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Abstract: With poultry products as one of the leading reservoirs for the pathogen, in a typical year in
the United States, it is estimated that over one million individuals contract non-typhoidal Salmonella
infections. Foodborne outbreaks associated with Salmonella infections in poultry, thus, continue to
remain a significant risk to public health. Moreover, the further emergence of antimicrobial resistance
among various serovars of Salmonella is an additional public health concern. Feeding-based strategies
(such as use of prebiotics, probiotics, and/or phytobiotics as well as essential oils), non-feeding-
based strategies (such as use of bacteriophages, vaccinations, and in ovo strategies), omics tools and
surveillance for identifying antibiotic-resistance genes, post-harvest application of antimicrobials,
and biosecurity measures at poultry facilities are practical interventions that could reduce the public
health burden of salmonellosis and antibiotic resistance associated with poultry products. With the
escalating consumption of poultry products around the globe, the fate, prevalence, and transmission
of Salmonella in agricultural settings and various poultry-processing facilities are major public health
challenges demanding integrated control measures throughout the food chain. Implementation of
practical preventive measures discussed in the current study could appreciably reduce the public
health burden of foodborne salmonellosis associated with poultry products.
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1. Introduction

The Salmonella serovars have a complex and evolving nomenclature and since their
discovery over 100 years ago, they continue to be a major global, national, and regional
public health challenge [1–3]. In a typical year, more than one million individuals are
estimated to contract non-typhoidal Salmonella infections in the United States [4]. Similarly,
around 27 million global cases of salmonellosis are estimated to be associated with typhoidal
Salmonella serovars [5]. Various typhoidal and non-typhoidal Salmonella serovars are
capable of forming complex biofilms on biotic and abiotic surfaces, further complicating the
challenges associated with the control of this prevalent and opportunistic pathogen [6–8].
Under the landscape of a changing climate, the public health challenges associated with
Salmonella serovars, and with antibiotic resistance are expected to be further augmented in
the future [9,10]. Poultry-processing facilities and poultry products are among the main
reservoirs of both typhoidal and non-typhoidal serovars of Salmonella.

Poultry contributes significantly to meat and egg production around the globe. Ac-
cording to the global livestock environmental assessment (GLEAM) conducted by the Food
and Agriculture Organization (FAO), the production of eggs in 2016 was estimated at 73 mil-
lion tons, while the production of chicken meat was estimated at 100 million tons. These
statistics are expected to increase in the coming years because of the increases in global
population, higher incomes, and rapid urbanization [11–13]. The increasing consumption
of meat, mainly chicken and turkey, is due to the lower cost incurred in production [14].
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Poultry, as a major source of animal protein, is typically considered superior to plant-based
protein in providing micronutrients such as vitamin A, vitamin B, iron, zinc, and calcium
in addition to all essential amino acids [11]. Moreover, it has no major restrictions for
consumption in communities holding different religious beliefs [11,15].

In the last seventy years, not a single poultry-producing area of the world has been free
of foodborne bacteria [16]. Meat and eggs can be contaminated and re-contaminated with
different species of bacteria. Salmonella serovars, Campylobacter jejuni, Campylobacter coli,
and Clostridium perfringens are more frequently detected as the major pathogens of meat
and eggs [17]. Besides these, Staphylococcus aureus, Listeria monocytogenes, and pathogenic
serogroups of Escherichia coli are abundant in various value-added poultry products [16,17].
Among the plethora of bacteria associated with poultry, Salmonella serovars have been the
most important pathogen of public health concern in poultry meat [18,19].

Despite the robust control and preventive approaches applied against Salmonella,
foodborne outbreaks associated with Salmonella are still a serious concern [20,21]. The
age and genetics of the birds, the stress induced by overstocking, the extent of pathogen
exposure, and the virulence of the specific strain contribute to the colonization of Salmonella
in broilers [22,23]. Salmonella can infect broilers immediately after hatching and for
the first few days by vertical or horizontal transmissions in hatcheries during activities
such as feeding, handling, and transportation [24,25]. Moreover, ingestion of contami-
nated litter, and changes in crop pH and intestinal microbiota predispose the birds to
higher susceptibility [26,27].

Salmonella is a Gram-negative bacterium that primarily inhabits the gastrointestinal
tract of many warm-blooded animals. It is a facultative anaerobe, meaning it can survive
with or without oxygen, and it does not form spores [28]. Most Salmonella serovars possess
peritrichous flagella, allowing them to exhibit motility and move in various directions.
However, there are notable exemptions including Salmonella Pullorum and Salmonella
Gallinarum which are typically considered to be non-motile but are highly pathogenic
to poultry [29]. As a non-fastidious bacterium, Salmonella can colonize and replicate
even under adverse environmental conditions on various biotic and abiotic surfaces. It is
capable of multiplication at water activity levels as low as 0.94 and can withstand a pH
range of 3.7 to 9.5 [30]. The prevalence of Salmonella is common in dairy products, meat
products, and fresh produce contaminated with poultry-industry by-products [31]. The
different forms of salmonellosis in humans are typhoid, paratyphoid, and non-typhoid
Salmonella infections [4,32,33].

Poultry products are linked to 29% of Salmonella infections [34–37]. Salmonellosis in
poultry is recognized as a zoonotic disease with economic and public health implications
on a global scale [20,38–40]. Poultry meat and various value-added poultry products are
considered as two of the main reservoirs of various Salmonella serovars with Salmonella En-
teritidis and Salmonella Typhimurium being among the most epidemiologically significant
serovars associated with poultry-related outbreaks.

Some specific serovars of Salmonella can exhibit a high degree of antimicrobial resis-
tance, and thus they have drawn the attention of stakeholders and policymakers. The
spread of S. enterica serovar Typhimurium DT104, as an example, along with other multi-
drug-resistant strains are partly responsible for the spread of antibiotic-resistant Salmonella
in the poultry food chain [41]. Additionally, some new strains of S. Kentucky continue
to illustrate resistance toward carbapenems and fluoroquinolones, and may bring life-
threatening diseases in humans. These emerging and re-emerging Salmonella serovars with
antibiotic-resistance characteristics highlight the public health importance of infectious
diseases associated with poultry products [42]. The rampant use of antimicrobials in both
animal production and the treatment of human and animal diseases could be a contributing
factor in Salmonella serovars’ resistance to one or more antibiotics [43]. And poultry is
more prone to continuous use of antibiotics as it alters the gut microbiota which may have
negative effects on overall health and thus the optimal production of meat or eggs. As
such, antibiotic-free (ABF) strategies promote alternative methods for disease prevention,
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improved animal health, and the production of safer poultry products, thus contributing
to the overall sustainability and health of the poultry industry. Different alternatives, like
herbal plants, organic acids, prebiotics, and probiotics, are available for the purpose of
growth promotion. Better on-farm management strategies such as the availability of clean
water, and robust biosecurity measures can aid in reducing the public health burden of
Salmonella [44]. In the ABF approach, feeding-based and non-feeding-based interventions
are in existence to control the Salmonella burden in poultry flocks. Strategies involving the
modification of poultry feed (such as use of prebiotics, probiotics, synbiotics, postbiotics,
and phytobiotics) involve using substances and/or microorganisms that are consumed to
promote healthy gut microbiota. On the other hand, non-feeding-based strategies, such
as vaccinations, application of bacteriophages, and in ovo interventions are methods that
do not involve direct consumption and aim to modulate the gut microbiota or target
specific pathogens [28]. The purpose of the current study was to examine the fate, preva-
lence, and transmission of Salmonella in poultry-processing facilities and discuss practical
interventions to reduce the public health burden of poultry-related Salmonellosis (Figure 1).
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2. Identification of Salmonella Serovars

