug resistance [18]. In many
countries, ST313 strains are now resistant to commonly used first-line antibiotics such
as ampicillin and chloramphenicol [19]. This resistance is believed to be a major driver
of the high fatalities associated with iNTS infections [20]. Resistance to second-line
antibiotics including ciprofloxacin, ceftriaxone, and azithromycin has also emerged
in some African regions [21]. With treatment options narrowing, vaccine develop-
ment and deployment could serve as promising alternatives. However, no licensed
vaccines are currently available to prevent iNTS infections.

This review highlights the emergence and public health implications of invasive
S. Typhimurium ST313 in sub-Saharan Africa. It synthesizes current knowledge on
its pathogenesis and unique genomic characteristics and how it differs from classical
NTS strains. Special attention is given to the role of immunosuppressive comorbidi-
ties (HIV, malaria) in facilitating the systemic spread of NTS. Additionally high-
lighted is the increasing antimicrobial resistance of ST313 and the slow progress in
iNTS vaccine development. By bringing these elements together, the review under-
scores the urgency of surveillance, therapeutic innovation, and prevention strategies
tailored toward the African population.

2. Epidemiology and burden of iNTS

In 2021, approximately 509,976 new cases of iNTS were reported worldwide.

The global age-standardized incidence rate (ASIR), which adjusts for differences in
population age structure to allow for fair comparisons, was 7.21 per 100,000 people.
However, sSA far exceeded this global average, reflecting a disproportionate concen-
tration of the disease burden. Western and Central sSA continued to report consis-
tently high iNTS incidence and DALY rates. The number of new cases of iNTS in the
Western regions surged to 305,959 in 2021 alone with an estimated ASIR of 47.54 per
100,000 population, which is more than six times the global average [22].

At the national level, several African countries emerged as key hotspots. Nigeria
reported the highest absolute numbers in 2021, with approximately 164,230 incident
cases, 21,614 deaths, and over 1.75 million DALYs attributed to iNTS. In contrast,
Mali, while having a smaller total number of cases, recorded the highest rates relative
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to its population. Mali’s incidence rate was estimated at 107.44 per 100,000, its death
rate at 16.6 per 100,000, and carried a similarly high DALY burden. These national
figures highlight the geographic variability in iNTS burden within Africa and point to
the need for country-specific responses.

The disease burden is highest among infants under 1 year old. This group exhibits
the most elevated rates of infection, death, and DALY loss [22]. Children in this
age group are particularly vulnerable due to underdeveloped immune systems and
increased exposure to risk factors such as malnutrition and malaria that are wide-
spread in many African regions.

3. Pathogenesis of NTS
3.1 Microbiota-mediated defense against NTS colonization

To cause disease, NTS must overcome the complex environment of the gastrointesti-
nal tract, which is influenced by the microbiome, immune system, and dietary factors.
Colonization resistance (CR), a microbiota-mediated defense process, is mediated by a
range of strategies that restrict pathogen survival and proliferation within the gastroin-
testinal tract [23]. These include the production of antimicrobial agents such as bacte-
riocins and colicins, which directly inhibit pathogen growth. Physical competition for
binding sites on the epithelial and mucus surfaces further prevents pathogen coloniza-
tion. Additionally, the gut microbiota lowers oxygen availability in the intestine, creat-
ing conditions that suppress facultative anaerobic pathogens like NTS. Commensals
also reduce pathogen fitness by competing for essential nutrients. Escherichia coli has
been shown to restrict NTS infection by limiting access to electron acceptors like fuma-
rate and carbon sources such as galactitol necessary for its proliferation [24, 25]. Recent
findings have identified nociceptor sensory neurons, known for their role in detecting
noxious stimuli, as important contributors to CR against NTS [26].

3.2 NTS proliferation in the gastrointestinal tract

NTS can proliferate in the large intestine when environmental conditions are
favorable, and CR is not a barrier. This growth is supported by secretion systems
encoded within Salmonella pathogenicity islands (SPIs). SPIs are commonly intro-
duced into the genome via horizontal gene transfer and are subsequently integrated
and stably maintained within the bacterial chromosome [27-29]. NTS utilizes the
type VI secretion system (T6SS) to outcompete bacterial competitors by their elimi-
nation through dependent and independent mechanisms [30]. In the contact depen-
dent pathway, NTS uses the T6SS to deliver toxic effector proteins directly into target
cells [31]. On the other hand, in the contact independent mechanism, effectors are
secreted into the extracellular medium. Through this mechanism, NTS competes for
essential nutrients such as iron by producing siderophores including enterobactin and
salmochelin [32]. Once these defenses are overcome, NTS multiplies rapidly, reaching
high bacterial densities within the gut.

3.3 Invasion of epithelial cells by NTS

Attachment of NTS to epithelial cells is mediated by fimbrial and non-fimbrial
adhesins [33]. Once attached, Salmonella employs the Trigger and Zipper mechanisms
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for invasion of cells. The “Trigger” mechanism, driven by T3SS-1 effectors such as
SopB, SopE, and SopE2, induces dramatic actin cytoskeletal rearrangements form-
ing membrane ruffles that lead to NTS internalization into epithelial cells [34, 35].
Additionally, the effectors SipA and SipC promote invasion by directly nucleating

and bundling actin filaments [36-38]. The “Zipper” mechanism depends on the outer
membrane proteins Rck and PagN. These proteins activate the phosphatidylinositol
3-kinase (PI3K) signaling cascade by binding to host receptors like EGFR. This causes
cytoskeletal rearrangements that facilitate bacterial uptake [39]. However, NTS strains
lacking Rck, PagN, and T3SS-1 still efficiently invade fibroblasts, epithelial, and endo-
thelial cells, implying the presence of yet undiscovered invasion mechanisms [40].

3.4 NTS intracellular persistence and resistance to inflammatory responses

Upon infection, host cells respond by activating inflammasomes and inducing
pyroptosis. This defense mechanism commences with the NAIP/NLRC4 inflam-
masome, which recognizes bacterial protein ligands such as flagellin and the T3SS
needle protein Prgl, leading to the release of IL-18 and subsequent IFNy production
[41, 42]. NTS overcomes this response by residing within Salmonella-containing
vacuoles (SCVs) intracellularly. Inhibition of autophagy, mediated by T3SS-2 effec-
tors, additionally facilitates the intracellular survival of NTS. These effector proteins
deubiquitinate SCVs, thereby reducing autophagy markers p62 and LC3 [43]. The
formation of autophagosomes is further prevented by SseF and SseG, which disrupt
RablA signaling [44] by SpvC through its phosphothreonine lyase activity [45] and
by SpvB (from the pSLT plasmid), which depolymerizes the actin [46].

NTS further impairs the functions of cells of the immune system which include
macrophages and dendritic cells (DC). Macrophages are crucial for phagocytosing
NTS post-epithelial breach. They can exist in M1 (pathogen-killing) and M2 (tis-
sue repair) forms [47]. The T3SS-2 effector SteE skews macrophages toward an M2
phenotype, enhancing NTS survival [48]. Macrophage-produced lactate additionally
induces T3SS-2 and SteE translocation, promoting this shift [49]. DC function is
also affected by NTS. The T3SS-2 effector SteD degrades mature MHC-II, impairing
antigen presentation to CD4+ T cells. This disrupts dendritic cell-T cell interactions
leading to a diminished T-cell response [50, 51].

4, Transition from NTS to iNTS

The ability of NTS to breach the intestinal epithelium and establish systemic infec-
tion is closely linked to immunosuppression as iNTS is rarely observed in otherwise
healthy individuals. Consequently, current understanding of iNTS pathogenesis
is largely drawn from studies involving immunocompromised populations. In this
section, we explore how NTS co-infections with malaria and HIV create permissive
environments for the transition of NTS to iNTS offering insights into the mechanisms
underlying iNTS pathogenesis.

4.1iNTS and malaria

Malaria and invasive non-typhoidal Salmonella (iNTS) infections are prevalent
in sSA where their geographical distributions frequently coincide [52]. This risk is
most prevalent in children with severe malarial anemia (SMA) [53]. In rural areas
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with high malaria transmission, NTS is frequently the main bacteria isolated from the
bloodstream of children with Plasmodium parasitemia [54, 55]. Moreover, public health
measures that reduce malaria incidence have often led to a parallel decrease in NTS
bacteremia cases, an effect not consistently seen with other bacterial infections [56, 57].

4.1.1 Malaria as a cause of NTS systemic dissemination

Hemolysis is a defining characteristic of malaria infections [57]. This extensive
destruction of red blood cells during malaria releases large amounts of hemoglobin
and free heme, which increases the availability of iron, essential for Salmonella
growth and multiplication. Macrophages ingest these damaged red cells and become
overloaded with iron. This iron-rich intracellular environment within macrophages
can support the survival and replication of ingested NTS [58, 59]. SMA is associated
with reduced hepcidin levels, a hormone that regulates iron availability. Lower hepci-
din levels allow more iron to be available within the SCV, promoting bacterial growth.
This mechanism highlights how malaria indirectly supports NTS proliferation by
altering iron homeostasis [60].

Gut barrier dysfunction is a mechanism facilitating the susceptibility of malaria-
infected individuals to NTS infections. Sequestration of parasitized red blood cells
in the gut’s microvasculature triggers inflammation, hypoxia, and disruption of tight
junctions between intestinal epithelial cells. This compromises the intestinal barrier
integrity causing the translocation of enteric bacteria, including NTS, from the gut
lumen into the bloodstream [61, 62]. Additionally, malaria-associated deficiency
of L-arginine has been linked to increased intestinal mast cell activity, histamine
release, and enhanced intestinal permeability [63]. Malaria compromises the host’s
ability to resist enteric pathogens by reducing gastric acidity. Studies have shown that
Plasmodium yoelii infection in mice elevates gastric pH, creating a less acidic environ-
ment that facilitates the survival and colonization of S. Typhimurium in the upper
gastrointestinal tract [64].

Overall epidemiological and biological evidence strongly supports a relationship
where malaria increases susceptibility to iNTS disease.

4.2iNTS and HIV

Prior to the widespread availability of antiretroviral therapy (ART) in sSA, iNTS
was recognized as one of the most common causes of bloodstream infections among
HIV-infected adults and children [65, 66]. Incidence rates were reported to be 20- to
100-fold higher in HIV-infected individuals compared to their HIV-uninfected
counterparts in the same communities [67]. This disparity underscored HIV as a
primary risk factor for invasive disease. A critical feature of iNTS in the HIV-infected
population is the high rate of recurrent bacteremia, often with the same NTS strain,
suggesting incomplete bacterial clearance or persistence [68].

4.2.1 HIV as a cause of systemic NTS infections

The hallmark of HIV infection is the progressive depletion and functional impair-
ment of CD4+ T-lymphocytes [69]. These cells, particularly T-helper 1 (Th1) and
T-helper 17 (Th17) subsets, are vital for effective immunity against intracellular
pathogens like Salmonella. Thl cells produce IFN-y, a cytokine essential for activat-
ing macrophages to kill intracellular Salmonella. Th17 cells contribute to maintaining
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mucosal barrier integrity and recruiting neutrophils to sites of infection [70]. HIV
preferentially infects and depletes Th17 cells, especially within the gut-associated
lymphoid tissue (GALT), the primary site of Salmonella invasion [71]. Their loss
contributes to increased intestinal permeability, facilitating the translocation of
Salmonella and other microbial products from the intestinal lumen into the systemic
circulation, thereby promoting bacteremia [72].

HIV infection compromises multiple macrophage functions via the depletion
of Th1 cells. Macrophages from people living with HIV/AIDS (PLWH) may exhibit
reduced phagocytic capacity, impaired oxidative burst, and deficient production of
pro-inflammatory cytokines such as TNF-a in response to Salmonella infection [2].
Antibodies, particularly secretory IgA (sIgA) at mucosal surfaces and serum IgG, play
a significant role in controlling Salmonella. HIV infection leads to B-cell dysregula-
tion, resulting in impaired production of antibodies against various pathogens [73].
Studies have demonstrated that HIV-infected individuals often have lower levels of
Salmonella-specific antibodies and reduced opsonophagocytic activity, which are
critical for preventing bacteremia [74]. This defect in antibody-mediated immunity is
considered a major contributor to the high incidence of iNTS.

Collectively, these immunological defects create a permissive environment for
Salmonella to breach mucosal defenses, disseminate systemically, survive within host
cells, and evade clearance, leading to the severe and often recurrent iNTS disease
observed in PLWH.

5. Pathoadaptive features underpinning ST313-mediated iNTS in Africa

The burden and distribution of iNTS in Africa raises important questions about
pathogen-specific factors that may amplify disease severity. While host factors are
crucial in determining susceptibility to iNTS infections, they do not fully explain
why only certain NTS strains cause systemic infections. Recent studies have revealed
that the dominant S. Typhimurium ST313 strains circulating in sSA differ markedly
from globally prevalent non-invasive strains like ST19. The following section explores
these differences and how they may contribute to the unique disease profile observed
in the region. Understanding how these strains differ from classical S. Typhimurium
lineages is crucial to grasping the full landscape of iNTS pathogenesis.

5.1 Unique genetic composition of ST313

The enhanced systemic survival of ST313 appears tightly linked to its distinct
genetic architecture. Comparative genomics has revealed that ST313 harbors
numerous pseudogenes, deletions, and prophage elements absent in non-invasive
strains. A defining feature of ST313 lineage 2 is the acquisition of two unique
prophages—BTP1 and BTP5—which are absent from ST19 and ST313 isolates from
outside Africa [75, 76]. BTP1 encodes the st313-td gene, which enhances intracel-
lular replication in macrophages [77]. Another element, the gtrAC operon, encodes
glycosyltransferases that modify the structure and length of the O-antigen (OAg),
a critical determinant of resistance to antibody-mediated killing. ST313 OAg chains
are typically longer, conferring serum resistance, a hallmark of systemic patho-
genesis [75, 78, 79]. Furthermore, ST313 strains display a unique single nucleotide
polymorphism (SNP) in the promoter of the pgtE gene, leading to its upregulation.
pgtE encodes an outer membrane protease that disrupts the host complement
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system by degrading complement proteins, enhancing survival in serum [80].
Intriguingly, this same mutation is also present in S. Gallinarum and upregulation
of pgtE has been noted during S. Typhi infection of human macrophages suggest-
ing convergent evolution toward an invasive phenotype [81]. ST313 has undergone
additional functional losses in genes associated with metabolic flexibility and gas-
trointestinal persistence. Inactivating mutations have been reported in genes such
as allB, allP, ttdA, melR, vatB, and macAB, many of which are intact in ST19 [76,
82, 83]. These mutations likely reduce the bacterium’s ability to persist in the gut, in
favor of systemic dissemination. Moreover, genes essential for iron acquisition and
siderophore secretion are repressed in ST313 than in ST19 [82]. This could reflect a
metabolic adaptation to iron-rich environments, such as macrophages co-infected
with malaria parasites, where iron availability is increased [84].

5.2 Accumulation of pseudogenes

The gradual pseudogenization of specific genes provides further evidence of host
adaptation. ST313 strains have accumulated numerous pseudogenes. In the genome
of the ST313 D23580 strain, 77 pseudogenes have been observed out of which 23 are
strain specific [18, 82, 85]. This mirrors patterns observed in host-adapted serovars
such as S. Gallinarum, S. Typhi, and S. Paratyphi, which carry numerous pseudo-
genes as they shed functions unnecessary for systemic survival [86-89]. One recently
characterized pseudogene in ST313 is ssel, which encodes an effector of the SPI-2
type III secretion system (T3SS). In functional form, ssel promotes the inhibition of
DC chemotaxis. Inactivation of ssel results in hyper-dissemination of DCs to lymph
nodes in murine models, thereby facilitating systemic spread [90]. Furthermore, the
downregulation of the SPI-1 effector sopE2 is commonly observed in ST313 isolates
and correlates with reduced epithelial invasion [91]. Notably, sopE2 is also pseudoge-
nized in S. Typhi [81] suggesting functional convergence with other invasive serovars.
Similarly, deletions in pipD, a gene implicated in intestinal fluid accumulation,
contribute to reduced intestinal inflammation in ST313 lineage 2 [83].

6. Transmission and reservoir dynamics of ST313

Understanding the reservoir and transmission routes of iNTS has remained a
challenge since its emergence as a major cause of blood stream infections in sSA
[19]. This in contrast to NTS infections that are predominantly transmitted via zoo-
notic and foodborne pathways [92]. Early investigations in Kenya and The Gambia
failed to identify a consistent animal or environmental source for iNTS. The limited
sample sizes and narrow geographic focus may have contributed to this uncertainty
[93, 94]. Experimentally, ST313 has been shown to colonize the chicken gut and
invade systemic sites, though less efficiently than the gastroenteritis causing NTS
serovars [95]. Despite the isolation of other invasive Salmonella serovars from
livestock, slaughterhouses, and retail meat, ST313 has not been detected in these
samples [96]. So far, ST313 is isolated exclusively from human sources. Genomic
analysis showed low diversity across isolates, consistent with host adaptation and
restriction supporting a pattern of continuous human-to-human spread. The
absence of environmental or animal detections, coupled with evidence of asymp-
tomatic fecal shedding among humans, strengthens the argument for anthroponotic
transmission as recently reported [97].
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A clearer definition of the transmission dynamics is essential for understanding
ST313 evolution and guiding public health action. If human-to-human transmission
proves dominant, interventions must prioritize vaccine development, sanitation
infrastructure, and identification of chronic carriers. Conversely, confirmation of
an animal reservoir would necessitate strategies focused on food safety and animal
vaccination. Clarifying these routes is central to designing targeted measures against
iNTS infections in Africa.

7. The escalating antimicrobial resistance crisis of ST313 in Africa

A defining hallmark of this pathogen is its continual accumulation of antimi-
crobial resistance (AMR), progressively rendering treatment regimens ineffective.
Geographically distinct sublineages, such as sublineage 2.2 in Malawi [98] and exten-
sively drug resistant (XDR) ST313 strains in the DRC [99], reflect local adaptation
under antibiotic pressure. Surveillance studies from Nigeria [100], Zambia [101], The
Gambia [102], Mozambique [103], and Sierra Leone [104] confirm the widespread
presence and expanding resistance of ST313. This section explores the resistance
profile of ST313, illustrating the genetic mechanisms underpinning the evolution and
the clinical challenges it poses across Africa.

7.1 Resistance to first-line antimicrobial classes

ST313 is currently resistant to all three first-line antimicrobial classes tradi-
tionally used for iNTS infections: beta-lactams (ampicillin), phenicols (chlor-
amphenicol), and folate pathway inhibitors (trimethoprim-sulfamethoxazole)
[14, 105]. Beta-lactam resistance in ST313 is largely conferred by the plasmid-
encoded blaTEM-1B gene, while catA1 mediates chloramphenicol resistance.
The catA gene, located on a pSTm-ST313-I1.1 plasmid, encodes chloramphenicol
acetyltransferase, which enzymatically inactivates the antibiotic. Resistance to
trimethoprim-sulfamethoxazole is driven by the combined action of dfrA genes
that encode dihydrofolate reductase and sulfonamide resistance genes (sull, sul2).
These are commonly embedded within class 1 integrons housed on IncHI1 plas-
mids such as pBT1 [99, 106, 107].

7.2 Resistance to second-line antimicrobial agents

In response to first-line treatment failure, clinicians shifted to fluoroquino-
lones (e.g., ciprofloxacin) and third-generation cephalosporins (e.g., ceftriax-
one). However, ST313 isolates have evolved resistance to these agents [16, 108].
Fluoroquinolone resistance arises from point mutations in the quinolone resistance-
determining regions (QRDRs) of gyrA, gyrB, parC, and parE. Notably, nonsyn-
onymous substitutions such as gyrA Ser83 — Phe and Asp87 — Asn are commonly
observed in resistant isolates from Africa [99, 100]. Ceftriaxone resistance has arisen
due to the acquisition and dissemination of extended-spectrum beta-lactamases
(ESBLs), particularly blaCTX-M-15, often carried on IncN and Incl1 plasmids [99,
101, 107]. These mobile elements frequently co-localize with other resistance deter-
minants, enabling co-selection and persistence of ESBL genes even in the absence of
direct cephalosporin exposure.
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7.3 Expansion of resistance into additional antimicrobial classes

Considering the declining efficacy of second-line agents, azithromycin has been
employed as an alternative. However, resistance to macrolides is now emerging.
This development is particularly evident in XDR ST313 lineages identified in the
Democratic Republic of Congo (DRC). Azithromycin is often a last-resort oral
antibiotic in regions with limited intravenous options. The emergence of azithromy-
cin resistance in ST313 poses a threat to the continued use of azithromycin, which
is one of the few remaining oral options for empirical treatment in children and
outpatients. ST313 has also acquired resistance to aminoglycosides. Genes such as
aadA1 and aadA2 encode aminoglycoside-modifying enzymes that inactivate genta-
micin, streptomycin, and amikacin [99, 106]. The accumulation of these resistance
determinants has led to near-total resistance to all commonly available antibiotics in
some regions.

7.4 Public health implications and strategic interventions

Combating ST313’ resistance crisis demands integrated approaches. Enhanced
genomic surveillance is critical for monitoring resistance patterns and informing anti-
microbial policy. Stewardship programs are urgently needed to curb antibiotic misuse
in human and veterinary medicine. Vaccine development against ST313 and other
iNTS serovars is progressing at various stages of development [109-111]. Ultimately,
addressing the AMR crisis caused by ST313 will require a One Health approach that
unifies efforts across human, animal, and environmental health domains.

8. Vaccine progress toward elimination of ST313

The MDR phenotype of ST313 has rendered antibiotic therapy ineffective, creat-
ing an urgent need for prevention strategies. Currently, no licensed vaccines specifi-
cally targeting iNTS serovars are currently available. This is in sharp contrast to the
availability of vaccines targeting typhoidal Salmonella serovars (Vi-polysaccharide
conjugate vaccines) [112]. It is predicted that, without vaccination, iNTS mortality
will climb significantly especially among the immunocompromised. Studies suggests
that effective vaccine deployment could avert over 70% of these deaths and curb iNTS
transmission [109]. The global effort to develop a vaccine against iNTS has yielded
vaccine candidates, with several demonstrating compelling safety and immunoge-
nicity in human trials. The following section will explore the merits, progress, and
challenges of the leading vaccine candidates that represent the forefront of the global
effort to control iNTS infections.

8.1 Live-attenuated vaccines

Live-attenuated vaccines, which utilize a weakened version of the pathogen to
mimic natural infection, represent a foundational approach in Salmonella vaccinology.
Its primary advantage is the ability to induce a broad spectrum of immune responses
[113]. Early human studies explored strains with deletions in key virulence-regulating
gene systems like phoP/phoQ [114] or those with defined auxotrophic mutations in
essential metabolic pathways, such asaroC, and virulence systems, like ssa V' [115].
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Newer approaches, including radiation mutation enhancement technology [116] and
the creation of auxotrophic live vaccines [117], have shown significant efficacy in
preclinical models. Despite these advances, human clinical data for live-attenuated
iNTS candidates remain limited, and their developmental pathway is currently less
advanced.

8.2 Glycoconjugate vaccines

Glycoconjugate vaccines represent one of the most clinically advanced strategies
in the iNTS pipeline. A leading example is the trivalent conjugate vaccine platform
developed at the University of Maryland, which has progressed through multiple
clinical trials. The initial candidate, CVD 1000, paired S. Typhimurium and S.
Enteritidis O-antigens with the Vi polysaccharide from S. Typhi. A Phase I trial in
adults confirmed its safety and ability to induce sustained IgG titers. An updated
formulation, CVD 2000, advanced into Phase II pediatric trials across sSA, demon-
strating age-appropriate immune responses in the target infant population [118, 119].
Another significant candidate in this class is the bivalent iNTS OAg-CRM;q7 vaccine,
which targets the two most common iNTS serovars. In this approach, the O-antigens
of S. Typhimurium and S. Enteritidis are conjugated to the non-toxic diphtheria
toxoid mutant CRM;q;. CRMgy is a carrier protein with a history of safe and effec-
tive use in licensed pediatric vaccines [120, 121]. While their complex production
and associated costs present potential barriers to access in low-resource settings, the
proven ability of glycoconjugate vaccines to elicit protective immunity in infants has
set a vital benchmark for all other iNTS vaccine candidates [122, 123].

8.3 Generalized modules for membrane antigens (GMMA)

Vaccines based on Generalized Modules for Membrane Antigens (GMMA) have
emerged as an alternative to the glycoconjugate vaccines. GMMA are nanoparticles
derived from the outer membrane of genetically engineered bacteria. They are
modified to vesicles enriched with key surface antigens, including LPS (containing
the O-antigen) and outer membrane proteins (OMPs), in their native conformation.
GMMA vaccines possess intrinsic adjuvant properties rendering them potent immu-
nogens, which is a key characteristic of this platform [124, 125]. GMMA vaccines
have rapidly progressed into human trials. The Oxford-led SALVO trial confirmed its
safety and immunogenicity in healthy adult volunteers [126]. More recently, Phase
II studies in Ghana as part of the PEDVAC-INTS consortium have shown the iNTS-
GMMA vaccine demonstrates good tolerability and elicits prolonged antigen-specific
IgG responses in children and infants [127, 128]. By combining potent immunoge-
nicity with a favorable manufacturing profile, the GMMA platform is argued to be
strongly positioned to deliver an effective and accessible vaccine.

8.4 Multiple antigen presentation system (MAPS)

The Multiple Antigen Presentation System (MAPS) platform offers an innova-
tive approach to creating multivalent vaccines. This technology utilizes a dextran
backbone to which multiple antigens can be attached via a high-affinity, non-
covalent biotin-rhizavidin linkage. This design allows for the presentation of a
diverse array of antigens in a single formulation, stimulating broad immunity [129].
A quadrivalent MAPS vaccine targeting S. Typhimurium, S. Enteritidis, S. Typhi,
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and S. Paratyphi A has been shown to confer broad protective immunity in preclini-
cal models after just two doses [130]. Given the frequent co-circulation of typhoidal
and iNTS serovars, multivalent vaccines are strategic in the elimination of the major
causes of febrile illnesses in sSA. The global effort to develop a vaccine against iNTS
has yielded a rich and advanced pipeline of candidates, with several demonstrating
compelling safety and immunogenicity in human trials. The journey from a promis-
ing vaccine candidate to a widely implemented public health tool requires a clear
strategic vision that addresses both regulatory and economic challenges in popula-
tions at risk.

9. Conclusion

The persistence of ST313 in sSA underscores the need for effective control, pre-
vention, and policy formulation. While the burden of ST313 has been established,
uncertainties remain regarding its ecological dynamics, host-pathogen interactions,
and its evolution. Although current evidence suggests human-to-human transmission
of ST313, the role of environmental or zoonotic reservoirs has not been adequately
addressed. Many existing studies are geographically limited and lack sufficient sam-
pling depth to definitively rule out the contribution of livestock, contaminated water
sources, or foodborne pathways. Increased surveillance using One Health approach
is therefore essential to clarify ST313’s transmission routes and inform multisectoral
intervention strategies. Equally underexplored is the immunological response to ST313
in high-risk populations. Infants, individuals living with HIV, and patients co-infected
with malaria represent the most affected groups. Studies targeting these populations
are required to ensure that vaccine candidates are both immunogenic and protective.
The pathogen’s ongoing evolution also demands closer attention. ST313 continues to
acquire multidrug resistance while undergoing genomic adaptations associated with
enhanced intracellular survival and immune evasion. However, genomic surveillance
of iNTS serovars remains limited across sSA. This poses a potential danger of novel
resistant or hypervirulent strains going undetected. Integrating sequencing into
national and regional surveillance efforts will help guide treatment, inform vaccine
development, and support public health responses. Although ST313 has been described
as an African confined iNTS serovar, recent isolations in the United Kingdom, Brazil,
and other non-endemic regions indicate that it is no longer geographically restricted.
Timely interventions are therefore required in stemming the international spread of
ST313 to mitigate the possibility of global outbreaks of iNTS infections.
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Chapter 3

Salmonella and Public Health in
Europe: The Role of Primary Care
Physicians

Ana R. Miljkovi¢

Abstract

Salmonellosis remains one of the leading zoonotic diseases in Europe, with a signif-
icant impact on public health, health systems, and the economy. Despite prevention
and control efforts, the incidence of infections caused by Salmonella enteritidis and
S. typhimurium sevovars has shown a tendency to stagnate in recent years. The chapter
provides an overview of contemporary epidemiological trends in Europe, looking at
regional differences, seasonal patterns, and the most common sources of infection.
Particularly important is the recognition of vulnerable populations, such as children,
the elderly, and the immunocompromised. Surveillance strategies implemented by
national and European institutions are analyzed, with particular emphasis on the
importance of the One Health approach in controlling the spread of diseases along
the entire food chain. The role of primary care physicians has been recognized as
crucial in the early detection of cases, patient education, and the implementation of
prevention measures. Also, modern guidelines in the development of vaccines against
non-typhoidal Salmonella are presented, as well as the need for multidisciplinary
cooperation among health, veterinary, and sanitary institutions. Challenges such as
antimicrobial resistance and insufficient cross-sectoral data sharing are highlighted.
It concludes that for effective control of salmonellosis, it is necessary to improve
public health policies, education, and biosecurity protocols while incorporating
primary health care into broader prevention strategies. This is especially important
in the modern context of climate change, global mobility, and the increased risk of
multidrug-resistant strains.

Keywords: salmonella infections, zoonoses, public health, primary health care,
food safety
1. Introduction
Salmonella is one of the most significant zoonotic pathogens globally [1], posing a
continuous threat to public health due to its high incidence, widespread environmen-

tal presence, and ability to adapt to harsh conditions. Each year, Salmonella infec-
tions cause tens of millions of cases of gastroenteritis worldwide, with considerable
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morbidity and mortality. The European region, despite strong surveillance systems
[2, 3], continues to face recurring outbreaks and increasing challenges such as antimi-
crobial resistance and emerging serovars.

This chapter explores the current public health impact of salmonellosis across Europe,
emphasizing the pivotal role of primary care physicians in early detection, reporting, and
public education. The discussion integrates epidemiological data, prevention strategies,
and the importance of a One Health approach [2, 4] that bridges human, animal, and
environmental health sectors. Special attention is given to regional surveillance systems,
biosecurity measures in food production, and innovative directions in vaccine develop-
ment [5, 6]. Through this multidisciplinary perspective, the chapter aims to highlight
critical insights and practical solutions necessary for effective salmonellosis control in an
era marked by globalization, climate change, and rising microbial resistance.

Salmonella spp. is one of the most important zoonotic pathogenic agents, causing
an estimated 93.8 million cases of gastroenteritis worldwide annually, with 155,000
deaths. Salmonella is a gram-negative bacterium that uses flagella for locomotion.
There are more than 2500 recognized serotypes. Salmonella is known to survive for
along time in foods with a low moisture content [1, 7]. Salmonellosis is considered a
foodborne infection of the gastrointestinal tract that has been reported to have high
incidence rates. The causative agent can pass from the feces of an infected person or
animal to healthy ones. There are more than 2500 recognized serotypes [7].

Salmonellosis is a bacterial disease caused by non-typhoidal (not S. Typhi and S.
Paratyphi), gram-negative bacilli of the genus Salmonella, causing gastroenteritis
in humans. Infection usually occurs through eating contaminated food or water,
as well as contact with another infected person or infected animal. Due to the high
adaptability of Salmonella bacteria, they are widely distributed in the environment
[8]. In Europe, salmonellosis remains one of the most commonly reported foodborne
infections, with thousands of confirmed cases annually, as shown in the European
Centre for Disease Prevention and Control (ECDC) Surveillance Atlas [9]. Although
salmonellosis is mainly reported as a foodborne illness, it is estimated that about 10%
of cases are due to direct contact with animals. Salmonella is a genus of highly diverse
bacteria that live in the digestive tract of humans and animals. They are widely
distributed in the environment thanks to their ability to survive and adapt even to
extreme conditions. Among the more than 2600 Salmonella serovars described,
clinical manifestations and mortality vary depending on the serovar and host charac-
teristics (race, age, sex, diet, and/or immunity).

According to the World Health Organization (WHO), Salmonella is one of the
four leading causes of diarrheal diseases worldwide. The processes of globalization
contribute to the transmission of salmonellosis. In the U.S., up to 1.2 million cases of
salmonellosis are reported each year. In European countries, the share of salmonellosis
in the structure of food zoonoses is 30.2%. About half of the cases of salmonellosis are
caused by Salmonella enteritidis, typhimurium, newport, and javiana. Chickens and
pigs are considered to be the main reservoirs of salmonellosis [10].

2. Analysis of the public health significance of salmonellosis in Europe

2.1 Epidemiological data and trends

Each year, by the end of May, Member States of the European Union (EU) and the
European Economic Area (EEA) are required to submit individual or aggregated data sets
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on zoonoses in humans in accordance with Directive 2003/99/EC. These data are submit-
ted to the European surveillance system TESSy, analyzed, and forwarded to the European
Food Safety Authority (EFSA) for the annual European Union Zoonoses Report. The report
for 2021 includes data from 27 member states, Northern Ireland, and nine non-EU coun-
tries. According to the Epidemiological Report 2021 by the European Centre for Disease
Prevention and Control (ECDC), salmonellosis was the second most commonly reported
zoonotic infection in the EU/EEA, with 620 reported outbreaks, 420 confirmed cases (an
incidence of 16.6 per 100,000), and 73 recorded deaths [9].

After a decrease in cases during 2020 due to COVID-19 containment measures,
2021 saw an approximate 14% increase in cases. The highest rates were observed in
children aged 0—4 years. Eggs remained the most common food source of infection,
although outbreaks were also linked to contaminated wide areas, herbs, and seeds.

2.2 Country-specific reports
2.2.1 Poland and Bulgaria

In Poland, a study using the most recent epidemiological data reported 8294 cases
of salmonellosis in 2021, corresponding to an incidence of 21.7 per 100,000 inhabit-
ants. Compared to 2020, this represents an increase in case numbers, suggesting that
the COVID-19 pandemic did not have a lasting impact on the incidence of salmonel-
losis. Interestingly, 2021 also marked the lowest percentage of hospitalizations for
salmonellosis since 1998, possibly due to a shift toward outpatient management of
milder cases [8].

In Bulgaria, national data show that salmonellosis continues to be a significant
public health problem, with relatively high incidence rates despite year-to-year
fluctuations. Diarrheal diseases caused by Salmonella bacteria remain prevalent,
underscoring the need for continuous monitoring and prevention efforts [11].

2.2.2 Romania and Finland

A 2021 review by Romanian authors titled “Salmonella as a Continuous Threat”
highlights that Salmonella infections remain a major public health concern worldwide.
Despite existing control measures, the pathogen continues to cause numerous epi-
demics, including several recent outbreaks in Europe. The authors call for improved
surveillance systems and prevention programs and emphasize the crucial role of
primary care physicians in early case detection, public education, and timely report-
ing [12, 13].

In Finland, long-term surveillance between 1995 and 2022 revealed that about 60,000
salmonellosis cases were reported, with approximately 72% linked to international travel
and only 18% domestically acquired. The COVID-19 pandemic led to a 74% reduction in
international travel in 2020, mirrored by a 71% drop in salmonellosis cases, highlighting the
strong link between travel and infection. This reinforces the preventive role of primary
care physicians in advising patients on safe food and water consumption before travel and
ensuring prompt reporting of symptoms upon return [13].

