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Abstract

Background: Microbial pathogens pose significant threats to food safety and public health, with foodborne
illnesses affecting millions worldwide. Traditional detection methods often lack the sensitivity and speed
required for effective monitoring. Recent advances in Polymerase Chain Reaction (PCR)-based techniques
have revolutionized pathogen detection, offering rapid and specific identification of foodborne
microorganisms.

Methods: This review synthesizes recent developments in PCR methodologies, including multiplex PCR,
Real-Time PCR, Reverse Transcriptase PCR (RT-PCR), and Next Generation Sequencing (NGS). A
comprehensive evaluation of these techniques was conducted, focusing on their application in identifying
bacterial, fungal, and viral pathogens across various food matrices. The review also discusses the challenges
associated with traditional culture-based methods and highlights the benefits of modern molecular
techniques.

Results: The findings indicate that PCR-based methods significantly enhance the detection and
quantification of foodborne pathogens compared to conventional techniques. Real-Time PCR demonstrated
high sensitivity and specificity for pathogens such as Salmonella, Listeria, and E. coli, while NGS provided
insights into the microbial composition of food samples, enabling the identification of complex pathogen
communities.

Conclusion: The integration of advanced PCR techniques into food safety protocols is essential for
mitigating the risks associated with foodborne pathogens. These methodologies not only improve detection
rates but also facilitate timely public health responses to outbreaks. Future research should focus on
optimizing these techniques for routine use in food safety laboratories and exploring novel approaches for
pathogen control.
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1. Introduction

Microorganisms have a crucial role in food production, safety, and deterioration. Microbial interactions
with food may render it unsuitable for human ingestion [1,2]. Some foodborne microbes not only lead to
food spoiling but are also pathogenic, posing dangers to food safety and contributing to foodborne diseases
among food handlers, customers, and society at large [3,4]. Foodborne illnesses and diseases pose
significant hazards to human health and life, with more than 200 recognized foodborne infections.
Prevalent foodborne pathogens include germs like Campylobacter species, Bacillus cereus, and Clostridium
botulinum. Clostridium perfringens, some serogroups of Listeria monocytogenes, Escherichia coli, Salmonella
species, Staphylococcus aureus, Shigella species, and Vibrio species. and so forth [5-7]. As a result, detection
techniques were established for these pathogens to guarantee adherence to established legal and
regulatory food safety standards based on either the presence or absence of pathogens and their numbers.
Foodborne fungus species, including Penicillium, Claviceps, Aspergillus, and Fusarium, pose a significant
public health risk due to their potential to create mycotoxins [6]. Principal foodborne pathogenic viruses
include Hepatitis A and E viruses, Norovirus, Rotavirus, Sapovirus, Enterovirus, Adenovirus, Astrovirus, and
Achivirus [7,8].

Recently, substantial progress has been made in food preservation techniques aimed at prolonging
shelf-life and eradicating spoilage and harmful microorganisms. Commonly employed methods encompass
low-temperature storage (chilling and freezing), the application of chemical preservatives (e.g., essential
oils and bacteriocins), and vacuum or modified atmosphere packaging [9-11]. Although certain methods
eradicate food pathogens, research indicates that exposure to environmental or preservation-related stress
may allow some pathogens to survive as metabolically injured cells with compromised metabolic functions.
In such instances, these pathogens may either recover from the damage or remain irreversibly impaired
[12-14]. They may also exist as dormant cells, such as viable but non-culturable cells (VNBC) or persister
cells [15]. VNBC cells are non-culturable cells that exhibit low, detectable metabolic activity using
established growth medium, while persister cells are surviving cells that are tolerant, but not resistant, to
antibiotics, characterized by low metabolic activity and undetectable viability in experiments. Nonetheless,
persister cells may become culturable when subjected to a particular stimulation [15].

The frequent incidence of foodborne infections indicates that, despite considerable progress in food
production and safety, foodborne microorganisms remain substantial public health threats [15]. As a result,
many technologies, both culture-dependent and culture-independent, have been developed to identify
foodborne pathogens in food and safeguard public health. Numerous evaluations have been conducted on
the detection of foodborne pathogens utilizing both culture-dependent and independent methodologies,
including culture media, Polymerase Chain Reactions (PCR) such as multiplex PCR, Real-Time PCR, Reverse
Transcriptase PCR (RT-PCR), DNA microarray, nucleic acid sequence-based amplification (NASBA), Next
Generation Sequencing (NGS), as well as immunological and nanotechnology-based techniques [15-17].

Nonetheless, the majority of these evaluations mostly focus on bacteria, with just a cursory reference
to other foodborne pathogenic groupings. Bacteria are the most prevalent foodborne pathogens of public
health importance. Nonetheless, other pathogenic entities, such fungi and viruses, are significant since they
are recognized for causing outbreaks of foodborne disorders. This review addresses bacteria, fungi, and
viruses, emphasizing specific molecular techniques such as PCR (RT PCR, Multiplex PCR, End-point PCR,
etc.) and NGS to enhance our understanding of detection and identification methods for various foodborne
pathogens. The most current statistics on foodborne illness occurrences are provided, together with
instances of recent outbreaks, to illustrate that foodborne pathogens remain a substantial threat to public
health.
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2. Incidences of Foodborne Illnesses
L. Bacteria