Although Salmonella has a complex nomenclature, the bacterium genus consists of
only two species—S. enterica and S. bongri. While the latter is not typically associated with
human health complications, the subspecies of S. enterica are enterica, arizonae salamae,
indica, diarizonae, and houtenae which could be pathogenic to humans. Isolates from these
species and subspecies are frequently classified according to their antigenic characteristics
and over 2600 serovars are reported to exist [45]. The division of Salmonella serovars is done
as per the O (somatic), H (flagellar), and Vi (antigen) combinations. The O antigens are
present on the surface of the outer membrane, the H antigens are found in the flagella, and
the Vi antigens overlie the O antigens [46]. Identification based on this method is used to
serotype more than 2600 serovars currently in existence [47]. With the rapid rise of serovars,
identification was simplified to three types of Salmonella, namely, non-typhoidal Salmonella,
Salmonella typhi, and Salmonella paratyphi [48]. Non-typhoidal Salmonella infections cause
dehydration, elevated body temperature, episodes of vomiting, and discomfort in the
abdominal region in humans, typically 6–72 h after exposure [49]. Patients suffering from
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typhoidal salmonellosis typically have symptoms such as headache, body aches, fever,
constipation, or diarrhea [48]. The infective doses of different Salmonella serotypes can
vary depending on the type of food involved and the susceptibility of the patient. In the
case of fat-rich foods, such as certain dairy products, the bacterium has been found to
exhibit enhanced survival. As a result, even a relatively small number of the bacterial cells,
usually fewer than 100 cells, could be sufficient to cause illness if ingested [50]. Therefore,
implementing a higher standard of detection in various products including ready-to-eat
(RTE) foods would be critical to safeguard the public health [51].

3. Colonization of Salmonella Serovars in Poultry Flocks

When litter is contaminated with a high dose of Salmonella serovars, the bacterium
could understandably colonize in the intestine of poultry and, due to genetic similarity of
the birds, the bacterium could subsequently spread rapidly in the flock [52]. Then, it com-
petes with other microflora occupying its niche that supply nutrients for its multiplication,
and invades the host’s immune system [53]. Salmonella is well-equipped with virulent fac-
tors, prophages, and plasmids (mobile genetic elements) that enable it to cause infections in
the host’s gut [54,55]. Salmonella pathogenic island 1 (SPI-1), a genetic cluster, is responsible
for invading the enterocyte by generating a type III secretion system, a mechanism used by
the bacterium to secrete effector proteins into the cells of the host. Similarly, other SPIs (such
as SPIs 2 to 4), enable survival of the bacterium in biotic environments and subsequently
lead to the release of secondary metabolites during infections in gastrointestinal areas. The
bacterium then needs other pathogenic islands to adapt to other specific environments
and hosts [56,57]. In the 20th century, outbreaks associated with Salmonella Gallinarum
were worrisome on commercial farms globally [58]. Following that period, public health
was threatened by the emergence of S. Typhimurium and S. Enteritidis in poultry flocks
and food items such as chicken and turkey meat and eggs [59–61]. During the 1990s,
S. Enteritidis outnumbered other serovars in poultry environments, and foodborne illness
associated with it was noticed in many countries [62]. In recent years, Salmonella serovars
like Heidelberg, Minnesota, Montevideo, Tennessee, and Kentucky continued to rise within
poultry food chains and food products at a global scale [8,63,64]. The use of phages as
an alternative to antibiotics has other co-benefits as well. As an example, phages, due to
their specificity to pathogens, typically do not interfere with the commensal microflora of
poultry [65] and could be used in combination with prebiotic and/or probiotic additives.

4. Salmonella in the Poultry Production System at the Preharvest Level

Poultry can acquire Salmonella infections from different sources such as contaminated
feed, breeder flocks, hatcheries, farm environments, contaminated litter, and feed withdrawal.

4.1. Feed

Various Salmonella serovars are able to survive in a wide range of environmental
conditions and, additionally, can survive low-moisture conditions for extended periods of
time, making this pathogen an important pathogen of concern in animal feed. Application
of thermal processing of the feed could eliminate the pathogen but Salmonella could be
re-introduced to the feed in poultry-processing facilities [66].

Feed, as a potential source of Salmonella, can compromise the bird’s performance if
contaminated with pathogens of poultry health concern. The infected birds that consume
contaminated feed excrete Salmonella into the farm environment. Non-uniform distribution
of microorganisms in the feed could complicate the proper detection of Salmonella in poultry
feed. Additionally, sub-lethally injured but viable Salmonella might not be detected properly
using traditional laboratory analysis [37]. Raw feed ingredients can be contaminated by
Salmonella at several stages of manufacturing. The multiplication of microorganisms at the
feed plant is affected by moisture, the composition of the feed, and the thermal processing
intensity applied during preparation.
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4.2. Parent Stock and Hatchery

Broiler breeders require vaccination to control the vertical transmission of Salmonella
serovars to the hatching progeny and minimize their distribution in the processing plant [67].
A study of vaccinated breeders showed a significantly lower Salmonella load in the ceca
(38%) and reproductive tracts (14.22%) than in non-vaccinated breeders (64.2% and 51.7%).
Consequently, the progeny of vaccinated breeders also exhibited a lower population of
Salmonella (18.1%) when compared to non-vaccinated breeders (33.5%) [68]. Infection of a
hatching chick at the hatchery is through vertical and/or horizontal transmission. Vertical
transmission is due to the laying of eggs by contaminated poultry [69,70]. In horizontal
transmission, newly hatched chicks are exposed to Salmonella through the hatching of
contaminated eggs. Furthermore, exposure to contaminants at the farm, could contaminate
the outer surface of the eggshell and could penetrate into the egg [71]. Epidemiological
studies further indicate that horizontal transmission is an important aspect due to the
genetic similarities of the birds and the prevalence of various Salmonella serovars in poultry
production facilities [72].

4.3. Litter

Litter offers comfort to broiler chickens as a source of bedding material [73]. Good
litter management contributes to poultry welfare, disease prevention, and more efficiency
in production. Litter is a significant source of dust [74] and thus could be a source for
Salmonella survival and multiplication. Dust-related transmission is mainly remediated
by controlling the moisture content of the litter [75]. Various studies have identified the
relationship between strains detected in litter and broiler carcass contamination. Thus,
the Salmonella prevalence in the litter at the rearing facilities can disseminate to poultry
carcasses during processing [76].

4.4. Feed Withdrawal

Before transferring broilers to the processing mill, withdrawing feed for 8 to 12 h is
a common practice in some facilities. However, feed withdrawal has been found to be
a cause of the increased presence of Salmonella in the ceca and poultry products [77]. In
search of food under feed-deprived environments, birds may be exposed to contaminated
litter and this may lead to contamination of the ceca and poultry products. Some studies
have shown the association of Salmonella prevalence in poultry products with a drop in
lactic acid production. Feed withdrawal increases pH in the crop as a result of a drop in
Lactobacillus fermentation [73].

5. Contribution of Poultry as a Reservoir of Antimicrobial Resistance

Poultry products are one of the leading contributing factors to Salmonella infections
in humans [78]. Additionally, the excessive therapeutic and sub-therapeutic application
of various antibiotics in the poultry food chain in various regions of the world is a po-
tential contributing factor to the prevalence of antimicrobial-resistant bacteria in the food
chain [79]. The increasing resistance of different Salmonella isolates to various antibi-
otics that are intended to treat invasive infections is a matter of great concern for public
health [5]. As the efficacy of traditional antibiotics such as ampicillin, chloramphenicol,
and trimethoprim–sulfamethoxazole has reduced in recent years, fluoroquinolones and
broad-spectrum cephalosporins have been the drugs of choice to treat salmonellosis [80,81].
The link between human infections and non-typhoidal Salmonella and poultry products has
been well understood [78,82]. Modern intensive poultry production in many regions of the
world utilizes antibiotics, both for growth (sub-therapeutic) and treatment (therapeutic)
purposes. Zoonotic disease can be transmitted to humans through three different routes:
(i) direct contact between humans and animals; (ii) consumption of contaminated food; and
(iii) exposure to a contaminated environment [83]. Eggs and meat can be contaminated
with water and feed containing antibiotic-resistant bacteria (ARB) harboring antibiotic-
resistant genes (ARGs). This makes the food chain one of the significant routes of ARB
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transmission [84]. For instance, the excessive use of enrofloxacin in poultry farming, in
the 1990s is potentially responsible for the reduced susceptibility of S. Typhimurium DT104
to ciprofloxacin isolated from poultry food and subsequently from human isolates. The
connection between the use of nitrofurans in poultry-producing regions and the persistence
of S. Enteritidis in poultry has been similarly established. This correlation has led to an
increased risk of human salmonellosis in Portugal, as an example, due to the transmission
of antibiotic-resistant Salmonella through the food chain [85]. Another observational study
of poultry producers in Canada also points to the potential linkage between the poultry
industry and the prevalence of ceftiofur-resistant S. Heidelberg, a significant serotype of
Salmonella in poultry production. The prevalence of S. Heidelberg was reduced due to the
voluntary withdrawal of ceftiofur from both human infection treatments and retail poultry,
however, resistance levels again rose after the reintroduction of antibiotic use [86].