2.2.3 Netherlands and the role of travel

According to a 2021 report by the Dutch National Institute for Public Health and
the Environment (RIVM), the number of laboratory-confirmed salmonellosis cases
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was 6 per 100,000 inhabitants, up slightly from 5 per 100,000 in 2020. In 2022, the
estimated number of salmonellosis cases increased to 1290, compared to 1062 in 2021.
Salmonella enteritidis remained the most frequent causative agent.

During the COVID-19 pandemic, the Netherlands experienced a marked reduc-
tion in salmonellosis incidence, particularly in travel-associated cases. This decline
has been attributed to travel restrictions and the closure of catering establishments,
both of which reduced exposure to contaminated food. These data further emphasize
the public health relevance of travel-associated salmonellosis and the need for preven-
tive strategies targeting travelers [14, 15].

3. Surveillance and prevention measures
3.1Role of primary care physicians

According to the World Health Organization (WHO), Salmonella is one of the four
leading causes of diarrheal disease globally and has the potential for severe domestic
outcomes depending on age. It was emphasized that antibiotic-resistant strains are a
growing problem—Salmonella is one of the microorganisms in which antimicrobial
resistance is an important public health challenge. As a key prevention measure, the WHO
recommends basic hygiene measures in food handling, especially thermal treatment of
foodstuffs, which is a message that family medicine physicians should convey [3]. Due to
the increase in antibiotic-resistant strains, as well as the significant morbidity, death, and
economic burden that these infections cause, it is said that success lies in the development
of vaccines against typhoid fever as well as a vaccine against non-typhoidal Salmonella,
which could become an important tool in prevention in the future. For the time being, the
role of primary care physicians remains in the implementation of hygiene measures and
education of the population until these new tools are developed [5].

In order to prevent salmonellosis, in addition to the standard recommendations
found in the guides of the Centers for Disease Control and Prevention, both for
Europe and for regional centers in European countries, the role of general prac-
titioners in the prevention of salmonellosis and early detection is crucial. General
practitioners are often the first point of contact for patients with the health care
system. Rapid recognition of symptoms of salmonellosis and timely referral to labo-
ratory analyses (e.g., stool analysis, laboratory tests) allows for early detection of
infection and prevention of further spread of the disease. Primary care physicians are
also important in educating patients about proper hand hygiene, safe food handling,
and the importance of heat treatment of food, which are essential measures in the
prevention of salmonellosis. In many health systems of European countries, general
practitioners are responsible for reporting confirmed cases of salmonellosis to the
competent public health institutions, which allows the monitoring and control of
epidemics, the so-called sentinel surveillance of infectious diseases. They are also the
first to provide advice to particularly vulnerable groups, such as children, the elderly,
and immunocompromised patients, on additional precautions to reduce the risk of
infection. Primary care physicians (physicians for the adult population and pediatri-
cians) can actively participate in health promotion and disease prevention campaigns,
including the distribution of educational materials and the organization of com-
munity workshops at the local level in both health centers and local communities.
Pediatricians also have a role to play in educating children about hygiene habits, and
actions can be challenged in preschool and school institutions [2, 16, 17].
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3.2 Food safety and hygiene control

In public catering and trading enterprises, where precautions for storing meat
and eggs are often violated, such an intense infection of food products is a real
fact. Salmonella reinoculation is most common in processing workshops of public
catering facilities and shops [5, 7]. The problem of low-quality meat products and
semi-finished products, especially associated with cooperative and private shops of
small capacity. They are often housed in adapted rooms, insufficiently equipped,
and insufficiently secured with containers, vehicles, warehouses, and refrigeration
units. Employees, in most cases, have poor professional training. Many entrepreneurs
process such meat into various sausages or smoked products or sell it in the form of
semi-finished meat products, despite the fact that meat of forced slaughter, due to its
limited suitability, is allowed to be used only for the manufacture of boiled sausages
and canned food [5].

The latest scientific analysis of salmonellosis trends in Europe has shown that
after years of decline, the incidence of infections caused by Salmonella enteritidis
has stopped declining and stagnated in recent years. A group of authors from the
Netherlands used a multi-criteria method to determine that the most likely cause of
this stagnation is related to the level of primary poultry production (e.g., possible
relaxation of control measures in some countries). It is proposed to intensify the
improvement of the Salmonella control program in poultry farming and the One
Health multidisciplinary cooperation of veterinarians, microbiologists, epidemiolo-
gists, and doctors in order to identify effective measures and reverse the trend back
to decline. This implies that primary care physicians should work closely with public
health authorities to monitor and report cases [14].

According to a report by the European Food Safety Authority and the European
Centre for Disease Prevention and Control (ECDC) presenting the results of zoonotic
monitoring and surveillance carried out in 2023 in the 27 Member States (MS), the
United Kingdom (Northern Ireland), and 10 non-Member States, the two most
commonly reported zoonoses in humans were campylobacteriosis and salmonellosis.
Salmonella enteritidis has been the most commonly reported agent for reported food-
borne cases and outbreaks. Salmonella in “eggs and egg products” was the causative
agent/food of most concern. In 2023, this combination caused the highest number of
outbreaks and cases of all food/cause combinations and was the second most hospi-
talized. Salmonella was also the cause associated with the majority of multicountry
outbreaks reported in the EU in 2023 [2]. To protect consumers from Salmonella, the
EU has adopted an integrated approach to food safety from farm to fork.

The approach consists of risk assessment and risk management measures involving
all key actors: EU Member States, the European Commission, the European Parliament,
EFSA, and the ECDC. All EU Member States have implemented improved Salmonella
control programs in poultry, and risk managers have set targets to reduce Salmonella in
poultry flocks (e.g., laying hens, broilers, turkeys). Prevention of Salmonella infection
focuses on several categories, including sanitary control, caring for children with pets,
and vaccination. Preventing Salmonella infection through good sanitation practices
includes the supply of clean water and proper food handling. Contamination of water
supplies can promote Salmonella infection, and chlorination with water purification is
necessary to prevent infection. Food must be properly processed in kitchens. Persons han-
dling food must implement good handwashing protocols. Street foods such as fruit and
ice cream, along with animal products such as raw eggs, chicken, and uncooked meat, are
important sources of infection [2, 4, 16].
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3.3 Biosecurity in animal production

If we look at the transmission of infection from animal to human, we first look at
the possibility that direct contact between domestic pigs and wild animals is one of
the main routes of transmission of pathogens, especially in extensive farming systems
such as open pens, rural households, and farms with access to forests, meadows, or
neglected pastures. The risk is particularly pronounced in regions with large popula-
tions of wild boars.

The lack of adequate biosecurity measures, such as inadequate fencing, further
increases the possibility of direct contact and transmission of diseases such as African
swine fever (ASF), a transmissible viral disease that is most commonly spread
through direct contact with infected animals. Pathogens can survive in the blood, tis-
sue, and excreta of infected animals, allowing them to be transmitted during feeding
or contact with contaminated surfaces. This complex mosaic of disease transmission
points to the crucial need for strict biosecurity measures that include limiting contact
with wildlife, using protective barriers (physical and sanitary), and controlling the
presence of rodents and insects on farms, as well as constant monitoring of wild
populations [12].

4. Future prevention measures: Develop vaccines

Invasive non-typhoidal Salmonella enterica serovars (NTS) are increasingly
acquiring resistance to first-line antibiotics, so an effective vaccine would be
a valuable tool in reducing morbidity and mortality from infection. Although
vaccines against NTS for livestock are widely used, there are no licensed vaccines
for use in humans [6]. The development of NTS vaccines involves candidates
with live attenuated, subunit, and recombinant antigens. The development of a
bivalent NTS vaccine would be necessary to protect against the dominant serovars
S. typhimurium and S. enteritidis, or a multivalent vaccine that is combined with
another enteric vaccine, such as the typhoid conjugate vaccine, for easier admin-
istration. Due to the lack of a controlled infection model for iNTS, field efficacy
studies are needed, and interest in the development of a broadly protective pan-
Salmonella vaccine was spurred by the 2021 WHO consultation on the strategy
and preferred characteristics of these vaccines [18].

As part of more recent research in the field of salmonellosis prevention, authors
from the University of Florida isolated 120 strains of Salmonella from wastewater
in the Gainesville area and then tested the effectiveness of a vaccine that uses small
extracellular vesicles (sEVs) as an antigen delivery system. The experimental model in
mice showed a strong immune response without the need for the use of live bacteria,
which is a potential advantage in terms of vaccine safety. Although the results are
promising, further research is needed to examine the full potential of this approach in
preventing netiphenoid salmonellosis [19].

The importance of such research is further confirmed by the findings of Makovska
etal., who in a systematic review pointed to the role of wild animals and pests as impor-
tant reservoirs of zoonotic pathogens, including Salmonella spp. In particular, the risks
that arise from contact between domestic and wild animals in extensive breeding systems
are singled out, which pose a challenge for biosecurity. This context further highlights the
need for an integrated approach to prevention—through the development of vaccines, but
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also the implementation of biosecurity measures and the strengthening of cross-sectoral
cooperation in line with the One Health concept [20].

5. Public health surveillance of salmonellosis in Serbia and the countries of
the region

5.1 Intersectoral cooperation

In Serbia, salmonellosis is controlled within the system for reporting infectious
diseases led by the Institute of Public Health “Dr Milan Jovanovi¢ Batut,” in coopera-
tion with the network of territorial institutes. The disease is compulsorily reported,
and cases are recorded on the basis of clinical and laboratory criteria. According to
available data, there has been a stable number of reports in the last 5 years, with the
predominance of the Salmonella enteritidis serotype [21]. Surveillance is also carried
out within the so-called sentinel networks, which enable the monitoring of trends
and suspected outbreaks, especially in collective environments.

Countries in the region, such as Croatia, Bosnia and Herzegovina, and North
Macedonia, apply similar principles in supervision, with certain differences in the
capacities and organization of the system. In Croatia, the surveillance system is highly
developed, and salmonellosis is regularly monitored through a network of microbio-
logical laboratories and mandatory registration by a doctor. Seasonal peaks coincide
with the summer months and increased consumption of animal foods [2]. A similar
situation has been observed in Bosnia and Herzegovina, although there are challenges
in terms of laboratory coverage and timely reporting.

In Bulgaria and Romania, according to national data, the incidence of salmonello-
sis remains high, despite the control measures implemented [11, 12]. The authors state
that further improvement of the surveillance system and integration of the human
and veterinary health sectors are necessary. In Finland, the majority of reported cases
are travel-related, indicating the effectiveness of domestic control measures and the
importance of counseling patients before travel [13].

Although national strategies in most countries are formally aligned with the
European guidelines, their implementation in practice still varies. Insufficient integra-
tion between the public health, primary health care, and veterinary services, as well
as the limited scope of laboratory testing, remains a challenge in the effective detec-
tion and control of infections [14]. In order to improve the public health response,
it is recommended to develop standardized protocols for data exchange, strengthen
laboratory capacities, and provide continuous education for health professionals—
particularly primary care physicians, who are often the first point of contact for
patients. The integration of these activities through the “One Health” approach is the
basis for a sustainable and effective salmonellosis control system [2, 21].

5.2 Environmental and climate-related risks

Seasonal peaks coincide with the summer months and increased consumption of
animal foods [2].

In Bulgaria and Romania, despite the control measures implemented, the inci-
dence of salmonellosis remains high, which may also be influenced by environmental
and infrastructural factors [11, 12].
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Although not explicitly detailed in the provided paragraph, environmental and
climate-related risks such as higher ambient temperatures, poor infrastructure,
inadequate food storage, and the presence of vectors (like flies or rodents) are implied
contributors to seasonal variation and regional challenges in controlling salmonellosis.

6. One health approach in salmonellosis control
6.1 Institutional frameworks and reporting systems

The concept of One Health is based on the understanding that human, animal,
and environmental health are inextricably linked. Zoonoses, such as salmonellosis,
are of enormous importance for the development of effective prevention and control
strategies. The One Health approach involves coordinated collaboration between
health professionals, veterinarians, microbiologists, epidemiologists, environmental-
ists, and food safety experts. Salmonella is a classic example of a foodborne pathogen
that originates in domestic and wild animals, most commonly poultry and pigs. In the
European Union, a number of salmonellosis outbreaks have been linked to contami-
nated eggs, meat, or processed products. Therefore, the management of this pathogen
cannot be reduced exclusively to the clinical level but requires supervision of the
entire food chain—from farm to table [2, 4].

In the fight against salmonellosis, veterinary medicine plays a role in the supervi-
sion of animals and the implementation of biosecurity measures on farms, as well as
in the vaccination of livestock against certain serotypes. On the other hand, human
medicine, especially at the primary health care level, is responsible for early identi-
fication of infections, reporting cases, and educating the population about the risks
until a vaccine against Salmonella is developed as the strategically most important
form of prevention [5, 18].

Reports by EFSA and ECDC state that countries that have implemented the One
Health approach (e.g., the Netherlands, Sweden, and Finland) have achieved sig-
nificant reductions in the number of salmonellosis cases thanks to joint surveillance
programs, data sharing, and standardized protocols [2, 14]. Although the One Health
concept also exists in the public health strategies of the Republic of Serbia, its practi-
cal application is still limited. It is necessary to strengthen institutional cooperation,
develop integrated information systems, and include primary care physicians in the
wider public health network [21].

6.2 Regional challenges and integration

Climate change, water and soil pollution, and inadequate disposal of wastewater
and farm waste increase the risk of spreading Salmonella. The environmental aspect
of the disease is often overlooked, although it is known that Salmonella can survive in
water and soil and thus indirectly threaten the human population [20].

For the successful control of salmonellosis in the modern context of global trends
and climate change, it is necessary to establish a national One Health Council [2,

14], strengthen laboratory capacities, and educate primary care physicians, who are
currently the most important for early recognition and primary prevention. It is also
necessary to develop protocols for data exchange and continuously invest in bios-
ecurity in animal husbandry. The One Health approach is a sustainable solution that,
through integrated intersectoral cooperation for human, animal, and environmental

46



Salmonella and Public Health in Europe: The Role of Primary Care Physicians
DOI: http://dx.doi.org/10.5772/intechopen.1012197

health, can contribute to reducing the incidence of diseases, responding to epidemics
in a timely manner, and making more efficient use of available resources [6, 14].

7. Conclusion

Despite advances in surveillance, prevention, and education of the population,
salmonellosis remains a serious public health challenge in Europe. Epidemiological
data indicate stagnation in reducing incidence, the emergence of new serovars, and
the increasing frequency of multidrug-resistant strains, which further complicates
the treatment and control of the disease. Effectively combating salmonellosis requires
a coordinated, multidisciplinary approach involving the health system, veterinary
services, the food industry, and public health institutions. The role of primary care
physicians is particularly important—both in the early recognition and reporting of
cases, as well as in the continuous education of patients on hygiene measures and safe
food handling.

The implementation of the One Health approach, the strengthening of labora-
tory capacities, the improvement of biosecurity measures in animal husbandry, the
development of protocols for data exchange between sectors, and the development of
a vaccine for human use are key steps toward a sustainable strategy for the control of
this zoonosis in the modern context of global trends, climate change, and antimicro-
bial resistance.

8. Conclusions

This chapter is part of a broader effort to enhance understanding of zoonotic
diseases in Europe, highlighting the importance of a multidisciplinary approach in
public health.
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Chapter 4

The Role of Poultry Food Matrices
in Transmitting Salmonella

Greeshma Bharathan and Shabarinath Svikumar

Abstract

Salmonella spp. continues to represent a leading cause of foodborne illness
worldwide, with poultry products serving as a significant reservoir and vehicle for
human infection. This chapter provides a comprehensive analysis of the role of
poultry matrices in the transmission dynamics of Salmonella, beginning with the
pathogen’s biology, virulence mechanisms, and environmental adaptability. Diverse
poultry matrices—including raw cuts, marinated products, vacuum-packed items,
frozen preparations, and ready-to-eat formulations—are examined for their unique
physicochemical properties and the influence these exert on Salmonella survival,
colonization, and growth kinetics. Detection methodologies, including traditional
culture-based approaches and advanced molecular techniques, are evaluated for
their applicability in complex food matrices. In addition, the chapter reviews key
epidemiological trends, notable serotypes linked to poultry-associated outbreaks, and
the implications of antimicrobial resistance. Integrated control strategies, regulatory
frameworks, and consumer-level interventions are also discussed. Collectively, the
chapter highlights the need for matrix-specific risk assessment models and targeted
mitigation strategies to more effectively control Salmonella across the poultry supply
chain.

Keywords: Salmonella, foodborne illness, poultry matrices, regulatory framework,
control strategies

1. Introduction

Non-typhoidal Salmonella (NTS) is the primary causative agent of foodborne
infections worldwide. They are widely distributed in nature, with over 2500 serotypes
based on their differences in the lipopolysaccharide (O antigen) and flagellar anti-
gens (H antigens) [1]. The most common serotype is Salmonella enterica subspecies
enterica, which causes almost 99% of human and animal infections. This serotype
is further divided into Typhoidal and Non-typhoidal serovars. The typhoidal
serovars include the Typhi, Sendai, and Paratyphi A, B, and C, which are common
in developing countries with poor sanitation [2]. Non-typhoidal serovars, such as
S. Typhimurium and S. Enteritidis, infect a broad range of warm-blooded animals,
including humans. Some serotypes are host-specific, including S. Gallinarum, which
infects poultry, and S. Dublin, which infects cattle [3].
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2. Historical perspective of the organism

Salmonella belongs to the Gram-negative, facultative anaerobes, non-spore-
forming rods that are motile with peritrichous flagella. They are the core group of
the Enterobacteriaceae family and are thought to have originated 160-180 million
years ago from the same ancestor as Escherichia coli, with E. coli and some Salmonella
serovars adapting to mammals and other Salmonella serovars adapting to reptiles.
Salmonella enterica and Salmonella bongori are the only two species of the genus
Salmonella, according to the Centre for Disease Control and Prevention. Even though
there are only two species of Salmonella known to science, their importance should
not be undervalued because S. enterica has approximately 2500 serovars and six
subspecies [4].

Salmonella was named after D.E. Salmon, whose lab (bacteriologist Theobald
Smith) isolated the S. Cholerasuis from the porcine intestine. The first report of a
foodborne salmonellosis outbreak dates to 1888, when 58 persons from 25 different
families developed acute gastroenteritis after eating beef. Gartner isolated the infec-
tious agent from the infected cow (from which the beef was taken) and its organs.
The organism was called “Gartner bacillus,” which was later identified to be serotype
Enteritidis, according to Kaufmann serotyping [5].

As per the degree of host restriction [6], Salmonella serovars are categorized into
the following:

* Host-restricted serovars, which can infect a single host species and induce
an illness akin to typhoid. S. Gallinarum and S. Pullorum in poultry and S.
Typhi, S. Sendai, and S. Paratyphi A, B, and C in humans are examples of
this group.

* Host-adapted serovars are pathogens that are linked to a particular host species
but can infect different hosts. This category includes Salmonella Typhisuis and S.
Choleraesuis.

* Broad-host-range serovars, which can colonize the digestive tract of a variety of
animals but never cause systemic infections. Most of the serovars in this group,
the most prevalent strains of which are S. Typhimurium and S. Enteritidis, are
collectively referred to as non-typhoidal serovars (NTS).

Salmonella is one of the most frequently isolated pathogens from foodborne
outbreaks across the world. It contributes to a huge financial burden in the form
of surveillance, prevention, and treatment of disease in developed as well as
underdeveloped countries. Since they are so versatile, Salmonella can live in
avariety of environmental niches, including those found in meat and animal
products. This ecological success is partly attributed to an intricate physiology
that allows for resilience to various environmental pressures and the utilization of
avariety of nutritional sources. Salmonella employs a complex virulence strategy
that allows it to survive in the immune systems and the guts of many different
animals, including humans. Therefore, to regulate the pathogen’s levels through-
out the food production chain, a variety of strategies are being researched and
developed [7].
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3. Biology and pathogenicity of Salmonella
3.1 Pathogenesis of the disease

Salmonella infection occurs through the ingestion of contaminated food or water.
On entering the stomach, Salmonella encounters a highly acidic pH (pH 2), which is
overcome by maintaining the pH-homeostatic function as part of the acid-tolerant
response of Salmonella [8]. This helps to maintain a higher intracellular pH than
that of the external environment. On reaching the small intestine, Salmonella has to
overcome the intestinal mucus layer to adhere and attach themselves to the intestinal
epithelial cells [9]. Studies in mice have shown that Salmonella gains entry into the
intestinal epithelium through the M cells of Peyer’ patches [10]. As an alternative, the
dendritic cells that line the intestinal lumen can directly take up bacteria through their
dendrites and open the tight junctions of the intestinal epithelium [11].

3.2 Attachment and mechanism of dissemination of Salmonella

Attachment to the host cell is the foremost and key step in the pathogenesis of the
bacterium. This is enabled by the specific binding of protein structures (Adhesins)
that are present on the surface of the bacterium to different receptors on the host cell
[12]. These adhesins bind to polyhydroxylated glycan or glycosaminoglycans (GAGs)
on the host cell surface [13-15].

Salmonella has well-developed fimbrial adhesins that aid in attaching itself to
the host cell. Fimbriae are non-flagellar, filamentous, extracellular appendages with
0.5-10 pm length and 2-8 nm width. They are typically involved in adhesion and
many other functions, including interaction with macrophages, biofilm formation,
intestinal persistence, and bacterial aggregation [16].

Salmonella fimbriae aid in invading non-phagocytic enterocytes in the intestinal
epithelium and subsequently adhere to the epithelium [17]. They interact with
several receptors on the host cell and play an important role in Salmonella patho-
genesis [18]. The fimbriae are divided into three different categories based on their
assembly: CU, N/P, and T4 fimbriae. Members of the type 1 fimbriae family are
called fim fimbriae. They are distinguished by their ability to attach to host cells and
exhibit mannose-sensitive hemagglutination. The adhesion to the host cell recep-
tor is a characteristic feature of fimH, which is found at the tip of fim fimbriae. The
most researched FimH, which the fim operon encodes, is a bi-domain protein that
is extremely specific to residues of mannose. While the other N-terminal domain
binds to host receptors, the C-terminal domain is utilized to integrate FimH into the
organelle [19]. A variety of factors, including low temperature, low osmolarity, and
restricted nutrition, influence curli fimbriae assembly and expression. Different
extracellular matrix proteins, such as laminin, fibronectin, and fibrinogen, may
facilitate curli fimbriae’s adhesion to host cells. It is suggested that curli fimbriae
interact with numerous host proteins to promote bacterial growth within the host.
Plasminogen, activated from a proenzyme form, breaks down fibrin and soft tissues.
Plasmin is activated because of curli fimbriae attaching to plasminogen. Because
plasmin breaks down soft tissue, it may provide an opportunity for bacteria to enter
the host cell [20].

Apart from these fimbrial adhesins, Salmonella also possesses non-fimbrial adhes-
ins which aid in the attachment of the pathogen to the intestinal epithelial cells.
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a. SiiE: It is a non-fimbrial adhesin protein that helps in attachment to the host cell.
This is encoded by SPI-4. It is composed of three subunits: SiiF, which acts as the
inner membrane and has ATPase activity, SiiD, which is the transmembrane unit,
and SiiC, which acts as the outer membrane unit.

b.Biofilm association protein (BapA): It is important in biofilm formation. This is
secreted through T'1SS and exists on the surface of the bacteria. It is regulated by
the CsgD regulator.

c. Resistance to Complement killing (Rck): It is an outer membrane protein that
plays an important role in invading the host cell. Rck mediates complement
resistance by inhibiting the polymerization of C9 on the bacterial surface. Rck
attaches itself to the Epidermal Growth Factor Receptor (EGFR) which leads to
the autophosphorylation of the EGFR cytosolic tail. This signal activates Src,
which aids in bacterial internalization.

d.PhoP-activated gene N (PagN): The outer membrane protein PagN binds to the
heparan sulfate receptor on the eukaryotic host cell. Inside a macrophage, under
cation-limiting conditions, PhoP activates PagN.

e.Salmonella Typhi Invasion (STIV): This protein plays a prominent role in the
systemic spread and colonization of the intestine during infection of S. Typhi.
STIV attaches to Met, which is the tyrosine kinase of the intestinal host cell. This
leads to the phosphorylation of Met, which results in the polymerization of actin
filaments and the engulfment of the bacteria.

f. MisL: Encoded by SPI-3, this outer membrane protein binds to fibronectin. This
enables Salmonella to invade and persist in the intestinal epithelium.

3.3 Entry into the host cell

Salmonella is mainly transmitted by the consumption of contaminated food or
water. A large bacterial load in the food or the buffering capacity of the food can help
the pathogen evade the acidity of the stomach. The pathogen then travels down the
intestinal tract to reach the large intestine. With the help of adhesins, flagella, and
chemotactic systems, the bacterium reaches close to the intestinal epithelium, which
leads to the activation of Type 3 Secretion System (T3SS) encoded by Salmonella
Pathogenicity Island-1 (SPI-1). This attachment delivers several effector proteins into
the host cell to modulate various host responses [21].

In the case of Salmonella infections, the host’s inflammatory response is
critical for the pathogen to colonize the intestinal tract. This response aids in
the internalization of the bacteria and alteration of the transcriptional profile of
the host-infected cell, which leads to inflammation. The effector proteins SopE,
SopE2, and SopB lead to the activation of Rho-family GTPases, which leads to the
rearrangement of the actin cytoskeleton and the internalization of the bacteria
into the Salmonella-containing vacuole. Once internalized, intracellular environ-
ments like low pH and low magnesium concentrations lead to the activation of the
T3SS encoded by SPI-2, which allows the bacteria to avoid innate immune mecha-
nisms and replicate in the host cell. The infected cell produces proinflammatory
cytokines like interleukin-8 (IL-8), tumor necrosis factor (TNF), and IL-1p,
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which in turn allow for the recruitment of other immune cells like macrophages
and neutrophils. This alters the lumen environment of the intestine and leads

to an increase in antimicrobial peptides, which can deplete the normal resident
microflora of the gut. These inflamed tissues also provide nutrients and electron
acceptors that are required for the multiplication of Salmonella in the lumen of the
intestine [22, 23].

3.4 Survival in intestinal epithelial cells

To survive inside the epithelial cell (M-cell), Salmonella has to escape the
action of lysosomal enzymes. This is achieved by preventing the fusion with
lysosomes. When inside the vacuole, Salmonella activates the de novo formation
of the F-actin network of mesh around the vacuoles, called vacuole-associated
actin polymerization (VAP). Then the SCVs move to a perinuclear position, close
to the Golgi apparatus, to obtain nutrients. This enables the replication of the
bacteria inside the vacuole. Moreover, intracellular Salmonella also induces the
formation of long filamentous membrane structures called Salmonella-induced
Filaments (SIFs). They are tubular aggregates that originate from SCVs and
extend through the host cell, which provides increased nutrients for the bacteria
in the vacuole. The vacuole then moves to the basolateral membrane and releases
the internal bacterial cells into the submucosa, which are then internalized by
phagocytes, including neutrophils, inflammatory monocytes that differentiate
into macrophages, and dendritic cells (a type of macrophage that functions as an
antigen-presenting cell). The bacterial cells that have traversed the intestinal epi-
thelium through the M-cell reach the Peyer’s patches and mesenteric lymph nodes
through the intestinal lymph. Once phagocytosed by macrophages, Salmonella
activates a similar phenomenon in phagocytes and survives and replicates inside
a vacuole. These phagocytes then migrate through the bloodstream to spread the
bacterium to tissues like the spleen and liver, where the bacteria replicate and
cause infection [24].

3.5 Effector proteins involved in various stages of Salmonella pathogenesis

Once Salmonella has attached to the intestinal epithelium, T3SS-1 gets activated,
which injects several effector proteins into the host cell to trigger the bacterial
engulfment and proinflammatory response, which leads to the infection. The
activation of T3SS-1 requires the protein DsbA, which is a disulfide oxidoreductase
that forms periplasmic disulfide bonds to enable proper folding and assembly of
proteins. The effector proteins SopE, SopE2, and SopB activate CDC 42, which leads
to the formation of a signaling complex that includes p21-activated kinase (PAK1),
transforming growth factor p-activating kinase-1 (TAK1), and tumor necrosis factor
(TNF)-associated factor-6 (TRAF6). This in turn, activates nuclear factor-xB (NF-
kB) and proinflammatory cytokine production. SopA effector protein, which is an E3
ubiquitin ligase, ubiquitylates the regulators TRIM56 and TRIM65, thereby activating
the retinoic acid-inducible gene I protein (RIG-I) and melanoma differentiation-
associated protein 5 (MDAS5) signaling pathway to enable inflammation of the host
cell. The SPI-1 effector protein SopD acts as a GTPase-activating protein (GAP)
for RABS8 and stimulates inflammation by inhibiting the activity of RAB8. These
responses activate the cytoskeletal remodeling and induction of the proinflammatory
responses [21].
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3.6 Downregulation of inflammation

The internalization of the bacteria and the proinflammatory responses will lead to
damage to the intestinal epithelial cells, which enables the bacteria to get the required
nutrients for their survival and multiplication. However, overactivation of these
responses can alter the equilibrium (homeostasis) of the host cell, which can interfere
with the replication of Salmonella. To overcome this, Salmonella has mechanisms
to downregulate these inflammatory responses with the help of the following anti-
inflammatory effector molecules [21].

* SptP—GTPase-activating protein for CDC42 and disrupts the actin cytoskeleton
formation.

* PipA, GtgA, and GogA—Proteolytically cleave the NF-kB transcription factors
RelA and RelB.

* SseK1 and SseK2—inhibit NF-kB signaling pathway by the transfer of
N-acetylglucosamine to proteins.

* AvrA—acetylates MKK4 and MKK7 (mitogen-activated protein kinase) and
blocks the signaling pathway.

* SpvC—phosphothreonine lyase which targets MAPKs, extracellular signal-
regulated kinase 1 (ERK1), ERK2, and p38. This leads to decreased expression of
proinflammatory cytokines like IL-8 and TNF-a and reduces neutrophil infiltra-
tion at the site of infection.

* SopB—phosphoinositide phosphatase activates phosphoinositide-3-kinase
(PI3K) dependent signaling pathway.

* SopD—removes RAB8 from GDP-dissociation inhibitor (GDI).

* GogC—activates transcription of STAT-dependent signaling and anti-inflamma-
tory cytokines like IL-10.

* Degradation of ubiquitylated TRIM56 and TRIM 65.
3.7 Competition with normal gut microflora

Salmonella-induced host response alters the composition of intestinal microbiota,
suppressing its growth and offering an advantage for the growth of Salmonella. Large
amounts of hydrogen sulfide produced by colonic bacteria react with reactive oxygen
species and thiosulfate to produce tetrathionate. This tetrathionate can be used as an
electron acceptor by Salmonella due to the presence of ¢tr genes located in SPI-2. This
allows Salmonella to survive in the anaerobic environment of the intestinal mucosa.
Moreover, SopE also induces the expression of nitric oxide synthase to produce
nitric oxide (produced in activated macrophages), which reacts with reactive oxygen
species (ROS) to form nitrate. Nitrate can also be utilized as an anaerobic electron
acceptor by Salmonella [9].
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4. Poultry food matrices
4.1 Definition and characteristics

The edible part of any domesticated bird, including chicken, duck, turkey, goose,
guinea fowl, and Japanese quail, is referred to as poultry meat. The demand for
high-quality animal protein and food security is met in large part by poultry meat.
Because of the increased demand for poultry meat, global poultry production has
been steadily increasing [25]. The term “poultry product” is defined as poultry that has
been slaughtered for human consumption, with the removal of blood, feathers, feet,
head, and viscera conducted following regulations established by the Secretary of
Agriculture. It also includes any edible portion of poultry, as well as any food product
intended for human consumption that contains such edible portions, either asa
standalone component or in combination with other ingredients, unless specifically
exempted by the Secretary [26].

The consumption of poultry meat has increased in recent decades which could
be due to the following reasons: (1) The nutritional content of poultry products
(rich protein content, reduced fat and cholesterol content), (2) Their processing
suitability facilitates the development of value-added meat products that are more
appealing, convenient, and user-friendly for consumers, (3) lower price compared
to other meats like red meat [27]. Compared to other types of meat, poultry is more
suitable for processing due to its neutral flavor, uniform and desirable texture, and
light coloration. These attributes enable manufacturers to tailor flavor profiles (e.g.,
spicy or mild) and textures to meet specific market demands and target consumer
groups (e.g., adults or children) [28]. Chicken contributes approximately 13.9% to the
total animal protein intake and 7.2% to the overall protein consumption in the United
States. In comparison, turkey, duck, and other poultry species collectively account for
only 0.2% of animal protein and 0.1% of total protein intake [29].

Poultry production involves several stages before products reach consumers. For
broilers, the process starts with raising chicks and continues through processing
to produce a range of consumable products and by-products [30]. The US poultry
industry operates under a vertically integrated system that includes hatcheries, feed
mills, breeders, broiler farms, processing facilities, and distribution networks [31].
This model promotes efficiency and maintains quality control throughout the sup-
ply chain [32]. The proportion of poultry meat in total global meat production rose
significantly from 8.3% in 1985 to 26.57% in 2021, reflecting the rapid expansion of
the poultry industry. Despite this growth, the intensification of modern poultry farm-
ing systems has introduced a range of complex factors that influence both production
and processing. These complexities present challenges in consistently ensuring the
production of high-quality poultry meat for the market. Hence, it becomes necessary
that we ensure the microbial safety of poultry meat products in the context of increas-
ing consumption and production [33].

4.2 Physicochemical properties relevant to Salmonella survival

The high nutrient density of poultry products supports the proliferation of vari-
ous microorganisms, leading to spoilage and potential foodborne illness. Microbial
growth in livestock-derived foods is influenced by numerous factors, both inherent to
the product and related to its storage environment. These influences are generally cat-
egorized into intrinsic and extrinsic factors. Intrinsic factors are those inherent to the
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food itself and include nutrient composition, water activity, pH, oxidation-reduction
potential, natural biological barriers, antimicrobial compounds, and the presence of
competitive microflora. Extrinsic factors pertain to the external conditions during
storage, such as temperature, relative humidity, and the type and concentration of
surrounding gases. A comprehensive understanding of these factors and their interac-
tions is essential for developing effective strategies to inhibit the growth of spoilage
organisms and foodborne pathogens [34].

5. Sources and routes of contamination in poultry
5.1 Breeders and hatchery

Salmonella can enter poultry production systems through multiple routes and
spread via both vertical and horizontal transmission. Infected breeder birds may
harbor the pathogen in reproductive organs, leading to contamination of eggs during
formation and subsequent infection of chicks upon hatching. This vertical transmis-
sion contributes to persistent flock-level infection. Horizontal transmission within
grow-out houses further amplifies the spread. Studies have shown that Salmonella
serovars isolated from processing plant carcasses often match those from breeder
flocks, indicating a direct link [35, 36]. Thus, breeder flocks play a critical role in the
sustained presence of Salmonella in broiler production. In vertically integrated broiler
systems, hatcheries can serve as significant reservoirs for Salmonella, with contamina-
tion often traced to this early stage. Infected hatcheries can transmit the pathogen
through eggs, leading to colonization in newly hatched chicks [37, 38]. Salmonella
can persist as an endemic population within hatchery environments, continually
infecting new flocks. Day-old chicks are particularly vulnerable due to their immature
gut microbiota and low resistance to infection, making early colonization a critical
concern for downstream contamination [39].

