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Abstract

The survival of Salmonella spp. in raw eggs is influenced by a complex interplay of environmental conditions and genetic adaptations that
enhance pathogen resilience. Storage factors such as temperature, humidity, and duration impact bacterial persistence within different egg
compartments, including the shell, albumen, and yolk. The ability of Salmonella to withstand hostile conditions is mediated by virulence
factors, stress response mechanisms, biofilm formation, and metabolic adaptations. Key serotypes like S. typhimurium and S. enteritidis
exhibit distinct survival strategies, leveraging quorum sensing, efflux pumps, and stress-induced mutagenesis to adapt to fluctuating
environments. Notably, ambient storage conditions increase bacterial survival compared to refrigeration, posing a greater risk of
contamination. Understanding the molecular mechanisms that enable Salmonella to thrive in eggs provides critical insights for developing
targeted interventions to enhance food safety and reduce the risk of outbreaks associated with raw egg consumption.
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Introduction

Salmonella is a Gram-negative, rod-shaped, non-spore-forming bacterium with facultative respiratory metabolism that consists of
two species: Salmonella bongori and Salmonella enterica (Tindall et al., 2005; Su and Chui, 2007). 99 % of human and warm-blooded
animal cases of salmonellosis are caused by subspecies enterica, one of the six subspecies of Salmonella enterica (Issenhuth-Jeanjean et
al., 2014; Lamas et al., 2018). All Salmonella serotypes other than those that cause typhoid fever, namely Salmonella typhi and Salmonella
para typhi, are classified as non-typhoidal Salmonella (NTS) serovars (Feasey et al., 2012). With an average incidence rate of 1.14%
episodes per person, NTS pathogens are major foodborne dangers that impact around 94 million individuals worldwide (Majowicz et
al., 2010; Murray et al., 2012).

Overview of Salmonella Contamination in the Egg Industry

Globally, the number of salmonellosis cases rose sharply between 1980 and the end of the 1990s. "Salmonella was only found in a very
low proportion of table eggs, at levels of 0.3%," according to an EFSA analysis from 2012, which is a 0.5% decrease from 2009. Salmonella can
penetrate the eggshell and contaminate the contents (De Reu et al., 2006), and the eggs themselves can contaminate other surfaces, so external
contamination of the eggshell from exposure to a contaminated environment is crucial. Additionally, fecal deposition on the shell and oviduct
contamination might cause external contamination of the egg (Gantois et al., 2009).

Public Health Significance of Egg-related Salmonella Outbreaks

Salmonella contamination of eggs is an issue for the poultry and egg industries as well as for public health. In the context of the chicken
business, internal Salmonella infection of eggs in the reproductive organs during egg formation results in Salmonella contamination of day-old
chicks in the case of viable eggs. In turn, these chicks may operate as a vast bacterial reservoir on farms or in commercial hatcheries (Cox et al
2000). Additionally, Salmonella in eggs has been linked to weak day-old chicks, low egg quality and viability, and a high death rate in infected
broilers and layers (Davies, 2012).
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Importance of Examining both Storage Conditions and Genomic Traits for Outbreak Prevention

Metagenomics, which is the random shotgun sequencing of a community's entire genomic content, and amplicon sequencing, also known
as metabarcoding, which entails the amplification and sequencing of marker gene families, are two methods that use NGS technologies to
investigate the species and functional diversity of microbial communities without bacterial culture. These two methods are frequently
mistakenly grouped together under the phrase metagenomics, thus it's critical to distinguish between them (Forbes et al., 2017).

Overview of international food safety regulations related to egg storage (e.g., FAO, WHO guidelines)

Eggs are consumed as a staple food around the world. They are a complete food that is necessary for health and are regarded by customers
as being healthy, adaptable, and balanced in vital nutrients (Jones et al., 2020). Nevertheless, eggs are prone to infection by certain germs and
are perishable (Smith & Brown, 2018). Each American consumes 234 eggs annually on average (USDA, 2023). Salmonella enteritidis (SE)
bacteria can be found in some of these eggs, which can get you sick if you eat them raw or use them in undercooked cuisine (CDC, 2022).