A review of recent observational studies indicates that poultry and poultry products
are an important reservoir for antibiotic-resistant bacteria in food chains, with a high
tendency for dissemination to humans [87]. In addition to Salmonella serovars, Gram-
positive bacteria are considered as a main reservoir for class 1 antibiotic resistance integrons
in poultry production facilities as well [88]. In harmony with the overall recommended
approach of the current study, other studies also emphasize the critical importance of
prevention as well as incorporating a holistic “one health” approach for reducing the public
health burden of antibiotic-resistant microorganisms associated with poultry products
and production [89].

6. Control and Prevention of Salmonella

Controlling Salmonella in poultry productions and poultry meat, and thus preventing
its entry into the food chain requires multiple interventions. As discussed earlier, the threat
of ARB increases by administering antibiotics in the poultry industry for prophylactic and
therapeutic purposes. Thus, non-antibiotic alternatives in poultry production have gained
increasing attention in recent years. These alternatives are feeding-based interventions,
such as probiotics, prebiotics, phytobiotics, and postbiotics. In addition to the feeding-
based approach, non-feeding-based alternatives focused on using bacteriophages, vaccines,
and in ovo strategies are also common practical interventions in the poultry industry to
minimize the Salmonella burden [28]. More recently, whole genome sequencing (WGS),
an application of genomics, has been used in the diagnosis, epidemiological studies, and
surveillance of Salmonella [90].

6.1. Feeding-Based Strategies
6.1.1. Prebiotics

Probiotics are types of food ingredients that have a positive impact on the host’s health
by selectively promoting the multiplication and activity of specific bacteria in the colon. This
definition emphasizes the non-digestible nature of prebiotics and their ability to improve
the overall well-being of the host through the modulation of beneficial gut bacteria. [91].
Improvement in broiler growth is achieved through the increased production of amylase
within the intestinal tract of chickens [92] and the minimization of Salmonella colonization
during hen molting [93]. Some studies have indicated the potential of prebiotics to combat
Salmonella by providing binding sites for bacteria to be excreted out of the digestive tract [94].
Some studies have reported a drop in Salmonella numbers by supplementing prebiotics,
which increases the short-chain fatty acid (SCFA) concentrations [95]. Prebiotics like
trehalose and Aspergillus meal prevent horizontal transmission of Salmonella by minimizing
its colonization in caeca. The positive impact of prebiotics is due to their potential in
modulating the gut microbiota, making toll-like receptors that are important mediators of
inflammation-related pathways in the gastrointestinal area [96].
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6.1.2. Probiotics

Probiotics are live and direct-fed microorganisms that provide health benefits to
the host by modulating the immune system, if administered in adequate amounts [97].
Administration of probiotics to chicks soon after the hatch is thought to reduce infective
pathogens due to ‘competitive exclusion’ [98]. The core concept of competitive exclusion is
the competition of bacteria for space and nutrients and pathogenic microorganisms could
be flushed out of the digestive tract via this mechanism. Several reports have documented
the potential of probiotics to mitigate Salmonella infections [99]. Probiotics for poultry are
mainly the various species of bacteria such as Bifidobacterium, Lactobacillus, and Bacillus.

6.1.3. Phytobiotics

Phytobiotics are compounds of plant origin such as herbs, spices, and extracted
oils that have shown promising effects on poultry production by increasing feed intake,
stimulating the release of endogenous enzymes, and exerting antibacterial properties [100].
Moreover, they improve nutrient absorption by adjusting the fluidity and permeability
of the cell membranes [101]. In the poultry industry, they are commonly obtained from
alfalfa, bergamot, peppermint, black chili, cumin, clove, garlic, cinnamon, and oregano [28].
A drop in the S. Enteritidis population was observed in the liver/spleen and ceca of the
broilers upon the inclusion of 5 ppm capsaicin [102].

6.1.4. Essential Oils

Essential oils could be another practical feed additive to further combat Salmonella.
Cinnamon, clove, oregano, and red thyme essential oils were shown to be efficacious
for controlling the prevalence of the pathogen in poultry feed [103]. Utilization of clove,
peppermint, litsea, lemongrass, and cinnamon essential oils were additionally investigated
as an efficacious feed additive in the poultry industry [104]. Most recently, oregano, thyme,
and grapefruit essential oils were studied as alternatives to antibiotics in poultry feed [105].

6.2. Non-Feeding Strategies
6.2.1. Bacteriophages

Bacteriophages, also called phages, are known as predators of bacteria specific to the
host and are considered as the alternative to antibiotics in animal therapy, prophylaxis,
and minimizing bacterial population in animal-based food products [106]. Since they are
typically host-specific, their therapeutic use is generally considered natural, non-toxic, and
feasible, thus targeting the specific bacteria and protecting the rest of the microbiota [107].
Another advantage of phages over antibiotics is preventing allergies in the host as the im-
mune system typically can tolerate phages more favorably [28]. Moreover, phages have the
potential to combat antibiotic-resistant strains [108]. Some trials have shown the successful
application of phages for mitigating foodborne pathogens such as Salmonella [109].

6.2.2. Vaccines

Vaccines continue to be one of the most significant health-management strategies
for boosting immunity in the poultry flock. Vaccination reduces shedding of Salmonella
by poultry and could reduce vertical and horizontal transmission of the pathogen in the
poultry chain [110]. In addition to these beneficial effects, vaccines are also the most
efficacious and cost-effective tools to prevent diseases in birds [111]. The manufacturing of
poultry vaccines is typically conducted using Typhimurium and/or Enteritidis serovars
of Salmonella [112]. Different types of vaccines are available in the market, including live-
attenuated, inactivated, and subunit vaccines, providing a range of options for disease
prevention in poultry [113]. The production type, biosecurity status of the poultry premises,
specific trend of the disease, level of maternal-derived antibodies, vaccine availability,
administration methods, and vaccination cost are among the factors that play a crucial
role in the application of this preventive measure. Typically, Salmonella-killed vaccines
for poultry are preferred compared to the other vaccines due to the adverse effects that
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Salmonella-live vaccines could exert. The secondary mutations in live vaccines can cause
reversion to virulence which could affect the overall health of flocks and thus should be
carefully considered [114]. Both observational and randomized studies associated with the
use of vaccines are very abundant in the literature and could be the subject of a review and
systematic analysis in future studies.

6.2.3. In Ovo Strategies

In ovo technology incorporates the administration of a small number of materials
into the bird’s embryo, a new approach that delivers bioactive substances before hatch-
ing. Numerous studies have shown the benefits of in ovo strategies, at an early stage of
development and involving feed additives, in avoiding metabolic disorders, compromised
immunity, and pathogen load [115]. In addition to these, nutrients injected through the in
ovo route enhance absorption, enzyme expression, and faster maturation of the digestive
system and muscle tissues [116]. These beneficial effects directly and/or indirectly aid
in the control of Salmonella infection. In a vaccination experiment, Salmonella flagellin
was delivered to 18-day-old embryonated eggs in broilers. The study found elevation of
inflammation-related chIL-6 and chIL-8 cytokine transcript levels 24 h after vaccination
and elevated titers of FliC-specific antibodies 21 days after hatching [117]. In another
experiment, increased resistance of chicks to S. Typhimurium was observed in broilers when
the probiotic was injected into the air cells after 18 days of incubation [118].