Eggs may become contaminated with Salmonella—most commonly S.
Enteritidis—by two principal pathways: vertical (trans-ovarial) and horizontal
(fecal-oral). When the hen’s ovary or oviduct is colonized by S. Enteritidis, bacteria
can be deposited directly into the developing yolk, vitelline membrane, or albumen
before the shell forms. Thus, the organism is already inside the egg during the time
of lay [40]. In contrast, fecal-oral spread originates in the intestinal tract. During or
after oviposition, Salmonella present in feces or contaminated litter can penetrate
the porous, incompletely cured cuticle of a freshly laid egg. Shell invasion is most
efficient within the first minutes post-lay, when cuticular maturation is incomplete
and pore channels remain open [41]. Environmental contamination of nest boxes
and hatcheries further facilitates outer-shell seeding. Although shell thickness per
se is not consistently linked to the likelihood of penetration by S. Typhimurium,
eggs with higher specific-gravity shells exhibit greater resistance to invasion by S.
Enteritidis [40].

5.2 Insects

Insect and vertebrate vectors constitute major routes for Salmonella introduction
into feed, poultry flocks, and, ultimately, humans. Cockroaches can carry foodborne
pathogens such as Salmonella into poultry houses, where their movements and
contact with flock mates enable cross-contamination and subsequent spread of the
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bacteria among previously uninfected birds [42]. Experiments conducted by Leffer

et al. showed that S. Enteritidis-infected Alphitobius diaperinus (both adult insects
and larvae) were capable of transmitting the bacteria into the chicks. The study also
showed that the concentration of Salmonella Enteritidis recovered from the cecum,
liver, or spleen of experimental chicks was larger in birds that had been fed infected
larvae than in those that had received infected adult insects [43]. Flies recovered from
poultry houses frequently carry Salmonella, and the poultry red mite Dermanyssus gal-
linae has likewise been identified as a biological vector for S. Enteritidis within these
facilities. Chicks may become infected either by ingesting crushed, contaminated
mites or through exposure to mites during their blood-feeding activity, both of which
introduce the pathogen into the flock [44].

5.3 Feed

Salmonella is frequently detected in various feed ingredients—both animal- and
plant-derived proteins such as soybean meal, rapeseed, palm kernel, rice bran, and
cottonseed. Consequently, compound feed represents a major pathway for introduc-
ing novel Salmonella infections into livestock populations, especially poultry. In
numerous instances, the same serovars isolated from raw feed components have
been traced through processing to the finished feed. Case-control investigations have
also linked particular ingredients to salmonellosis outbreaks, although detection of
Salmonella in feed does not always coincide with clinical disease [45].

5.4 Trade and travel

On-farm pathogen-control programs aim to deliver birds to the plant free of
detectable Salmonella. Yet the stresses of feed withdrawal, catching, and transport—
combined with dirty crates, trucks, and crews—can spread enteric bacteria through
contamination and cross-contamination. To curb Salmonella before slaughter, it is
vital to minimize birds’ exposure in the final hours during loading, transit, and hold-
ing. Studying how quickly Salmonella moves from the environment to birds in this
window could reveal a key control point for cutting the number of infected chickens
that reach the plant [46].

6. Salmonella behavior in different poultry matrices
6.1 Fresh meat vs. processed products

Fresh poultry meat presents a highly perishable environment with a near-neutral
pH (~6.0), high water activity (aw > 0.98), and abundant nutrients—ideal condi-
tions for Salmonella survival and growth. A considerably higher rate of Salmonella
contamination in fresh chicken meat sold in wet markets could result from relatively
poor hygiene practices, such as sharing a knife and cutting board without properly
cleaning them and putting chicken carcasses in the chillers without physical separa-
tion or individual packaging [47]. The potential for Salmonella spp. to contaminate
household environments has been well documented. Gorman et al. highlighted
that the handling and preparation of raw foods, particularly fresh poultry such as
chicken, significantly increases the risk of Salmonella dissemination to hands and
food-contact surfaces [48]. Cross-contamination within domestic kitchens accounts
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for a considerable proportion of foodborne transmission events. Multiple studies
have demonstrated that Salmonella cells originating from frozen broiler chickens are
capable of contaminating food preparation environments [49]. De Boer and Hahne
[50] further confirmed the ease with which Salmonella can be transferred from raw
poultry to various kitchen surfaces, utensils, hands, and subsequently to other foods.
Notably, viable Salmonella cells have been recovered from contaminated surfaces for
up to 6 hours post-exposure, underscoring the pathogen’s persistence in the domestic
environment [50]. Post-slaughter interventions like chilling reduce microbial load but
do not eliminate the pathogen.

A very small proportion of the overall consumption now consists of whole
chicken as compared to the 1980s (almost 50%). For instance, in 2015, chickens sold
in the United States as whole carcasses, cut pieces, or processed products accounted
for 11%, 40%, and 49% of total sales, respectively. Poultry processed products fall
into four major categories—Breaded (cordon bleus, wiener schnitzel, and nuggets),
deli meats (ham, patés, terrines, rillettes, sausages, and galantine), cured, mari-
nated, or raw (cut-up pieces, skewers, chopped, and stuffed products), and cooked
(preserved and roasted meat) [51]. Various human cases of Salmonella Enteritidis
infections linked to uncooked, frozen, breaded chicken items were documented in
Canada by Hobbs et al. [52] and Morton et al. [53]. Different strains of Salmonella
(Heidelberg, Enteritidis, and Orion) were found in raw frozen chicken nuggets and
strips in Canada by Bucher et al. [54]. Eglezos et al. examined the bacteriological
quality of 300 batches of raw, frozen chicken nuggets produced over a 4-year period
in Queensland, Australia and the prevalence of Salmonella spp. was estimated to be
8.7% of the population [55].

6.2 Marinated, frozen, and vacuum-packed poultry

Marination, commonly performed with acidic solutions containing vinegar,
citric acid, or phosphates, can influence Salmonella survival. Marination processes
utilizing natural ingredients rich in organic acids or essential oils (EOs) have been
shown to effectively inhibit the growth of common foodborne pathogens, including
Campylobacter spp. and Salmonella spp., in poultry meat, and may also facilitate their
inactivation [56]. The combination of a cultured sugar and vinegar blend with com-
mercial seasoning shows potential as an effective strategy for controlling Salmonella
Typhimurium in poultry products during refrigerated storage. Furthermore, the
application of a 3% cultured sugar and vinegar blend mitigated texture degradation
in frozen chicken breasts and enhanced the tenderness of refrigerated, ready-to-eat
chicken breasts—an attribute frequently regarded as the most critical quality param-
eter for both refrigerated and frozen poultry products [57]. Salmonella contamination
in frozen poultry products remains a significant public health concern. Despite freez-
ing, Salmonella can survive in frozen poultry, posing a risk if the product is improp-
erly cooked. Studies have shown that Salmonella can persist during frozen storage,
with some cells becoming structurally injured but still viable [58]. Prevalence studies
indicate that Salmonella can be found in frozen poultry products. For instance, a study
in England found Salmonella in 8.8% of frozen, reformed chicken products. Another
study reported a 7.6% prevalence in frozen chicken parts [59, 60]. Vacuum packaging
creates an anaerobic environment, which does not inherently inhibit Salmonella, as
many strains are facultative anaerobes. However, the reduced oxygen availability can
limit spoilage organisms, indirectly affecting microbial competition. Modified atmo-
sphere packaging (MAP), incorporating CO, or N,, may further influence microbial
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dynamics, though studies show variable efficacy depending on gas ratios and storage
temperature [61].

6.3 Egg-based matrices

Eggs and egg-based products continue to be a major vehicle for Salmonella trans-
mission, particularly in the European Union (EU), where in 2018, 45.6% of reported
salmonellosis outbreaks were attributed to their consumption [62, 63]. Salmonella
Enteritidis is the predominant serovar implicated in egg-associated human infec-
tions [64]. Contamination levels within intact eggs are generally low, typically
below 10 CFU/egg [65, 66]; however, significantly higher counts (e.g., >10° CFU/g)
have also been detected [66]. The albumen is more frequently contaminated than
the yolk, indicating colonization of the oviduct during egg formation [67]. Despite
the presence of Salmonella, growth within albumen is typically inhibited due to its
inherent antimicrobial properties, even at ambient temperatures [68, 69]. In contrast,
the yolk can support rapid bacterial proliferation, with generation times as short as
35 minutes at 37°C. Growth has been observed at 10°C in some studies, although not
consistently. Storage temperatures of 8°C or lower appear to suppress Salmonella
growth effectively [70].

Surveillance data indicate that the prevalence of Salmonella in commercially
produced table eggs is relatively low in developed countries. In the United States, the
estimated contamination rate is approximately 0.005% [71], while in Europe, the
European Food Safety Authority (EFSA) and ECDC reported a prevalence of 0.37%
based on testing of over 6000 eggs [63]. However, a higher risk has been observed
with home-produced or backyard eggs. Several outbreaks have been associated with
backyard poultry and the consumption of home-laid eggs [72, 73]. In one study,
10.4% of samples from backyard flocks tested positive for Salmonella [74]. Additional
risk factors include the use of pooled raw eggs in dishes like dressings, desserts, and
custards, some of which may not undergo sufficient thermal processing [75-77].
Common contributing factors to outbreaks include undercooking, inadequate storage,
and cross-contamination [78, 79]. Outbreaks have occurred in both private and public
settings, often involving contaminated eggs or raw-egg-based dishes [80].

7. Biofilm formation in poultry-associated environments

A biofilm comprises microorganisms that adhere irreversibly to biotic or abiotic
interfaces—and to one another—while being enveloped in their own extracellular
polymeric matrix [81]. Salmonella spp. form biofilms both within hosts and in
external habitats; however, this phenotype is particularly critical for persistence
under non-host conditions. Biofilm formation underpins the organism’s widespread
environmental distribution, facilitating its recovery from water, soil, and plant
surfaces. Extensive experimental evidence shows that Salmonella readily colonizes
and establishes biofilms on a range of abiotic substrates commonly encountered on
farms, in abattoirs, and throughout food-processing facilities, including plastic,
rubber, glass, stainless steel, and cement [82]. Within the poultry production chain,
Salmonella biofilms constitute a major reservoir of contamination. Accumulating
evidence demonstrates that such biofilms underlie persistent Salmonella colonization
of hatchery incubators, farm water-distribution systems, and live-bird transport
vehicles [83, 84].
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8. Detection and quantification of Salmonella in poultry matrices
8.1 Traditional culture methods

Traditional methods remain the gold standard for detecting Salmonella due to their
high specificity and ability to confirm viable organisms. Conventional methods for
bacterial isolation rely on culturing samples on differential agar media followed by
colony enumeration. The standard protocol for detecting Salmonella in food involves
several key steps: pre-enrichment in buffered peptone water, selective enrichment,
isolation on differential media, and serological confirmation, as outlined in the NF EN
ISO 6579 standard. While widely used, these procedures are labor-intensive, time-con-
suming, and often challenging to interpret. Initial results typically require 2-4 days,
with an additional 4-6 days needed for confirmatory testing. During this period, the
affected food products cannot be released for commercial distribution [85].

8.2 Molecular and rapid detection techniques

The application of advanced molecular techniques in the characterization of
microbial populations associated with poultry meat has significantly enhanced our
understanding of microbial ecology and pathogen behavior during various stages
of poultry processing. Traditional culture-based methods, while valuable, are often
limited in their ability to detect the full spectrum of microbial diversity, particularly
in complex environments such as poultry processing facilities. In contrast, molecular
tools such as denaturing gradient gel electrophoresis (DGGE), multiplex polymerase
chain reaction (PCR), quantitative PCR (qPCR), and next-generation sequencing
(NGS) have enabled high-resolution analysis of microbial communities, including
non-culturable and low-abundance species.

These methods are especially useful for monitoring changes in microbial com-
munities and progression patterns in response to processing interventions (such as
chilling, scalding, and antimicrobial treatments), equipment sanitation, and environ-
mental conditions. For example, DGGE can provide rapid fingerprinting of com-
munity profiles, while qPCR offers quantification of specific pathogens or functional
genes. NGS, with its ability to generate comprehensive taxonomic and functional
profiles, has emerged as a powerful tool for microbiome studies in poultry meat and
processing environments. This includes identification of core microbiota, detection of
spoilage organisms, and surveillance of antimicrobial resistance genes.

As NGS becomes increasingly cost-effective and user-friendly, its application in
poultry microbiome research is expanding rapidly. Microbiome mapping of poultry
carcasses, processing equipment surfaces, water systems, and air samples within
facilities allows for the generation of detailed datasets that capture spatial and
temporal microbial dynamics. These analyses can reveal previously unrecognized
sources of cross-contamination, identify persistent microbial reservoirs within the
plant, and elucidate the influence of external factors such as geographic location,
farm management practices, and flock health on the microbial landscape of process-
ing environments.

Furthermore, understanding these microbial patterns has practical implica-
tions for food safety and quality. Microbial community profiles can be linked to
spoilage potential and shelf-life outcomes, informing risk-based decision-making.
Importantly, this level of microbial resolution supports the development of targeted,
facility-specific sanitation and intervention strategies. By tailoring control measures
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to the unique microbial signature of each processing plant, processors may achieve
greater efficacy in reducing contamination, improving product quality, and enhanc-
ing overall food safety outcomes [86].

9. Epidemiology of Salmonella outbreaks linked to poultry

Salmonella continues to be a leading cause of foodborne illness worldwide, with
poultry products frequently implicated. Between 1990 and 2014, a total of 53 out-
breaks of live poultry-associated salmonellosis (LPAS) were reported in the United
States, resulting in 2630 documented illnesses, 387 hospitalizations, and 5 fatalities.
The median age of affected individuals was 9 years, with a reported age range from
less than 1 year to 92 years. Exposure to chicks and ducklings was identified in 85%
and 38% of cases, respectively. Notably, certain high-risk behaviors were frequently
observed, including housing live poultry indoors (46% of cases) and kissing birds
(13%) [87]. In 2021, an outbreak of Salmonella Hader associated with ground turkey
was reported, resulting in 33 confirmed cases and 4 hospitalizations [88]. That same
year, an outbreak of Salmonella Enteritidis was linked to raw frozen breaded stuffed
chicken products, with 36 reported infections and 12 hospitalizations across 11 states
[89]. Additionally, one of the recent outbreaks associated with backyard poultry
occurred in 2021, leading to 1135 cases, 273 hospitalizations, and 2 fatalities. The
Center for Disease Control and Prevention (CDC) reported that 25% of the affected
individuals were children under the age of five [90]. Trends show seasonal peaks in
warmer months and rising incidence in low- and middle-income countries due to
limited regulation.

9.1 Serotype distribution in poultry-linked outbreaks

The most frequently isolated Salmonella serotypes from chicken include S.
Kentucky, S. Enteritidis, S. Typhimurium, S. Infantis, and S. Heidelberg. In turkeys,
the predominant serotypes identified were S. Reading, S. Kentucky, S. Agona, S.
Hadar, and S. Ouakam. Among human cases of salmonellosis, the most commonly
implicated serotypes are S. Enteritidis, S. Typhimurium, S. Newport, S. I4,[5],12:i:-, S.
Javiana, and S. Heidelberg. Notably, S. Heidelberg has demonstrated elevated resis-
tance to two or more antibiotics, regardless of whether the source was from conven-
tionally or organically raised poultry [91]. Multidrug-resistant (MDR) Salmonella
was more prevalent in isolates obtained from retail ground turkey (36%) compared
to those from retail chicken (20%). Additionally, antimicrobial-resistant (AMR)
Salmonella isolates from turkeys demonstrated a higher rate of resistance to three or
more antimicrobial classes (46.7%) than isolates from chickens (14.6%) collected via
the cecal sampling route [92]. Salmonella Heidelberg isolates linked to the 2011 ground
turkey outbreak were found to harbor a novel virulence plasmid encoding the VirB4/
D4 type IV secretion system. This secretion system enhances the pathogen’ ability to
invade and persist within macrophages and intestinal epithelial cells, thereby con-
tributing to increased virulence [93, 94]. In 2011, a significant outbreak of Salmonella
Heidelberg was reported, resulting in 190 confirmed cases and 30 hospitalizations.
The outbreak was traced back to Kosher broiled chicken livers, highlighting the poten-
tial risks associated with partially cooked poultry products. During the same year,
multistate outbreaks of Salmonella Altona and Salmonella Johannesburg occurred in
the United States, leading to 68 infections and 19 hospitalizations. Epidemiological
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investigations linked these infections to contact with live poultry, specifically chicks
and ducklings [95]. Additionally, an outbreak of Salmonella Hadar was documented in
2011, affecting 12 individuals, three of whom required hospitalization. The S. Hadar
strain involved in this outbreak exhibited multidrug resistance, including resistance
to ampicillin, amoxicillin/clavulanate, cephalothin, and tetracycline, raising concerns
about treatment challenges and antimicrobial resistance in zoonotic pathogens [96].

10. Intervention strategies in the poultry chain

Effective control of Salmonella in poultry production requires a multi-hurdle
approach encompassing all stages of the supply chain. On-farm interventions are
crucial for reducing the initial bacterial load before birds reach processing facilities.
Vaccination, particularly against Salmonella Enteritidis, has been instrumental in
lowering contamination in breeder and layer flocks. The implementation of live and
inactivated vaccines has led to substantial reductions in vertical transmission [97, 98].
In addition, the use of competitive exclusion cultures and probiotics promotes gut
microbiota stability, thereby inhibiting Salmonella colonization through microbial
antagonism and immune modulation [99]. Biosecurity measures, including restricted
farm access, controlled feed and water sources, and stringent sanitation protocols, are
also vital in preventing environmental and cross-flock contamination [100].

Within processing plants, various interventions are applied to further reduce
microbial loads. Thermal treatments such as scalding, as well as carcass rinses using
chlorinated water or organic acid solutions, are commonly employed to inactivate
Salmonella. Among chemical decontaminants, peracetic acid has gained widespread
use due to its efficacy and minimal residual impact [101]. Separating zones of
hygiene, staff training, and strict segregation of raw and cooked products are essen-
tial for preventing cross-contamination within facilities [102]. These process control
strategies are often monitored under Hazard Analysis and Critical Control Points
(HACCP) systems to ensure regulatory compliance and food safety assurance [103].

Post-processing interventions are increasingly focused on minimizing recontami-
nation and enhancing product shelf-life. Packaging technologies such as modified
atmosphere packaging (MAP), which alters the gaseous environment surrounding the
product, can significantly reduce microbial growth [104]. Antimicrobial packaging
films embedded with agents like nisin or organic acids further inhibit bacterial prolifer-
ation [105]. For ready-to-eat (RTE) poultry products, high-pressure processing (HPP)
and irradiation are being explored for their ability to inactivate pathogens without com-
promising sensory quality [106]. These innovations hold promise in extending safety
measures beyond the processing plant and into the retail and consumer environment.

Ultimately, the integration of on-farm controls, processing plant interventions,
and post-processing technologies forms a comprehensive framework to mitigate
Salmonella risk in poultry products. Continuous evaluation and adaptation of these
strategies, in response to evolving pathogen profiles and consumer demands, remain
essential for maintaining food safety across the poultry supply chain.

11. Regulatory frameworks and industry standards

The Healthy People 2030 initiative aims to reduce the national incidence of
Salmonella infections by 25%. Given that poultry—particularly chicken and
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turkey—is a significant source of human salmonellosis, the US Department of
Agriculture (USDA) Food Safety and Inspection Service (FSIS) has proposed a new
Salmonella Control Framework targeting a 25% reduction in poultry-attributable
salmonellosis cases. A key component of this framework is a Final Product Standard,
which deems raw chicken carcasses, chicken parts, comminuted chicken, and com-
minuted turkey to be adulterated if they meet both of the following criteria:

1. Contain Salmonella at or above 10 CFU/mL or 10 CFU/g, and

2. Contain any detectable level of at least one Salmonella serotype of public health
concern specific to that product type.

Additionally, the framework proposes implementing a Statistical Process Control
(SPC) program aimed at improving processing hygiene. This includes achieving at
least a 1-log reduction in aerobic plate counts (AC) between two designated sampling
points within the processing plant [107].

National and international Salmonella control programs have been established
to address the significant public health risks associated with Salmonella con-
tamination in poultry. These programs, coordinated by government agencies and
international organizations such as the World Health Organization (WHO), the
Codex Alimentarius Commission, and the World Organization for Animal Health
(WOAH), implement harmonized strategies aimed at reducing Salmonella preva-
lence throughout the poultry production chain [108]. In the European Union (EU),

a comprehensive control framework mandates routine testing for high-risk serovars
like Salmonella Enteritidis and S. Typhimurium, vaccination of laying hens, and
strict biosecurity practices across member states [109]. Similarly, in the United
States, the National Poultry Improvement Plan (NPIP) offers a widely adopted
voluntary certification system, while the Food and Drug Administration (FDA)
enforces the mandatory egg safety rule for commercial layer flocks to detect and
manage S. Enteritidis contamination. Core components of these programs include
routine surveillance and monitoring, which allow for early detection and corrective
action, as well as robust data collection to inform national food safety strategies.
Vaccination is another critical preventive measure, particularly for breeder and layer
flocks, although policies vary by country based on vaccine efficacy in field condi-
tions. Biosecurity remains a foundational element, with protocols in place to prevent
horizontal and vertical transmission via sanitation, pest control, and movement
restrictions. Certification and quality assurance mechanisms help validate compli-
ance, improving market access and consumer confidence. Additionally, national and
regional surveillance systems such as the European Food Safety Authority (EFSA)
database and the U.S. CDC’s PulseNet and FoodNet networks monitor disease trends
and detect outbreaks. Investment in research and development continues to enhance
control measures through new vaccine technologies, biosecurity innovations, and
alternatives to antibiotics, addressing antimicrobial resistance (AMR) concerns.
Educational outreach to farmers further supports these efforts by promoting best
practices and enhancing program adoption. Some countries also encourage the use of
alternative pathogen-control methods, including probiotics, organic acids, and other
microbiome-supportive approaches, to reduce reliance on antibiotics. Collectively,
these integrated programs play a pivotal role in mitigating the burden of Salmonella
infections, promoting food safety, and supporting the sustainable production and
global trade of poultry products [110].
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12. Consumer awareness and education

Consumer awareness and education are vital components of a comprehensive
strategy to reduce the risk of Salmonella infections originating from poultry products.
As poultry is frequently implicated in foodborne disease outbreaks, the role of the
end-user—primarily households—becomes a critical control point in the farm-to-fork
continuum. Despite extensive regulatory and industry interventions aimed at reduc-
ing contamination at the production and processing levels, improper food handling at
the consumer level remains a significant contributor to disease burden [111].

One of the fundamental areas of focus is the promotion of safe handling and
cooking practices. Public health agencies such as the Center for Disease Control
and Prevention (CDC), US Department of Agriculture (USDA), and international
counterparts emphasize the need to cook poultry products to an internal temperature
of at least 74°C (165°F) to ensure microbial safety [112]. Additionally, consumers are
advised to store raw poultry at or below 4°C (40°F), avoid washing raw meat (which
can spread pathogens through aerosolized droplets), and prevent cross-contami-
nation by using separate utensils and cutting boards for raw and ready-to-eat foods
[113]. Despite the clarity and consistency of these messages, behavioral adherence
remains inconsistent. Research has demonstrated that only a minority of consumers
regularly use food thermometers to verify doneness, instead relying on subjective
indicators such as color or texture, which can be misleading [114]. This discrepancy
underscores a persistent gap between food safety knowledge and actual kitchen
practices.

To address these issues, clear labeling and public health campaigns have
been implemented to enhance consumer understanding and engagement [115].
Accurate and visible labeling—such as “raw,” “partially cooked,” or “ready-to-eat”
(RTE)—on poultry packaging is essential to inform consumer decision-making.
Misinterpretation of labeling can result in undercooking or mishandling of products,
especially with items that appear cooked (e.g., breaded or grilled poultry products)
(https://www.fsis.usda.gov/guidelines/2017-0017). Public awareness campaigns like
“Fight BAC!” by the Partnership for Food Safety Education have played a crucial
role in promoting hygienic practices through the “Clean, Separate, Cook, and Chill”
framework [116]. These campaigns aim to simplify complex microbiological concepts
into actionable behaviors and have reached broad audiences through schools, health-
care settings, media, and community events.

Beyond traditional education, recent efforts have turned to behavioral science-
based interventions to more effectively modify consumer habits. Behavioral econom-
ics and cognitive psychology suggest that information alone is often insufficient to
drive change; instead, structural nudges and environmental cues can more effectively
prompt safer behaviors. For example, point-of-sale prompts, instructional graphics
on product packaging, and short instructional videos placed near refrigerated poultry
displays have all been evaluated for their impact on consumer compliance with food
safety guidelines. Some interventions leverage “default settings” or simplify decision-
making, such as including integrated color-change indicators or embedded thermom-
eters in packaging. These tactics aim to reduce the cognitive and practical barriers
consumers face in applying food safety practices [117].

Despite ongoing efforts, several barriers still limit the effectiveness of consumer
food safety education. Cultural norms, language differences, and low levels of
food literacy can make it difficult for messages to reach and influence all audiences.
Additionally, people’s perception of risk often differs across demographic groups,
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which affects their motivation to follow safe food handling practices. To improve
outcomes, food safety messages should be tailored to account for social and cultural
diversity and specifically target high-risk groups, such as households with young
children, elderly individuals, or those with weakened immune systems.

13. Control strategies for Salmonella in poultry

Implementing strong biosecurity measures—such as site cleanliness, hand
hygiene, disinfection between flocks, and pest control—is essential for reducing
Salmonella transmission in poultry farms. Proper litter management, including
composting, and the use of effective disinfectants also help lower contamination.
Seasonal variations, with higher prevalence in summer, further emphasize the need
for year-round biosecurity vigilance [118, 119]. Prebiotics such as Yeast cell wall-
derived mannan oligosaccharides (MOS), fructo-oligosaccharides (FOS), inulin,
and xylo-oligosaccharides help control Salmonella in poultry by promoting SCFA
production (e.g., butyrate and acetate) in the ceca, which lowers gut pH and inhibits
pathogen colonization [120] Probiotics, or direct-fed microbials (DFM), are live
microorganisms that, when given in adequate amounts, provide health benefits to
the host, as defined by the FAO [121]. Continuous supplementation with Bacillus-
based probiotics has been shown to restore gut microbiota, reduce Salmonella load
in internal organs, and increase butyrate levels in free-laying birds challenged with
S. Typhimurium [122]. Bacteriophage therapy has shown promise in reducing
Salmonella colonization and improving survival in infected poultry. Phage cocktails
(e.g., F1055S and F12013S) sprayed on eggs reduced horizontal transmission [123],
while oral or injected phages lowered bacterial loads in internal organs and alleviated
clinical symptoms [124]. Broad-host-range phages offer added benefits by targeting
multiple Salmonella serovars. Encapsulation techniques help protect phages from
degradation in the acidic gastric environment, enhancing their oral efficacy [125].

Live attenuated vaccines contain living bacterial pathogens that have been weak-
ened or rendered non-virulent through attenuation techniques, including chemical
treatment or genetic modification [126]. Shin et al. evaluated the immune response
and protective efficacy of a temperature-sensitive attenuated Salmonella Enteritidis
mutant as a potential live vaccine candidate. Additionally, they also investigated
the impact of different vaccination strategies to enhance both humoral and cellular
immunity in chickens. Two administration regimens were compared: the oral/IM
group received an oral dose at 4 weeks of age followed by an intramuscular booster
at 7 weeks, while the IM/oral group received the reverse sequence. The oral/IM group
demonstrated stronger immune responses than the IM/oral group. Furthermore,
spleen samples from the oral/IM group showed a notable reduction in Salmonella
load following challenge. These findings support the potential of the attenuated
S. Enteritidis mutant as an effective live vaccine candidate [127]. The study by Lin
et al. assessed the safety and efficacy of the commercial bivalent live attenuated
vaccine AviPro Salmonella DUO in both SPF (specific pathogen free) chickens and
commercial layer hens. The vaccine was found to be safe, with no adverse effects on
bird health, and showed protective effects against Salmonella Enteritidis (SE) and S.
Typhimurium (ST). Vaccinated layers had lower mortality and higher egg produc-
tion compared to unvaccinated controls. Salmonella shedding and tissue colonization
were significantly reduced after a single dose, while triple vaccination fully inhibited
cloacal shedding and markedly decreased bacterial loads in tissues. These findings
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support the vaccine’s potential as an effective component of integrated Salmonella
control strategies in poultry production [97].

Killed (inactivated) bacterin vaccines, produced using whole-cell Salmonella
preparations treated with agents such as heat, formaldehyde, or radiation, have been
widely applied to control Salmonella infections in poultry. These vaccines primar-
ily induce humoral immunity and typically require booster doses due to limited
cell-mediated immune response. Despite this limitation, they are favored over live
vaccines in certain settings due to improved biosecurity and safety profiles [128].
Multivalent formulations are often necessary to target diverse circulating serovars.
Notably, a trivalent aluminum hydroxide-adjuvanted vaccine significantly reduced
Salmonella Enteritidis and S. Infantis loads and prevented liver dissemination.
Enhanced antibody responses and broader protection were observed when live and
killed vaccines were used in combination [129].

Efforts to develop subunit vaccines against Salmonella Enteritidis in poultry have
focused on components such as outer membrane proteins (OMPs), flagellins, fimbrial
proteins, and secretory system effectors. OMPs like OmpC and OmpF have demon-
strated strong immunogenicity and, when administered using a booster strategy,
conferred high levels of protection in young chickens [130]. Flagellar protein FliC
elicited robust antibody responses but failed to induce cellular immunity, offering
limited protection [131]. More recently, outer membrane vesicles (OMVs), which
carry surface antigens and can stimulate both humoral and cellular responses, have
emerged as promising subunit vaccine candidates [132]. OMVs alone provided 90%
protection, and when combined with purified OmpF, achieved complete protection
against S. Enteritidis in vaccinated birds [130].

14. Gaps in knowledge and future research directions

Despite considerable advances in the control and understanding of Salmonella in
poultry production, critical knowledge gaps persist that hinder the development of
more effective risk mitigation strategies. One major limitation lies in the reliance on
generalized risk models that fail to account for the diverse nature of poultry products.
Current assessments often treat poultry matrices homogenously, overlooking the
unique characteristics of products such as mechanically separated meat, marinated
cuts, or ready-to-eat poultry items. These matrix-specific factors—such as pH, water
activity, and marinade composition—can significantly influence Salmonella behavior,
survival, and growth. To enhance risk characterization and predictive modeling,
future research must prioritize the development of matrix-specific quantitative
microbial risk assessment (QMRA) models tailored to individual poultry product
types [133].

Another underexplored area is the role of sub-lethal injury and stress adaptation
in Salmonella survival. During processing and storage, Salmonella cells may undergo
sub-lethal stress (e.g., due to heat, cold, desiccation, or sanitizers), leading to a
physiological state that hampers detection by conventional microbiological methods.
However, these injured cells may regain viability under favorable conditions, posing
alatent risk to public health. Understanding the molecular mechanisms underlying
stress responses, persistence, and recovery in different poultry matrices is essential to
improving detection methods and refining hazard assessments [134].

Finally, addressing Salmonella risks requires a holistic One Health approach
that integrates human, animal, and environmental health domains. The complex
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transmission routes of Salmonella—from farm environments and animal reservoirs
to processing plants and consumers—necessitate interdisciplinary collaboration.
Moreover, the growing concern over antimicrobial resistance (AMR) in Salmonella
further highlights the need for surveillance systems and control strategies that con-
sider the interconnectedness of the ecosystem. Coordinated efforts across sectors are
crucial to reducing the burden of Salmonella infections and curbing the emergence
and dissemination of resistant strains [135].

15. Conclusion

The role of poultry matrices in the transmission of Salmonella encompasses
complex interactions between microbial physiology, food matrix characteristics, and
environmental conditions encountered along the production and distribution con-
tinuum. The survival, persistence, and potential proliferation of Salmonella within
specific matrices—such as raw carcass parts, mechanically separated meat, marinated
or frozen products, and ready-to-eat formulations—are governed by a combination
of intrinsic (e.g., pH, water activity, and nutrient availability) and extrinsic (e.g.,
temperature, packaging atmosphere, and storage duration) factors. Despite advances
in pre-harvest and post-harvest control strategies—including vaccination, decontam-
ination technologies, and regulatory oversight—matrix-specific risks remain insuf-
ficiently characterized. Current risk assessment models often fail to account for the
heterogeneity of poultry matrices, potentially underestimating the public health risk
posed by certain processed or value-added products. Furthermore, the emergence of
antimicrobial-resistant and highly adapted Salmonella serotypes underscores the need
for continuous surveillance and refinement of intervention approaches.

To enhance food safety outcomes, future research should prioritize the develop-
ment of matrix-specific quantitative microbial risk assessment (QMRA) frameworks,
improved detection methodologies capable of identifying sub-lethally injured or
viable but non-culturable (VBNC) Salmonella cells, and a deeper understanding
of the molecular mechanisms governing matrix-pathogen interactions. Integrated,
systems-based approaches that consider the entire supply chain—from primary
production through to consumer behavior—are essential for the development of
targeted, evidence-based mitigation strategies. Through a more nuanced understand-
ing of poultry matrices as ecological niches for Salmonella, it is possible to more
effectively reduce the burden of foodborne salmonellosis.
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Abstract

Non-typhoidal Salmonella (NTS) species are a leading cause of foodborne illnesses
globally, with significant morbidity in both developed and developing countries.
This chapter explores the molecular basis of NTS pathogenesis, highlighting the
roles of Salmonella pathogenicity islands (SPIs), Type III Secretion Systems (T3SS),
and host-pathogen interactions. Emphasis is placed on the molecular epidemiology
of prevalent serotypes such as Salmonella Typhimurium (S. Typhimurium) and S.
Enteritidis, as well as their adaptive mechanisms in various food and environmental
niches. The chapter also reviews emerging multidrug-resistant strains and discusses
current strategies for controlling transmission through improved diagnostics, public
health surveillance, and food safety interventions.