Overview of Salmonella in Egg Contamination

When eggs are placed by birds and come into contact with bird droppings (poop), Salmonella may infect the eggshells. Because the eggs
are cleaned before they are delivered to retailers, touching them at the grocery store is not a major source of sickness. Previous studies on the
impact of various poultry management methods on Salmonella and other food safety viruses have produced a variety of frequently contradicting
findings, making the public health implications of laying hen housing unclear. Nevertheless, prior data has established that the unique inherent
characteristics of each housing system present correspondingly unique challenges for pathogen control efforts (Jones et al., 2015). In Pakistan,
studies have shown a significant prevalence of Salmonella in poultry farms, posing a risk to public health. A study conducted in Punjab found
Salmonella enteritidis in 18.3% of layer farms, indicating inadequate biosecurity measures (Hussain et al., 2020). Another study reported
contamination rates as high as 23.5% in eggshells collected from open markets in Karachi, emphasizing the need for stricter hygiene regulations
(Ahmed et al., 2021). The lack of standardized cleaning and disinfection protocols in commercial and backyard poultry farms further exacerbates
the risk of Salmonella transmission in Pakistan (Khan et al., 2019).

Common Salmonella Serotypes linked to Egg Outbreaks

One of the most prevalent serotypes of Salmonella that has been recorded globally is Salmonella enteritidis, which is frequently associated
with eggs. The young chick becomes infected if a viable egg contains Salmonella enteritidis. According to estimates, the most common bacterial
cause of foodborne illnesses, hospitalizations, and fatalities in the United States is salmonella. An estimated $4.1 billion is spent annually on
direct medical expenses, lost productivity, and premature mortality due to foodborne nontyphoidal Salmonella strains, which are responsible
for 1.03 million infections, 19,300 hospitalizations, and 378 fatalities in the United States (Scallan et al., 2011, United States Department of
Agriculture Economic Research Service, 2018).

Routes of Salmonella contamination in egg production and
processing

Salmonella, specifically the serovar S. enteritidis, can
contaminate eggs in two ways: horizontally and vertically. There
are two ways that eggs might get contaminated: vertically and
horizontally. Horizontal transmission results from external
contamination of the eggshell, while vertical transmission is
caused by colonization of the reproductive organs (oviduct and
ovary) prior to shell formation (De Reu et al., 2006).

Influence of Storage Conditions on Salmonella Survival in
Eggs

At 22°C, Salmonella Typhimurium may survive better on
eggshells, but at 4°C, the bacterial burden diminishes with storage
time (University of Florida, 2021). Salmonella Typhimurium
develops best in the yolk at 15 or 22°C; however, it depends on the
Fig. 1: Medical illustration of non-typhoidal Salmonella temperature to grow in albumen (University of Florida, 2021).
One strain of each of the Salmonella enterica serovars Enteritidis,
Typhimurium, and Tennessee has been shown to survive on the

surface of table eggs while stored at 4, 8, and 20°C (Figure 1) (University of Florida, 2021).

Effects of Relative Humidity and COz Levels on Salmonella stability

Food drying inhibits the development of germs, although low-infectious dose pathogens can persist for long periods of time at low water
activity (aW) and result in foodborne disease (Gruzdev et al., 2012). According to estimates, Shiga toxin-producing Escherichia coli (STEC) and
Salmonella enterica account for 24% of foodborne disease deaths and 30% of hospitalizations in Canada annually (Health Canada, 2016).

Genomic Traits of Salmonella That Enhance Survival in Raw Eggs
MDR strains have become much more prevalent as a result of Salmonella's ongoing genomic evolution, which also increases the bacteria's
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pathogenicity and resistance to several antibiotics. The ability of Salmonella Enteritidis strains isolated from eggs to be phylogenomically
distinct from those isolated from other sources or to have genomic similarities is yet unclear. The current work was carried out to fill this
information vacuum by shedding light on the genetic signatures, virulence, antibiotic resistance, and phylogenetic traits of Salmonella
enteritidis linked to eggs (Abdelhamid & Yousef, 2023).