6.3. Omics Tool for Identifying Antibiotic-Resistance Genes

The use of omics tools (studying the genome of organisms), such as whole genome
sequencing (WGS) technology in agricultural production has led to advances in identifying
genes associated with antibiotic-resistant bacteria. For instance, next-generation sequenc-
ing (NGS) technology has been applied to study over 30,000 genomes of S. Enteritidis
from 98 countries over a span of 71 years to predict and understand the global dissemi-
nation of this pathogen [119]. Certain genes (such as TLR4), natural resistance-associated
macrophage protein, and the QTL SAL1 in the genomic regions are central to controlling
Salmonella infection in chickens [120].

6.4. Treatment of Salmonella in Poultry-Processing Facilities (Post-Harvest)

The journey of poultry from the farm to the consumer is a crucial aspect of the poultry
industry. Any kind of contamination in poultry meat at this stage is correlated with nega-
tive impacts on public health. The duration for which these products can be stored before
typical consumption ranges from 4 to 10 days, depending on the nature of processing after
slaughter [121]. Salmonella is reported in higher proportion in fresh poultry products in
comparison to other meat [122]. Thus, it is imperative that processors employ stringent
measures to prevent Salmonella infection. In recent years, the reduction of pathogen con-
tamination during processing has been achieved through post-chill decontamination tanks
coupled with other preventive measures throughout the supply chain [123]. Antimicro-
bial strategies have been in implementation to minimize foodborne pathogens such as
Salmonella and Campylobacter and to meet microbiological performance standards [124].
The potency of antimicrobials is influenced by the organic load present in the chilled water
during immersion chilling [125]. Chemical applications such as chlorine, peracetic acid
(PAA), and hydrogen peroxide are also effective in inhibiting microbial proliferation and
prolonging the shelf-life of the product [126].

Chlorine has long been applied in processing facilities in the United States due to its
cost-effectiveness and potential for eliminating a broad range of carcass microorganisms
as well as microorganisms present in processing water and within processing plants [127].
However various studies have revealed the discouraging effects of chlorine including
its negative impacts on meat quality, its sensitivity to pH changes, and its diminished
effectiveness with time due to the presence of organic matter in the processing tank [128].
Peracetic acid is another organic compound commonly used to disinfect poultry equipment.



Int. J. Environ. Res. Public Health 2023, 20, 6654 9 of 15

However, attention should be paid to using peracetic acid in maximum concentrations, as
it can corrode the equipment and bring health hazards to workers [129]. Sodium bisulfate
may be a good substitute for peracetic acid against Salmonella in poultry facilities due to its
less corrosive nature [130,131]. Other organic acids like lactic acid, citric acid, and acetic
acid are also popular in meat-processing plants. While assessing the effectiveness of these
organic acids on S. Typhimurium contaminated chicken meat, the reduction in CFU/g was
observed to be 66%, 55%, and 51% for lactic acid (1% solution), acetic acid (1%), and citric
acid (1%), respectively [132]. Additives and processing aids should be used after careful
compliance with regulatory requirements to ensure efficacy of the treatments and safety of
the workers and consumers.

6.5. Biosecurity at the Poultry Farm

Poultry production is compromised if there is no effective adoption of management
and physical measures intended to mitigate the introduction and dissemination of infections
or infestations in poultry premises and facilities [133]. The physical barriers used in robust
biosecurity programs include fences, mesh wire, use of footbaths, and disinfection of farm
equipment in and around poultry production facilities [134]. Biosecurity practices could be
the most efficacious and inexpensive preventive measures, aimed at managing the risks
posed by diseases to the economy, environment, and human health [135]. Overall, biosecu-
rity measures are associated with isolation, traffic control, and sanitation practices [136].
Isolation addresses keeping the birds confined within a controlled environment. Traffic
control looks at controlling the flow of traffic on a farm to mitigate cross-contamination
and horizontal transmission of infectious diseases. The objective of sanitation is to clean
and disinfect equipment and materials that enter or remain on the farms and it includes
the personal hygiene of farm staff [137]. In addition to these biosecurity measures, sani-
tation of eggs, incubators, and the hatchery could substantially reduce the prevalence of
microbial pathogens associated with poultry production. It is noteworthy that biosecurity
measures not only minimize the risk of poultry-related infectious diseases but, as well, they
are important from a regulatory perspective. Regulatory agencies such as United States
Department of Agriculture’s Animal and Plant Health Inspection Services (USDA APHIS)
or those regulations articulated for poultry farmers in the European Union are examples of
reputable and efficacious policies and regulations if implemented properly. The Preventive
Control for Animal Food regulation of the U.S. Food Safety Modernization Act could be
another great resource for ensuring the safety of poultry products [138].

7. Conclusions

In a typical year, over one million American individuals and around 27 million peo-
ple around the globe are estimated to contract non-typhoidal and typhoidal Salmonella
infections, respectively. Considering that infectious diseases associated with Salmonellae
and antibiotic resistance are expected to be augmented under the landscape of climate
change, and considering that poultry-processing facilities and poultry products are one of
the main reservoirs of Salmonella serovars, implementation of practical preventive measures
is of great importance for reducing the public health burden of this pathogen. Feeding-
based strategies (including use of prebiotics, probiotics, phytobiotics, and/or essential oils),
non-feeding-based strategies (such as application of bacteriophages, vaccinations, and in
ovo interventions), omics tools and surveillance for identifying antibiotic-resistance genes,
post-harvest application of antimicrobials, and enhanced biosecurity at the poultry facilities
are practical interventions that could reduce the public health burden of salmonellosis and
antibiotic resistance associated with poultry products.

Author Contributions: R.R. co-wrote the first version of the paper; P.M. contributed to co-editing the
manuscript; and A.C.F. co-wrote, co-edited, and revised the manuscript. All authors have read and
agreed to the published version of the manuscript.



Int. J. Environ. Res. Public Health 2023, 20, 6654 10 of 15

Funding: Financial support provided, in part, by the Public Health Microbiology FoundationSM in
Nashville, Tennessee, and USDA National Institute of Food and Agriculture (2023-70020-40768) are
sincerely appreciated by the study authors. This publication is additionally supported by a publication
scholarship of a graduate course of the Public Health Microbiology Laboratory of Tennessee State
University (AGSC 5540 Food Policies and Regulations; Fall 2022).

Conflicts of Interest: The authors have no conflict of interest to declare. It is important to emphasize
that the funding agencies of this study had no role in the design, data collection, analyses, or
interpretation and writing associated with this project. Thus, the views expressed in this publication
do not necessarily reflect the views of the funding agencies.

References
1. Asefaw, S.; Aras, S.; Kabir, M.N.; Wadood, S.; Chowdhury, S.; Fouladkhah, A.C. Public Health Importance of Preventive Measures

for Salmonella Tennessee and Salmonella Typhimurium Strain LT2 Biofilms. Microbiol. Res. 2023, 14, 714–726.
2. Kumar, A.; Allison, A.; Henry, M.; Scales, A.; Fouladkhah, A.C. Development of salmonellosis as affected by bioactive food

compounds. Microorganisms 2019, 7, 364. [PubMed]
3. Abd El-Ghany, W.A. Salmonellosis: A food borne zoonotic and public health disease in Egypt. J. Infect. Dev. Ctries 2020, 14,

674–678. [PubMed]
4. Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.A.; Roy, S.L.; Jones, J.L.; Griffin, P.M. Foodborne illness

acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7.
5. Crump, J.A.; Luby, S.P.; Mintz, E.D. The global burden of typhoid fever. Bull. World Health Organ. 2004, 82, 346–353. [PubMed]
6. Fouladkhah, A.; Geornaras, I.; Sofos, J.N. Biofilm formation of O157 and Non-O157 Shiga toxin-producing Escherichia coli and

multidrug-resistant and susceptible Salmonella Typhimurium and Newport and their inactivation by sanitizers. J. Food Sci. 2013,
78, M880–M886.