Keywords: non-typhoidal salmonella (NTS), type 3 secretion systems, pathogenicity
islands, multidrug resistance (MDR), control, prevention

1. Introduction
1.1 Overview and prevalence

Salmonella enterica (S. enterica) is a Gram-negative facultative intracellular
bacterial pathogen that is a member of the Enterobacteriaceae family [1]. S. enterica
consists of more than 2600 serovars of which S. enterica subspecies enterica is com-
posed of serovars like S. Typhi that are host-adapted serovars restricted to humans,
while other serovars like S. Enteritidis and S. Typhimurium are broad host range
serovars affecting multiple species [2]. Typically, S. Typhi human infections are
characterized by typhoid fever and invasive disease [3]. However, non-typhoidal
Salmonella (NTS) species are one of the leading causes of self-limiting bacterial
gastrointestinal disease in humans [4]. Interestingly, NTS species have been associ-
ated with invasive disease (iNTS) in sub-Saharan Africa that manifests as bactere-
mia leading to a case fatality rate of 20.6% [5]. The consumption of contaminated
poultry products has been attributed to serve as the main source of human NTS
infections, though fresh produce has emerged as a significant contributor in recent
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outbreaks [6]. NTS human infections result in an estimated annual global burden
of 93.8 million cases leading to 155,000 deaths [7]. According to the Centers

for Disease Control and Prevention (CDC), NTS species are responsible for an
estimated 1.35 million cases of Salmonellosis annually, making them the second
most common cause of foodborne illness [8]. This accounts for approximately
19,336 hospitalizations, a loss of 17,000 quality-adjusted life years (QALYs), and an
estimated USD $3.3 billion in annual healthcare costs and productivity losses [9].
Additionally, NTS serotypes Enteritidis and Typhimurium are the predominant
serotypes associated with human infections in Africa, Asia, Europe, Latin America
and the Caribbean, and in North America [10].

1.2 Sources and transmission

According to data from the CDC’s National Outbreak Reporting System (NORS),
3115 outbreaks were reported from 2009 to 2023 in the United States that were

State Number of Salmonella outbreaks (2009-2023)
Minnesota 324
Texas 356
Ohio 363
Illinois 378
California 416
New York 436
Pennsylvania 436
Table 1.

States with the highest number of Salmonella outbreaks (2009-2023) reported by the National Outbreak
Reporting System (CDC) [11].

Outbreak source Date Cases Hospitalizations Deaths Number of states
Charcuterie Meats Jan 2024 104 27 0 33
Fresh Basil Apr2024 36 4 0 14
Backyard Poultry May 2024 470 125 1 48
Pet Bearded Dragons Jun 2024 26 10 0 13
Cucumbers Jun 2024 551 155 0 34
Small Turtles Aug 2024 63 28 0 22
Eggs Sep2024 93 34 0 12
Geckos Feb 2025 49 4 0 27
Cucumbers May 2025 69 29 0 21
Eggs Jun 2025 34 38 1 10
Backyard Poultry Jun 2025 187 42 1 42
Pistachio Cream Jun 2025 4 1 0 2
Frozen Sprouted Beans July 2025 1 4 0 10
Table 2.

Recent Salmonella outbreaks in the U.S. reported by the CDC [13].
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attributed to NTS species, resulting in 70,458 illnesses, 11,866 hospitalizations and
108 deaths [11]. Moreover, states with the highest number of Salmonella outbreaks in
the U.S. over the 14-year period included Minnesota (324), Texas (356), Ohio (363),
Ilinois (378), California (416), New York (436) and Pennsylvania (436) (Table1)
[11]. Over 75% of the described outbreaks were linked to foodborne transmission,
originating from a variety of sources including seeded vegetables, chicken, fruits,
pork, beef, eggs and other produce [12]. Additionally, recent Salmonella outbreaks
in 2024-2025 (Table 2) include those that are associated with charcuterie meats,
fresh basil, backyard poultry, pet bearded dragons, cucumbers, small turtles, eggs,
geckos, cucumbers, pistachio cream, and frozen sprouted beans [13], implying that
Salmonella surveillance and control are critical steps in ensuring a safer food sup-
ply that will ultimately lead to lower human infections [14-17]. Taken together, the
need to further understand molecular mechanisms of Salmonella pathogenesis and
virulence are vital since the incidence of NTS and iNTS, along with the associated
Multidrug Resistance (MDR) are on the rise [18].

2. Molecular virulence factors
2.1 Introduction to NTS virulence mechanisms

NTS serovars, such as S. Typhimurium and S. Enteritidis, are major causes of
foodborne illness worldwide, typically resulting in self-limiting gastroenteritis in
immunocompetent hosts. However, in vulnerable populations, including infants,
the elderly, and the immunocompromised, NTS can breach the intestinal barrier,
resulting in invasive bloodstream infections [5]. The pathogenesis of NTS involves a
coordinated series of virulence mechanisms that enable intestinal invasion, immune
evasion, and intracellular survival [19]. These mechanisms are largely encoded on
chromosomal Salmonella pathogenicity islands (SPIs) and serovar-specific virulence
plasmids, which together orchestrate the bacteriums ability to colonize, invade, and
persist within the host [20, 21]. Therefore, an in-depth understanding of molecular
virulence determinants is crucial for developing effective strategies aimed at control-
ling this pathogen.

2.2 Salmonella pathogenicity islands

SPI are clusters of genes coding for virulence factors [22]. These operons are
distinct from other regions of DNA due to their high content of Cytosine and Guanine
[23]. The proteins coded for within these operons facilitate the survival of the bac-
terium within various hosts and environments. Twenty-four such SPIs have been
identified in Salmonella spp. (Table 3), with SPI-1 and SPI-2 having been the best
characterized [24].

SPI-1is conserved across all Salmonella spp. [25]. It encodes a Type 3 Secretion
System (T3SS) and several effector molecules which are then translocated into host
cells via a needle-like injectisome to help invade the epithelium [26]. Major effector
molecules include SipA, which plays a role in actin rearrangement in host cells, SipB
and SipC, which help with adhesion to epithelial cells [26, 27]. AvrA helps prevent
apoptosis of infected macrophages to allow bacterial dissemination in the host [28].

SPI-2 is found in Salmonella enterica that is primarily expressed once the bac-
terium is inside the host cell within a membrane bound vacuole [29]. It encodes a
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SPI Presence Key genetic features
SPI-1 Presentinall S. Encodes T3SS-1 and invasion effectors (Sip, Sop, Hil regulators);
enterica serovars mediates epithelial invasion

SPI-2 Present in S. enterica Encodes T3SS-2 and intracellular survival effectors (Sse, Ssp); essential
for survival in macrophages

SPI-3 Variable Encodes mgtABC (Mg2+ transport) and MisL adhesin; contributes to
gut colonization and survival in macrophages

SPI-4 Variable Encodes Type I Secretion System (T1SS) and non-fimbrial adhesin

SPI-5 Variable Encodes effector proteins co-regulated and secreted by T3SS-1/T3SS-2
(e.g., PipB, SopB) which modulate inflammation

SPI-6 Strain-specific Encodes Type VI Secretion System (T6SS); involved in bacterial
competition and virulence in intestinal environment

SPI-7 Absent in NTS Encodes Vi capsule genes of S. Typhi

SPI-8, 15 Absent in most NTS Found in S. Typhi

SPI-9, 14 Variable among NTS Encode adhesive or metabolic traits; contribute modestly to systemic
colonization in some serovars

SPI-10, Variable Implicated in oxidative stress survival

11,12

SPI13 S. Enteritidis Macrophage uptake

SPI- Mostly Represent accessory or prophage-like islands; may encode serovar-

16-24 lineage-specific specific T6SS

Table 3.

Summary of the Salmonella pathogenicity islands and their key effectors [24].

second T3SS (T3SS-2), as well as secreted effector proteins which play a major role in
bacterial survival and replication within host cells [30]. These effector proteins help
regulate the positioning of the Salmonella-containing vacuole (SCV), modulating
cytoskeletal rearrangements, inhibiting the host inflammatory cytokines and delay-

ing macrophage cytotoxicity [31].

2.3 Type 3 secretion systems

The T3SS is a nanomachine complex found in a number of Gram-negative bac-
teria, including Yersinia, Shigella, Enteropathogenic Escherichia coli, and Salmonella
[32]. These injectisomes allow bacterial effector proteins to be injected directly into
host cells [33]. Typically, the T3SS is comprised of a translocon, tip complex, needle,
basal body, and cytoplasmic ATPase complex [34]. The basal body is made up of
two rings, which help anchor the complex to the inner and outer membrane of the

bacterial cell wall [35], while the needle is a hollow polymeric rod that allows effector
proteins to be secreted [36]. Additionally, the tip complex, on top of the needle, inter-
acts with the host cells [37] and the translocon forms pores in the host cell membrane
to allow for the passage of effector molecules [38]. Salmonella enterica possesses two
distinct T3SS, with T3SS-1 being functional during the initial invasion stage and
T3SS-2 aiding in intracellular survival within the SCV. However, both are structurally
analogous (Table 4) [39].
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Component T3SS-1 T3SS-2 Function

ATPase InvC SsaN Powers secretion

Needle protein Prgl SsaG Forms the central needle structure

Inner membrane ring PrgH, PrgK SsaV, SsaJ, SsaK Anchors apparatus in membrane

Outer membrane ring InvG SsaC Creates export pore

Tip proteins SipD SseB, SseC, SseD Forms translocon & host contact

Effector chaperones SicA, InvB SscA, SsaE, SseA Stabilize & deliver effectors
Table 4.

Comparing T3SS-1 and T3SS-2 and the homology of the proteins.

2.4 Virulence plasmids

Virulence plasmids are extrachromosomal DNA elements found in certain serovars
of Salmonella, including Choleraesuis, Dublin, Enteritidis, and Typhimurium [40].
The gene products of these plasmids are not essential for the initial phase of intestinal
colonization; however, they have been implicated in enhancing the intracellular sur-
vival of the pathogen [41]. All serovars with the plasmid carry the highly conserved,
spvRABCD locus, yet the plasmid itself varies in size across the different serovars,
ranging anywhere from 50 to 95 kb [42]. spuR encodes a transcriptional regulator that
upregulates the operon in the intracellular environment while SpvA downregulates
the operon. Taken together, the action of both of these regulators allows for tight
transcriptional control [43]. SpvB is a cytotoxin with ADP-ribosyltransferase activity
that blocks host cell actin polymerization, aiding in the proliferation of Salmonella
within macrophages [44]. SpvC blocks MAP kinase signaling pathways and has
potent anti-inflammatory effects shown to promote bacterial dissemination in murine
models [45]. Additionally, SpvD is a hydrolase that inhibits the NF-«xB pathway [46].

3. Salmonella antibiotic resistance
3.1Introduction and scope of the problem

Antibiotic-resistant Salmonella presents a pressing challenge in modern food
safety and public health [47]. The magnitude of this problem is significant and on the
rise. In 2013, the CDC published an antibiotic resistance threat list, which categorized
both NTS and Salmonella Typhi as “serious threats”. That year, drug-resistant NTS
and Salmonella Typhi accounted for 100,000 (8% of total NTS infections that year;
3% resistant to ciprofloxacin, 3% resistant to ceftriaxone; 5% resistant to 5 or more
antibiotics) and 3800 (67% of total infections that year; 67% resistant to cipro-
floxacin) infections across the United States, respectively [48]. In just 6 years, these
numbers rose to approximately 255,000 (9% resistance to ciprofloxacin in 2020) and
6000 (85% resistance to ciprofloxacin in 2020), respectively [49].

However, the global nature of this crisis extends far beyond American borders.

In Bangladesh, the combined prevalence of Salmonella in livestock and poultry is
37%, with tetracycline showing the highest resistance rates at 81% [50]. In China,
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a comprehensive meta-analysis revealed that the pooled prevalence of Salmonella
isolated from pork was 17%, with high antibiotic resistance rates observed for tetracy-
cline (68%), sulfisoxazole (65%), ampicillin (43%), streptomycin (42%), and sulfa-
methoxazole (42%) [51]. Table 5 displays an increasing trend in Salmonella antibiotic
resistance to commonly used antibiotics in humans, livestock, poultry, and pork.

3.2 Origins and drivers of resistance

The development of antibiotic resistance in Salmonella is linked to agricultural
practices and the extensive use of antibiotics in food animal production. The global
demand for high-value animal protein has driven countries to adopt highly profitable
production systems that rely heavily on antimicrobials to maintain productivity and
animal health [53]. The intensive nature of modern animal production systems has
created conditions that promote the development and dissemination of antimicrobial
resistance. Antibiotics are routinely employed in livestock operations for multiple
purposes: growth promotion, prophylactic prevention of disease, therapeutic treat-
ment of infections, and metaphylactic control of disease outbreaks [54]. The scale of
this usage is remarkable, with previous studies indicating that antibiotic consumption
for non-therapeutic purposes in poultry, swine, and cattle outweighs human antibi-
otic use by several-fold [55]. This approach, while economically advantageous, has
contributed significantly to the antimicrobial resistance crisis.

3.3 Molecular mechanisms of resistance

The molecular basis of antibiotic resistance in Salmonella is complex and multi-
faceted. Resistance is primarily driven by horizontal gene transfer through plasmids,
integrons, and transposons [56]. These mobile genetic elements carry genes that
encode various antibiotic resistance mechanisms, including efflux pumps, mutations
in target genes, and the production of f-lactamases such as TEM, SHV, and CTX-M
[57-59]. Major resistance genes have been identified in various Salmonella serovars
isolated from the food supply, including resistance to p-lactams, extended-spectrum
B-lactams, fluoroquinolones, aminoglycosides, tetracyclines, and chloramphenicol
[60]. This expanding resistance profile makes treatment of Salmonella increasingly
challenging by limiting therapeutic options for clinicians. A particularly concerning
aspect of Salmonella resistance is the role of biofilm formation. Biofilm production
is a major factor contributing to antibiotic resistance, as it can directly and indirectly
shield bacteria from the effects of antibiotic action [61]. Salmonella can form biofilms
on both abiotic and biotic surfaces, including gallstones and epithelial cells, leading to
persistent infections and reinfection cycles [61]. The minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC) values of antibiotics can
increase 100- to 1000-fold due to biofilm formation, making treatment significantly
more difficult [62].

3.4 Environmental reservoirs and transmission pathways

The environmental dimension of antibiotic resistance adds another layer of
complexity to the Salmonella resistance problem. Environmental microorganisms
serve as excellent sources of antimicrobial resistance genes, collectively termed the
‘environmental resistome’ [63]. This resistome plays a critical role in transferring anti-
microbial resistance to pathogenic microorganisms and directly affects human health
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by entering the food chain [63]. The transmission pathways for antibiotic-resistant
Salmonella are numerous and interconnected. Lactic acid bacteria have been identified
as carriers of resistance genes that may serve as reservoirs for enteropathogenic bacte-
ria like Salmonella [54]. Erythromycin, vancomycin, and tetracycline resistance genes
have been identified in lactic acid-producing bacteria isolated from fermented dairy
products, sausages, and raw meat products, including poultry, beef, and pork [64].
Foodborne pathogens can enter farms through various sources, including contami-
nated water, fecal matter, personnel, equipment, vehicles, insects, rodents and pets
[65]. The movement of portable equipment and vehicles can act as vectors for carry-
ing pathogens to farms and slaughterhouses [66]. Furthermore, antibiotic-resistant
bacteria spread through washing systems, floors, flush systems, and holding pens,
potentially ending up in animal carcasses [67]. Particularly noteworthy is the finding
that antibiotic-resistant pathogens such as S. Typhimurium have been recovered from
swine and poultry housed in antibiotic-free production systems, highlighting the
important role of ‘environmental ressistomes’ in spreading resistance [63, 68].

3.5Regional variations and emerging patterns

The prevalence and patterns of NTS antibiotic resistance show significant regional
variations, reflecting differences in agricultural practices, regulatory frameworks,
and surveillance systems. Studies from commercial poultry farms revealed concern-
ing levels of multidrug resistance with Salmonella isolates showing resistance to
streptomycin (30.9%), gentamicin (12.6%), sulfadimethoxine (20.9%), tetracycline
(13.9%), and trimethoprim-sulfamethoxazole combination (8.6%) [52]. Among these
isolates, 20% were resistant to three or more antibiotics, while 67% of S. Heidelberg
and 54% of S. Kentucky isolates showed resistance to five or more antibiotics [52].
The global trends in Salmonella antibiotic resistance are concerning. As previously
stated, the United States experienced a doubling in the prevalence of drug-resistant
Salmonella in less than 6 years [48, 49]. Similarly, in Bangladesh, meta-analysis
revealed a significant positive correlation between Salmonella prevalence and time
[50]. A recent Chinese meta-analysis also detected a growing trend in Salmonella
prevalence in pork over time [51].

3.6 Public health implications and future outlook

The threat of antibiotic resistance has far-reaching consequences for human
health and well-being, including increased healthcare costs, productivity losses, and
higher susceptibility to other serious illnesses [69]. The long-term projections are
sobering. If no further political measures are taken to address the spread of antimi-
crobial resistance, it is expected to cause over 10 million deaths per year by 2050,
exceeding cancer-related deaths [70]. Given the limited pipeline for new antimicro-
bials, expert management of currently available drugs has become critical [53]. In
response to these challenges, the World Health Organization (WHO), in collabora-
tion with the Food and Agriculture Organization (FAO) and the World Organization
for Animal Health (WOAH), has declared antimicrobial resistance an issue of global
concern that requires a holistic and multi-sectoral approach [53]. Regulatory agen-
cies have begun implementing measures to address agricultural antibiotic use, with
the Food and Drug Administration (FDA) issuing rules to phase out antibiotics from
agriculture and require veterinary oversight for therapeutic antibiotic use in food
animals and poultry [71].
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3.7 Alternative approaches and future directions

The recognition of this growing antibiotic resistance challenge has sparked
interest in alternative approaches to pathogen control. Alternatives such as probiot-
ics, prebiotics, and phytobiotics are being tested against drug-resistant pathogens
due to their broad spectrum of antimicrobial activity [72]. Ideally, these alternatives
should be non-toxic, not result in residue buildup, palatable to animals, stable in the
gut, capable of augmenting beneficial flora, and effective at inactivating harmful
pathogens [54]. Another promising method of combating antimicrobial resistance is
the development of efflux pump inhibitors. Inhibition of efflux systems and interrup-
tion of biofilm formation may reverse antibiotic resistance in bacteria and potentiate
antibiotic efficiency [61]. Additionally, research has shown that the ability of patho-
gens to form biofilms decreases after deletion of various efflux pumps, including
acrD, acrEF, emrAB, macAB, mdfA, mdsABC, mdtBC, mdtK, and tolC from Salmonella
enterica serovars [73].

3.8 Challenges with antibiotic resistance

The challenge of antibiotic-resistant Salmonella in the food supply represents a
complex, multifaceted problem that requires coordinated global action. Extensive
use of antibiotics, combined with an intricate web of environmental reservoirs and
transmission pathways, has created a situation where resistance continues to grow
despite various control efforts. The regional variations, yet consistent global rise in
resistance patterns, underscore the need for global action tailored to local agricultural
practices and regulatory environments. Moving forward, success in controlling
Salmonella antibiotic resistance will depend on the implementation of comprehensive
strategies that combine judicious antibiotic use, enhanced surveillance systems,
improved biosecurity measures, and the development of effective alternatives to
traditional antimicrobials [60]. The stakes continue to rise as the continued spread of
resistance threatens food supply safety and the effectiveness of antimicrobial therapy
for treating human infections.

4. Controlling NTS through prevention, surveillance and vaccination
4.1 Surveillance and control

Strong surveillance and response systems are key to managing NTS infections
around the world. In the U.S., the CDC created a PulseNet network that helps track
and respond to foodborne outbreaks by connecting public health labs across the
country. Using tools like whole genome sequencing (WGS) and pulsed-field gel
electrophoresis (PFGE), PulseNet can quickly identify clusters of related Salmonella
cases. This allows health officials to trace sources, contain outbreaks, and implement
targeted public health measures more efficiently [74, 75].

Working alongside PulseNet is FoodNet, the Foodborne Diseases Active
Surveillance Network, which tracks trends in foodborne illnesses at selected sites
across the country. FoodNet plays a key role in providing incidence data, assessing
the impact of food safety policies, and detecting emerging pathogens. Together,
PulseNet and FoodNet form the foundation of the country’s efforts to detect, inves-
tigate, and reduce NTS infections, shaping national public health strategies [76].
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Globally, similar surveillance efforts are driven by international collaborations like
the European Food Safety Authority (EFSA) and the European Centre for Disease
Prevention and Control (ECDC). Together, they publish annual zoonosis reports that
track Salmonella in food, animals, and humans across Europe [77].

Food recalls are one of the most visible outcomes of strong surveillance systems.
When NTS is detected in food products, agencies such as the FDA or USDA can issue
recalls to stop the spread and protect public health [78]. Early detection and a coordi-
nated response play a key role in limiting the impact of outbreaks. Beyond removing
contaminated products from the market, these recalls also highlight gaps in food
safety practices, which encourage broader improvements across the supply chain [79].

Another key part of controlling NTS infections is the careful use of antibiotics,
especially for high-risk groups. While most NTS infections resolve on their own,
treatment is recommended for people who are more vulnerable, such as infants, older
adults, and those with weakened immune systems [80]. Antibiotics may be needed
when symptoms include high fever, persistent diarrhea, bacteremia, or other signs of
a more serious, invasive infection [81]. However, the growing issue of antimicrobial
resistance is a major concern. Multidrug-resistant Salmonella strains are on the rise,
complicating treatment and reinforcing the need for responsible antibiotic use [82, 83].

4.2 Prevention and vaccination

Public education and strong food safety regulations play crucial roles in prevent-
ing NTS infections. Key strategies include promoting safe food handling and hygiene
practices, as well as enforcing regulations throughout the food production and
distribution process. These efforts aim to reduce infection rates by limiting the spread
of the bacteria at both the individual and system-wide levels [84].

Public education focused on hygiene and safe food preparation serves as a critical
method of primary prevention by reducing the risk of the initial NTS infection and is
represented as the bottom tier of the prevention pyramid in Figure 1. Handwashing is
a simple but powerful tool, especially given the zoonotic and fecal-oral transmission of
Salmonella. The CDC'’s Life is Better with Clean Hands and #KeepHandsClean campaigns
are a national effort aimed at raising awareness about the importance of handwashing
at homes and in public settings [84]. By offering clear, practical guidance on when
and how to wash hands, the campaign helps prevent not just Salmonella infections
but a range of gastrointestinal and respiratory illnesses, including but not limited to
Norovirus, Shigella, E. coli, Rotavirus, Influenza, and the common cold [85, 86].

In addition to hand hygiene, everyday food safety practices at the consumer level
are essential for preventing NTS infections. These include cooking poultry and eggs
to safe internal temperatures, avoiding raw or undercooked high-risk foods, pre-
venting cross-contamination in the kitchen, and keeping perishable items properly
refrigerated, consistent with CDC’s Clean, Separate, Cook & Chill framework [87].
Moreover, public health messages promoting these habits are disseminated via public
service announcements, food packaging labels, and local education efforts.

Educational campaigns in schools, childcare centers, and food service establish-
ments build lifelong food safety habits. CDC partners with initiatives such as the
Partnership for Food Safety Education’s Fight BAC! campaign, which delivers con-
sumer-focused food safety education grounded in the “Clean—Separate—Cook-Chill”
model [88]. Additionally, educational campaigns in schools, childcare centers, and
food service establishments play a vital role in building lifelong food safety habits.

In food service environments, certification programs are often required by local
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Tertiary
Prevention:
MANaging Seven Cases
preventing complications

Secondary Prevention:
early detection in food chain,
consumer awareness

Primary Prevention:
food hygiene, safe handling

Figure 1.
This diagram illustrates primary prevention, secondary prevention and tertiary prevention for NTS infections.

health departments to educate workers on Salmonella prevention, safe food handling,
and sanitation [89]. These training courses emphasize the importance of personal
hygiene, proper temperature control, and thorough cleaning practices, all of which
are critical for interrupting the transmission of foodborne pathogens. Numerous
studies confirm that following basic hygiene and food-handling guidelines signifi-
cantly lowers the risk of NTS transmission [86, 89].

At the policy level, food safety regulations are the foundation of large-scale preven-
tion efforts. One of the most important frameworks is the Hazard Analysis Critical
Control Point (HACCP) system. Originally developed for NASA’ space food program,
HACCP has since become a global standard and is now required across many parts of the
food industry. The system focuses on controlling critical points in the production process
where contamination is most likely to occur. HACCP is widely implemented in poultry
processing facilities to reduce microbial contamination and maintain consistent safety
standards [90, 91]. In addition, agencies like the USDA and FDA enforce strict Salmonella
performance standards in meat and poultry processing facilities. Regular inspections
are carried out to monitor compliance, including microbial testing, audits of sanitation
practices, and reviews of facility HACCP plans. The use of WGS data from surveillance
programs like PulseNet, help these efforts by enabling regulators to trace outbreaks and
quickly identify weaknesses in food safety systems [76, 87]. In summary, secondary
prevention efforts, as depicted by the second tier of the prevention pyramid in Figure1,
includes early detection and rapid response measures such as PulseNet’s WGS surveil-
lance, HACCP reviews, and public health education to detect and address risks early.

Finally, tertiary prevention, represented as the third tier of the prevention
pyramid in Figure 1, focuses on the clinical management of NTS infections and the
prevention of complications such as dehydration, bacteremia, endovascular infec-
tions, and osteomyelitis. It also includes antimicrobial stewardship, particularly in
cases involving multidrug-resistant strains (as discussed in the Salmonella Antibiotic
Resistance section of this chapter). Tertiary prevention is especially important for
high-risk populations, including immunocompromised individuals, such as those
with HIV, and groups at risk for invasive infection, such as neonates under 3 months
of age, adults over 50 with suspected atherosclerosis, and individuals with cardiac
conditions, immunosuppression, or significant joint disease [86].
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Efforts to control NTS through public education and food safety regulations have
led to important progress. However, these measures alone are unlikely to achieve
sustained global control, especially in high-burden areas like sub-Saharan Africa
where vulnerable populations face the greatest risk [92]. In these regions, vaccination
is emerging as a critical next step, particularly given the growing threat of multidrug-
resistant NTS strains that limit treatment options [93]. Although no NTS vaccine has
been officially licensed for human use as of 2025, several promising candidates are
moving through the development pipeline [93]. These vaccines, their serovar cover-
age and stage of development are shown in Table 6.

Beyond these, innovative strategies such as subunit vaccines targeting conserved
proteins like InvH, small extracellular vesicle-based platforms, and antigens identi-
fied through reverse vaccinology have demonstrated encouraging results in animal
models [100, 101]. While these approaches show promise, they face practical hurdles
including limited strain coverage, high production costs, and the challenge of inte-
grating new vaccines into existing immunization programs. Addressing these barriers
will be essential to ensure that future NTS vaccines are both effective and accessible
where they are needed most.
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Abstract

Salmonella infection continues to pose a significant global challenge in livestock
production systems, impacting animal health, productivity, and food safety. This
chapter examines the mechanisms through which Salmonella causes disease in
livestock, emphasizing proinflammatory cytokine responses and the dynamics of
host-pathogen interactions that play a role in intestinal inflammation and septicemia.
Furthermore, the chapter explores the role of antibiotics in mitigating Salmonellosis.
With the growing restrictions on antibiotic use in animal feed due to concerns over
antimicrobial resistance, there is a heightened focus on exploring natural alternatives
with inherent immunomodulatory, antimicrobial, and antioxidant properties. This
includes the potential of plant extracts and spray-dried plasma (SDP) as sustainable
methods for managing Salmonellosis in livestock. The chapter identifies the key
targets of Salmonella action and the therapeutic targets of bacteriostats. It wraps
up by emphasizing the potential of plant extracts and SDP as alternatives to in-feed
antibiotics.

Keywords: Salmonella, livestock, antibiotics, plant extracts, spray dried plasma

1. Introduction

Salmonella is a bacterial infection that poses significant public health risks and
economic loss, primarily through foodborne transmission. While poultry products
are the most common source, the pathogen can affect humans and other animals.
Salmonella is classified into two species, Salmonella enterica and Salmonella bongori.
Within S. enterica are six subspecies, including enterica, salamae, arizonae, diarizo-
nae, houtenae, and indica. The bacterium primarily spreads via infected hosts and
contaminated food, such as animal products like meat, milk, and eggs. Still, it can
also persist in environmental sources such as water and soil [1-3]. It typically targets
the digestive tract, triggering immune responses like increased spleen cellularity and
leukocyte recruitment to limit systemic infection. Infection with Salmonella diverts
resources from normal physiological functions, often resulting in slower growth,
reduced reproductive performance, and higher mortality in affected animals [4].
Consequently, Salmonella poses a severe economic burden on the livestock industry.
The ability of Salmonella to adhere to, invade, and replicate within host cells, all
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while evading immune surveillance, is a key factor in its pathogenicity in livestock.
The evolution of these bacteria has led to the development of specialized secretion
systems, notably the Type III Secretion Systems (T3SS), capable of injecting virulent
factors into host cells. This process manipulates cellular functions and enhances
bacterial survival [5-7]. The immune response of the host to infection, marked by
inflammation and the release of cytokines, plays a dual role in eliminating pathogens
and causing tissue damage, particularly within the gastrointestinal tract [8, 9].
Moreover, the widespread use of antibiotics in both veterinary and human medicine
has accelerated the emergence of antibiotic-resistant Salmonella strains, complicat-
ing efforts to treat and control infections [10]. This chapter delves into the detailed
processes through which Salmonella initiates infection in livestock, covering aspects
from intestinal colonization to systemic spread. Furthermore, studies have shown the
potential of plant extracts in modulating several biochemical and metabolic activities
[11] due to their inherent bioactive compounds. Similarly, Spray dried plasma (SDP)
containing defensins, transferrin, amino acids, growth factors, and enzymes [12]
have been reported to improve livestock performance in the presence of Salmonella
infection [13]. Therefore, understanding these mechanisms is essential for creating
efficient prevention and control strategies in contemporary animal agriculture.

1.1 Livestock species affected by Salmonella
1.1.1 Poultry

Salmonella is a significant pathogen in poultry production, with Salmonella enter-
itidis being the most prevalent serovar. Colonization by this pathogen is influenced by
several factors, including the bird’s age, environmental stressors, health status, diet,
antimicrobial use, and genetic background. Young chicks are particularly susceptible
due to their immature gut microflora. For Salmonella to establish infection, it must
first survive acidic barriers in the crop, proventriculus, and gizzard before success-
fully attaching to and invading the host’s intestinal lining [14]. Infections result in
significant economic losses for poultry producers, as energy is diverted from growth
to immune defense. Horizontal transmission is common, increasing the risk of spread
within flocks. Although antimicrobials are still widely used, growing concerns over
antimicrobial resistance and consumer skepticism have prompted the search for alter-
natives. These include probiotics, vaccination programs, improved biosecurity and
hygiene practices, and competitive exclusion products. Beyond its impact on poultry,
Salmonella poses serious public health risks, particularly through contaminated eggs
and undercooked poultry, making it one of the leading causes of human foodborne
illness.

1.1.2 Sheep

While poultry is one of the primary livestock species associated with Salmonella
enteritidis due to the contamination of its products, other animals, including sheep,
swine, and cattle, have also been implicated. Notably, cases involving sheep date back
as early as 1919 and continue to be reported today, with approximately 20-30 cases
recorded annually in the UK [15]. In sheep, Salmonella infections are often associated
with Salmonella enterica subspecies and various serovars. Because Salmonella is not
strictly host-specific, infected individuals within a flock can introduce and spread the
pathogen to others, primarily through contaminated water sources and oral contact
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[16]. Outbreaks often increase during periods of drought, when sheep are confined to
limited grazing areas that become heavily contaminated. Once ingested, the pathogen
can lead to serious health issues. In pregnant ewes, Salmonella abortusovis infection
may result in abortion, stillbirths, or high maternal mortality, whereas nonpregnant
ewes often show mild symptoms or remain asymptomatic, typically with lower
mortality rates [17]. Treatment usually involves isolation, antibiotic therapy, and vac-
cination. However, some vaccines may be ineffective, particularly in cases where the
disease re-emerges years after an initial outbreak, suggesting a potential for latent or
environmental persistence that complicates disease control [18]. Because Salmonella
can be transmitted to humans through direct contact or contaminated meat and dairy
products, managing infections in sheep remains a critical concern for public health
and food safety.

1.1.3 Swine

Salmonella is a prevalent pathogen in swine, primarily affecting the intestinal
tract and raising concerns over contaminated pork products and animal health. The
most common serovars in pigs are S. Choleraesuis and S. Typhimurium, and they cause
significant economic losses due to high mortality, growth retardation, and increased
treatment costs [19]. Infected pigs often appear asymptomatic, but some may exhibit
clinical signs such as cyanosis and dyspnea, particularly on the ears and other body
parts. S. Choleraesuis is typically isolated from the lymph nodes, tonsils, colon, and
cecal contents [20]. It can be transmitted horizontally and remain viable in feces for
up to 2 months after excretion. In contrast, S. Typhimurium tends to be less fatal,
with most infected pigs recovering fully. However, its environmental persistence is a
concern. Some studies have shown that this serovar can survive in soil for extended
periods, with evidence of Salmonella presence up to 50 months after the initial
outbreak [21]. Due to this longevity, rigorous sanitation is essential to prevent recur-
ring outbreaks, alongside vaccination, to reduce the pathogen’s ability to colonize
internal organs. Beyond animal health, Salmonella also impacts pork safety. In the
United States, pork products are among the top three food categories associated with
Salmonella-related illnesses [22]. As a result, continuous monitoring of the food
production chain is vital to identify contamination points and prevent contaminated
products from reaching the market.

1.1.4 Cattle

Salmonella is a significant pathogen in the cattle industry, particularly in the dairy
sector, where it risks animal health and food safety. The most prevalent serotype
found in dairy operations is S. Dublin. This serotype is often asymptomatic but is
associated with severe clinical outcomes, including true bacteremia, sepsis, abortion,
pneumonia, and high mortality rates [23]. Infected cattle shed the bacteria orally
through feces, contributing to environmental contamination and herd-level transmis-
sion. Salmonella spread horizontally within cattle populations like other livestock
species, especially under crowded or unsanitary conditions. Outbreaks in cattle can
result in substantial economic losses due to treatment costs, decreased milk produc-
tion, weight loss, reduced fertility, and premature culling of chronically infected
animals. Subclinical infections can go unnoticed but still contribute to reduced
productivity over time. Additionally, Salmonella poses a major zoonotic threat
through contaminated beef and unpasteurized dairy products. Human infection
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can occur from consuming undercooked meat or raw milk, and S. Dublin is known
for causing invasive, sometimes life-threatening illnesses in people, particularly in
vulnerable populations [24]. Effective management strategies include fluid therapy,
antimicrobial treatment, colloid administration, and isolation of infected animals to
prevent further spread and support recovery. Like swine, cattle are another important
livestock species affected by Salmonella, posing both animal health challenges and
public health risks due to the potential for contaminated beef and dairy products.

2. Salmonella and host interaction

Salmonella functions as a facultative intracellular pathogen, utilizing a sophisticated
set of virulence strategies to penetrate host tissues, circumvent immune defenses, and
cause illness in livestock. The onset of the disease process occurs when Salmonella is
consumed through contaminated feed, water, or environmental contact. Upon enter-
ing the host, Salmonella specifically targets the gastrointestinal (GI) tract, focusing on
the ileum and colon, where it adheres to and invades the intestinal epithelium [1, 2].

2.1 Adhesion and invasion

The first stage of Salmonella infection is characterized by its attachment to the
intestinal epithelium. This process is facilitated by fimbriae and outer membrane
proteins that identify particular receptors on host enterocytes. Upon attachment,
Salmonella employs a type III secretion system (T3SS-1), which is encoded by genes
located on the Salmonella Pathogenicity Island 1 (SPI-1), to deliver effector proteins
into host cells. The effectors influence the host cytoskeleton, leading to membrane
ruffling and aiding in the internalization of bacteria [3-5].