Virulence Genes, Stress Response, and Heat Resistance in Salmonella strains

In Shigella flexneri, virulence genes are produced at 37°C and turn off at 30°C or below (Dorman and Porter, 1998). According to Dorman
and Porter (1998), the strict regulation of virulence genes by ambient temperature may be a tactic to save energy and stop the virulence genes
from being expressed inappropriately outside the host. At 42°C, every virulent gene examined in this investigation significantly increased,
except for the sefA gene.

Role of Antibiotic Resistance Genes in Persistence and Survival

Antibiotic persistence is triggered by the stringent response, which is mediated by the alarmone (p) ppGpp, which is present in nearly all
bacterial species (Figure 2). In E. coli, (p) ppGpp is generated by the bifunctional synthetase/hydrolase SpoT during carbon, nitrogen, iron,
phosphate, and fatty acid shortage or by the synthetase RelA, which is triggered by heat shock and a lack of amino acids (Irving & Corrigan,
2018; Ronneau & Hallez, 2019).
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Fig. 2: Environmental triggers of antibiotic persistence and bacterial response mechanisms. (De Oliveira & Sauer, 2021)
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Interactions between Egg Storage Conditions and Salmonella Genomic Traits

A refrigerator (6°C, 90% RH) used to keep half of the eggs, while the other half were kept at room temperature (25°C, 63%. Beginning
at time o (the instant following inoculation) and continuing at 2, 4, 6, and 8 weeks after inoculation, two or three eggs per treatment were
removed in order to check for Salmonella in the egg contents and on the infected portions of the shell (Okamura et al., 2008).

Molecular and Genomic Techniques for Studying Salmonella in Raw Eggs

The development of thorough functional genomics-based methods to identify the genetic prerequisites for Salmonella colonization,
infection, and survival in the environmental conditions to which the microorganism is exposed has been made possible by molecular
technologies such as sequencing and targeted mutagenesis. The creation and use of such innovative functional genomics methods may
uncover hitherto unidentified weaknesses that may be investigated to provide fresh treatments and disrupt the Salmonella transmission
chain (Hensel, 2013).

Use of whole genome sequencing (WGS) for characterizing Salmonella strains

In public health labs, WGS may generate high-quality sequencing data that facilitates the identification of clinical strains, their
association with outbreak strains, and the identification of genes responsible for antibiotic resistance and virulence. WGS, which has
already profoundly changed the field of genomics, may allow researchers to examine host-pathogen interactions and test gene
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expression by sequencing RNA (Oakeson et al., 2017). WGS may also be used to identify a disease's probable causes and the way it
spreads throughout a population.

CRISPR-based methods for gene function analysis in Salmonella

One effective method for modifying the genes in bacteria's genomes is CRISPR/Casg. Nevertheless, the effective rate of genome editing in
bacterial plasmids using CRISPR/Casg is quite low since a single untreated plasmid (if any) multiply and restore its original sequences (Figure
3) (Tagliaferri et al., 2020). Removing harmful genes from genomic DNA (Jiang et al., 2013) or curing pathogenic plasmids from clinical
infections (Wang et al., 2019; Tagliaferri et al., 2020) are two current applications of CRISPR/Casg technology.
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Fig. 3: Real-time PCR and other rapid detection techniques for Salmonella in food products (Zhang et al., 2021)

A TagMan probe and specifically designed primers are used in a real-time PCR approach to detect the presence of a 262-bp fragment of
the Salmonella-specific invA gene. The DNA template for qPCR was extracted using the lysis-guanidine isothiocyanate procedure after a pre-
enriched sample was kept in buffered peptone water for the whole night. The target pathogen's invA gene was co-amplified during qPCR testing
with the addition of foreign internally amplification control (IAC) (U.S. Food and Drug Administration [FDA], 2024)

Impact of Salmonella Genomic Variability on Food Safety Risk

One crucial step in incorporating molecular data into risk assessment is filtering genome sequences to find genes pertinent to its virulence.
A significant obstacle, though, is the physiological effect of these genes' presence, expression, and interaction. Even though there are a number
of techniques (both established and new) for analyzing genome sequences, data mining for virulence genes and forecasting their visible
symptoms is still in its early stages (Van Hoorde & Butler, 2018).