7. Allison, A.; Fouladkhah, A.C. Sensitivity of planktonic cells and biofilm of wild-type and pressure-stressed Cronobacter sakazakii
and Salmonella enterica serovars to sodium hypochlorite. Food Prot. Trends 2021, 41, 195–203.

8. Chowdhury, A.; Aras, S.; Kabir, N.; Wadood, S.; Allison, A.; Chowdhury, S.; Fouladkhah, A.C. Susceptibility of pathogenic
nontyphoidal Salmonella serovars and avirulent Salmonella LT2 to elevated hydrostatic pressure and citricidalTM. J. Tenn. Acad. Sci.
2021, 96, 49–54.

9. Fouladkhah, A.C.; Thompson, B.; Camp, J.S. Safety of food and water supplies in the landscape of changing climate. Microorgan-
isms 2019, 7, 469.

10. Fouladkhah, A.C.; Thompson, B.; Camp, J.S. The threat of antibiotic resistance in changing climate. Microorganisms 2020, 8, 748.
11. Mottet, A.; Tempio, G. Global poultry production: Current state and future outlook and challenges. World’s Poult. Sci. J. 2017,

73, 245–256.
12. Magdelaine, P.; Spiess, M.P.; Valceschini, E. Poultry meat consumption trends in Europe. Worlds Poult. Sci. J. 2008, 64, 53–64.
13. Alexandratos, N.; Bruinsma, J. World Agriculture towards 2030/2050: The 2012 Revision. 2012. Available online: https:

//www.fao.org/3/ap106e/ap106e.pdf (accessed on 2 October 2022).
14. Organisation for Economic Co-Operation and Development. Meat Consumption. 2022. Available online: https://data.oecd.org/

agroutput/meat-consumption.htm (accessed on 8 November 2022).
15. Farrell, D. The role of poultry in human nutrition. In Poultry Development Review; Food and Agriculture Organization: Rome, Italy,

2013; pp. 2–9.
16. Gomes, B.C.; Franco, B.D.G.D.M.; De Martinis, E.C.P. Microbiological food safety issues in Brazil: Bacterial pathogens. Foodborne

Pathog. Dis. 2013, 10, 197–205.
17. Abebe, E.; Gugsa, G.; Ahmed, M. Review on major food-borne zoonotic bacterial pathogens. J. Trop. Med. 2020, 2020, 4674235.
18. Ravel, A.; Greig, J.; Tinga, C.; Todd, E.; Campbell, G.; Cassidy, M.; Marshall, B.; Pollari, F. Exploring historical Canadian foodborne

outbreak data sets for human illness attribution. J. Food Prot. 2009, 72, 1963–1976.
19. Guo, C.; Hoekstra, R.M.; Schroeder, C.M.; Pires, S.M.; Ong, K.L.; Hartnett, E.; Naugle, A.; Harman, J.; Bennett, P.; Cieslak, P.; et al.

Application of Bayesian techniques to model the burden of human salmonellosis attributable to U.S. food commodities at the
point of processing: Adaptation of a Danish model. Foodborne Pathog. Dis. 2011, 8, 509–516.

20. Antunes, P.; Mourão, J.; Campos, J.; Peixe, L. Salmonellosis: The role of poultry meat. Clin. Microbiol. Infect. 2016, 22, 110–121.
21. Williams, M.S.; Ebel, E.D.; Golden, N.J.; Schlosser, W.D. Temporal patterns in the occurrence of Salmonella in raw meat and poultry

products and their relationship to human illnesses in the United States. Food Control. 2014, 35, 267–273.
22. Lee, M.D.; Newell, D.G. Campylobacter in poultry: Filling an ecological niche. Avian Dis. 2006, 50, 1–9.
23. Cox, N.A.; Berrang, M.E.; Cason, J.A. Salmonella penetration of egg shells and proliferation in broiler hatching eggs—A review.

Poult. Sci. 2000, 79, 1571–1574.
24. Lahellec, C.; Colin, P. Relationship between serotypes of Salmonellae from hatcheries and rearing farms and those from processed

poultry carcases. Br. Poult. Sci. 1985, 26, 179–186. [CrossRef]
25. Opitz, H.M.; El-Begearmi, M.; Flegg, P.; Beane, D. Effectiveness of five feed additives in chicks infected with Salmonella enteritidis

phage type 13a. J. Appl. Poult. Res. 1993, 2, 147–153. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/31540475
https://www.ncbi.nlm.nih.gov/pubmed/32794452
https://www.ncbi.nlm.nih.gov/pubmed/15298225
https://www.fao.org/3/ap106e/ap106e.pdf
https://www.fao.org/3/ap106e/ap106e.pdf
https://data.oecd.org/agroutput/meat-consumption.htm
https://data.oecd.org/agroutput/meat-consumption.htm
https://doi.org/10.1080/00071668508416802
https://doi.org/10.1093/japr/2.2.147


Int. J. Environ. Res. Public Health 2023, 20, 6654 11 of 15

26. Ramirez, G.A.; Sarlin, L.L.; Caldwell, D.J.; Yezak Jr, C.R.; Hume, M.E.; Corrier, D.E.; Deloach, J.R.; Hargis, B.M. Effect of feed
withdrawal on the incidence of Salmonella in the crops and ceca of market age broiler chickens. Poult. Sci. 1997, 76, 654–656.
[CrossRef]

27. Dunkley, K.D.; McReynolds, J.L.; Hume, M.E.; Dunkley, C.S.; Callaway, T.R.; Kubena, L.F.; Nisbet, D.J.; Ricke, S.C. Molting in
Salmonella Enteritidis-challenged laying hens fed alfalfa crumbles: II. Fermentation and microbial ecology response. Poult. Sci.
2007, 86, 2101–2109. [PubMed]

28. Ruvalcaba-Gómez, J.M.; Villagrán, Z.; Valdez-Alarcón, J.J.; Martínez-Núñez, M.; Gomez-Godínez, L.J.; Ruesga-Gutiérrez, E.;
Anaya-Esparza, L.M.; Arteaga-Garibay, R.I.; Villarruel-López, A. Non-Antibiotics Strategies to Control Salmonella Infection in
Poultry. J. Anim. 2022, 12, 102. [CrossRef]

29. Bhunia, A.K. Salmonella Enterica. In Foodborne Microbial Pathogens; Springer: New York, NY, USA, 2008; pp. 201–216.
30. Pui, C.F.; Wong, W.C.; Chai, L.C.; Tunung, R.; Jeyaletchumi, P.; Hidayah, N.; Ubong, A.; Farinazleen, M.G.; Cheah, Y.K.; Son, R.

Salmonella: A foodborne pathogen. Int. Food Res. J. 2011, 18, 465–473.
31. Mouttotou, N.; Ahmad, S.; Kamran, Z.; Koutoulis, K.C. Prevalence, Risks and Antibiotic Resistance of Salmonella in Poultry

Production Chain. In Current Topics in Salmonella and Salmonellosis; Mares, M., Ed.; InTechOpen: London, UK, 2017; p. 67438.
32. World Health Organization. Salmonella (Non-Typhoidal). Available online: https://www.who.int/news-room/fact-sheets/

detail/salmonella-(non-typhoidal) (accessed on 20 August 2023).
33. Flint, J.A.; Van Duynhoven, Y.T.; Angulo, F.J.; DeLong, S.M.; Braun, P.; Kirk, M.; Scallan, E.; Fitzgerald, M.; Adak, G.K.;

Sockett, P.; et al. Estimating the burden of acute gastroenteritis, foodborne disease, and pathogens commonly transmitted by
food: An international review. Clin. Infect. Dis. 2005, 41, 698–704. [CrossRef]

34. FDA. Human Health Impact of Fluoroquinolone Resistant Campylobacter Associated with the Consumption of Chicken. 2000.
Available online: https://www.fda.gov/media/76429/download (accessed on 20 August 2023).