2.2 Intracellular survival and replication

Following internalization, Salmonella exists within a specialized phagosome
known as the Salmonella-containing vacuole (SCV). The pathogen employs a second
type Il secretion system (T3SS-2, encoded by SPI-2) to manipulate host cell processes,
effectively inhibiting lysosomal fusion and allowing for its survival and replication
within macrophages [5, 6]. This intracellular environment facilitates the systemic dis-
semination of Salmonella, especially in young or immunocompromised animals [2].

2.3 Inflammatory response and gut damage

Salmonella infection elicits a robust proinflammatory response. The identification
of pathogen-associated molecular patterns (PAMPs), including lipopolysaccharide
(LPS) and flagellin, by host Toll-like receptors (TLRs) triggers the activation of the
NF-«B signaling pathway. The outcome is the secretion of cytokines including IL-1p,
IL-6, IL-8, and TNF-a, which facilitate the recruitment of neutrophils and the process
of inflammation [7, 8]. In livestock, this is frequently manifested as enteritis, diar-
rhea, and diminished nutrient absorption resulting from epithelial damage [25].

2.4 Systemic dissemination and septicemia

In critical instances, particularly in neonates or compromised animals, Salmonella
has the potential to breach the intestinal barrier and infiltrate the bloodstream,
leading to septicemia. The liver and spleen frequently serve as colonization sites in
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the context of systemic infection [1]. This stage is linked to elevated mortality rates,
especially among calves and piglets [2].

3. Mechanisms by which Salmonella causes disease in livestock

In livestock, Salmonella infection causes malabsorption, inefficient feed utiliza-
tion, anemia, and reduced growth rate. Overall, this infection causes significant
changes to immune cells, intestinal colonization, and invasion of internal lymphoid
organs such as the spleen. According to Adetunji et al., the proteome signature of the
spleen of broiler chickens shows an increase in the abundance of lysosomal proteins
and proteins involved in responding to cellular stress, such as antioxidants and
misfolded proteins [4]. Following the establishment of Salmonella infection, proteins
associated with oxidative stress and mediate glutathione metabolism increased in
abundance. In contrast, PRDX6, MGST1, and GPX1, which are related to the regula-
tion of oxidative stress and reactive oxygen species (ROS), were downregulated.
However, lysosomal proteins involved in the degradation of antigenic proteins
increased in abundance. In the presence of Salmonella infection, the NF-kappa-B sig-
naling pathway was triggered, leading to the production of inflammatory cytokines
(tumor necrosis factor-alpha (TNF-a), interleukin, and type 1 interferons (IFNs))
(Figure 1). In the same manner, Salmonella infection causes the downregulation
of proteins involved in proper protein folding and protein folding quality control.
ALDOC, TKTL1, ASS1, and ASL proteins also perform cellular redox homeostasis
maintenance functions [4, 26]. In addition to increasing the production of cytokines,
Salmonella infection causes an increase in the abundance of genes involved in redox
homeostasis, increased autophagy of infected cells, and misfolded protein bind-
ing. This prompts an innate response to foreign pathogens, clearance of antigenic
proteins and infected cells, and the triggering of gluconeogenesis to meet the high
energy demands of fighting the infection. More so, Salmonella infection causes the
downregulation of proteins involved in actin filament binding, RNA binding, and the
cytoskeleton (Table 1). Consequently, this suggests that Salmonella infection causes a
diversion of energy required for body metabolism and other developmental processes
to potentiate disease resistance mechanisms. As a result, signs and symptoms such as
inefficient feed utilization, anemia, and reduced growth rate are manifested in the
animal.

3.1 Mechanism by which antibiotic mitigates Salmonella action in a diseased state

Antibiotics are used to improve livestock’s health, wellbeing, and growth per-
formance [27]. Notably, Bacitracin Methylene Disalicylate (BMD), a bacteriostat, is
incorporated into the animal diet as a feed additive to enhance digestion and prevent
Salmonella enteritidis (SE) colonization of the intestinal tract. Rather than eliminate
the bacteria infection, BMD interferes with protein synthesis and bacterial cell wall
synthesis, resulting in microbial cell rupture and death. BMD facilitates the increase
in abundance of RNA binding proteins, spliceosome, peptidyl-prolyl cis-trans
isomerase activity, protein transport, and cell adhesion. In the presence of Salmonella
infection, acute phase response signaling and GP6 signaling pathway were inhibited,
while the pathway for the inhibition of ARE-mediated mRNA degradation pathway
was activated. BMD acts in a manner that suppresses the production of proinflam-
matory cytokines (IL4, IL6, and AGT), ensures the proper folding of proteins, and
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Figure 1.

IP% summary graph of the effect of Salmonella showing an upregulation in inflammatory cytokines and
associated proteins. In the figure, rved represents upregulation. Direct and indivect interactions are indicated
by solid, and dashed lines, respectively. The proteins interactions networks were generated using QTAGEN Inc.
Ingenuity Pathway analysis, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
accessed on 17 October, 2022.

promotes cell cycle progression. By so doing, it prevents the resultant effect of a
cytokine storm in response to bacteria entry and selectively removes abnormally
folded proteins through the Proteasome-mediated ubiquitin-dependent protein pro-
cess rather than Lysosomal action or autophagy [28]. Notably, it also provides a source
of amino acids useful in hypoxia conditions requiring gluconeogenesis, new protein
synthesis, or ATP production (Table 2) [29].

3.2 Mechanism by which spray-dried plasma and plant extracts replace antibiotics
in mitigating Salmonella infection

As discussed earlier, antibiotics (BMD) play two primary roles in mitigating
Salmonella infection, and they include suppressing the production of cytokines and
selective removal of infected cells while ensuring cell cycle progression. This is done
to ensure the animal’s day to day activities are not impacted despite the presence
of infection. However, with the continuous clamor for the ban of antibiotic use in
animal feed due to antimicrobial resistance issues, researchers have focused on the
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Activities that occur during Decrease in protein abundance Increase in protein abundance

Salmonella infection

ATP and oxygen demand increase NPC2, CTSB, HSPAS, PPT1,
CTSS, PRDX6, CTSS, PRDX6,
FADD, CHUK

Lysosome degradation of antigenic GOT1, ALDOC, ASS1, ASL,

proteins and infected cells TKTL1, GOT2

RNA processing/cell cycle HNRNPA3, NONO, MYH9, RPL19,

MBNL1, ATXN2, EWSR1, FUBP1

Table 1.
Increase and decrease in abundance of proteins during Salmonella infection.

Activities that occur during Salmonella infection with Decrease in protein Increase in protein

BMD treatment abundance abundance

Regulation of actin cytoskeleton signaling induction of T TM9SF2, MIA3,

cell activation, regulation of leucocyte migration ITIH3

Proinflammatory process facilitation IL4, IL6, and AGT

Components of fibrinogen FN1, FGA, FGG, and

FGB

Proteasome-mediated ubiquitin-dependent protein process RAD23A and RAD23B

Table 2.

Increase and decrease in abundance of proteins during Salmonella infection with BMD treatment.

use of natural compounds such as plant extracts and spray-dried plasma as alterna-
tives to antibiotics. For instance, SDP has been reported to modulate immunological,
biochemical, and metabolic activities due to its inherent immunoglobulins, peptides,
amino acids, enzymes, and lipid constituents [12]. Histological studies have shown
that by reducing intestinal inflammation, SDP may prevent the spread of bacteria
or other antigens, hereby reducing immune activation locally [30]. Moreover, SDP
supports intestinal health and broiler performance by creating a balance in intestinal
microflora, thus improving digestibility [31, 32]. In addition, PCR studies show that
SDP supplementation also causes a decrease in proinflammatory cytokine secretion
and downregulates apoptosis pathways during Salmonella infection [33]. Similarly,
proteomic signatures of the spleen revealed that the actions of SDP are anti-
inflammatory and anti-apoptotic and predicted to inhibit proinflammatory response
through the inhibition of NF-kB. Protein phosphorylation such as FES, GSK3A,
PKN3, BECN1, SMG1, and CASK were enriched with SDP treatment in the presence
of Salmonella. Overall, proteins that decreased were associated with positive regula-
tion of I-kappaf$ kinase/NF- kappafi signaling and positive regulation of apoptosis
process while proteins that increased were associated with integral components of
endoplasmic reticulum membrane and necroptosis pathway. This suggests that SDP
plays a role in regulating immune response in the intestine via protein phosphoryla-
tion mechanism, thereby enhancing intestinal barrier integrity, gut microflora
balance, and overall livestock wellbeing (Table 3) [34].

Furthermore, plant extracts such as onion peel extracts, green tea, onion peel, and
garlic contain numerous bioactive compounds, including polyphenols, shogaols,
quercetin, terpenes, gingerols, and phytosterols. These compounds have antioxidants,
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Activities that occur during Salmonella Decrease in protein Increase in protein
infection with SDP treatment abundance abundance
NF-kappaB signaling RELA, TRADD, CANT1,
TFG, and RIPK2
Apoptosis pathway TRADD, CTSL, RELA
Protein phosphorylation FES, GSK3A, PKN3, BECN1,
SMG1, CASK
Table 3.

Increase and decrease in abundance of proteins during Salmonella infection with SDP treatment.

immunomodulatory, and antibacterial properties, and as a result, they influence the
metabolism of energy, cell membrane activities, and nucleic acid production [35]. For
instance, thymol, eugenol, and carvacrol, extracted from oregano and clove, disrupt
bacterial cell walls, resulting in the leaking of intracellular contents and subsequent
cell death [36]. Also, plant extracts such as Curcuma and Scullaria plant have been
reported to decreased inflammation in chickens infected with Salmonella [37].
Particularly, the action of these plants as it relates to Salmonella infection mitiga-
tion have been attributed to their ability to modulate immune signaling pathways by
attenuating the overexpression of proinflammatory cytokines such as IL-1p, IL-6, and
TNF-a, frequently via the inhibition of NF-kB and MAPK pathways [37, 38]. Notably,
the expression of inflammatory cytokines such as IL6, IL8L2, CASP6 and IRF7 were
downregulated with the addition of Intebio (a commercial phytobiotic product) in
the presence of Salmonella Gallinarium infection [38]. Overall, these bioactive com-
pounds demonstrate direct bactericidal or bacteriostatic effects on Salmonella spp.
by targeting the bacterial membrane, disrupting ATP synthesis, and interfering with
DNA replication [38]. The anti-inflammatory property is crucial during Salmonella
infection, since increased cytokine production may lead to intestinal tissue damage
and impairment of epithelial barrier function and lowered intestinal absorption and
livestock growth. Thus, certain phytochemicals, like quercetin and curcumin, aug-
ment the antioxidant defense system by upregulating glutathione peroxidase (GPx),
superoxide dismutase (SOD), and catalase, therefore diminishing oxidative stress

in intestinal tissues [39]. In protecting intestinal barrier integrity against intestinal
colonization by Salmonella in the jejunum tissues and crypts, Eugenol has been used
to not only downregulate proinflammatory cytokines IL-1f, IL-6, and TNF-a and
inhibited the activation of JAK2/STAT?3 signaling pathway [40]. Similarly, phytobiot-
ics have been used to regulate and mitigate the immune system and inflammatory
damage, respectively [41].

4, Conclusion

Overall, the mechanism of action of Salmonella involves the recruitment of cyto-
kines via the NF-xB pathway and autophagy of infected cells, leading to a diversion
of energy from developmental and physiological processes. This action results in ane-
mia, malabsorption, and a physical decrease in growth rate and animal performance.
In mitigating Salmonella action, BMD prevents the secretion of proinflammatory
cytokines and ensures the selective removal of the abnormally folded protein, thereby
maintaining a balance in the system. Similarly, SDP and plant extracts containing
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bioactive compounds modulate intestinal microflora, improve antioxidant capacity,
and decrease proinflammatory cytokine secretion leading to an increase in livestock
performance.
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Chapter 7

Skin Adverse Reactions of
Salmonella Infections

Melis Goniilal

Abstract

Salmonella species primarily cause infections in the gastrointestinal system,
namely diarrhea, abdominal cramps and pain, nausea, vomiting, fever, and chills.
Extra-intestinal focal infections include septic arthritis, osteomyelitis, cholangitis,
aortitis, endocarditis, pneumonia, urinary tract infection, and meningitis. Rarely
they may also affect the skin. In the literature, cases with ulcerated nodules, erythema
nodosum, cutaneous abscesses, leukocytoclastic vasculitis, carbuncle, scrotal ulcer-
ation, maculopapular rash, and Schoenlein-Henoch’s disease have been reported, with
these cutaneous findings attributed to Salmonella species. If patients with cutaneous
infections and cutaneous rash apply to the outpatient clinics, clinicians should think
Salmonella as a causative factor. Here, different cutaneous infections and rash are
summarized in this topic.

Keywords: Salmonella, skin, advers reactions, cutaneous reactions, infection

1. Introduction

Within the vast bacterial family Enterobacteriaceae, the Salmonella genus show-
cases remarkable heterogeneity, boasting more than 2600 distinct serovars identified
by their unique surface markers. These numerous variants are primarily classified
into two significant categories: typhoidal Salmonella and non-typhoidal Salmonella
(NTS). The former group, predominantly encompassing Salmonella Typhi along with
Salmonella Paratyphi A, B, and C, has evolved to specifically target human hosts,
instigating the severe conditions known as typhoid and paratyphoid fevers. Such
invasive illnesses are typically marked by persistent fever and widespread bodily
indicators, often culminating in serious health issues if proper medical intervention
is not administered. In contrast, NTS serovars, notably Salmonella Enteritidis and
Salmonella Typhimurium, are more frequently implicated in bouts of acute stomach
flu. A key challenge in managing NTS is their capacity to colonize diverse animal
species, which then act as natural reservoirs, complicating efforts to limit human
exposure [1, 2].

While Salmonella infections are primarily known for their impact on the gastroin-
testinal tract, leading to conditions ranging from self-limiting gastroenteritis to severe
typhoid fever, they can also give rise to a variety of cutaneous manifestations. These
skin changes, though less common than enteric symptoms, can provide important
diagnostic clues, especially in cases of disseminated or systemic infection, and may
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occasionally be the presenting sign. Understanding the spectrum of these derma-
tological presentations is crucial for clinicians, as they can sometimes herald more
serious underlying disease [3, 4].

1.1 The “rose spots“of typhoid fever

The most classic and recognized cutaneous manifestation associated with
Salmonella infection is the “rose spot” rash seen in typhoid fever, caused by
Salmonella Typhi (and occasionally Salmonella Paratyphi). These are faint, salmon-
colored, macular or maculopapular lesions, typically 2-4 mm in diameter, that blanch
on pressure. They appear in crops, most commonly on the trunk and upper abdo-
men, but can also be found on the chest or back. The rash usually emerges during the
second week of illness, often coinciding with the peak of the fever, and may last for
only a few days. Histologically, rose spots are characterized by localized inflamma-
tion of the dermis, perivascular infiltration of mononuclear cells, and the presence
of Salmonella bacteria within the lesions. While historically considered a hallmark
sign, rose spots are not always present and can be subtle, sometimes requiring careful
examination, especially in individuals with darker skin tones where they may be less
apparent. Their transient nature and often sparse distribution mean they can easily be
missed. Despite their classic description, the absence of rose spots does not rule out a
diagnosis of typhoid fever [5].

1.2 NTS and skin involvement

Beyond typhoid fever, NTS infections, which are far more prevalent globally, can
also lead to dermatological issues, although these are generally less specific and occur
predominantly in patients with bacteremia or those who are immunocompromised.
Unlike the classic rose spots of typhoid, NTS-associated skin lesions are highly
variable and often indicative of systemic dissemination of the bacteria. One common
presentation in NTS bacteremia is a macular or maculopapular rash, which may be
widespread and can sometimes resemble viral exanthems. These rashes are typically
non-specific and are thought to result from the systemic inflammatory response to the
circulating bacteria. In some severe cases, pustular lesions, nodules, or even abscesses
may develop, particularly in individuals with compromised immune systems (e.g.,
HIV/AIDS patients, transplant recipients, or those on immunosuppressive therapy).
These more severe skin lesions usually represent focal metastatic infection, where
Salmonella bacteria have seeded the skin directly from the bloodstream. Such lesions
can be tender, erythematous, and may lead to necrosis if left untreated. Furthermore,
NTS can be a rare cause of cellulitis, a bacterial skin infection characterized by
redness, swelling, and warmth, often occurring at sites of preexisting skin trauma or
lesions. Ecthyma gangrenosum-like lesions, typically seen in Pseudomonas aeruginosa
infections, have also been rarely reported in severe NTS bacteremia, particularly in
severely immunocompromised individuals. These are necrotic ulcers with a distinc-
tive violaceous border [6, 7].

1.3 Reactive arthropathy and other immune-mediated skin reactions

Beyond direct bacterial presence in the skin, Salmonella infections, particularly
NTS, are well-known triggers for reactive arthropathy (formerly Reiter’s syndrome).
This sterile inflammatory arthritis typically develops days to weeks after the acute
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gastrointestinal infection. While primarily affecting joints, reactive arthritis can also
be accompanied by specific mucocutaneous manifestations. These include kerato-
derma blennorrhagicum, which are psoriasiform lesions on the palms and soles that
can resemble pustular psoriasis, and circinate balanitis, a rash on the glans penis. Oral
ulcers may also be present. These skin conditions are not due to the direct presence

of the bacteria but are immune-mediated phenomena, a delayed hypersensitivity
reaction to the Salmonella antigens. The skin involvement in reactive arthropathy

can be persistent and challenging to manage. In rare instances, Salmonella infection
has also been implicated in triggering other immune-mediated skin conditions, such
as erythema nodosum, characterized by tender, red nodules, typically on the shins,
reflecting inflammation of subcutaneous fat. This is also considered a reactive process
rather than direct infection [8-10].

1.4 Diagnostic challenges and clinical significance

The varied and often non-specific nature of Salmonella-associated skin lesions
presents diagnostic challenges. A high index of suspicion is required, especially in
the context of persistent fever, gastrointestinal symptoms, or immunocompromise.
When skin lesions are observed, particularly atypical or persistent ones, biopsy of the
lesion for histopathological examination and bacterial culture can be invaluable for
confirming Salmonella involvement and guiding appropriate antibiotic therapy. For
suspected reactive phenomena, clinical correlation with recent Salmonella infection
and the presence of associated symptoms (e.g., arthritis) is key [3, 4].

To summarize, while not the most common feature, skin manifestations of
Salmonella infections range from the classical rose spots of typhoid fever to various
non-specific rashes, nodules, or even severe necrotic lesions in NTS bacteremia.
Furthermore, Salmonella can trigger immune-mediated dermatological conditions
such as keratoderma blennorrhagicum in reactive arthropathy. Recognizing these
diverse skin findings is important for timely diagnosis, especially in complicated or
systemic Salmonella infections, potentially prompting earlier and more effective man-
agement and improving patient outcomes [1-4].

We will investigate this topic based on current literature information.

2. Literature review

A case study documented the presentation of a 35-year-old female patient to a der-
matology clinic, reporting a moderately tender, ulcerated nodule on the outer aspect of
her right lower limb that had developed over several months. This lesion emerged weeks
following her travel through Bangladesh. Initial diagnostic workup, including standard
laboratory assays and radiographs of both the affected limb and chest, yielded no
abnormalities. Histopathological examination similarly provided no definitive findings.
However, repeated bacteriological cultures of samples obtained from the cutaneous
ulcer ultimately identified Salmonella typhi as the etiological agent. The patient received
a15-day course of oral ciprofloxacin at 500 mg twice daily, resulting in complete resolu-
tion of the nodule, though residual hyperpigmentation and scarring were noted [11].

Huckstep’s research, which examined a cohort of 240 adult individuals diagnosed
with typhoid fever, revealed that between 2 and 9% of these patients developed
subcutaneous abscesses attributed to Salmonella typhi. Notably, none of these specific
cases presented with concurrent ulceration [12].
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A case report detailed the experience of a two-year-old girl who presented with
anon-specific fever for 2 weeks. Subsequently, she developed elevated, pigmented
skin lesions over both greater trochanters. Within days, these painful lesions spon-
taneously ruptured, releasing a thick, creamy discharge. Examination revealed two
ulcers: one measuring approximately 3-4 cm in diameter and 0.5 cm deep above each
femoral trochanter, and another on the left side featuring a central piece of necrotic
skin. All lesions exhibited surrounding induration. Bacteriological analysis of swabs
taken from both ulcers identified S. dublin as the causative agent. Treatment com-
menced with oral ampicillin 250 mg every 6 hours for 10 days, followed by a five-day
course of chloramphenicol 0.5 g. The ulcers achieved complete resolution within
1 month [13].

Various Salmonella species have been implicated in the development of ery-
thema nodosum, with a total of 28 cases documented in the existing literature to
date. The reported causative agents in these instances include diverse serotypes
such as Salmonella enteritidis, Salmonella enterica serotype Poona, and Salmonella
typhimurium. Furthermore, specific clinical presentations like Salmonella enteritidis
enteritis, Salmonella typhimurium enteritis, Salmonella enteritidis gastroenteritis,
Salmonella enteritidis enterocolitis, and general Salmonella gastroenteritis have been
identified as preceding events [14-19]. Table 1 provides details on some of these
individual case reports.

Beyond other skin manifestations, Salmonella species are also capable of caus-
ing cutaneous abscesses. To date, eight case reports detailing such occurrences have
been documented in medical literature. A variety of Salmonella serotypes, including
Salmonella Enterica subsp., Salmonella enterica serotype Choleraesuis, Salmonella
group D, Salmonella typhi, Salmonella enteritidis, Salmonella adelaide, and Salmonella
typhimurium, have been identified in these skin abscesses [20].

A notable instance is presented in the case report by Chiao et al. [21], involving
a 30-year-old male with diabetes mellitus who developed a painful nodule on his

Salmonella type Gender/age Locationsof  Laboratory and scanning Treatment
(reference) the lesions findings

Salmonella Female/26 The left Lower limb Oral ciprofloxacin
enteritidis [15] lower limb ultrasonography; (500 mg) every 12 h

subcutaneous edema with
no loculated fluid collection

Salmonella Male/8 Both shins Normal Ampicillin 150 mg/kg/

enteritidis [16] day divided in equal
doses four times/day for
10 days

Salmonella Female/23 both shins Normal Ciprofloxacin 400 mg

enterica Serotype every 12 h for 9 days.

Poona [17]

Salmonella Female/21 Both legs Normal Salicylates

gastroenteritis [18]

Salmonella [19] 17 Both legs White blood cell, Symptomatic treatment

neutrophil, platelets, of pain and antibiotics

C-reactive protein are high

Table 1.
Erythema nodosum lesions because of Salmonella.
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anterior chest. He underwent sharp debridement and bacterial culture, which identi-
tied Salmonella group D, sensitive to ceftriaxone and ciprofloxacin. Intravenous
ceftriaxone (2.0 g daily) was administered for 10 days, and surgical debridement

of the wound was performed on the second hospital day. This procedure revealed

a subcutaneous abscess, approximately 7 cmx4 cm, located beneath the ulcerative
lesion. The patient was discharged a week post-surgery, with his antibiotic regimen
transitioning to oral ciprofloxacin for an additional week.

Another reported case involved a 64-year-old woman who presented with a pro-
gressively enlarging mass in her lower back, accompanied by swelling and redness of
the surrounding skin. Her laboratory tests indicated elevated white blood cell count,
neutrophils, and C-reactive protein. Imaging studies, including a chest X-ray (CXR)
and spinal MRI (T2-FRFSE, T1-FSE sequences), confirmed the presence of a spinal
abscess [22]. These cases underscore the necessity of performing radiological imaging
when Salmonella-induced abscesses are suspected, particularly for deeper or more
extensive lesions.

The case report by Filiz et al. [23] describes a four-year-old girl with
Interleukin-12 Receptor Beta-1 deficiency who was referred to a dermatology out-
patient clinic due to recurring skin eruptions and lymphadenitis. Her presentation
included edema and purpuric eruptions on her upper and lower extremities and
abdomen. Laboratory findings showed elevated C-reactive protein and erythrocyte
sedimentation rate. A skin biopsy revealed a dense inflammatory infiltrate rich
in eosinophils, neutrophils, and fibrin within the upper dermis and dermal vessel
walls, consistent with leukocytoclastic vasculitis. Serological testing for Salmonella
agglutination was positive, and S. enteritidis was subsequently isolated from her blood
culture. Following the initiation of ceftriaxone therapy, her lesions completely cleared
within a few days.

Sulaiman et al. [24] documented five pediatric cases of cutaneous leukocytoclastic
vasculitis, involving three girls and two boys aged 4-13 years. The isolated pathogens
were Salmonella groups B, C, and D. All these patients had a history of recurrent
Salmonella infections, presenting as enteritis, urinary tract infections, abscess forma-
tion, and sepsis. Management included appropriate antibiotic therapy for 2-4 weeks,
with three patients requiring an additional 6 weeks of prophylactic treatment. For
their vasculitis, three patients received naproxen, and two were given low-dose
prednisone. Only one case of vasculitis was self-limiting.

Beyond other skin manifestations, Salmonella species can also cause carbuncles.
One such instance involved a 55-year-old male with type 2 diabetes mellitus and
hypertension who presented to the Emergency Department with a pus-discharging
swelling (8 cmx6 cm) on the left side of his neck. The carbuncle was promptly incised
and drained, and microbiological analysis of the pus culture identified Salmonella. In
vitro susceptibility testing of the isolated Salmonella strain (CSE76F) was performed
using the Vitek II system and E-test, with results interpreted according to Clinical and
Laboratory Standards Institute (CLSI) guidelines. The patient began a 14-day course
of intravenous ciprofloxacin at 400 mg every 12 hours. Following wound debride-
ment, he was referred to plastic surgery for a skin graft [25].

Generalized maculopapular rashes can be a manifestation of Salmonella species
infections. A case reported by Altamimi et al. [26] involved a four-year-old girl with
IL12RB1 deficiency who presented with widespread urticarial macules and papules,
accompanied by a few scattered purpuric lesions. This presentation followed a two-
week history of recurrent fevers, a productive cough, and headache. Her chest, car-
diovascular, and abdominal examinations were unremarkable. Blood cultures, taken
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upon admission, yielded Salmonella growth after 3 days. Treatment with meropenem
was initiated, leading to an improvement of the rash, though post-inflammatory
hyperpigmentation remained. She was eventually discharged on a regimen of line-
zolid, rifampicin, moxifloxacin, and fosfomycin.

Another case report documented a seven-year-old male presenting to the hospital
with fever, a maculopapular rash, bloody and crusted lips, and exanthema overlying
scutes. Stool analysis confirmed Salmonella enteritidis, and ceftriaxone treatment was
initiated. By the fifth day of therapy, the patient’s neurological, renal, and cardiore-
spiratory symptoms had markedly improved, and his maculopapular rash had also
noticeably faded [27].

Between 1980 and 2008, Lee et al. [28] consulted or received referrals for 175
Taiwanese patients with primary immunodeficiency diseases at their institute,
primarily for molecular diagnosis or treatment. Their investigation focused on
identifying individuals with a defective IL-12/23-IFN-y circuit. Among these patients,
one case stood out: an individual with a missense IL12RB1 mutation (Arg211Pro) who
experienced recurrent Salmonella enteritidis D sepsis and pneumatocele. The authors
concluded that patients exhibiting an impaired IL-12/23-IFN-y circuit might present
with features resembling or overlapping with Salmonella pneumatocele.

Salmonella species can also cause scrotal ulcerations. A case report described a
16-year-old male who sought hospital admission for necrotic scrotal ulcerations that
had developed over the preceding 3 weeks. This skin condition occurred alongside a
systemic illness characterized by fever, diarrhea, weight loss, and a general decline
in health. Testing confirmed a Salmonella infection. He began a three-week course
of fluoroquinolone antibiotics, which led to complete healing by the end of that
period [29].

Salmonella species can also be associated with Schoenlein-Henoch’s disease (HSP).
A case report detailed two young girls, aged 2 years and 8 months, and 13 months,
respectively, who were hospitalized with diarrhea. Both presented with symmetrical,
pompho-erythemato-hemorrhagic and petechial cutaneous lesions located on the
extensor surfaces of their lower limbs and buttocks. Salmonella type C and D groups
were identified in their stool and blood cultures. Both patients recovered after receiv-
ing appropriate antibiotic treatment [30].

In the work of Huang and DuPont [31], Salmonella typhi including its tendency for
extra-intestinal seeding depends on several factors: the initial dose of ingested bacte-
ria, the virulence of the S. Typhi strain, the host’s immune response, prior exposure,
and local protective elements but there is a problem that multidrug-resistant S. Typhi
strains complicate treatment and contribute to a higher risk of severe complications
and mortality, particularly in endemic regions. In this work especially rose spots had
been mentioned as cutaneous reactions because of Salmonella typhi.

Malignancies, along with the chemotherapy or immunosuppressive treatments
often associated with them, severely impair the body’s ability to contain bacterial
infections. This allows Salmonella to overcome local barriers and enter the blood-
stream, subsequently seeding various organs, including the skin. While the precise
nature of these skin lesions (e.g., abscesses, cellulitis, or less common reactive phe-
nomena) might vary and require further investigation within the full text of such
areview, the critical takeaway is the heightened susceptibility of these patients to
systemic spread that can manifest cutaneously. Therefore, for clinicians managing
patients with disseminated malignant diseases who present with any skin abnormali-
ties, considering Salmonella as a potential cause, driven by its systemic dissemination,
becomes an essential diagnostic consideration [32].
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2.1 Salmonella vaccine

In the work of Baliban et al. [33] Salmonella vaccine-induced skin reactions typi-
cally involve the area where the injection was given. Common manifestations include
erythema, edema, and tenderness or pain at the injection site. Such local reactions
are a normal and anticipated part of the vaccination process, indicating an effective
immune activation. While the review does not delve into detailed descriptions of
specific skin lesion types beyond general reactogenicity, it acknowledges that these
transient cutaneous responses are part of the safety profile evaluated during vaccine
development. The focus remains on their mild and temporary nature, distinguishing
them from more severe adverse events, and confirming that the vaccine candidates
generally exhibit an acceptable safety profile regarding these common injection site
effects.

Bellanti et al. [34] had been mentioned in their work about skin reactions because
of Salmonella vaccine, these are especially local reactions such as pain, tenderness,
redness erythema, and swelling. Some individuals might experience delayed hyper-
sensitivity reactions, which can sometimes present as nodules at the injection site.
These reactions, while less frequent than immediate local soreness or redness, are
usually self-limiting. The general principles outlined in the article regarding vac-
cine safety and common reactions therefore suggest that Salmonella vaccines would
similarly elicit these types of transient and usually minor dermatological responses at
the injection site.

Adpverse skin reactions caused by Salmonella vaccines are minor. The potential
skin reactions can be considered insignificant when weighed against the benefits
gained from Salmonella vaccines. Therefore, Salmonella vaccination is recommended,
especially in endemic regions [34, 35].

3. Conclusion

When patients present in outpatient settings with a range of skin conditions, it
is essential for healthcare providers to look beyond the obvious and consider less
common, yet significant, underlying causes. While Salmonella infections are primar-
ily associated with digestive tract issues, an increasing body of evidence, mainly
from detailed case reports and series, underscores their capacity to manifest through
various dermatological findings. This means that if individuals exhibit conditions
such as ulcerated nodules, erythema nodosum, skin abscesses, leukocytoclastic vascu-
litis, carbuncles, scrotal ulcerations, maculopapular rashes, or Schoenlein-Henoch’s
disease, healthcare professionals should actively consider Salmonella as a potential
contributing factor [1-3].

The most iconic skin sign of typhoid fever, caused by Salmonella typhi, is the “rose
spot” rash. These subtle, temporary, salmon-hued spots on the torso, though some-
times overlooked, should immediately prompt investigation for systemic typhoid,
especially in travelers returning from affected regions or during known outbreaks.
However, Salmonella’s dermatological impact extends far beyond these faint lesions.
For example, skin abscesses represent a direct bacterial invasion of the skin, often
necessitating surgical drainage in addition to antibiotics. These can be particu-
larly challenging in patients with weakened immune systems, where Salmonella
serotypes might lead to deep, pus-filled pockets that could be missed if Salmonella
is not suspected. Similarly, the documented occurrences of Salmonella-induced
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carbuncles—Ilarger, interconnected pus collections—demonstrate the potential for
severe localized skin infections demanding vigorous treatment [4-6].

Beyond direct bacterial presence, Salmonella infections are recognized triggers
for several immune-mediated skin reactions. Erythema nodosum, characterized by
tender, red lumps, typically on the shins, has been linked to Salmonella in numer-
ous published cases. This condition arises from the body’s immune response to the
infection causing inflammation in the fatty layer beneath the skin, rather than direct
bacterial presence. Similarly, leukocytoclastic vasculitis, an inflammation of small
blood vessels in the skin leading to various purpuric or erythematous lesions, has been
observed in conjunction with Salmonella infections, particularly in immunocom-
promised children. These immune-driven responses highlight the need for careful
dermatological and infectious disease evaluation. The well-established link between
Salmonella and reactive arthropathy (formerly Reiter’s syndrome) also brings specific
skin and mucous membrane manifestations like keratoderma blennorrhagicum
(psoriasis-like lesions on palms and soles) and circinate balanitis. These instances
underscore that Salmonella’s effect on the skin is not always direct but can be a com-
plex interaction with the host’s immune system [15-19].

The clinical implications of this broadened perspective are profound. Firstly,
including Salmonella in the differential diagnosis for these varied skin conditions can
lead to faster and more accurate diagnoses, especially when typical gastrointestinal
symptoms are absent or minor. Delayed or incorrect diagnoses can prolong illness,
lead to unnecessary tests, and potentially result in severe complications, particularly
if the Salmonella infection is widespread or invasive. Secondly, recognizing these skin
signs can guide the selection of appropriate antibiotic treatment. Given the global rise
in Salmonella antimicrobial resistance, precise identification of the pathogen from
skin lesions (through culture and susceptibility testing) is vital for targeted therapy,
avoiding the misuse of broad-spectrum antibiotics [1, 8, 11].

Furthermore, being aware of these cutaneous indicators promotes a more
thorough patient history, including recent travel, dietary habits, and immune status,
which are crucial for assessing Salmonella risk. For instance, recurrent or persistent
skin eruptions in an immunocompromised patient should always prompt a search
for unusual opportunistic infections, including Salmonella. Diagnostic imaging,
such as radiological scans, might also be necessary for deeper or more extensive
abscesses [11].