Strain-specific Factors that Influence Salmonella Survival and Virulence

Animal sources of food frequently include resistant strains of Salmonella. Antimicrobial resistance in Salmonellae has been facilitated by
the misuse of growth promoters in cattle and the improper handling of antimicrobial drugs for human and animal therapy. In addition to
influencing the bacteria's pathogenicity, the surface features are also important targets for the human immune system, which puts selection
pressure on the development of genetic polymorphisms that code for antigenic variety (Van Boeckel et al., 2015).

Genomic Insights into the Persistence of Salmonella in different Egg Storage Environments

Not only do the surface characteristics affect the pathogenicity of the bacteria, but the human immune system also targets them, exerting
selection pressure on the development of genetic polymorphisms that code for antigenic variation. Elgroud et al. (2009), Alali et al. (2010),
Chinivasagam et al. (2010), Donado-Godoy et al. (2012), Jay-Russell et al. (2018 a,b) and others have reported that a variety of Salmonella
strains are present in animal dung, especially chicken manure.

Role of Emerging Salmonella Strains and their Potential to Evade Traditional Storage Safety Measures

Salmonella infections are a serious public health issue that also burdens the economy due to the high expenses of both preventing and
treating illness. (Crump et al., 2004; Helms et al., 2005; Mkangara, 2023). When food or water is infected with Salmonella, the consequence is
salmonellosis, which is brought on by eating contaminated food (Goncalves-Tenorio et al., 2018).
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Analysis of Plasmid-mediated Antibiotic Resistance in Salmonella strains from Eggs

It is possible that the plasmid is not maintained and may be present in other bacteria. With 50% coverage, discontinuous contigs were
added, allowing for the identification of plasmid continuity gaps brought on by insertions, deletions, or other mobile elements (Antipov et al.,
2019). Ultimately, the reference plasmid was used to align the shortest contigs (>3,000-<10,000) and BLAST was used to assess them using
the generated database. A plasmid draft was created using certain contigs that were taken out of the genome (Roosaare et al., 2023).

Practical Implications for Egg Storage and Handling in Preventing Salmonella Outbreaks

The public health burden of salmonellosis and antibiotic resistance linked to poultry products may be lessened by practical interventions
such as post-harvest antimicrobial application, biosecurity measures at poultry facilities, and omics tools and surveillance for identifying
antibiotic-resistance genes.
Recommendations for Industry Practices in Egg Processing, Packaging, and Distribution

Best practices in the egg processing sector concentrate on maintaining sustainability, safety, and quality at every turn. Maintaining ideal
temperatures to stop bacterial development and putting in place stringent quality control and sanitation procedures are essential throughout
processing (United States Department of Agriculture [USDA], 2020).

Innovative Technologies for Enhancing Egg Safety

An increasing number of feedings, egg gathering, and packaging systems are automated, which lowers labor expenses and minimizes
human mistake. Furthermore, advancements in egg processing techniques like pasteurization and packaging are increasing the eggs' shelf life
and guaranteeing their continued safety for human consumption (Market Research Intellect, 2023).

New Approaches to Rapid Salmonella Detection and strain differentiation in Eggs

Recently, the International Organization for Standardization (ISO) expanded the scope of the horizontal method for the detection,
enumeration, and serotyping of Salmonella to include milk and milk products, animal feces, and environmental samples from the primary
production stage (ISO 6579-1:2017). Salmonella, the bacteria that causes salmonellosis, can cause very serious illness, especially in small
children, the elderly, and those with weakened immune systems (WHO, 2016). It is often acquired by eating tainted animal-based food, namely
eggs, meat, poultry, and milk; however, other foods have also been linked to its spread (WHO, 2016).

Conclusion

The whole genomic sequencing has become a very promising tool in the investigation of foodborne outbreaks due to the rapid
advancement of DNA/RNA sequencing technology. This is because it can be used to determine the temporal, geographical, and evolutionary
origins of outbreaks as well as to evaluate the population structure of highly clonal, outbreak-related pathogens at a single-base resolution. The
primary source of human Salmonella infections is thought to be the chicken production chain. Studies have shown that Salmonella
contamination is prevalent in poultry production and retail chains. The reported findings emphasize the urgent need for robust surveillance
systems and improved hygiene practices to minimize Salmonella contamination, ensuring food safety and public health.
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