35. U.S. Department of Agriculture, Food Safety and Inspection Service. Modernization of Poultry Slaughter Inspection. Available
online: https://www.fsis.usda.gov/inspection/inspection-programs/inspection-poultry-products/modernization-poultry-
slaughter (accessed on 20 August 2023).

36. Braden, C.R. Salmonella enterica serotype Enteritidis and eggs: A national epidemic in the United States. Clin. Infect. Dis. 2006, 43,
512–517. [CrossRef]

37. Painter, J.A.; Hoekstra, R.M.; Ayers, T.; Tauxe, R.V.; Braden, C.R.; Angulo, F.J.; Griffin, P.M. Attribution of foodborne illnesses,
hospitalizations, and deaths to food commodities by using outbreak data, United States, 1998–2008. Emerg. Infect. Dis. 2013, 19,
407. [CrossRef] [PubMed]

38. Gast, R.K. Serotype-specific and serotype-independent strategies for preharvest control of food-borne Salmonella in poultry. Avian
Dis. 2007, 51, 817–828. [CrossRef]

39. Ferrari, R.G.; Rosario, D.K.; Cunha-Neto, A.; Mano, S.B.; Figueiredo, E.E.; Conte-Junior, C.A. Worldwide epidemiology of
Salmonella serovars in animal-based foods: A meta-analysis. Appl. Environ. Microbiol. 2019, 85, e00591-19. [CrossRef] [PubMed]

40. Popa, G.L.; Papa, M.I. Salmonella spp. Infection—A continuous threat worldwide. Germs 2021, 11, 88. [CrossRef] [PubMed]
41. Threlfall, E.J.; Frost, J.A.; Ward, L.R.; Rowe, B. Increasing spectrum of resistance in multiresistant Salmonella typhimurium. Lancet

1996, 347, 1053–1054. [CrossRef]
42. Le Hello, S.; Harrois, D.; Bouchrif, B.; Sontag, L.; Elhani, D.; Guibert, V.; Zerouli, K.; Weill, F.X. Highly drug-resistant Salmonella

enterica serotype Kentucky ST198-X1: A microbiological study. Lancet Infect. Dis. 2013, 13, 672–679. [CrossRef]
43. Swartz, M.N. Human diseases caused by foodborne pathogens of animal origin. Clin. Infect. Dis. 2002, 34, S111–S122. [CrossRef]

[PubMed]
44. Haque, M.H.; Sarker, S.; Islam, M.S.; Islam, M.A.; Karim, M.R.; Kayesh, M.E.H.; Shiddiky, M.J.A.; Answer, M.S. Sustainable

Antibiotic-Free Broiler Meat Production: Current Trends, Challenges, and Possibilities in a Developing Country Perspective.
Biology 2020, 9, 411. [CrossRef]

45. Issenhuth-Jeanjean, S.; Roggentin, P.; Mikoleit, M.; Guibourdenche, M.; De Pinna, E.; Nair, S.; Fields, P.I.; Weill, F.X. Supplement
2008–2010 (no. 48) to the white–Kauffmann–Le minor scheme. Res. Microbiol. 2014, 165, 526–530. [CrossRef]

46. Alikhan, N.F.; Zhou, Z.; Sergeant, M.J.; Achtman, M. A genomic overview of the population structure of Salmonella. PLoS Genet.
2018, 14, e1007261. [CrossRef]

47. Mkangara, M.; Mwakapuja, R.; Chilongola, J.; Ndakidemi, P.; Mbega, E.; Chacha, M. Mechanisms for Salmonella infection and
potential management options in chicken. J. Anim. Plant Sci. 2020, 30, 259–279.

48. Forsythe, S.J. The Microbiology of Safe Food; Wiley-Blackwell: Hoboken, NJ, USA, 2020.
49. Kurtz, J.R.; Goggins, J.A.; McLachlan, J.B. Salmonella infection: Interplay between the bacteria and host immune system. Immunol.

Lett. 2017, 190, 42–50. [CrossRef] [PubMed]
50. The U.S. Food and Drug Administration. Bad Bug Book: Handbook of Foodborne Pathogenic Microorganisms and Natural Toxins;

CreateSpace Independent Publishing Platform: Scotts Valley, CA, USA, 2017. Available online: https://www.fda.gov/food/
foodborne-pathogens/bad-bug-book-second-edition (accessed on 20 August 2023).

51. ISO 6579-1:2017; Microbiology of Food and Feeding Stuffs—Horizontal Method for the Detection of Salmonella spp. in the Food
Production Chain. ISO: Geneve, Switzerland, 2017.

52. Dunkley, K.D.; Callaway, T.R.; Chalova, V.I.; McReynolds, J.L.; Hume, M.E.; Dunkley, C.S.; Kubena, L.F.; Nisbet, D.J.; Ricke, S.C.
Foodborne Salmonella ecology in the avian gastrointestinal tract. Anaerobe 2009, 15, 26–35. [CrossRef] [PubMed]

https://doi.org/10.1093/ps/76.4.654
https://www.ncbi.nlm.nih.gov/pubmed/17878438
https://doi.org/10.3390/ani12010102
https://www.who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal)
https://www.who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal)
https://doi.org/10.1086/432064
https://www.fda.gov/media/76429/download
https://www.fsis.usda.gov/inspection/inspection-programs/inspection-poultry-products/modernization-poultry-slaughter
https://www.fsis.usda.gov/inspection/inspection-programs/inspection-poultry-products/modernization-poultry-slaughter
https://doi.org/10.1086/505973
https://doi.org/10.3201/eid1903.111866
https://www.ncbi.nlm.nih.gov/pubmed/23622497
https://doi.org/10.1637/8090-081807.1
https://doi.org/10.1128/AEM.00591-19
https://www.ncbi.nlm.nih.gov/pubmed/31053586
https://doi.org/10.18683/germs.2021.1244
https://www.ncbi.nlm.nih.gov/pubmed/33898345
https://doi.org/10.1016/S0140-6736(96)90199-3
https://doi.org/10.1016/S1473-3099(13)70124-5
https://doi.org/10.1086/340248
https://www.ncbi.nlm.nih.gov/pubmed/11988881
https://doi.org/10.3390/biology9110411
https://doi.org/10.1016/j.resmic.2014.07.004
https://doi.org/10.1371/journal.pgen.1007261
https://doi.org/10.1016/j.imlet.2017.07.006
https://www.ncbi.nlm.nih.gov/pubmed/28720334
https://www.fda.gov/food/foodborne-pathogens/bad-bug-book-second-edition
https://www.fda.gov/food/foodborne-pathogens/bad-bug-book-second-edition
https://doi.org/10.1016/j.anaerobe.2008.05.007
https://www.ncbi.nlm.nih.gov/pubmed/18577459


Int. J. Environ. Res. Public Health 2023, 20, 6654 12 of 15

53. Tanner, J.R.; Kingsley, R.A. Evolution of Salmonella within Hosts. Trends Microbiol. 2018, 26, 986–998. [CrossRef]
54. Mebrhatu, M.T.; Cenens, W.; Aertsen, A. An overview of the domestication and impact of the Salmonella mobilome. Crit. Rev.

Microbiol. 2014, 40, 63–75. [CrossRef]
55. Staes, I.; Passaris, I.; Cambré, A.; Aertsen, A. Population heterogeneity tactics as driving force in Salmonella virulence and survival.