While Salmonella species primarily target the digestive system, the wide array of
associated skin manifestations, from direct infections to immune-mediated condi-
tions, should not be underestimated. Clinicians examining patients with any of the
previously mentioned skin conditions—be it ulcerated nodules, erythema nodosum,
skin abscesses, leukocytoclastic vasculitis, carbuncles, scrotal ulcerations, maculo-
papular rashes, or Schoenlein-Henoch’s disease—must expand their diagnostic think-
ing. Incorporating Salmonella into the differential diagnosis for these dermatological
presentations is a vital step toward timely and precise diagnosis, enabling targeted
treatment and ultimately enhancing patient outcomes against this adaptable bacterial
pathogen.
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Chapter 8

Salmonellosis Infections and
Treatment Proposals

Obou Constantin Okou and Mavgery Claude-Charléne Keke

Abstract

Enterobacteriaceae are among the most widespread bacteria in the world, and the
most frequently encountered in clinical consultations. Unfortunately, these disease-
causing germs are now increasingly resistant to the standard antibiotics generally
used. In order to propose probable therapeutic alternatives, this study focused
on evaluating the antibacterial activity of Solanum torvum fruit (a food plant) on
around thirty strains of enterobacteria such as Escherichia coli, Salmonella sp, Shigella
sp, Citrobacter koseri, Entevobacter cloacae, Klebsiella pneumoniae, Proteus mivabilis,
and Citrobacter freundii. Among these strains of enterobacteria were nine strains
of Salmonella sp. To do this, 70% hydroethanolic and 100% ethanolic extracts were
prepared from the fruits of Solanum torvum and then tested on them. All strains of
Salmonella sp. were isolated from various biological samples (stool and/or urine)
from patients. Qualitative and quantitative analyses revealed the presence of several
phytocompounds such as polyphenols, tannins, coumarins, saponosides, and so on in
the 70% hydroethanolic and 100% ethanolic extracts. Finally, the antioxidant activity
of both extracts showed that they were capable of inhibiting free radicals. The results
revealed that these various extracts have antibacterial activity with a bactericidal
effect on these strains. These extracts could therefore be used to produce phytomedi-
cines to combat Salmonella infections.

Keywords: Salmonellosis, medicinal plants, antibacterial, antioxidant activities,
phytocompounds

1. Introduction

Enterobacteriaceae are Gram-negative bacilli comprising 40 genera and over 130
species. They are found in humans, animals, and the environment [1, 2]. They are
present in the digestive systems of humans and animals [3, 4]. They are a constant
cause of urinary tract, pulmonary, and intra-abdominal infections; bacteremia; and
meningitis and are encountered both in the community and in hospitals. Escherichia,
Salmonella, Shigella, Yersinia, Klebsiella, Enterobacter, Servatia, Morganella, Proteus,
Providencia, and Citrobacter are the most common pathogens [1, 5].

Over the last few decades, the overuse and/or inappropriate use of antibiotics has
led to therapeutic failures with these bacteria. In fact, they can produce extended-
spectrum p-lactamases (ESBLs) that can inhibit beta-lactam antibiotics. These enzymes
can render antibiotics such as aminoglycosides and fluoroquinolones ineffective. This
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situation represents a real public health problem [6, 7]. Indeed, ESBL infections can
increase overall patient morbidity and mortality. Consequently, around 700,000 deaths
worldwide are due to antimicrobial resistance [4, 5, 8]. Therapeutic failures are prompt-
ing research teams to turn their attention to traditional African pharmacopoeia. Indeed,
the WHO confirms that in Africa, 80% of the population relies on traditional medicine
and pharmacopoeia to deal with health problems [9]. According to reference [10], the
constant reinforcement of antimicrobial compounds through the discovery of new mol-
ecules keeps us one step ahead of the risk of therapeutic impasses. However, modern
medicine is characterized by a crying lack of new treatments. What’s more, antibiotics,
regarded as the almost universal solution to serious infections, are increasingly showing
their limitations [11, 12]. In this context, traditional medicine can provide a solution

to these problems, as it is of prime importance in the health care of populations. As
reference studies [13-15] have shown, medicinal plants have always been used for their
cosmetic, chemical, dietetic, pharmaceutical, agri-food, and industrial properties.

In particular, the work of reference studies [16-20] has shown that medicinal plants
contain various biologically active chemical principles capable of exerting antioxidant,
anti-inflammatory, analgesic, antibacterial, and other activities. Similarly, according to
reference [21], medicinal plants are part of the history of every continent. Specifically,
they have been organized, documented, and passed down from generation to genera-
tion for centuries in China and India. In Africa, as reference [22] points out, there are
almost 5000 medicinal species. This study was carried out with the aim of contributing
to the scientific valorization of medicinal plants. It aims to evaluate the antibacterial
activity of Solanum torvum fruits on a few strains of hospital-acquired salmonellosis.

2. General information on the Salmonella genus

It was first discovered by Theobald Smith (1859-1934) in 1885. It is a straight
bacillus, about 3 pm long, aero-anaerobic and often motile, except for S. gallinarum.
According to Le Minor and Kaufmann-White, it comprises two subspecies: Salmonella
enterica and Salmonella bongori. Salmonella enterica comprises 6 subspecies (indica,
salamae, arizonae, diarizonae, houtenae, and enterica) [23].

3. Pathogenicity of the genus Salmonella

Salmonellosis is a disease caused by the Salmonella genus. They remain a major
health problem, especially in underdeveloped countries. Salmonella are responsible for
both major and minor salmonellosis (non-typhoidal salmonellosis). Major salmonel-
losis is the cause of typhoid and paratyphoid fevers. Typhoid and paratyphoid fevers are
strictly human pathologies caused by the serovars S. Typhi, S. Paratyphi A, S. Paratyphi
B, and S. Paratyphi C, while minor salmonellosis is the cause of gastroenteritis due to
food poisoning by serovars such as S. typhimurium, S. enteritidis, and S. panama [24, 25].

4. Antibiotics and definition

Antibiotics derive their name from two Greek words, anti: against, and bios: life.
They are natural, semisynthetic, or synthetic substances capable of inhibiting or
destroying the growth of bacteria without harming the body. They were discovered in
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1929 by Alexander Flemming. He was the first to discover penicillin. This discovery
made it possible to combat certain diseases and paved the way for the discovery of
several other molecules between 1940 and 2005. Antibiotics are therefore a large
group of drugs composed of several families depending on their mode of action on
bacteria and their chemical structures [7, 10, 26, 27].

5. Some figures on bacterial resistance

Bacterial resistance to antibiotics is becoming increasingly significant and is charac-
terized by the emergence of new forms of resistance [28, 29]. This, according to refer-
ence [30], represents one of the major health challenges of the twenty-first century.
The Organization for Economic Cooperation and Development (OECD) estimates that
2.4 million people in Europe, North America, and Australia will die from multidrug-
resistant bacterial infections (MRB) over the next 30 years [31, 32]. In Europe,
antibiotic-resistant bacteria cause 400,000 infections per year, with at least 25,000
deaths annually [33, 34]. In Africa, this phenomenon of resistance is poorly assessed.
Nonetheless, studies report that the African continent is not immune to this phenom-
enon [34, 35]. Nevertheless, reference studies [36, 37] predict that by 2050, approxi-
mately 4.1 million people living in Africa will lose their lives due to MRB infections.

6. General information on the therapeutic use of Solanum torvum

In Dominica, the young leaves of Solanum torvum are used in combination with
the leafy stem of Bidens pilosa to treat dysuria, and its flowers are used to treat
abdominal pain in infants in the form of an infusion. In Guadeloupe, the roots
macerated in water are used to treat renal colic [38]. In Cameroon, a decoction of the
fruit is used to treat female infertility [39], and the bark, fruit, and leaves are used to
treat poisoning, gastric problems, female infertility, and pneumonia [40]. In Central
America, India, and Gabon, the leaves are used to treat cuts, wounds, and diabetes
[41]. In Ghana, the leaves are used to treat wounds and boils [42], and in southern
Nigeria, they are used to treat sickle cell anemia [43]. In southern Ivory Coast, a
decoction of the leaves is used to treat anemia [44]. In Madagascar, a paste made from
heated fruit is used to treat ringworm [45].

7. Some chemical compounds isolated from Solanum torvum

Solanum torvum contains a variety of bioactive compounds that give it its multiple
pharmacological properties. As reported in reference studies [48-50], the chemi-
cal compounds identified in this plant and studied for their biological effects are:
isoflavonoid sulfate and antiviral steroidal glycosides, torvanol A (a new isoflavonoid
sulfate), torvoside H (a new steroidal glycoside), torvoside A (a previously recog-
nized glycoside) and a tocopherol, solanolactosides A and B, and two newspirostanol
glycosides (torvosides M and N). Certain structures have been identified, namely,
solanolide 6-O-[a-l-rhamnopyranosyl-(1 — 3)-O-8-d-quinovopyranoside], solanolide
6-0O-[f3-d-xylopyranosyl-(1 — 3)-O-8-d-quinovopyranoside], yamogenin 3-O-[f3-
dglucopyranosyl-(1 — 6)-O-3-d-glucopyranoside], neochlorogenic acid 3-O-[f3-d-
glucopyranosyl(1 — 6)-O-f3-d-glucopyranoside], and so forth (Figure 1).
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Figure 1.
Some isolated compounds from Solanum torvum.

8. Materials and methods
8.1 Biological materials

The biological material consisted of powder from dried Solanum torvum fruit and
strains of Salmonella sp of human origin (stool and/or urine).

8.2 Method for preparing the various plant extracts

The fruits of the plant were harvested, sorted, washed, and dried at room
temperature in the laboratory for three weeks. They were then pulverized ina
Retsch-SK100 type mill to obtain a vegetable powder. This powder was then used to
prepare the various extracts. The 100% ethanolic extract was prepared by dissolving
100 g of the previous plant powder in 1 liter of distilled water in a blender for 5 min-
utes to obtain a homogenate [49]. This was then filtered and evaporated in a blender-
type oven for three days at 50 °C to obtain the aqueous extract. The latter was then
macerated in 300 mL of pure ethanol in a blender for 5 minutes, then left to stand
to obtain a supernatant and a pellet. These were subsequently further separated and
evaporated in a Blender oven for three days at 50 °C. The 100% ethanolic extract
(Eth 100%) obtained was taken from the pellet. In parallel with the preparation of
the 100% ethanolic extract, another extract, the 70% hydroethanolic extract, was
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prepared using the same procedure as above. The only difference is that the solvent
used in this case is a mixture of ethanol and distilled water (70/30, v/v). Final
preparation of this extract yielded the 70% hydroethanol extract (HydroEth 70%).
The resulting 100% ethanolic (Eth 100%) and 70% hydroethanolic (HydroEth 70%)
extracts were stored separately in hermetically sealed jars and stored at room tem-
perature for future testing.

8.3 Extraction yield calculation method

It was based on the method described by reference studies [18, 50, 51]. Yield is the
quantity of extract obtained from a plant material. It is expressed as a percentage of
dry matter (plant powder) and was calculated using the following formula:

R(%)=M, x100/M,

* R:Yield of extract expressed as a percentage (%),
* M;: Mass of extract (in g),

* Mjy: Mass of vegetable powder (in g).

8.4 Method for evaluating the in vitro antibacterial activity of various Solanum
torvum extracts

8.4.1 Method for preparing concentration ranges

This was achieved by dissolving 1 g of a previously prepared extract in 10 mL
of distilled water to give an initial concentration of 100 mg/mL (tube 1 = T1).
Concentrations in the other tubes (T2 to T6) were prepared from tube 1 (T1) using
the liquid double dilution technique. To do this, a volume of 5 mL of sterile distilled
water was distributed from T2 to T6. Next, a 5 mL volume of T1 was withdrawn,
diluted with T2 and homogenized. This operation was repeated until T6. From T6
onward, the excess was discarded. Concentration ranges oscillated between 100 mg/
mL and 3.125 mg/mL from T1 to T6.

8.4.2 Agar diffusion sensitivity test method

In this step, the bacterial inoculum was prepared from 1-2 colonies of
Salmonella sp. These were then diluted in 0.85 NaCl solution and homogenized
to obtain a 0.5 Mc Farland caliber. Next, an accurate Muller-Hinton (MH) agar
plate was inoculated with the inoculum previously prepared by swabbing. Wells
were subsequently drilled into the inoculated agar using a Pasteur pipette. Each
well was filled with a given concentration of the initially prepared extract. It was
also incubated for 18 to 24 hours at 37 °C. After this incubation time, diffusion of
each concentration was used to delimit a zone of bacterial growth inhibition in
the seeded agar plate. Finally, the inhibition diameter was measured to determine
whether the bacterial strain tested was sensitive or resistant to the extract used.
This agar diffusion method is useful for assessing the bacterial activity of different
extracts [52].
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8.4.3 Dilution sensitivity test method
8.4.3.1 Method for preparing inoculated broth

It was performed using 2 young Salmonella sp colonies aged 18 to 24 hours.
Colonies were picked from the agar plate, mixed with a platinum loop in 10 mL of MH
broth and incubated for 3 to 5 hours at 37 °C to obtain a pre-culture. Again, 0.1 mL of
the pre-culture broth was removed and homogenized in a further 10 mL of MH broth
to achieve an opalescence of 10° CFU/mL.

8.4.3.2 Method for determining Minimum Inhibitory Concentration (MIC)

This was achieved by taking 1.8 mL of the previously prepared Salmonella sp
inoculated broth and transferring it into 7 tubes to form the experimental series.
Within the experimental series, a volume of 0.2 mL of each concentration of initial
extract prepared was placed separately in 6 tubes. The 7th tube was the growth con-
trol tube, to which 0.2 mL of sterile distilled water was added. Thus, the final volume
in the 7 tubes of the experimental series was 2 mL. All were then incubated at 37 °C
for 18 to 24 hours. After this incubation time, the MIC was determined by identifying
the absence of turbidity with the naked eye and in daylight. The MIC corresponds to
the lowest concentration of a compound or substance capable of inhibiting bacterial
growth. It is given by the concentration of the first tube in which the culture is not
turbid [22, 53].

8.4.3.3 Bacterial count method

This was carried out by diluting the bacterial culture in the growth control
tube, preincubated at 37 °C for 18 to 24 hours (7th tube), from 10 to 10 down to
10~*. Each dilution was then streaked 5 cm apart with a 2 pL calibrated platinum
loop onto an MH agar plate (Box A). The plate was also incubated for 18 to 24 hours
at 37 °C. After this time, Box A was used to determine the minimum bactericidal
concentration.

8.4.3.4 Method for determining Minimum Bactericidal Concentration (MBC)

This involved inoculating each Salmonella sp culture from the experimental
series separately on a 5 cm streak using a 2 pL calibrated platinum loop on a MH
agar plate (Box B). It was followed by incubation at 37 °C for 18 to 24 hours. After
this incubation period, the MBC was determined by comparing the number of
Salmonella sp colonies on the various streaks on the B plate with those on the 10™*
dilution of the A plate. Indeed, according to reference studies [22, 54], the determi-
nation of the minimum bactericidal concentration (MBC) is possible by looking for
the concentration leaving at most 0.01% surviving bacteria. However, according to
reference [53]:

¢ if the MBC/MIC ratio < 4, the substance tested is bactericidal.

e if the ratio MBC/MIC ” 4, the substance tested is bacteriostatic.
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8.5 Chemical test method for Solanum torvum fruit extracts
8.5.1 Qualitative analysis
They consisted in identifying compounds such as:
* polyphenols by reaction with ferric chloride (FeCl;),
* flavonoids using the chloride vanillin and ammonia tests,
¢ coumarins with 96% ethanol, 10% NaoH and concentrated HCI,
e tannins with 80% methanol and 10% FeCl;,
* saponosides with the foam test.
8.5.2 Quantitative analysis
8.5.2.1 Determination of total phenols

It was carried out using the Folin-Ciocalteu method, which is based on the redox
reaction.

8.5.2.2 Determination of condensed tannins

It was tested using the vanillin method with HCI.

8.5.2.3 Total flavonoid content

It was produced using the colorimetric method with aluminum trichloride (AICl;).

8.5.2.4 Method for assessing the antioxidant activity of Solanum torvum fruit
extracts using the DPPH test

It is based on a compound’s ability to reduce the DPPH (2,2-diphenyl-1-picrylhy-
drazyl) radical.

9. Results
9.1Yield of different extracts

The yield of the Eth 100% extract was 13.94%, while that of the HydroEth 70%
extract was 5.64%. Thus, the yield of the Eth 100% extract was just over 2 times
greater (13.94/5.64) than that of the HydroEth 70% extract.
9.2 Agar diffusion sensitivity tests

The results of agar diffusion sensitivity tests gave inhibition diameters of 9 mm

for Eth 100% extract and 10 mm for HydroEth 70% extract. According to reference
studies [55, 56], a bacterium is said to be:
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* resistant to a plant extract when the inhibition diameter described around this
extract is less than or equal to 8 mm,

e sensitive, if it is between 9 and 14 mm,

* very sensitive when it is between 15 and 19 mm,

* extremely sensitive when the diameter is greater than or equal to 20 mm.
9.3 Dilution sensitivity tests for MIC and MBC determination

The results of sensitivity tests using the dilution method yielded minimum inhibi-
tory concentrations (MIC) of:

* 12.5 mg/mL of HydroEth 70% extract,

* 50 mg/mL of Eth 100% extract.

Similarly, these results enabled us to determine minimum bactericidal concentra-
tions (MBC) of:

* 25 mg/mL of HydroEth 70% extract,
* 50 mg/mL of Eth 100% extract.

The MBC/MIC ratio gave a value of:

* 2 for HydroEth 70% extract,

* 1 for Eth 100% extract.

9.4 Chemical testing of Solanum torvum fruit extracts

The results of qualitative analyses of both extracts showed the presence of phyto-
compounds such as polyphenols, tannins, flavonoids, coumarins, and saponosides.
Quantitative analyses yielded:

* 151.15 + 0.95 mgEAG/gMS total phenols,

18.24 + 1.31 mgEC/gMS condensed tannins,

88.37 + 1.13 mgEQ/gMS total flavonoids in Eth 100% extract.

* 92.99 + 2.9 mgEAG/gMS total phenols,

9.42 + 1.63 mgEC/gMS condensed tannins,

* 4911 + 0.3 mgEQ/gMS total flavonoids in HydroEth 70% extract.
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9.5 Evaluation of the antioxidant activity of Solanum torvum fruit extracts using
the DPPH test

Results for the anti-free radical activity of vitamin C, Eth 100% extract,
and HydroEth 70% extract yielded ICs, values of 0.007, 0.39, and 0.36 mg/mL,
respectively.

10. Discussion
10.1 Yield of different extracts

The results of the yield calculation show that the Eth 100% extract is just over 2
times higher (13.94/5.64) than the HydroEth 70% extract. This may be justified by
the fact that the extraction of bioactive substances may depend on the solvent and
method used. So, water can isolate certain compounds such as polypeptides, lectins,
starches, saponins, terpenes, and so forth, while ethanol can help reveal propolis,
alkaloids, flavonoids, sterols, and so on [22, 57]. In terms of method, it should be
noted that the aqueous extract served as the basis for the preparation of the Eth 100%
extract. Subsequently, the Eth 100% extract could contain both substances soluble
in both solvents (water and pure ethanol) and those specifically extractable with
one of the solvents. These explanations could account for the high presence of the
various compounds mentioned above and influence yield. In contrast, the HydroEth
70% extract can only isolate substances with solubility intermediate between ethanol
and water.

10.2 Agar diffusion sensitivity tests

Inhibition diameters were 10 mm for the HydroEth 70% extract and 9 mm for the
Eth 100% extract on Salmonella sp at a concentration of 100 mg/mL. These results
demonstrate that Salmonella sp is sensitive to these two extracts, as their inhibition
diameters ranged from 9 to 14 mm.

10.3 Dilution sensitivity tests for MIC and MBC determination

Antibacterial parameters (MIC and MBC) for the HydroEth 70% extract were
12.5 and 25 mg/mL, respectively, and the MBC/MIC ratio was 2. Similarly, the MBC/
MIC ratio was 2. In the same vein, the Eth 100% extract produced an identical MIC
and MBC value of 50 mg/mL. In addition, the MBC/MIC ratio was 1. These results
thus confirm that both extracts are bactericidal on Salmonella sp, but with a higher
bactericidal effect for the HydroEth 70% extract. Previous work by reference [58] on
Eth extract from 100% of Solanum torvum leaves revealed bactericidal activity against
Salmonella sp. These two results confirm that whatever the Solanum torvum organ
used, antibacterial activity against Salmonella sp is observed.

10.4 Chemical testing of Solanum torvum fruit extracts

Qualitative analysis of both extracts revealed the presence of polyphenols, tan-
nins, flavonoids, coumarins, and saponosides. These results are in line with those of
reference [59] on Solanum torvum fruits. In the course of their work, these authors
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showed that Solanum torvum fruits contained alkaloids, and so on, in addition to the
aforementioned compounds. Furthermore, the work of reference studies [56, 60, 61]
stipulates that these bioactive substances possess antibacterial activities. Quantitative
analysis revealed that both extracts contained varying levels of total polyphenols,
flavonoids, and tannins. For the Eth 100% extract, the respective contents of total
phenols, tannins, and flavonoids were 151.15 + 0.95 mgEAG/gMS, 18.24 + 1.31 mgEC/
gMS, and 88.37 + 1.13 mgEQ/gMS. For the HydroEth 70% extract, the respective con-
tents of these same compounds were 92.99 + 2.9 mgEAG/gMS, 9.42 + 1.63 mgEC/gMS,
and 49.11 + 0.3 mgEQ/gMS. These results generally show a higher abundance of these
compounds in the Eth 100% extract than in the HydroEth 70% extract. Nevertheless,
the work of reference [57] on several medicinal plants has revealed that water is
capable of isolating anthocyanins, tannins, saponins, terpenes, flavonols, and so forth.
In the same way, this author showed that ethanol can highlight compounds such as
tannins, polyphenols, polyacetylenes, flavonoids, sterols, alkaloids, propolis, and so
on. Thus, during his work, the author revealed that ethanol can extract more bioactive
substances than water. Consequently, the combination of these two solvents (water
and ethanol) can extract a variety of bioactive molecules that are soluble in both water
and ethanol, such as anthocyanins, tannins, saponins, terpenes, flavonols, polyphe-
nols, polyacetylenes, flavonoids, sterols, alkaloids, propolis, and so forth. Therefore,
the synergy of the bioactive substances that can be isolated by the water-ethanol
mixture could justify the greater activity of the HydroEth 70% extract compared

to Eth 100%, even though the compounds identified in this study are not present in
high concentrations in this extract. In the same way, reference studies [62, 63] have
established that these compounds possess anti-inflammatory, antibacterial, antiviral,
antiallergic, antithrombotic, and vasodilatory activities. These results would justify
the use of Solanum torvum in the treatment of antibacterial infections. Reference stud-
ies [51, 64] also highlighted the antibacterial activity of Solanum torvum fruit extracts
on susceptible and resistant bacteria. Also, studies by reference [65] showed that the
aqueous extract of Solanum torvum would possess antidiarrheal activities.

10.5 DPPH test

The anti-free radical activity results of the DPPH test for vitamin C, HydroEth
70%, and Eth 100% extracts gave ICsq values of 0.007, 0.36, and 0.39 mg/mL,
respectively. These values correspond to the concentration of the substance required
to inhibit 50% of free radicals in an antioxidant test. Therefore, the lower the value,
the greater the anti-free radical activity. Consequently, vitamin C (positive control
or reference) inhibited more than 51 (0.36/0.007) and 57 (0.39/0.007) times more
free radicals in the medium than HydroEth 70% extract and Eth 100% extract,
respectively. However, the HydroEth 70% and Eth 100% extracts show good anti-free
radical activity, as they are still aggregates of molecules (polyphenols, tannins, fla-
vonoids, coumarins, and saponosides), unlike the reference control (vitamin C, pure
molecule). This work is in line with that of reference [48] when testing the ethanolic
extract of Solanum torvum fruits.

11. Conclusion

This study revealed that the 100% ethanolic and 70% hydroethanolic extracts of
Solanum torvum fruits had antibacterial activity against Salmonella sp. It showed that
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extraction with pure ethanol concentrated more bioactive substances than hydroetha-
nolic extraction. These compounds are essentially polyphenols, tannins, flavonoids,
coumarins, and saponosides. Of these, secondary metabolites, total phenols and
flavonoids, and the condensed tannins measured had anti-free radical properties.
Nevertheless, sensitivity tests in solid and liquid media showed that the hydroethanol
extract was more bactericidal on Salmonella sp than the ethanol extract. The bacteri-
cidal effect observed was generally dose-dependent, since it depended on the concen-
tration used. The fruits of Solanum torvum (a food plant) could therefore be used to
develop a phytomedicine for the treatment of salmonellosis.
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Chapter 9

Course Corrections Are Needed
to Better Address the Risk of
Salmonellosis from Poultry Food

Thomas P. Oscar

Abstract

Computer models that predict consumer exposure and response to Salmonella
in poultry food are valuable tools for helping assess and manage this risk to public
health. However, model predictions are only as good as the data and models used
to make them. If the data and models are inaccurate, the model simulations and
predictions will be erroneous, and the risk management decision will be wrong. In
this study, a comparison is made between two different data collection and model-
ing methods for assessing the risk of salmonellosis from poultry food. First, are the
probabilistic methods used in Quantitative Microbial Risk Assessment (QMRA).
Second, are the rare event methods used in the Poultry Food Assess Risk Model
(PFARM). Based on the comparison of these data collection and modeling methods
and a case study, it was concluded that course corrections are needed to better assess
and manage the risk of salmonellosis from poultry food. Namely, a shift away from
the probabilistic methods of QMRA to the rare event methods of PFARM and a shift
in focus from the pre-harvest and post-harvest sectors of the farm-to-table chain to
the consumer sector where the most important risk factors for salmonellosis from
poultry food are found.

Keywords: Salmonella, poultry food, risk assessment, public health, comparison,
QMRA, PFARM

1. Introduction

A pathogen reduction, hazard analysis and critical control point, and performance
standard (PR-HACCP-PS) program was implemented in the United States to reduce
the risk of salmonellosis from poultry food [1]. This program has been successful at
reducing Salmonella prevalence in carcass rinse aliquot samples at final product test-
ing in the processing plant [2]. However, it has not been successful at reducing the risk
or rate of foodborne salmonellosis. This has prompted a proposed expansion of the
PR-HACCP-PS program to include new PS for Salmonella number and serotype [3].

When data collection and modeling methods for predicting the risk of salmonello-
sis from poultry food emerged in the 1990s there was a divergence of methods leading
to an accepted approach (Quantitative Microbial Risk Assessment or QMRA) and an
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alternative approach (Poultry Food Assess Risk Model or PFARM). Here, a compari-
son of QMRA and PFARM data collection and modeling methods is made with a brief
description of key studies. To reduce self-citation of PFARM studies, five recent stud-
ies [4-8] that review why and how the PFARM data collection and modeling methods
were developed and used will be emphasized.

2. Comparison of QMRA and PFARM

The quality of a computer model simulation and prediction is only as good as the
data and models on which it is based. Thus, if the data collection and modeling meth-
ods are not accurate, the model simulations and predictions will not be accurate, and
the resulting course of action will not be the right one. After the comparison of the
data collection and modeling methods used in QMRA and PFARM, a case study will
be presented to illustrate the importance of the differences in these two approaches to
assessing the risk of salmonellosis from poultry food.

2.1 Sampling method

Salmonella may be unattached, attached, or entrapped in the poultry food matrix
[9, 10]. Therefore, the sampling method used must be able to detect a single cell of
viable Salmonella regardless of how it is associated with the poultry food matrix, or
the prevalence, number, and serotype data will not be accurate.

QMRA - Rinsing (chicken carcass and parts) and swabbing (turkey carcass and
parts) of poultry food recovers some but not all the Salmonella [11]. This leads to an
underestimation of prevalence, number, and serotype, and an inaccurate simula-
tion and prediction of the risk of salmonellosis. PFARM - Whole sample enrichment
(WSE) detects more if not all Salmonella on and in poultry food leading to more accu-
rate prevalence, number, and serotype data for simulating and predicting the risk of
salmonellosis [8]. Key QVIRA study - Simmons et al. [12] reported that 13% of chicken
carcasses were positive for Salmonella when rinse samples were used, whereas 38%
were positive for Salmonella when WSE was used. Key PFARM study - Parveen et al.
[13] reported that Salmonella prevalence was 88% in a compliant commercial process-
ing plant (i.e. < 9.8%) when chicken carcasses were sampled using WSE instead of the
carcass rinse aliquot method.

2.2 Salmonella prevalence

QMRA- Salmonella prevalence of poultry food is not expressed and simulated as
a function of the size of sample analyzed resulting in an inaccurate simulation and
prediction of the risk of salmonellosis. PFARM - Salmonella prevalence is expressed
and simulated as a function of the size of sample analyzed resulting in a more
accurate simulation and prediction of the risk of salmonellosis from poultry food.
Key QMRA study - Surkiewicz et al. [14] reported that Salmonella in rinse samples of
chicken carcasses was 4.9% when 10 mL was examined and 20.5% when 270 mL was
examined. Thus, it has been known for some time, since 1969, that Salmonella preva-
lence changes in a nonlinear manner as a function of the size of sample analyzed,
yet, in QMRA it is expressed and simulated without a denominator. Key PFARM
study - Oscar [8] reported that Salmonella prevalence increases in a nonlinear man-
ner as a function of the size of poultry food sample analyzed.
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2.3 Microbiological independence

QMRA - The split sample method uses a different sample and a different size sam-
ple of poultry food for Salmonella prevalence (cultural isolation) and number (most
probable number or MPN) leading to inaccurate data for simulating and predicting the
risk of salmonellosis because the microbiological independence of the samples is not
recognized. PFARM - A single sample of poultry food is used for Salmonella prevalence
(cultural isolation) and number (growth units), which is determined by WSE, real-
time quantitative polymerase chain reaction (qQPCR). This leads to more accurate data
for simulating and predicting the risk of salmonellosis. Key QMRA study - Bemrah
etal. [15] used the split sample method for prevalence and number of Salmonella in
turkey cordon bleu. However, only 2 of 36 samples that tested positive for Salmonella
by cultural isolation, tested positive in the MPN assay because a different sample and
a much smaller sample was used to determine Salmonella number. Key PFARM study -
Oscar [8] used the one pathogen cell test to show why the QMRA split sample method
is inaccurate and the PFARM single sample method (WSE-qPCR) is more accurate.

2.4 Location of final product testing

QMRA - Final product testing for Salmonella is in the poultry food processing plant
leading to an inaccurate simulation and prediction of the risk of salmonellosis because
the growth and spread of Salmonella in packaged poultry food after processing leads to
unpredictable changes in Salmonella serotype prevalence and number among servings
in the package [16]. PFARM - Final product testing for Salmonella is at the start of meal
preparation to better capture effects of poultry food production, processing, distribu-
tion, storage, and interventions on Salmonella serotype prevalence and number leading
to a more accurate simulation and prediction of the risk of salmonellosis [8].

2.5 Salmonella number

QMRA - Results of the MPN assay used in the split sample method are expressed
and simulated on a per gram basis resulting in an inaccurate simulation and predic-
tion of the risk of salmonellosis from poultry food because Salmonella number does
not increase in a linear manner as a function of serving size, which is assumed in this
method of expression. PEFARM — Results of the WSE-qPCR method used in the single
sample method are expressed and simulated as a function of the size of sample ana-
lyzed resulting in more accurate simulation and prediction of the risk of salmonellosis
from poultry food because Salmonella number is predicted to increase in a non-linear
manner as a function of serving size. Key QMRA study - De Man [17] reported that for
a 3 replicate by 3 dilution MPN assay, the MPN per g ranges from 0.3 for a result of
0-0-1 to 110 for a result of 3-3-2. However, when results are expressed as a function of
the size of sample analyzed, the range is 1 to 366 MPN per 3.33 g, which is more accu-
rate. The MPN result of 0-0-0 is not <0.3/g. Rather, itis O per 3.33 g or negative for
Salmonella. Key PEARM study - Oscar [8] reported that Salmonella number increases
in a nonlinear manner as a function of the size of sample analyzed or simulated.

2.6 Growth potential

QMRA - The MPN method does not capture the growth potential of Salmonella,
which is important for accurate simulation and prediction of the risk of salmonellosis
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from poultry food because it captures the physiological state of the pathogen and the
impact of the native microflora on its growth in the poultry food matrix. Importantly,
it does not capture effects of processes that injure Salmonella and reduce the risk of
salmonellosis from poultry food. PFARM — The WSE-qPCR method is a growth-based
assay that captures the growth potential of Salmonella in poultry food resulting in
amore accurate simulation and prediction of the risk of salmonellosis. Key PFARM
study - Oscar [8] used WSE-qPCR to enumerate Salmonella growth units in poultry
food as a non-linear function of serving size.

2.7 Exposure assessment

QMRA - The probabilistic method overestimates consumer exposure to Salmonella
because it only simulates contaminated grams of poultry food and assumes that
Salmonella number increases in a linear manner as a function of serving size.

PFARM - The rare event modeling method does not overestimate consumer exposure
to Salmonella because it simulates both contaminated and noncontaminated serv-
ings and predicts the non-linear increase of Salmonella prevalence and number as a
function of serving size. Key PFARM study - Oscar [5] provided 13 reasons why the
QMRA probabilistic method provides an inaccurate prediction of consumer exposure
to Salmonella from poultry food.

2.8 Dose-response assessment

QMRA - The probabilistic, sigmoidal, dose-response model [18] and its vari-
ants [3] do not explicitly simulate the Salmonella, poultry food meal, and consumer
interaction or disease triangle resulting in an inaccurate simulation and prediction
of the risk of salmonellosis. PEARM - The rare event, disease triangle, dose-response
model [6] simulates risk of salmonellosis as a function of the zoonotic potential of
Salmonella serotypes, the buffering capacity of the poultry food meal, and the health
and immunity of the consumer. Key PFARM study - Oscar [19] reported that the dose-
response curve is non-sigmoid in shape when the food is contaminated with two or
more serotypes of Salmonella with different virulence and prevalence.

2.9 Risk prediction

QMRA - Predicts that a reduction of Salmonella in poultry food at final product
testing will result in like reduction in the risk of salmonellosis [3], which is not con-
sistent with the current situation in the poultry food industry. PEARM - Predicts that
areduction of Salmonella in poultry food at final product testing will not result in like
reduction in the risk of salmonellosis, which is consistent with the current situation
in the poultry food industry. Key PFARM study - Oscar [20] showed that there was no
relationship between Salmonella levels at final product testing and risk of salmonel-
losis because of post-testing risk factors.

2.9.1 Risk prediction adjustment

QMRA - A correction factor is needed to align predictions of the risk of salmonel-
losis from poultry food with epidemiological data [3]. PFARM - No correction factor
is needed to align predictions of the risk of salmonellosis from poultry food with
epidemiological data [20]. Key PFARM study - Oscar [5] provided 13 reasons why the
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probabilistic modeling method used in QMRA makes inaccurate predictions of the
risk of salmonellosis from poultry food.

2.10 Lot size

QMRA - Individual grams of Salmonella-contaminated poultry food is simulated
from final product testing until consumption. At consumption they are multiplied
by serving size and initial Salmonella prevalence resulting in an inaccurate simula-
tion and prediction of the risk of salmonellosis. This is because lot size increases at
consumption as a function of mean serving size and initial Salmonella prevalence.
Thus, the lot size could differ among scenarios resulting in confounded comparisons.
PFARM- Salmonella-contaminated and non-contaminated servings and Salmonella
serotype prevalence and number (growth units) per size of sample analyzed are
simulated from final product testing to consumption for more accurate prediction of
the risk of salmonellosis because lot size at final product testing and at consumption is
the same resulting in non-confounded comparisons among scenarios [5].