Food Res. Int. 2019, 125, 108560. [CrossRef] [PubMed]
56. Cheng, R.A.; Eade, C.R.; Wiedmann, M. Embracing Diversity: Differences in Virulence Mechanisms, Disease Severity, and Host

Adaptations Contribute to the Success of Nontyphoidal Salmonella as a Foodborne Pathogen. Front. Microbiol. 2019, 10, 1368.
[CrossRef]

57. Marcus, S.L.; Brumell, J.H.; Pfeifer, C.G.; Finlay, B.B. Salmonella pathogenicity islands: Big virulence in small packages. Microbes
Infect. 2000, 2, 145–156. [CrossRef]

58. Shivaprasad, H.L.; Barrow, P.A. Pullorum disease and fowl typhoid. In Diseases of Poultry, 12th ed.; Blackwell Publishing
Professional: Ames, IA, USA, 2008; pp. 620–634.

59. Oakley, B.B.; Lillehoj, H.S.; Kogut, M.H.; Kim, W.K.; Maurer, J.J.; Pedroso, A.; Lee, M.D.; Collett, S.R.; Johnson, T.J.; Cox, N.A. The
chicken gastrointestinal microbiome. FEMS Microbiol. Lett. 2014, 360, 100–112. [CrossRef]

60. Tavechio, A.T.; Fernandes, S.A.; Neves, B.C.; Dias, A.M.G.; Irino, K. Changing patterns of Salmonella serovars: Increase of
Salmonella enteritidis in São Paulo, Brazil. Rev. Inst. Med. Trop. 1996, 38, 315–322. [CrossRef] [PubMed]

61. Bäumler, A.J.; Hargis, B.M.; Tsolis, R.M. Tracing the origins of Salmonella outbreaks. Science 2000, 287, 50–52. [CrossRef]
62. Silva, E.N.D.; Duarte, A. Salmonella Enteritidis em aves: Retrospectiva no Brasil. Braz. J. Poult. Sci. 2002, 4, 85–100. [CrossRef]
63. Foley, S.L.; Lynne, A.M.; Nayak, R. Salmonella challenges: Prevalence in swine and poultry and potential pathogenicity of such

isolates. J. Anim. Sci. 2008, 86, E149–E162. [CrossRef] [PubMed]
64. Voss-Rech, D.; Vaz, C.S.; Alves, L.; Coldebella, A.; Leao, J.A.; Rodrigues, D.P.; Back, A. A temporal study of Salmonella enterica

serotypes from broiler farms in Brazil. Poult. Sci. 2015, 94, 433–441. [CrossRef]
65. Wernicki, A.; Nowaczek, A.; Urban-Chmiel, R. Bacteriophage therapy to combat bacterial infections in poultry. Virology J. 2017,

14, 179. [CrossRef]
66. Jones, F.T. A review of practical Salmonella control measures in animal feed. J. Appl. Poult. Res. 2011, 20, 102–113. [CrossRef]
67. Jones, F.T.; Axtell, R.C.; Rives, D.V.; Scheideler, S.E.; Tarver, F.R., Jr.; Walker, R.L.; Wineland, M.J. A survey of Salmonella

contamination in modern broiler production. J. Food Prot. 1991, 54, 502–507. [CrossRef]
68. Dórea, F.C.; Cole, D.J.; Hofacre, C.; Zamperini, K.; Mathis, D.; Doyle, M.P.; Lee, M.D.; Maurer, J.J. Effect of Salmonella vaccination

of breeder chickens on contamination of broiler chicken carcasses in integrated poultry operations. Appl. Environ. Microbiol. 2010,
76, 7820–7825. [CrossRef]

69. Timoney, J.F. Egg transmission after infection of hens with Salmonella enteritidis phage type 4. Vet. Rec. 1989, 125, 600–601.
[PubMed]

70. Shivaprasad, H.L.; Timoney, J.F.; Morales, S.; Lucio, B.; Baker, R.C. Pathogenesis of Salmonella enteritidis infection in laying
chickens. I. Studies on egg transmission, clinical signs, fecal shedding, and serologic responses. Avian Dis. 1990, 34, 548–557.
[CrossRef] [PubMed]

71. Rizk, S.S.; Ayres, J.C.; Kraft, A.A. Effect of holding condition on the development of salmonellae in artificially inoculated hens’
eggs. Poult. Sci. 1966, 45, 825–829. [CrossRef]

72. Heyndrickx, M.; Vandekerchove, D.; Herman, L.; Rollier, I.; Grijspeerdt, K.; De Zutter, L. Routes for Salmonella contamination of
poultry meat: Epidemiological study from hatchery to slaughterhouse. Epidemiol. Infect. 2022, 129, 253–265. [CrossRef]

73. Alali, W.Q.; Hofacre, C.L. Preharvest Food Safety in Broiler Chicken Production. Microbiol. Spectr. 2016, 4, 69–86. [CrossRef]
74. David, B.; Mejdell, C.; Michel, V.; Lund, V.; Moe, R.O. Air Quality in Alternative Housing Systems may have an Impact on Laying

Hen Welfare: Part II—Ammonia. J. Anim. 2015, 5, 886–896. [CrossRef] [PubMed]
75. Pal, A.; Bailey, M.A.; Talorico, A.A.; Krehling, J.T.; Macklin, K.S.; Price, S.B.; Buhr, R.J.; Bourassa, D.V. Impact of poultry litter

Salmonella levels and moisture on transfer of Salmonella through associated in vitro generated dust. Poult. Sci. 2021, 100, 101236.
[CrossRef]

76. Bhatia, T.R.S.; McNabb, G.D. Dissemination of Salmonella in broiler-chicken operations. Avian Dis. 1980, 24, 616–624. [CrossRef]
[PubMed]

77. Corrier, D.E.; Byrd, J.A.; Hargis, B.M.; Hume, M.E.; Bailey, R.H.; Stanker, L.H. Survival of Salmonella in the crop contents of
market-age broilers during feed withdrawal. Avian Dis. 1999, 43, 453–460. [CrossRef]

78. European Centre for Disease Prevention and Control; European Food Safety Authority. European Medicines Agency and
European Commission’s Scientific Committee on Emerging and Newly Identified Health Risks 2009. EFSA J. 2009, 7, 1372.

79. Threlfall, E.J. Antimicrobial drug resistance in Salmonella: Problems and perspectives in food- and water-borne infections. FEMS
Microbiol. Rev. 2002, 26, 141–148. [CrossRef] [PubMed]

80. Parry, C.M.; Threlfall, E.J. Antimicrobial resistance in typhoidal and nontyphoidal salmonellae. Curr. Opin. Infect. Dis. 2008, 21,
531–538. [CrossRef]

81. Chen, H.M.; Wang, Y.; Su, L.H.; Chiu, C.H. Nontyphoid Salmonella infection: Microbiology, clinical features, and antimicrobial
therapy. Pediatr. Neonato. 2013, 54, 147–152. [CrossRef]

82. Aarestrup, F.M. The livestock reservoir for antimicrobial resistance: A personal view on changing patterns of risks, effects of
interventions and the way forward. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20140085. [CrossRef]

https://doi.org/10.1016/j.tim.2018.06.001
https://doi.org/10.3109/1040841X.2012.755949
https://doi.org/10.1016/j.foodres.2019.108560
https://www.ncbi.nlm.nih.gov/pubmed/31554049
https://doi.org/10.3389/fmicb.2019.01368
https://doi.org/10.1016/S1286-4579(00)00273-2
https://doi.org/10.1111/1574-6968.12608
https://doi.org/10.1590/S0036-46651996000500001
https://www.ncbi.nlm.nih.gov/pubmed/9293072
https://doi.org/10.1126/science.287.5450.50
https://doi.org/10.1590/S1516-635X2002000200001
https://doi.org/10.2527/jas.2007-0464
https://www.ncbi.nlm.nih.gov/pubmed/17911227
https://doi.org/10.3382/ps/peu081
https://doi.org/10.1186/s12985-017-0849-7
https://doi.org/10.3382/japr.2010-00281
https://doi.org/10.4315/0362-028X-54.7.502
https://doi.org/10.1128/AEM.01320-10
https://www.ncbi.nlm.nih.gov/pubmed/2692277
https://doi.org/10.2307/1591243
https://www.ncbi.nlm.nih.gov/pubmed/2241680
https://doi.org/10.3382/ps.0450825
https://doi.org/10.1017/S0950268802007380
https://doi.org/10.1128/microbiolspec.PFS-0002-2014
https://doi.org/10.3390/ani5030389
https://www.ncbi.nlm.nih.gov/pubmed/26479391
https://doi.org/10.1016/j.psj.2021.101236
https://doi.org/10.2307/1589797
https://www.ncbi.nlm.nih.gov/pubmed/7004432
https://doi.org/10.2307/1592642
https://doi.org/10.1111/j.1574-6976.2002.tb00606.x
https://www.ncbi.nlm.nih.gov/pubmed/12069879
https://doi.org/10.1097/QCO.0b013e32830f453a
https://doi.org/10.1016/j.pedneo.2013.01.010
https://doi.org/10.1098/rstb.2014.0085


Int. J. Environ. Res. Public Health 2023, 20, 6654 13 of 15

83. O’Neill, J. Antimicrobials in Agriculture and the Environment: Reducing Unnecessary Use and Waste. 2015. Available online:
https://amr-review.org/Publications.html (accessed on 20 August 2023).

84. Roberts, M.C. Antibiotics and Resistance in the Environment. In Antimicrobial Resistance in the 21st Century; Springer: Cham,
Switzerlands, 2018; pp. 383–407.

85. Antunes, P.; Machado, J.; Peixe, L. Illegal use of nitrofurans in food animals: Contribution to human salmonellosis? Clin. Microbiol.
Infect. 2006, 12, 1047–1049. [CrossRef] [PubMed]

86. Dutil, L.; Irwin, R.; Finley, R.; Ng, L.K.; Avery, B.; Boerlin, P.; Bourgault, A.M.; Cole, L.; Daignault, D.; Desruisseau, A.; et al.
Ceftiofur resistance in Salmonella enterica serovar Heidelberg from chicken meat and humans, Canada. Emerg. Infect. Dis. 2010,
16, 48. [CrossRef]

87. Moulana, Z.; Asgharpour, F. Prevalence and Antimicrobial Resistance of Salmonella enterica Serovar Infantis Isolates from Poultry:
A review. Poult. Sci. J. 2022, 10, 13–26.

88. Nandi, S.; Maurer, J.J.; Hofacre, C.; Summers, A.O. Gram-positive bacteria are a major reservoir of Class 1 antibiotic resistance
integrons in poultry litter. Proc. Natl. Acad. Sci. USA 2004, 101, 7118–7122. [CrossRef]

89. Yang, Y.; Ashworth, A.J.; Willett, C.; Cook, K.; Upadhyay, A.; Owens, P.R.; Ricke, S.C.; DeBruyn, J.M.; Moore Jr, P.A. Review
of antibiotic resistance, ecology, dissemination, and mitigation in US broiler poultry systems. Front. Microbiol. 2019, 10, 2639.
[CrossRef] [PubMed]

90. Didelot, X.; Fraser, C.; Gardy, J.; Colijn, C. Genomic Infectious Disease Epidemiology in Partially Sampled and Ongoing Outbreaks.
Mol. Biol. Evol. 2017, 34, 997–1007. [CrossRef]

91. Butel, M.J.; Waligora-Dupriet, A.J.; Wydau-Dematteis, S. The developing gut microbiota and its consequences for health. Dev.
Orig. Health Dis. 2018, 9, 590–597. [CrossRef]

92. Xu, Z.R.; Hu, C.H.; Xia, M.S.; Zhan, X.A.; Wang, M.Q. Effects of dietary fructooligosaccharide on digestive enzyme activities,
intestinal microflora and morphology of male broilers. Poult. Sci. 2003, 82, 1030–1036. [CrossRef]

93. Donalson, L.M.; McReynolds, J.L.; Kim, W.K.; Chalova, V.I.; Woodward, C.L.; Kubena, L.F.; Nisbet, D.J.; Ricke, S.C. The influence
of a fructooligosaccharide prebiotic combined with alfalfa molt diets on the gastrointestinal tract fermentation, Salmonella
enteritidis infection, and intestinal shedding in laying hens. Poult. Sci. 2008, 87, 1253–1262. [CrossRef] [PubMed]

94. Charalampopoulos, D.; Rastall, R.A. (Eds.) Prebiotics and Probiotics Science and Technology; Springer Science & Business Media LLC:
Berlin/Heidelberg, Germany, 2009.

95. Durant, J.A.; Corrier, D.E.; Ricke, S.C. Short-chain volatile fatty acids modulate the expression of the hilA and invF genes of
Salmonella typhimurium. J. Food Prot. 2000, 63, 573–578. [CrossRef]

96. El-Shall, N.A.; Awad, A.M.; El-Hack, M.E.A.; Naiel, M.A.; Othman, S.I.; Allam, A.A.; Sedeik, M.E. The simultaneous adminis-
tration of a probiotic or prebiotic with live Salmonella vaccine improves growth performance and reduces fecal shedding of the
bacterium in Salmonella-challenged broilers. J. Anim. 2019, 10, 70. [CrossRef] [PubMed]

97. Borchers, A.T.; Selmi, C.; Meyers, F.J.; Keen, C.L.; Gershwin, M.E. Probiotics and immunity. J. Gastroenterol. 2009, 44, 26–46.
[CrossRef]

98. Tellez, G.; Pixley, C.; Wolfenden, R.E.; Layton, S.L.; Hargis, B.M. Probiotics/direct fed microbials for Salmonella control in poultry.
Food Res. Int. 2012, 45, 628–633. [CrossRef]

99. Higgins, J.P.; Andreatti Filho, R.L.; Higgins, S.E.; Wolfenden, A.D.; Téllez, G.; Hargis, B.M. Evaluation of Salmonella-lytic properties
of bacteriophages isolated from commercial broiler houses. Avian Dis. 2008, 52, 139–142. [CrossRef] [PubMed]

100. Gheisar, M.M.; Hosseindoust, A.; Kim, I.H. Evaluating the effect of microencapsulated blends of organic acids and essential oils
in broiler chickens diet. J. Appl. Poult. Res. 2015, 24, 511–519. [CrossRef]

101. Amad, A.A.; Männer, K.; Wendler, K.R.; Neumann, K.; Zentek, J. Effects of a phytogenic feed additive on growth performance
and ileal nutrient digestibility in broiler chickens. Poult. Sci. 2011, 90, 2811–2816. [CrossRef]

102. Orndorff, B.W.; Novak, C.L.; Pierson, F.W.; Caldwell, D.J.; McElroy, A.P. Comparison of prophylactic or therapeutic dietary
administration of capsaicin for reduction of Salmonella in broiler chickens. Avian Dis. 2005, 49, 527–533. [CrossRef]

103. Solarte, A.L.; Astorga, R.J.; Aguiar, F.; Galán-Relaño, Á.; Maldonado, A.; Huerta, B. Combination of antimicrobials and essential
oils as an alternative for the control of Salmonella enterica multiresistant strains related to foodborne disease. Foodborne Pathog. Dis.
2017, 14, 558–563. [CrossRef]

104. Ebani, V.V.; Nardoni, S.; Bertelloni, F.; Tosi, G.; Massi, P.; Pistelli, L.; Mancianti, F. In vitro antimicrobial activity of essential oils
against Salmonella enterica serotypes Enteritidis and Typhimurium strains isolated from poultry. Molecules 2019, 24, 900. [CrossRef]

105. Rochín-Medina, J.J.; Mendoza-López, I.A.; Castro-del Campo, N.; Bastidas-Bastidas, P.J.; Ramírez, K. Activity of plant essential
oils against clinically and environmentally isolated Salmonella enterica serotypes: In vitro assays and molecular docking. Lett.
Appl. Microbiol. 2023, 76, ovad045. [CrossRef] [PubMed]

106. Abedon, S.T.; Loc-Carrillo, C. Pros and cons of phage therapy. Bacteriophage 2011, 1, 111–114.
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