2.11 Predictive models

Predictive models for cross-contamination, growth, and thermal death of
Salmonella in poultry food are used in QMRA and PFARM for exposure assessment.
However, important differences exist for how predictive models are used to predict
the risk of salmonellosis from poultry food.

2.11.1 Cross-contamination

QMRA - Salmonella transfer rates from poultry food to kitchen fomites and then
to ready-to-eat (RTE) food are used to simulate cross-contamination of RTE food
with Salmonella, which is simulated as probabilistic event [21]. This method does not
consider Salmonella as a minority member of the native microflora of food. PFARM -
Bacterial transfer rates from poultry food to kitchen fomites and then to RTE food are
used to simulate cross-contamination of RTE food with native microflora including
Salmonella, whose transfer is simulated as a discrete event using the rare event, line
of transfer method [5]. This method simulates Salmonella as a minority member of
the native microflora leading to more accurate simulation and prediction of the risk
of salmonellosis because in nature, a cell of Salmonella does not have a probability of
transfer, rather, it is transferred or not.

2.11.2 Growth

QMRA- Models for growth of Salmonella are developed using a mixture of sero-
types inoculated at a high and nonecological level in poultry food without native
microflora resulting in a less accurate simulation and prediction of the growth of
Salmonella and risk of salmonellosis [22]. PFARM - Models for growth of Salmonella
are developed using individual serotypes inoculated at a low and ecological level in
poultry food with native microflora leading to a more accurate simulation and predic-
tion of the growth of Salmonella and the risk of salmonellosis [4]. Key QMRA study -
Kim et al. [3] stated that serotype-specific growth models are needed for accurate risk
assessment. Key PFARM study - Oscar [23] developed a model for three serotypes of
Salmonella on poultry food for use in risk assessment.
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2.11.3 Thermal death

QMRA —Models for thermal death of Salmonella are developed with a mixture of
serotypes and a high and nonecological number of the pathogen in poultry food with-
out native microflora [24]. In addition, the models predict the probability of Salmonella
survival, which is >0 for all grams simulated [25]. This leads to an overestimation of
consumer exposure to Salmonella and an inaccurate simulation and prediction of the
risk of salmonellosis from cooked poultry food [5]. PFARM — Models for thermal death
of Salmonella are developed with individual serotypes of Salmonella in poultry food
with native microflora [26]. In addition, a rare event, line of death method is used to
simulate survival of individual cells of Salmonella as minority members of the native
microflora of poultry food during cooking [5]. Thus, survival of a Salmonella cell is
simulated as a discrete (survival or no survival) event resulting in most (> 97%) cooked
servings having zero Salmonella at consumption and the rest having >1 Salmonella.
This leads to a more accurate simulation of what occurs in nature and a more accurate
prediction of the risk of salmonellosis from cooked poultry food [5].

2.11.4 Model validation

QMRA- Models for behavior of Salmonella in poultry food are validated using
conventional statistical methods and the bias and accuracy factor method of Ross
[27]. These methods have no criteria for test data, limited criteria for model perfor-
mance, and no criteria for model validation. This leads to an incomplete, less accurate,
and more biased validation of models. In turn, this could lead to less accurate and
more biased simulation and prediction of the risk of salmonellosis from poultry food.
PFARM - Models for behavior of Salmonella in poultry food are validated using the
Acceptable Prediction Zones (APZ) method [4]. The APZ method has objective crite-
ria for test data, model performance, and model validation resulting in more accurate
and less biased models and more accurate simulation and prediction of the risk of
salmonellosis from poultry food. Key PFARM study - Oscar [7] provided 12 reasons
why the APZ method is better than conventional methods and the bias and accuracy
factor method of Ross for validating predictive models.

2.12 Case study

The end game of a program like PR-HACCP-PS is the identification and removal
of unsafe lots of poultry food from the marketplace. However, the use of less accurate
data and models increases identification of safe lots of poultry food as unsafe and
unsafe lots of poultry food as safe. Both situations harm public health. The first by
shortages, inflation, malnutrition, lower immunity, and more disease. The second by
increased hospitalization and death and loss of brand confidence resulting in eco-
nomic damage. Thus, it is important to get it right.

Data for Salmonella prevalence, number (growth units), and serotypes of chicken
gizzards [8] were collected over time in a production chain using PFARM methods.
The data was used to compare QMRA and PFARM modeling methods for predict-
ing consumer exposure to Salmonella [5]. It was found that QMRA predicted higher
consumer exposure to Salmonella than PFARM using the same data and exposure
pathways [5].

In this case study, the comparison was extended to predicting risk of salmonellosis
(illness) from chicken gizzards. However, the data was repurposed. Instead of five
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scenarios for running windows of 60 samples over time in the production chain, the
five time-period scenarios represented five, 1000 kg lots of chicken gizzards.

2.12.1 Risk of salmonellosis among lots of chicken gizzards

QMRA: The risk of salmonellosis (illness) differed (p < 0.05) among lots of
chicken gizzards (Figure 1A). It was highest for lots A and B, lowest for lot D, and
intermediate and the same for lots C and E. PFARM: The risk of salmonellosis differed
(p < 0.05) among lots of chicken gizzards (Figure 1B). It was higher for lot E than
for lot B; otherwise, it was the same for all lots. Compared to QMIRA (Figure 1A), the
risk of salmonellosis predicted by PFARM (Figure 1B) was lower and differed less
among lots. The results for QMRA were like those for exposure [5].

2.12.2 Risk of salmonellosis as a function of dose

QMRA- The probability of illness increased in an exponential manner as a func-
tion of the dose of Salmonella consumed from chicken gizzard meals (Figure 2A).
This was because differences in zoonotic potential of Salmonella, buffering capacity
of the meal, and consumer health and immunity were not explicitly simulated in the
dose-response model. For the simulated replicate of lot E (Figure 2A), the probabi-
listic method used in the QMRA predicted 9-10 cases of salmonellosis per 1000 kg of
chicken gizzards. In this case, all meals (7 = 5952) had a Salmonella dose consumed
that was >0. The meals with Salmonella doses >0 and < 1 were 5833, > 1 and < 10 were
51, and > 10 and < 10,000 were 68. However, the probabilistic modeling method used
in QMRA does not provide an accurate simulation and prediction of what occurs
in nature for the reasons stated above. In fact, it incorrectly mimicked consumer
exposure to Salmonella [5] and resulted in a biased and overestimated prediction
of the risk of salmonellosis. Moreover, it incorrectly simulated and predicted that a
reduction in Salmonella dose consumed would result in a like reduction in the risk
of salmonellosis, which is not what occurs in nature. Again, this occurred because
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Figure 1.

Risk of salmonellosis (illness) from chicken gizzard meals as predicted by: (A) the probabilistic method of
QMRA; and (B) the rare event method of PEARM for the same data and risk pathways. Bars are means +
standard deviation of 20 veplicate simulations. The lot size simulated was 1000 kg of chicken gizzards per replicate
simulation. The average portion size was 168 g per meal. Thus, 5952 meals were simulated. Within a panel, bars
with different letters differ at p < 0.05 per one-way analysis of variance followed by Tukey’s multiple comparison
test (Prism, version 10, GraphPad Software, Boston, MA). Abbreviations: QVIRA = quantitative microbial risk
assessment; and PFARM = poultry food assess risk model.
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Tl'ﬁz relationship between Salmonella dose consumed from meals of chicken gizzards and (A) probability of
illness or salmonellosis as predicted by QMRA and (B) consumer vesponse as predicted by PEARM for a single
replication from lot E. Abbreviations: QMIRA = quantitative microbial risk assessment; and PFARM = poultry
food assess risk model.

the QMRA method did not explicitly simulate differences in zoonotic potential of
Salmonella, buffering capacity of the meal, and consumer health and immunity.

PFARM - In contrast to QMRA, PFARM predicted that consumer response did not
increase as a function of the Salmonella dose consumed from 1 to 100 growth units
(Figure 2B). In fact, the consumer who ate the meal with 30 growth units had no
response, whereas some consumers who ate meals with lower doses became infected
(fecal shedding or antibody response with no symptoms of salmonellosis) with
Salmonella. In contrast to QMRA, which predicted 9-10 cases of salmonellosis from
lot E, PFARM only predicted one case (Figure 2B). In addition, PFARM predicted
that most meals (5675 of 5952) resulted in no exposure to Salmonella and of those
that resulted in exposure, most (275 of 277) had Salmonella doses from 1 to 10 growth
units, whereas only two had a Salmonella dose >10 growth units. Thus, compared to
QMRA (Figure 2A), PFARM (Figure 2B) predicted much less exposure to Salmonella
and much less risk of salmonellosis. One important difference was the PFARM
simulated the zoonotic potential of Salmonella serotypes, the buffering capacity of
the meal, and the health and immunity of the consumer in its dose-response model,
whereas QMRA did not [6].

2.13 Lessons learned from COVID-19 pandemic

A lesson learned from the coronavirus disease 2019 (COVID-19) pandemic was
that zoonotic diseases can become endemic at a baseline level that fluctuates over time
in response to changes in the pathogen, environment, and host interaction or disease
triangle [28]. This same dynamic may be at play in salmonellosis from poultry food
leading to the possibility that salmonellosis from poultry food may be at an endemic
level that is fluctuating over time in response to changes in the disease triangle. Thus,
it might be difficult to reduce foodborne salmonellosis further because a reduction
in consumer exposure to Salmonella could be countered by a decrease in consumer
immunity to salmonellosis. In other words, interventions like a PR-HACCP-PS
program that reduce Salmonella at final product testing may have the unintended
consequence of decreasing consumer immunity to salmonellosis [29] and help explain
why PR-HACCP-PS has not reduced the risk of salmonellosis from poultry food.

Another lesson learned from the Covid-19 pandemic was that acquired immunity
to the pathogen (severe acute respiratory syndrome coronavirus 2 or SARS-CoV-2)
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from vaccination or recent illness, reduces the risk of hospitalization and death [30].
Thus, in PFARM, the risk endpoint is severe salmonellosis (hospitalization, death)
instead of salmonellosis (illness, hospitalization, death) because illness is viewed as
important for maintaining consumer immunity to salmonellosis and reducing the risk
of hospitalization and death.

Finally, a risk-to-risk comparison of the COVID-19 pandemic to salmonellosis
from chicken indicates that it would take 1931 years for salmonellosis from chicken
to cause the same number of hospitalizations as the COVID-19 pandemic and
18,073 years for salmonellosis from chicken to cause the same number of deaths as
the COVID-19 pandemic [31, 32]. Thus, compared to COVID-19, salmonellosis from
chicken poses a much lower risk to public health.

3. Conclusions

The comparison of QMRA and PFARM methods indicates that course corrections
are needed to better address the risk of salmonellosis from poultry food. First, a shift
from the probabilistic data collection and modeling methods used in QMRA to the
rare event data collection and modeling methods used in PFARM is needed to better
simulate and predict the risk of salmonellosis from poultry food. Second, a shift
in focus from the pre-harvest and post-harvest sectors in QMRA to the consumer
sector in PFARM is needed because the most important risk factors for salmonel-
losis are in the consumer sector. This would involve the application of PFARM data
collection and modeling methods in the consumer sector to better identify lots of
unsafe poultry food, if they exist. The PFARM methods could also be used to test the
hypothesis that salmonellosis from poultry food is at a baseline level that cannot be
reduced further.
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Chapter 10

Perspective Chapter: One Health
Approach Impact in Salmonella
Public Health — Nexus with
Molecular Mechanisms of
Antimicrobial Resistance

Imad Mohamedtahir Fadlalla

Abstract

Salmonellosis encompasses a broad category of diseases, which may manifest as
acute gastroenteritis, bacteremia, and extra intestinally localized infections affecting
many organs in humans and animals. Salmonella strains that are multidrug-resistant
have been one of the biggest global public health issues. Antibiotic-resistant bacteria
are becoming more common, which may be related to the improper or unregulated
use of antibiotics in animal experiments. A global public health concern is the rise
in drug resistance in both humans and animals to commonly used antimicrobial
medicines. Bacterial cells are multicellular populations that are well organized and
able to integrate information from both their surroundings and themselves. It is clear
that the global spread of antimicrobial-resistant mutants is a much more complicated
event than can be achieved by using a vast number of individual cells. The idea that
bacteria are solitary entities is not a realistic representation of the microbial world in
nature. We should not just search for molecular cues that can affect the generation of
antimicrobial-resistant mutants in order to obtain a comprehensive picture of bacte-
rial antimicrobial resistance. We should keep in mind that physical fields are another
way that bacterial cells can interact. Even though it is well established and scientifi-
cally significant that bacterial cells may produce sound and electromagnetic waves,
this bacterial cell’s potential is consistently disregarded. Although we can anticipate
that molecular signals can contribute to the antimicrobial resistance alone, it is also
possible to assume that multicellularity, outer membrane vesicles (OMVs), and physi-
cal signals can do.

Keywords: Salmonella, one health, public health, antimicrobial resistance, molecular
mechanisms
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1. Introduction

One of the most significant zoonotic foodborne pathogens in the world is
Salmonella. Globally, Salmonella is estimated to be responsible for 155,000 deaths
and 93 million enteric infections annually [1]. A toddler and an elderly person died
from Salmonella enterica (SE) infections in 18 European nations between 2016 and
2020 [2]. Human gastrointestinal tract infections caused by Salmonella can result in
diarrhea and even death. The intricate pathways of transmission include water, ani-
mal reservoirs, and the environment. Animals that produce food, especially poultry
and livestock, are thought to be the main sources of SE infection in people [1]. There
are just two main species in the genus Salmonella: S. enterica and S. bongori. There are
six subspecies of Salmonella enterica. Subspecies of enterica, salamae, arizonae, dia-
rizonae, houtenae, and indica are among them. According to the Kauffmann-White
scheme, Salmonella strains are categorized into serovars based on the wide variety
of lipopolysaccharide (LPS) antigens (O) and flagellar protein antigens (H); at this
time, there are approximately 2500 serovars identified (Afolami and Onifade [3]).

Salmonellae have been linked to a broad range of diseases, from gastroenteritis
and bacteremia to the potentially fatal typhoid. Some serovars of Salmonella exhibit
extraordinary host adaptation; for example, serovars Typhi, Dublin, and Gallinarum
infect humans, cattle, and birds, respectively. Salmonella is a facultative intracel-
lular pathogen that usually colonizes reptiles, birds, and mammals (Falkow [4]).
Salmonella species are significant animal and human zoonotic pathogens. Human
health is at risk from animal Salmonella infections, especially if the affected animals’
food products are consumed by humans (Liebisch and Schwarz [5]). A persistent
Salmonella infection can lead to cancer and irritable bowel syndrome by disrupting
the mucosal barrier, causing host immunological diseases, and upsetting the micro-
bial community’s equilibrium (Alenazy [6]).

Because of the close proximity to food animals, companion animals, live wildlife
markets, environmental pollution, and the consumption of infected animal-derived
foods, human and animal populations are susceptible to the direct transmission of
zoonotic pathogens. Cross-transmission of antimicrobial resistance (AMR) deter-
minants along with the infection makes matters more complex. Furthermore, in this
intricate, multifaceted situation, the environmental resistance gene pool “resistome”
also plays significant functions. Because human antibiotics are more readily available
and of higher quality, companion animal practitioners prefer them, which leads to a
disastrous situation. Due to high rates of morbidity, death, lost man-days, hospital
length of stay (LOS), direct medical expenses, and the social costs of infection,
antimicrobial resistance (AMR) causes massive financial losses [7]. An estimated
700,000 deaths annually were ascribed to AMR alone, surpassing the number of
deaths from tuberculosis (TB), acquired immunodeficiency syndrome (AIDS), and
malaria combined [8].

2. Integrating one health approach in Salmonella public health
Salmonella must not be present in 25 g of pooled neck skin samples from broiler
carcasses, turkey carcasses, and the majority of food kinds, according to the modi-

fied European Union (EU) Regulation 2073/2005 to regulate Salmonella in the food
chain. According to this rule, feeds that are ready to eat must be free of Salmonella [8].
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Sampling must occur at least once every 16 weeks according to regulations. In 2018,
the World Health Organization (WHO) issued guidelines for Salmonella control that
address the entire food chain. By educating customers and training food handlers on
best practices for preventing Salmonella and other foodborne illnesses, these initia-
tives seek to improve Salmonella monitoring efforts by fortifying food safety regula-
tions. Consumers may be exposed to potentially fatal foodborne diseases as a result of
poor hygiene procedures throughout the food chain, from harvesting or slaughter to
processing, storage, distribution, transportation, and preparation [9, 10]. Salmonella
in foods can spread as a result of inadequate food handling cleanliness, according

to the United States Food and Drug Administration (USFDA). Poor food handling
procedures in restaurants are the source of about 75% of these occurrences [11]. The
risk of food risks can be decreased by using food workers who are properly trained
and knowledgeable about food safety. All training is done in a brief period and so does
not result in change in proper food safety behavior [8].

2.1 One health approach for Salmonella public health

According to Stanaway et al. [12], non-typhoidal Salmonella (NTS) continues to be
aleading cause of illness and mortality globally. Salmonella caused a total of 180 mil-
lion illnesses and 298,496 deaths in 2010, according to the WHO’s Foodborne Disease
Burden Epidemiology Reference Group (FERG). After assessing the health effects of
every Salmonella serotype, Kirk et al. [13] came to the conclusion that this one poses
the biggest foodborne burden. A total of 8.76 million Disability-Adjusted Life Years
(DALYs) from all sources of transmission and 6.43 million attributable to contami-
nated foods were found when data related to S. enterica from diarrheal infections
and the invasive non-typhoidal Salmonella (iNTS), Salmonella typhi, and Salmonella
Paratyphi A were combined. Additionally, salmonellosis is the leading cause of food-
related mortality worldwide and the second leading cause of gastroenteritis, accord-
ing to Simpson et al. [14].

Animals are the source of major foodborne diseases like Salmonella, which are
common in farm settings, and enter food supply chains. Understanding the many
routes by which foodborne pathogens spread as well as identifying and mitigating
hazards at every link in the food supply chain can be facilitated by the One Health
approach [15]. It is widely acknowledged that the primary cause of salmonellosis is
consuming contaminated food. One example of the One Health idea is the presence
of bacteria in reservoirs in humans, domestic animals, and the environment [16].
The concept of “one health” recognizes how human, animal, and environmental
well-being are all intertwined. According to Zinsstag et al. [17], the One Health
concept has shown a lot of promise in tackling today’s public health issues, especially
those pertaining to newly developing infectious and zoonotic diseases. The number
of human cases of salmonellosis will significantly decline as a result of the adoption
of Salmonella control measures in poultry farms. Domesticated animals can con-
tract bacteria from wild species, such as insects, rodents, mammals, and birds [18].
Through a variety of horizontal transfers, zoonotic bacteria have successfully tra-
versed species borders and adapted to new hosts. Humans can contract salmonellosis
by eating the meat of wildlife, including birds, reptiles, and wild boars, or by coming
into close contact with these creatures. Numerous wild bird species, such as raptors,
seagulls, crows, sparrows, pigeons, and waterfowl, have also been reported to contain
varying amounts of Salmonella germs [19]. Because they frequently migrate between
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their feeding grounds and roosting or breeding regions, seabirds are essential to

the ecosystemss ability to support zoonotic germs. Furthermore, during their yearly
migrations, seabirds, like other bird species, can efficiently transfer disease through
fecal contamination [20].

2.2 One health and antimicrobial resistance

According to estimates from the World Health Organization (WHO), AMR
directly contributes to more than 1.27 million fatalities each year. By 2050, AMR may
overtake cancer as the major cause of death, accounting for 10 million deaths annu-
ally, if nothing is done [21].

WHO compiled a list of medically important antimicrobials (MIAs) and divided
them into three groups: important antimicrobials (IAs), highly important antimicro-
bials (HIAs), and critically important antimicrobials (CIAs, highest priority CIAs,
and high priority CIAs). Similarly, based on the antimicrobial class, use in treat-
ing animal diseases, and availability of substitute antimicrobial agents, the World
Organization for Animal Health (OIE) assessed the relative importance of several
types of veterinary antimicrobial agents (Bandyopadhyay and Samanta [22]).

2.3 Possible sources of antimicrobial resistance in Salmonella

Modern healthcare systems face a serious problem with antibacterial drug resis-
tance, which jeopardizes our capacity to treat bacterial infections. Developing more
potent treatment plans against resistant microorganisms is made possible by an
understanding of the forms and processes of antibiotic resistance [23].

2.3.1 Vegetable production

Certain antibiotics are used to prevent bacterial infections in crops, decorative
plants, and lucrative fruits and vegetables. Another source of antimicrobial residue
for fruits and vegetables is the manure used in soils and greenhouses [24]. An indirect
indicator of AMR determinants (tet, pAmpC) was found in the untreated irrigation
water used to produce crops, fruits, and vegetables [22]. Plants are not typically
thought of as hosts for human infections like Salmonella. The danger of disease spread
during preharvest and harvest is increased by fieldworkers’ poor hygiene, the usage of
portable restrooms, and handwashing stations (Ehuwa, et al. [8]).

2.3.2 Food animals

Antimicrobials are employed in animals for a variety of reasons, including growth
promotion, prophylaxis, metaphylaxis, and treatment. However, it is vital to opti-
mize the use of critically important antimicrobials (CIAs) and limit their usage to
emergency situations or unique pathogenic diseases. The use of preventive antibiot-
ics should not be used to make up for poor biosecurity and subpar farm husbandry
circumstances. Using antibiotics on both healthy and at-risk animals in the same
herd to stop the infection from spreading is known as metaphylaxis (Bandyopadhyay
and Samanta [22]). International organizations like the World Health Organization
(WHO), Food and Agricultural Organization (FAO), and World Organization for
Animal Health (OIE) consider the use of medically important antimicrobials (MIAs)
in animals for growth promotion, prophylaxis, and even metaphylaxis to be inappro-
priate antimicrobial usage (IAMU) [9, 10].
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2.3.3 Companion animals

As pet welfare became more and more of a priority in contemporary culture,
wealthy families began to treat their pets nearly like members of the family. The usage
of antimicrobials and multidrug-resistant bugs has significantly expanded along with
the rise in pet healthcare [25].

2.3.4 Aquaculture

Ponds and other open water aquaculture systems are heavily polluted by home
and household activities, wastewater discharge, animal activity, and fertilizer with
livestock manure (Figure 1). Since it is impractical to treat fish individually, antibiot-
ics are administered en masse (metaphylactic) [26]. Due to inadequate intestinal
absorption, fish often excrete the majority of antibiotics into the water and sediment,
and waterbodies end up serving as antibiotic storage facilities, which puts selection
pressure on the microflora (Bandyopadhyay and Samanta [22]). Humans can acquire
antimicrobial resistance genes (ARGs) [27] through lateral transfer in the aquatic
environment, thanks to transduction.

2.3.5 Household use of antimicrobials

Much emphasis was paid to the potential connection between the usage of
disinfectants and the emergence of AMR. The possible link between the use of
disinfectants triclosan in antibacterial soap and the development of AMR [28].
Sodium hypochlorite is frequently used in water chlorination, sewage cleanup,
and household cleaning. It has been noted that chlorination increases resistance to
ampicillin, ceftazidime, and chloramphenicol. It has been discovered that benzal-
konium chloride (BAC), a quaternary ammonium used as a preservative in eye,
ear, or nasal drops, can cause resistance even to antibiotics used as a last resort,
such as polymyxin [29]. Other quaternary ammonium compounds have been
reported to influence resistance to a variety of antimicrobials, including phenicol
compounds, f-lactams, and quinolones, at subinhibitory doses (Bandyopadhyay
and Samanta [22]).

I
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Figure 1.

Types of antimicrobial vesistance.
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2.4 One health approach for antimicrobial stewardship

One of the main causes of the development and spread of resistance in veterinary
medicine continues to be the abuse and overuse of antimicrobials. Antimicrobials are
commonly used in animals for growth promotion, disease prevention, and metaphy-
lactic purposes, accounting for around 70% of all antibiotics supplied globally. The
prevalence of over-the-counter antibiotics, inadequate regulatory supervision, and
alack of diagnostic tools all contribute to the danger of resistance in many nations
[30]. Via food chains, direct contact, and environmental exposure, resistance genes
in foodborne pathogens, such Salmonella spp., are progressively being passed from
cattle to people. AMR mitigation can be approached holistically with the One Health
framework, which acknowledges the connection of environmental, animal, and
human health [31]. To decrease the use of antibiotics while maintaining food security
and animal health, this approach prioritizes cross-sectoral cooperation, evidence-
based recommendations, and surveillance systems [32]. In order to ensure adherence
to global best practices, veterinarians are essential in educating farmers, keeping an
eye on antibiotic use, and putting antimicrobial stewardship policies into place [33].
The prevalence of inferior or fake antibiotics, which increase the risk of resistance,
uncontrolled antibiotic sales, and restricted access to diagnostics are some of the
major obstacles that low- and middle-income countries (LMICs) must overcome.

In human, animal, and environmental microbiomes, commensal bacterial strains
function as silent repositories of genes causing antibiotic resistance, in addition to
pathogenic bacteria. Despite not being harmful, these bacteria carry and spread resis-
tance genes by conjugation, transformation, and transduction, three horizontal gene
transfer methods. Multidrug-resistant (MDR) bacteria are commonly found in the
gut microbiota of livestock and wildlife, and they can subsequently spread to bacterial
communities linked to humans [34].

By 2050, 10 million fatalities could be attributed to antimicrobial resistance
(AMR), according to a 2014 Review on AMR. One AMR was positioned as one of the
twenty-first century’s most urgent health dangers, thanks to this estimation. In accor-
dance with the AMR Global Action Plan in 2016, a high-level United Nations (UN)
General Assembly focused on AMR, and a Sustainable Development Goal (SDG)
was added that specifically addressed AMR: lowering the proportion of bloodstream
infections caused by particular antimicrobial-resistant organisms. A global assess-
ment of the burden of bacterial AMR in 2019 was a significant advancement in AMR
epidemiology, revealing that, of the approximately 8.9 million deaths resulting from
bacterial infections that year, 1.27 million were directly related to AMR and 4.95 mil-
lion were linked to AMR (Antimicrobial Resistance Collaborators [35]).

The One Health approach’s main strategies for combating AMR are explained: 1. Raise
awareness of the danger that comes from the overuse and abuse of antibiotics on a world-
wide scale. 2. Strengthen and enhance hygienic practices to stop the spread of illnesses.

3. Cut down on the needless application of antibiotics in farming and the environmental
contamination they cause. 4. Enhance medication resistance monitoring worldwide. 5.
Encourage quick and innovative clinical diagnoses. 6. Encourage the creation and applica-
tion of vaccinations and substitutes. 7. Acknowledge and expand the workforce that deals
with infectious diseases. 8. Form an international alliance for effective AMR action [36].

Antimicrobial resistance may spread and circulate among people, animals, plants,
and the environment in our globally interconnected world, making a “One Health”
approach necessary. The WHO [37] states that there is an urgent need for new antibi-
otics to combat infections. Salmonella, which is fluoroquinolone-resistant (Table 1),
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Priority Pathogen list requiring new antimicrobials

Priority 1: Critical e Acinetobacter baumannii: carbapenem-resistant

Pseudomonas aeruginosa: carbapenem-resistant

Entevobacteriaceae: carbapenem-resistant, ESBL-producing

Priority 2: High Enterococcus faecium: vancomycin-resistant

Staphylococcus aureus: methicillin-resistant, vancomycin-intermediate and resistant

Helicobacter pylori: clarithromycin-resistant

Campylobacter spp.: fluoroquinolone-resistant

Salmonellae: fluoroquinolone-resistant

Neisseria gonorrhoeae: cephalosporin-resistant, fluoroquinolone-resistant

Priority 3: Medium o Streptococcus pneumoniae: penicillin-non-susceptible

Haemophilus influenzae: ampicillin-resistant

Shigella spp.: fluoroquinolone-resistant

Source: Refs. WHO [38], Alenazy [6].

Table 1.
A list of pathogenic bacteria for which new antimicrobials are urgently needed.

Antibacterial drugs

Mechanism of resistance

Quinolone and fluoroquinolone
resistance

Mutations affecting the quinolone resistance-determining region (QRDR)
in DNA gyrase (topoisomerase II and topoisomerase IV)

Linezolid, chloramphenicol, and
clindamycin

Methylation of the 23S ribosomal RNA (rRNA) by an enzyme encoded by
the ¢fr gene

Linezolid resistance

Mutations in genes encoding domain V of the 23S rRNA

Macrolide resistance

Methylation of 23S ribosomal RNA (rRNA) through the action of
Erythromycin resistance methyltransferase (Erm)

Nitrofurantoin resistance

Mutations in the nitroreductase genes #fsA and #fsB, and mutations in the
ribE gene

Resistance to glycopeptides in
enterococci

Acquisition of a group of genes known as van gene clusters resulting
in alteration of the terminal d-Alanine-d-Alanine moiety to
d-Alanine-d-Lactate

Trimethoprim-sulfamethoxazole
resistance in enterococci

The capacity of enterococci to utilize exogenous folinic acid

Aminoglycoside and
fluoroquinolone resistance

Mutations leading to the inactivation or downregulation of porin proteins,
such as OprD, result in reduced permeability

Tetracycline resistance

Activation of the et system (increased efflux)

B-lactam antibacterial resistance

Production of p-lactamases

Chloramphenicol resistance

Acetylation by chloramphenicol acetyltransferase

Aminoglycoside resistance

Modification of the structure of aminoglycosides by aminoglycoside-
modifying enzymes (AMEs)

Source: Ref. Belay et al. [23].

Table 2.
Examples of antibacterial drug resistance mechanisms.

173



Salmonella — Molecular Biology, Pathogenesis, and Public Health Impact

is one of the infections that requires the most attention. Antibiotics may not be able
to control bacterial infections in the post-antibiotic period due to the emergence of

multidrug (MDR) and extensive drug resistance (XDR) that eventually leads to pan
drug resistance (PDR) Table 2 (Alenazy [6]).

3. Types of antibacterial drug resistance

Three types of antimicrobial resistance can be distinguished: acquired resistance,
adaptive resistance, and intrinsic resistance [39]. However, it seems appropriate to
classify drug resistance as acquired, adaptive, and natural.

3.1 Natural resistance

There are two types of natural resistance: induced (where genes naturally pres-
ent in the bacterium are only expressed to resistant levels following antibacterial
exposure) and intrinsic (always present in the species). A bacterial species’ intrinsic
resistance is shared within itself, unrelated to horizontal gene transfer, and unaffected
by previous exposure to antibiotics [40]. Antibacterial resistance is a result of restric-
tion of antibacterial entry brought on by porin proteins. Gram-negative bacteria
are resistant to vancomycin because their outer membranes are impermeable to big
glycopeptides, which is an example of natural antibacterial resistance [23].

3.2 Acquired resistance

When a bacterium that was previously susceptible to an antibiotic acquires
resistance, it can be due to a mutation or the acquisition of new genetic material from
an outside source by horizontal gene transfer (HGT) [40]. It results from alterations,
including mutations, in the chromosome’s structure or extrachromosomal compo-
nents, such as transposons or plasmids [23]. Mutations in the bacterial chromosome
that occur spontaneously are the source of chromosomal resistance. Numerous physi-
cal (such as ultraviolet (UV) light) and chemical stimuli can cause these mutations,
which alter the structure of bacterial cells. This may lead to changes in drug targets
inside the cell or decreased permeability to medicines. Extrachromosomal genetic
elements are necessary for extrachromosomal resistance and can be transmitted by
integrons, transposons, and plasmids (Yuce [41]).

3.3 Adaptive drug resistance

Adaptive drug resistance refers to the ability of microbes to reversibly adapt and
develop resistance to one or more antibacterials in reaction to particular environmen-
tal cues. The reaction of drug resistance to several environmental factors, including
stress, growth phase, pH, ion concentrations, nutrition availability, or exposure to
subinhibitory doses of antibacterials, is observed. Adaptive drug resistance is inher-
ently transient [42, 43].

3.4 Cross-resistance

Some microbes that exhibit resistance to one drug may also exhibit resistance to
other medications that function similarly. The resistance between cephalosporins

174



Perspective Chapter: One Health Approach Impact in Salmonella Public Health — Nexus...
DOI: http://dx.doi.org/10.5772/intechopen.1011603

and penicillins is one example of how this phenomenon is frequently encountered

in antibacterials with similar structures. Cross-resistance, however, can occasionally
arise between pharmacological classes that are wholly unrelated. The cross-resistance
between erythromycin and lincomycin serves as an illustration of this [44].

3.5 Multidrug resistance and pan-drug resistance

There are two primary ways that bacteria might become multidrug-resistant
(MDR). First, bacteria can develop several genes, frequently carried on resistance (R)
plasmids, each of which confers resistance to a particular antibiotic. Second, enzy-
matic inactivation, changes in target structure, elevated expression of genes encoding
multidrug efflux pumps, and other processes can result in MDR. Multidrug-resistant
bacterial strains are those that are resistant to three or more antimicrobial classes.
Strains are categorized as widely drug-resistant if they exhibit resistance to all but one
or two antibacterial classes [23]. According to Manchanda et al. [45], strains that are
resistant to all available antibacterials are referred to be pan-drug-resistant.

4. Molecular mechanisms of Salmonella antimicrobial resistance

A variety of antibiotics, such as ampicillin, amoxicillin, gentamicin, trim-
ethoprim/sulfamethoxazole, and fluoroquinolones, can be used to treat human
salmonellosis. Numerous isolates exhibit resistance to at least one antibiotic [46].
Antibiotic resistance in Salmonella species is typically caused by both extended hos-
pital stays and inadequate prophylactic antibiotic usage. Penicillin, aminoglycosides,
tetracycline, cephalosporin, macrolides, ketolides, and several other antibiotics are
among those to which the Salmonella spp had developed resistance against.

The suboptimal use of antibiotics for infection prevention and treatment, non-
compliance with infection-control procedures, extended hospital stays, longer stays
in intensive care units, multiple comorbidities in hospitalized patients, increased use
of invasive devices and catheters, ineffective infection-control procedures, transfer
of colonized patients from one hospital to another, placement of colonized patients
in long-term-care facilities, and increased domestic and international travel are all
contributing factors to the rise in antibiotic resistance levels in many Salmonella
isolates [3].

4.1 Biochemical mechanisms of antimicrobial drug resistance

Generally, pathogenic bacteria have defenses against a variety of threats, the most
significant of which being antibiotics. Among these methods are (i) efflux pumps,
which extract the medications from bacterial cells and release them to the external
environment, reducing their potency to non-toxic levels. (ii) Bacterial enzymes
that alter or break down the structure of antibiotics inactivate them. (iii) Target
site alteration through spontaneous mutation, which typically takes place in the
cell envelope by changing the molecular targets’ chemical structure. (vi) Blocking
medication entry by altering the bacterial envelope’s porin channels’ frequency, size,
and selectivity [47].

Bacteria can become resistant to antibacterials through four main mechanisms.
These include changes to the antibacterials’ target site, structural or enzymatic break-
down of antibacterials, the use of efflux pumps to maintain intracellular antibacterial
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concentrations below inhibitory levels, and modifications to the cell membrane’s
permeability [48].

Mechanisms, such as drug target change, drug inactivation, and drug efflux, are
frequently involved in acquired resistance in bacteria. On the other hand, restricting
drug uptake, drug inactivation, and drug efflux are the primary causes of intrinsic
resistance [49]. All four of the main drug resistance pathways have been found to be
used by Gram-negative bacteria [50].

4.1.1 Modification (alteration) of the drug target

One of the primary processes by which bacteria limit the efficacy of antibacteri-
als is by mutating, modifying, or shielding their cellular targets, so disrupting the
binding of the antibacterials [51]. Bacteria can become less susceptible to antibacterial
medications by altering the shape of their cell wall, membrane, or other biological
components that are targeted by these medications [52].

4.1.1.1 Target site alteration (by mutation or engymatic alteration)

The targets required for drug binding can be changed by bacteria, which stop
the drug from binding to the modified target at all or only partially. These changes
frequently result from unplanned mutations in the gene or genes that code for the
protein that the medication is intended to target. For instance, both Gram-positive
and Gram-negative bacteria develop quinolone and fluoroquinolone resistance as a
result of mutations that impact the quinolone resistance-determining region (QRDR)
in DNA gyrase (topoisomerase II and topoisomerase IV) [53]. Target site change
occurs when antibiotics’ intended targets undergo alterations that prevent the medi-
cations from binding correctly, rendering them ineffective. The 23S ribosomal RNA
(rRNA) genes are normally found in several copies in bacteria, and an increase in the
number of mutant alleles is correlated with a higher minimum inhibitory concen-
tration (MIC). Cross-resistance to macrolides, lincosamides, and streptogramin B
(MLSB) results from the methylation of the 23S rRNA by enzymes that are encoded
by different erm (erythromycin ribosome methylase) genes. The MLSB phenotype is
the name given to this phenomenon [54].

4.1.1.2 Target veplacement or target bypass

As an antibiotic resistance mechanism, target bypass or target substitution occurs
when bacteria create alternative routes or substitute molecules that perform the
same function as the original target. The development of van gene clusters, a collec-
tion of genes, results in resistance to glycopeptides. These genes reduce the binding
affinity of the antibacterial molecule by facilitating the substitution of the glycopep-
tide target, specifically the terminal d-Alanine-d-Alanine moiety of peptidoglycan
precursors. Due to the acquisition of the vanA gene cluster from vancomycin-
resistant enterococci, there have been documented cases of high-level vancomycin
resistance [23].

Transferable resistance to these antimicrobial agents has been linked to the
acquisition of dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS)
genes, which encode enzymes resistant to trimethoprim and sulfonamide, respec-
tively. Sometimes cells create resistance by adding a step that deviates from their
normal physiological process. This usually requires another enzyme to be present. For
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example, trimethoprim resistance is conferred in Escherichia coli and Citrobacter sp.
by the synthesis of an additional dihydrofolate reductase, which is identified by an
R-plasmid. Furthermore, the antibacterial target may be produced in large quantities,
effectively overwhelming the antibacterial, leading to resistance [55].

4.1.1.3 Target site protection

A molecule that mimics the antibacterial target can be produced by bacteria,
which binds to the antibacterial and lowers its effective concentration. The MfpA
protein, which is made up of pentapeptide repeats that resemble the charge and shape
of B-DNA, is one example. By binding to DNA gyrase, the quinolone target, MfpA
reduces the amount of gyrase available for quinolone binding, hence conferring resis-
tance to quinolones. Furthermore, both Gram-positive and Gram-negative bacteria
have been found to contain ribosomal protection proteins (RPPs), which work as an
example of AMR through target site protection [23].

4.1.2 Decreased entry (influx) of antibacterials

Porins in the outer membrane are the primary means by which antibacterials
enter the cell [51]. A bacterial cell’s ability to enter antibacterials can be hindered by
changes in the permeability of the outer membrane. This stops it from getting to the
part of the bacteria that the antibiotic is trying to reach. Porin channels found in the
outer membrane of Gram-negative bacteria have a significant impact on their ability
to absorb antibacterials. Reduced permeability to different antibiotic classes, such as
aminoglycosides and fluoroquinolones, is the consequence of mutations that cause
porin proteins, including OprD, to become inactive or downregulated [56]. Lipid-rich
outer membrane facilitates hydrophobic medications to enter the cell. However, the
availability of hydrophilic medications is restricted by this hydrophobic barrier [57].

Hydrophilic antibacterials (such p-lactams, fluoroquinolones, tetracyclines, and
chloramphenicol) enter bacteria mostly through porins in the outer membrane.
According to Fernandez and Hancock [58] and Choi and Lee [59], the number and
type of porins expressed on the outer membrane affect the penetration of hydrophilic
antibacterials and, in turn, the bacterial cell’s susceptibility to these antibacterials.
Porin mutations can take many different forms, such as decreased expression of the
porin, changes in its size or conductance, or deletion of the porin.

4.1.3 Increased expression of efflux pumps

Efflux pumps are complicated bacterial mechanisms that rely on energy and are
found on the cytoplasmic membrane. They are able to remove harmful molecules,
such as drugs, from the cell, which lower the drug’s concentration and reduce its
potency. By removing antibacterials from bacterial cells, they lower the intracellular
concentration and effectiveness of these drugs, which greatly contribute to multi-
drug resistance [47]. The efficiency of antibacterial medications may be diminished
by mutations that result in the overexpression of efflux pumps, which lowers the
concentration of antibacterials at the target site. The bacterial chromosome is pri-
marily responsible for encoding multidrug efflux systems. Mobile genetic elements
frequently contain genes encoding substrate-specific efflux pumps [58]. Examples of
substrate-specific efflux pumps are those designed for macrolides, chloramphenicol,
and tetracyclines [49].
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Primary and secondary transporters are the two types of bacterial transport pro-
teins that make up efflux pumps, which remove toxins and medications from bacte-
rial cells [6]. Adenosine triphosphate (ATP) binding and hydrolysis activate primary
transporters, which are members of the ATP-binding cassette (ABC) family and aid
efflux. Conversely, secondary transporters include a number of families, includ-
ing the drug metabolite transporter (DMT) superfamily, the resistance nodulation
division (RND) family, the small multidrug resistance (SMR) family, the multidrug
and toxic compound extrusion (MATE) family, and the major facilitator superfam-
ily (MFS) [60]. In Gram-negative bacteria, the RND superfamily usually contains
the main clinically significant efflux mechanisms. These systems typically include a
cytoplasmic membrane pump, a periplasmic protein, and an outer-membrane protein
channel [61]. This resistance decreases the bacterium’s susceptibility to fluoroqui-
nolones, tetracycline, tigecycline, chloramphenicol, erythromycin, trimethoprim,
netilmicin, and meropenem [62]. RND pump overactivity leads to quinolone resis-
tance. One of the main pumps causing efflux-mediated resistance is the tet system
[63]. It uses a proton exchange mechanism to remove tetracycline.

4.1.4 Enhanced secretion of antibacterial inactivating (modifying) enzymes

The ability of a bacterium to create enzymes that either degrade or change antibac-
terials, making them useless, is a therapeutically significant resistance mechanism.
p-Lactamases, aminoglycoside-modifying enzymes, and chloramphenicol acetyltransfer-
ases are the three primary enzymes that deactivate antibacterials [49]. When some
bacterial species inactivate antibacterials, either by transferring a chemical group to
the antibacterial or by degrading the antibacterial, drug resistance may result [51].
Hydrolysis can easily change the hydroxyl and amide groups in an antibacterial’s
structure. Furthermore, antibacterials can be rendered inactive by adding acetyl,
phosphate, and nucleotide groups [64].

4.1.4.1 p-Lactamases

Both chromosomes and mobile genetic elements (MGEs) can include genes that
encode p-lactamases. TEM-1 is a f-lactamase that is encoded by a plasmid. Third-
generation cephalosporins can be hydrolyzed by plasmid-encoded p-lactamases
called Extended-Spectrum p-Lactamases (ESBLs). Serine p-lactamases with active
sites fall under class A. Metallo-p-lactamases that depend on a divalent metal ion,
usually Zn2+, for their activity are classified as class B. Class C or AmpC p-lactamases
and class D f-lactamases are classified as well [23]. A wide range of f-lactam antibiot-
ics with ester and amide linkages can be hydrolyzed by p-lactamases. Among these
include carbapenems, monobactams, cephalosporins, and penicillins [65]. Gram-
negative bacteria have a subclass of class A p-lactamases called ESBLs. f-Lactamase
inhibitors block cephamycins and carbapenems, but they confer resistance to penicil-
lins, first-, second-, and third-generation cephalosporins, and aztreonam. According
to Tamma et al. [66], ESBLs can also provide resistance to non-f-lactam drugs, such
as aminoglycosides, trimethoprim-sulfamethoxazole, nitrofurantoin, and fluoro-
quinolones. Additionally, AmpC, a subtype of class C -lactamase enzymes, confers
resistance to cephamycins, aztreonam, penicillins, and first-, second-, and third-gen-
eration cephalosporins, but not carbapenems. Furthermore, a wide range of enzymes,
known as carbapenemases, provide resistance to carbapenems; many of these
enzymes also give resistance to nearly all hydrolyzable f-lactams [67]. Furthermore,
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some Enterobacteriaceae are capable of producing carbapenemase enzymes, which
make cephalosporins, penicillins, and carbapenems ineffective [68].

4.1.4.2 Aminoglycoside inactivating enzymes

By altering the structure of aminoglycoside molecules, aminoglycoside-modifying
enzymes (AMEs) reduce their affinity and prevent them from binding to the 30S
ribosomal subunit. According to Strateva and Yordanov [69], AMEs provide broad-
spectrum resistance to fluoroquinolones (FQs) and aminoglycosides (AGs). AMEs
help modify antibacterials with a lower affinity for their target by facilitating amino-
glycoside acetylation, phosphorylation, or adenylation [70].

4.1.4.3 Acetylation

Acetylation is often used as a defense mechanism against fluoroquinolones,
streptogramins, and chloramphenicol [49]. Chloramphenicol acetyltransferase is an
enzyme produced by Gram-negative bacteria that acetylates the hydroxyl groups of
chloramphenicol. This modified chloramphenicol loses its ability to attach to the 50S
ribosomal subunit correctly due to acetylation Figure 2 [23].

4.2 Outer membrane vesicles (OMVs)

Microorganisms must communicate with their surroundings in order to survive
and adapt within a host. In every domain, the release of extracellular vesicles (EVs)
and cellular chemicals into the environment is essential for interactions between and
within species [71]. Both Gram-positive and Gram-negative bacterial species have
been examined for their ability to secrete membrane vesicles (MVs). Gram-positive
bacteria refer to these vesicles as cytoplasmic membrane vesicles (CMVs), whereas
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The biochemical mechanisms of antimicrobial vesistance (AMR).
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Gram-negative bacteria call them outer membrane vesicles (OMVs) [72]. During
Gram-negative bacterial phase growth, OMVs—small, spherical, bilayered structures
with dimensions ranging from 20 to 350 nm—are released [73].

Antibiotic treatment causes stress responses in susceptible bacteria, which result
in the release of OMVs. In order to counteract the effects of antibiotics and other
antimicrobial substances, OMVs might be crucial. By serving as physical barriers that
bind and absorb antimicrobial peptides or phages, decoys prevent bacteria from being
eradicated [74]. Additionally, it has been noted that bacterial strains that are resistant
to antibiotics release OMVs that contain p-lactamase, which reduces the efficiency of
pB-lactam antibiotics against these strains [75]. The ability of OMVs to impact other
antibiotics, including polymyxin B, melittin, and colistin, has been discovered. A new
function of OMVs that is closely linked to antimicrobial resistance (AMR) has also
been discovered by another research. The transfer of antimicrobial resistance genes
(ARGs) across bacteria is the foundation of this mechanism. Horizontal gene transfer
is how genetic material, including ARGs, is packaged into OMVs and transferred. This
makes it easier for OMV to spread drug-resistant genes throughout microbial popula-
tions, which in turn make it possible for bacteria to pick up resistance genes from even
distant relatives [73].

A wide range of physiological processes, such as quorum sensing, horizontal gene
transfer, intracellular and extracellular communication, interbacterial killing, toxin
transport, polysaccharide hydrolysis, and stress responses, have been linked to OMVs
(Figure 3) [76].

4.2.1 Bacterial EVs bind or encapsulate antibiotics
A phospholipid bilayer makes up the majority of the bacterial cell membrane.
This membrane structure regulates the inflow and outflow of chemicals, in addi-

tion to acting as a barrier to protect germs [77]. Daptomycin and polymyxin B, for
example, are membrane-targeting antibiotics that can attach to phospholipids or

Giram Positive Bacteria

Membrane Blebbing (B-Type)

OIMVs - EIOMVs

Figure 3.

Types and biogenesis of bacterial EVs. Outer membrane vesicles (OMV5s), Outer-inner membrane vesicles
(OIMVs), Explosive-inner outer membrane vesicles (EIOMVs), Explosive-outer membrane vesicles (EOMVs),
and Cytoplasmic membrane vesicles (CMVs).
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lipopolysaccharides (LPSs) on the bacterial cell membrane, respectively. This com-
promises the integrity of the membrane and kills the bacteria. It is clear that OMVs
and CMVs can both serve as decoys to attach to antibiotics that target membranes
and offer protection. Furthermore, bacteria will release antibiotic-carrying EVs
when they are exposed to antibiotics. This implies that antibiotics were included
within the EVs. Because efflux pumps are highly expressed in bacteria, antibiotics
are expelled from the cell as OMVs. Membrane bending may result from antibiotics
that interact with bacterial LPS, such as gentamicin. Antibiotics may be encapsulated
in OMVs as a result of this. Furthermore, endolysin expression can be activated by
antibiotics that break DNA, such as ciprofloxacin, which can cause explosive cell lysis
[76]. Antibiotics may therefore be encapsulated by explosive outer-inner membrane
vesicles (EOIMVs) and explosive outer membrane vesicles (EOMVs) while they are
being assembled.

4.2.2 Bacterial EVs degrade antibiotics through antibiotic-degrading enzymes

p-Lactamases can be transported outside of cells by bacterial EVs [78]. This
occurs because bacteria that produce p-lactamases can use the Sec system to move
the enzymes to the periplasmic region when they are under antibiotic stress. The
p-lactamases are then transferred outside of the cell after being encapsulated into EVs
via advantageous electrostatic protein-membrane contacts [79]. To protect bacteria,
these EVs that carry f-lactamases can break down nearby drugs. The porins on the
surface of bacterial EVs are involved in degrading process. Proteins called porins
create channels on the outer membrane of bacteria that let small molecules to enter.
Antibiotics are thus hydrolyzed by internal f-lactamases after being absorbed by bac-
terial EVs through these porins. When porins are not present, EVs’ capacity to degrade
antibiotics is greatly reduced. Furthermore, by lowering antibiotic concentrations,
bacterial EVs can encourage bacterial porin mutations [76].

4.2.3 Bacterial EV5 transfer vesistance genes to recipient cell

Through the transfer of resistance genes, EVs can also mediate the spread of
resistance. Only OIMVs, EOMVs, EOIMVs, and CMVs have the potential to transport
DNA, although classic OMVs usually do not. This is due to the fact that OMVs can-
not contain cytoplasmic contents because their biogenesis method solely requires
the bacterial outer membrane. When EVs carrying DNA come into touch with the
outer membrane of the bacteria, they lyse it. Type IV pili then carry the DNA into
the cytoplasm. This implies that the receivers’ proficiency may have an impact on the
uptake of EV-associated DNA [80].

Environmental factors including temperature, pH, stress levels, and nutrition
availability also affect the composition of bacterial extracellular vesicles (BEVs),
causing changes that maximize bacterial communication and survival. Furthermore,
the selective packing of particular bioactive molecules is determined by the func-
tional role of BEVs, which may include pathogenesis, intercellular communication,
antibiotic resistance, or host immunological regulation [81]. Gram-negative bacteria
have three membranes: an inner membrane (IM), a periplasmic space, and an outer
membrane (OM). These membranes affect how BEVs form. Outer membrane vesicles
(OMVs) and outer-inner membrane vesicles (OIMVs) are the two main vesicles that
they release. Lipopolysaccharides (LPSs), outer membrane proteins, phospholipids,
and periplasmic components are all present in OMVs, which are produced exclusively
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from the outer membrane [72]. Because OIMVs include both inner and outside mem-
brane components, cytoplasmic proteins and nucleic acids can be packaged [82].

4.2.4 Role of BEVs in antibiotic resistance

By a variety of methods, BEVs contribute to the development of antibiotic resis-
tance in bacterial populations. The first function of BEVs is to facilitate horizontal
gene transfer by enclosing and spreading resistance genes throughout bacterial cells,
even between species. BEVs can also cause antibiotic resistance through the break-
down or sequestration of drugs. Additionally, exposure to antibiotics frequently raises
the production of BEV. By exporting toxic compounds from the cell or neutralizing
antibiotics, these vesicles can shield vulnerable bacteria within a population. Thirdly,
by hindering antibiotic penetration, BEVs aid in the production of biofilms, a crucial
resistance strategy [82].

4.3 Multicellularity
4.3.1 Transient hypermutators

When a single mutation was needed to solve a specific problem, the adaptive
mutants emerged. An adaptive mutation process may be the cause of solutions
requiring many mutations at once, according to the most widely accepted “hyper-
mutable state” model [83]. According to this “hypermutable state” paradigm, a
tiny bacterial population experiences a brief period of high mutation rate during
a protracted non-lethal selection process. A cell in this hypermutable condition
starts to grow and procreate while simultaneously leaving the hypermutable state
if it makes a beneficial mutation that relieves the selection pressure (Krasovec, and
Jerman [84]).

The hypermutable model states that a bacterial culture has two populations when
subjected to non-lethal antibiotic selection pressure. There is a primary population
with normal mutational rates and a tiny population known as hypermutators with
high mutational rates. Only antibiotic-resistant mutants that require mutations in
many targets may be caused by transitory hypermutators. These genes can be actively
transferred to nearby colonies by a hypermutator, resulting in the formation of
normal cells. Natural competence, the physiological state that permits bacterial cells
to transfer and integrate foreign resistance genes into the chromosome, is strikingly
similar to the temporary hypermutable state [85]. The similarity is evident in the fact
that both phenomena include a mechanism that keeps most of the population geneti-
cally stable while allowing a small portion of the population to become more geneti-
cally variable. Resistance genes may be released by hypermutators during autolysis
or deliberately expelled into the environment, where they would be absorbed and
integrated into the chromosome by other cells [86].

4.3.2 Bacterial biofilms

The majority of bacteria live in biofilms in nature. Dense collections of one or
more bacterial species bound together by a hydrated matrix of proteins and poly-
saccharides are called biofilms. The ability of bacteria to communicate with one
another is essential for the multicellular developmental process of biofilm formation
(Krasovec and Jerman [84]).
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Bacterial cells in a biofilm are likely to either not divide at all or divide very slowly
when they are subjected to selective pressure from an antibiotic. This reasoning is
supported by the following facts: first, bacterial cells typically live in near-starvation
conditions in nature; and second, certain bacteria may enter a non-growing state
due to altered chemical microenvironment within a biofilm, including a gradient
in nutrient concentration, inhibitory waste products, and oxygen accessibility. An
antibiotic is likely to enter the biofilm more slowly than it would enter cells that are
free-floating. Consequently, non-lethal antibiotic doses may be administered to at
least a portion of the cells in a biofilm. Therefore, cells that are either nondividing or
slowly dividing under a non-lethal selection pressure are both essential requirements
for the adaptive mutation. One crucial mechanism of the overall antibiotic resistance
of biofilms is the adaptive mutation process, which includes transient hypermutators.
Furthermore, a highly significant method of dispersing the resistance may be an
intercellular genetic mutation between hypermutators and healthy cells [87].

Flagella are produced by most bacterial species. The most prominent feature of
creatures harboring flagella is their motility in liquid media (swimming), which
enables a directed response to environmental cues (Harshey and Toguchi [88]).
Additionally, flagella are involved in swarming, which is a type of multicellular
behavior in bacteria that involves spreading on plates. Flagella can also act as adhesion
agents to abiotic and biological surfaces because of their extracellular position (Moens
and Vanderleyden [89]). A single protein’s components make up the flagellin filament.
Two genes, fliC (the phase-1 flagellin) and fliB (the phase-2 flagella), encode the
filament protein in Salmonella typhimurium (Romling and Rohde [90]).

Multicellular behavior in bacteria can occur in various forms and is synonymous
with the formation of biofilms, which are defined as “matrix-enclosed bacterial popu-
lations adherent to each other and/or to surfaces or interfaces.” In S. typhimurium,

a multicellular morphotype, the red, dry, and rough (rdar) morphotype, has been
described [91]. Thin, aggregative fibers (agf) were recognized as a component of
the extracellular matrix responsible for parts of the rdar morphology on plates, the
formation of large cell clusters in liquid culture, and adherence to abiotic surfaces.
Hyperflagellation was reported to occur in cells expressing the rdar morphotype on
plates (Romling and Rohde [90]).

Biofilms are important in medicine because they have been linked to the etiol-
ogy of a number of bacterial infections that are difficult to treat with antibacterials.
They accomplish this by lowering the drug’s ability to enter bacterial cells and by
serving as a physical barrier that keeps the medication from getting to its intended
target [92]. According to reports, AMR in biofilm formations is caused by a variety
of causes. The first explanation is that, while some antibacterials may still be able to
pass through the biofilm polysaccharide matrix, there is little diffusion of antibacteri-
als across it. The second pathway involves physiological alterations brought on by
sluggish development rates and reactions to environmental stress or hunger, such as
nutrition and oxygen deprivation. Phenotypic alterations in the cells that make up the
biofilm are the cause of the third mechanism. Quorum sensing is the reason for the
other. The expression of efflux pumps is the fifth explanation. Persister cells, which
are tiny fractions of bacteria that show persistence by avoiding eradication when
exposed to antimicrobials, are linked to the final mechanism causing AMR in biofilm
[23]. Quorum sensing, which involves identifying extracellular autoinducers, is how
biofilms naturally form. This enhanced resistance is linked to quorum sensing, efflux
pump expression, and the decreased capacity of antibacterials to permeate into the
biofilm matrix [93].
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4.4 Antimicrobial resistance genes

Antimicrobial resistance is caused either by mutations in chromosomal genes
(intrinsic resistance) or by acquisition of plasmid-mediated resistance determinants
(extrinsic resistance). The intrinsic resistance is mainly due to selection pressure
whereas extrinsic genes are acquired by horizontal transfer [49]. The recent trends
in the development of antimicrobial resistance (AMR) among S. Typhi proposed
that multidrug-resistant (MDR) enteric fever was decreasing and being replaced by
enteric fever with fluoroquinolone-resistant strains [94]. Similarly, hospital-based
genomic surveillance for enteric fever, using whole-genome sequencing (WGS)
method, suggested that large number of isolates showed non-susceptibility to fluoro-
quinolones [95]. Genome characterization assessment for AMR and pan-genome of
clinical isolates in endemic countries like India will assist in recognition of variations
in resistance mechanism and epidemiology, leading to better selection of antimicro-
bial therapy and implementation of appropriate preventive measures (Amit [96]).

The WGS analysis revealed that all strains have mutations in the gyrA, gyrB, parC,
and parE genes that confer fluoroquinolone resistance. CatA1 genes for chloram-
phenicol resistance, dfrA7, dfrA15, sull, and sul2 for trimethoprim-sulfamethoxazole,
and blatgm-116/blatpm-1B genes for amoxicillin were among the acquired resistance-
determining mechanisms found. For ceftriaxone and cefixime, no resistance deter-
minants were discovered. For ampicillin, co-trimoxazole, ciprofloxacin, ceftriaxone,
and chloramphenicol, the genotypes and corresponding phenotypes were further
connected. In S. Typhi isolates, a strong association between genotypes and pheno-
types was found. According to the pan-genome study, accessory genes were mostly
linked to disease and antibiotic resistance, while core genes were enriched in meta-
bolic processes. According to Heap’s law analysis, the pan-genome of S. Typhi seems
to be closed (Bpan = 0.09). A reduced degree of genetic diversity among S. Typhi
isolates was indicated by Simpson’s diversity index of 0.51. All things considered, this
work adds to the current understanding that WGS can assist in predicting resistance
genotypes and their eventual link with symptoms, providing the opportunity to iden-
tify AMR determinants for prompt diagnosis and to prioritize the usage of antibiotics
straight from sequence [96].

Amino acid substitutions in the quinolone resistance-determining region (QRDR)
of the genes gyrA and parC are the most common mechanism among strains resis-
tant to quinolones and/or fluoroquinolones. However, plasmid-mediated quinolone
resistance (PMQR), which is linked to the genes gnrA, qnrB, qnrC, qnrD, and gqnrS,
is becoming more significant, though its detection frequency varies. Genes sul1 and
sul2 are mostly linked to resistance to sulfonamides, whereas different dhfr (dfr) gene
variations are linked to resistance to trimethoprim. When considering Salmonella
spp. strains that have been isolated from food, p-lactamases that are encoded by
blatem genes are frequently linked to resistance to f-lactam antibiotics. Nevertheless,
AmpC-positive and ESBL strains are also seen. Enzymatic inactivation is frequently
the cause of resistance to aminoglycosides. Acetyltransferases (AACs), adenylyltrans-
ferases (ANTSs), and aminoglycoside phosphotransferases (APHs) are the three different
kinds of enzymes that change aminoglycosides. When Salmonella species are isolated
from food, active efflux is most frequently linked to tetracycline resistance. The most
commonly documented genetic determinants encoding efflux pumps are tetA, tetB,
tetC, tetD, tetE, and tetG. Chloramphenicol efflux pumps, which are expressed by
the genes cmlA and floR, can also mediate resistance to chloramphenicol, but their
inactivation by chloramphenicol acetyltrasferases (CATSs) is one of the most prevalent

184



Perspective Chapter: One Health Approach Impact in Salmonella Public Health — Nexus...
DOI: http://dx.doi.org/10.5772/intechopen.1011603

routes of resistance to this chemical. Because globalization of trade leads to the
long-distance movement of goods, animals, and food products, which promotes the
spread of resistant diseases worldwide, it is crucial to keep an eye on the resistance of
Salmonella isolated from food [97].

4.5 Mobile genetic elements

The capture, accumulation, and spread of AMR genes among bacterial popula-
tions, as well as the evolution of bacterial genomes through conjugation, transduc-
tion, or transformation, are all facilitated by mobile genetic elements (MGEs), which
include integrons, phages (~11-500 kb in length), transposons (Tns) (~5 kb in
length), insertion sequences (ISs) (~2.5 kb in length), integrative and conjugative
elements (ICEs), integrons, and genomic islands [98]. The evolution of NTS, includ-
ing the acquisition of virulence and AMR genes, is also greatly influenced by the
horizontal transfer of foreign genes mediated by MGE [99].

A key factor in the quick evolution and adaptation of bacteria is horizontal gene
transfer (HGT). According to Tokuda and Shintani [100], bacteria undergo HGT by a
variety of processes, such as transformation, transduction, and conjugation.

Protein capsids that contain nucleic acids (DNA or RNA) that may infect and
replicate within bacteria or archaea make up bacteriophages, also known as phages.
The exchange of phage DNA and the host genome during integration and excision
within the host genome, as well as the co-excision of nearby bacterial genes, can lead
to the horizontal gene transfer (HGT) of certain genes, suggesting that phages are
essential for fostering microbial evolution [101]. The nucleic acid composition, shape,
presence or absence of capsid protein and its structure, nucleotide sequence similar-
ity, and host range are among the characteristics that are used to identify or classified
phages [102].

4.5.1 Plasmids

Conjugation is one way that plasmids, which are circular or linear extrachromo-
somal replicons, can be transmitted. Notably, conjugation is a significant phenom-
enon for the quick evolution and adaptability of bacteria since different genes can
circulate among them efficiently. The host phenotype of two distinct plasmids is the
basis for the incompatibility (Inc) classification. The compatibility of two plasmids
can be impacted by additional characteristics outside the replication system, such as
the partition system, surface exclusion, and entrance exclusion systems (Tokuda and
Shintani [100]).

4.5.2 Chromosomally integrated MGEs

ICEs, integrative mobilizable elements (IMEs), and cis-mobilizable elements
(CIMEs) are among the chromosomally integrated MGEs (ciMGEs) that have been
found [103]. According to Delavat et al. [104], ICEs are self-transmissible conjuga-
tive elements that are usually incorporated into the host chromosome. Conjugation,
which entails the creation of a mating pair with a type IV secretion system between
donor and recipient cells, is the first step in the transfer of ICEs. A single-stranded
DNA molecule is then transferred from the donor cell to the recipient cell. IMEs
are similar to ICEs; however, they are not capable of self-transport. IMEs lack the
genes necessary for conjugation, therefore even though they can integrate into host
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chromosomes, they need other conjugative elements, like conjugative plasmids or
ICEs, to mobilize and transfer to other bacterial cells. The integrase of an ICE or
IME that they are attached to recognizes the recombination sites (attL and attR) on
either side of CIMEs, despite the fact that they lack the genes necessary for conjuga-
tion or recombination Tokuda and Shintani [100]. These elements, like plasmids,
can carry genes that encode virulence factors, metabolic traits, and ARGs, among
other things [105].

4.5.3 Transposons

Genetic elements known as transposons move between replicons by transposase
activity. Transposons can enter other cells after being integrated into plasmids or
ICEs, despite the fact that they are not intercellularly transferable). The transposase
enzyme, which catalyzes transposon transposition, is typically encoded by a gene
found in transposons. Terminal inverted repeat sequences (TIRs) surround one or
two transposase genes to form insertion sequences (ISs), which are minimum trans-
posons [106]. Genes carried by certain transposons aid in the dissemination of ARGs
and other characteristics. Through homologous recombination, many copies of the
same IS element can encourage genomic rearrangements [100].

4.5.4 Integrons

Despite not being transposed or transferred like transposons or chromosomally
integrated mobile genetic elements (ciMGEs), integrons are genetic elements that are
important in the transmission of ARGs among bacteria. Every integron has a class 1
integron-integrase gene (intI1), a promoter (Pc) in the inner region of intl1, and a
recombination site (attI) [107]. Gene cassettes, which are tiny DNA pieces containing
ARGs or other functional genes, are inserted into the attl site. The gene cassettes’ attI
and attC sites are recognized by Intl1, which then catalyzes the site-specific recombi-
nation between the two sites, causing the cassette to insert into the integron structure.
Integrons, which include numerous gene cassettes in a single structure, have the
ability to quickly accumulate and spread different ARGs among bacterial populations.
Based on variations in intI1 sequences, integrons are categorized into multiple groups
[108]. According to Gillings [109], class 1 integrons play the most significant role in
the dissemination of ARGs among bacteria.

4.5.5 Horigontal gene transfer (HGT)
4.5.5.1 Conjugation

One of the most significant HGT processes is conjugation. In order to facilitate
the transmission of genetic material, this procedure requires direct physical contact
between bacterial cells. A sex pilus is created during conjugation, which makes it
easier for a plasmid to be transferred to the recipient bacteria. The bacterium can
acquire multidrug resistance if several drug resistance genes on the plasmid are trans-
ferred to it in a single conjugation event. Transposons, which are now categorized as
Integrative Conjugative Elements (ICEs) or Integrative Mobilizable Elements (IMEs),
can be conjugated, as can conjugative or nonconjugative plasmids [23].

Genomic islands are also a part of ICEs and IMEs. When other mobile elements
supply the necessary transfer genes (72 genes), a nonconjugative plasmid can
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transfer. For genetic material to be transferred between Gram-positive and Gram-
negative bacteria, these tra genes are essential. The presence of transposon insertion
elements on the plasmids frequently facilitates plasmid fusion. According to Brochet
etal. [110], genomic plasticity is facilitated by mobile genetic components. The IME
known as Salmonella genomic island 1 (SGI1), which is present in several Salmonella
serovars, is an illustration of adaptability. Ampicillin, chloramphenicol, florfenicol,
streptomycin, spectinomycin, sulfonamide, and tetracycline resistance genes were
found in the SGI1 [111].

However, a number of epidemiological and molecular reasons limit conjugation.
The ecology must first allow the strains to come into touch with one another. Second,
the stresses need to be somewhat mobile, either on their own or as a result of outside
factors. Third, plasmids from the same incompatibility group may not be able to enter
the same cell due to plasmid incompatibility. Fourth, the cell’s genetic makeup must
facilitate the IME’ integration, especially for IMEs. Lastly, if certain mobile genetic
components are expelled from the cell, their maintenance systems may result in cell
death [112].

4.5.5.2 Transformation

Through the process of DNA recombination known as transformation, a micro-
organism absorbs exogenous DNA pieces, or naked DNA, from its surroundings and
incorporates them into its genetic composition to produce inheritable features [113].
There are multiple steps involved in transformation. Bacterial DNA is first liberated
from bacterial cells, either actively at particular stages of the development cycle for
some bacteria or passively after death and lysis. After being released, the DNA is
absorbed by surrounding competent bacteria. The DNA must then get firmly inte-
grated into the acceptor cell and resist the potentially damaging activity of nucleases
within the bacterial cell. Lastly, expression of the integrated DNA occurs [23].

Certain uptake sequences, usually found in the inverted repeats of donor
sequences, are necessary for effective DNA uptake in Gram-negative model organ-
isms. After binding, the DNA rapidly develops a resistance to DNase and is subse-
quently absorbed (Sikorski et al. [114]). Depending on the species, competence is
induced differently. Throughout the logarithmic growth phase, certain species that
are naturally transformable maintain their competence. Others only acquire compe-
tence at the beginning of the stationary phase and are competent for short periods of
time. Despite using comparable proteins, Gram-positive and Gram-negative bacteria
have different DNA absorption methods due to differences in their cell wall structure.
The creation, upkeep, and gene transfer of bacterial biofilms may be significantly
influenced by transformation [23].

4.5.5.3 Transduction

A bacteriophage and an infected bacteria exchange genetic material through a
process known as transduction, which is a bacteriophage-mediated transfer [49]. The
bacteriophage first clings to the bacterium and introduces its genetic material, which
could comprise DNA from the host bacteria as well as the virus. The foreign DNA
must be stabilized inside the bacterial cell, either by integrating into the bacterial
DNA or by producing an element that replicates on its own. The foreign DNA can
guide the creation of new phage particles once it has stabilized. Bacterial plasmids
and/or genomic DNA of different lengths can be passed from one bacterium to
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another using this method. Because bacteriophages are host specific, transduction
usually takes place between closely related bacterial strains. Therefore, transduction is
the process by which a drug-resistance gene is transferred from a resistant bacterium
to a nonresistant bacterium via a vector (bacteriophage) [23].

5. Conclusions

The misuse and overuse of antimicrobials in veterinary medicine remain key
contributors to the emergence and dissemination of resistance. It is clear that the
global spread of antimicrobial-resistant mutants is a much more complicated event
than can be achieved by using a vast number of individual cells. The idea that bac-
teria are solitary entities is not a realistic representation of the microbial world in
nature. We should not just search for molecular cues that can affect the generation of
antimicrobial-resistant mutants in order to obtain a comprehensive picture of bacte-
rial antimicrobial resistance.
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