Bacterial foodborne diseases are a global phenomenon. In the USA, foodborne infections are predicted
to result in between 128,000 and 325,000 hospitalizations, 3,000 to 5,000 deaths, and at least 76 million
illnesses annually, incurring economic costs of up to $83 billion per year [4,18,19]. In the European Union
in 2020, there were 20,017 human cases and 3,086 foodborne outbreaks of foodborne infections, with
Salmonella (in eggs and egg products) identified as the predominant bacterial causal agent for these
outbreaks. In addition to Yersinia, Salmonella and Campylobacter, Shiga toxin-producing Escherichia coli
(STEQ), and Listeria monocytogenes were the other predominant causal agents of foodborne infections in
the EU in 2020. L. Illnesses associated with monocytogenes were among the leading causes of human
mortality in the EU during this period [20-23]. Globally, it is estimated that around 3 million episodes of
diarrhea attributable to foodborne microbial infections occur each year. The Australian Department of
Health estimates that 4.1 million instances of foodborne infections occur in Australia. A review of foodborne
microorganisms and their related diseases has been compiled by the authors [5].

1L Fungi

Unlike bacteria and viruses, outbreaks of infections linked to fungal foodborne pathogens are few, since
only around 300 of the estimated 1.5 million fungal species are recognized as harmful to humans.
Nonetheless, there are significant instances of sickness outbreaks, usually attributed to fungal secondary
metabolites like toxins, sometimes affecting only susceptible groups, such as those with compromised
immune, those who have had transplants, or those receiving immunosuppressive therapies. Nonetheless,
seldom, some immunocompetent individuals may also fall victim to foodborne fungal infections.

In 2013, an epidemic of gastroenteritis (characterized by vomiting, nausea, and diarrhea) affected
approximately 200 individuals in the USA who purchased yoghurts infected with Mucor circinelloides. Seven
hospital patients in Hong Kong had an epidemic of food poisoning caused by Rhizopus microsporus from
contaminated pre-packaged ready-to-eat meals or cornstarch used in the production of allopurinol tablets
[24]. A literature study [25] indicates that some filamentous fungi, including Aspergillus, Mucor, and
Fusarium, may induce localized infections in the sinuses, lungs, and other regions of immunocompetent
individuals when ingested via contaminated food or breathed. Invasive pulmonary illness induced by some
fungal infections often manifests in immunocompromised individuals, with inhalation being the
predominant route of infection. Nevertheless, gastrointestinal pathways may also be significant, therefore
necessitating that these individuals refrain from consuming foods potentially infected with fungus [25]. A
comprehensive review of foodborne fungal agents was compiled by the authors [26].

II1. Pathogenic agents

Viral food poisoning outbreaks are recorded less often than bacterial outbreaks. Noroviruses and
Hepatitis A viruses are among the most prevalent foodborne viral infections responsible for human
diseases. Noroviruses are associated with about 21 million episodes of acute gastroenteritis each year in
the United States. In 2020, Norovirus in crustaceans, shellfish, molluscs, and their derivatives was a
significant contributor to recorded foodborne outbreaks in the EU. Enteric viruses are believed to constitute
around 13% and 45% of foodborne disease outbreaks in the EU and the US, respectively, with occasional
public announcements of these outbreaks. A compilation of viral foodborne diseases has been documented

by [8].

A recent analysis of documented virus-associated foodborne illness outbreaks has revealed that the
gastroenteritis outbreak during the 2018 Winter Olympics in South Korea (194 cases), the frozen
raspberry-related outbreak in Canada in 2017 (700 cases), and the outbreak aboard a Royal Caribbean
cruise line in 2017 were all associated with Noroviruses [27]. Literature evaluations indicate that in 2014,
viral agents constituted 20% of all documented outbreaks in the EU [20]. Notable instances are the 162
Hepatitis A virus infections in the United States in 2011 (due to the ingestion of tainted pomegranate seeds)
and over 1100 cases in China in 2012 (Norovirus linked to frozen strawberries). In 2020, diseases caused
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by the West Nile virus were among the predominant foodborne pathogens leading to the largest number of
human deaths in the EU [20].

3. Techniques for Identifying Foodborne Pathogens

The identification of pathogens in food matrices with high repeatability and sensitivity is crucial for
ensuring food safety. Nonetheless, it remains a formidable problem owing to variables such as interference
from other and non-target microbiota, limited populations of target groups, and difficulties in microbial
extraction from food matrices. Various techniques are used for the detection and identification of foodborne
pathogens. These include culture-based techniques, immunological tests, and nucleic acid-based
procedures, including Polymerase Chain Reactions (PCR) and Next Generation Sequencing (NGS). This
study offers a concise elucidation of the concepts behind each category of method (excluding biosensors),
when applicable, followed by an examination of the application of many commonly used techniques for
pathogen detection in contemporary literature. This study examines the use of culture-based techniques,
immunological tests, PCR, and Next Generation Sequencing methodologies [28].

The efficacy of any of these methods relies on the implementation of suitable aseptic sampling and
sample storage techniques. The sampling strategy relies on the kind of food being analyzed, the specific
microbial groups targeted, and the tools used for microbial detection. Sample collection and analysis for
methods involving the isolation and use of microbial cultures must adhere to standard standards
established by authoritative organizations like as the FDA, FSIS/USDA, ISO, and AOAC [29]. Standardized
procedures are available for sample collection, analysis, and data interpretation, contingent upon the
specifications provided by the kit, reagent, and equipment manufacturers.

L. Culture-based Methods

Culture-based techniques continue to serve as the standard for identifying foodborne pathogens,
despite the availability of more contemporary approaches [30-33]. These approaches rely on the capacity
of bacteria and fungi to proliferate on the culture medium, resulting in visible colonies that may then
undergo further tests as necessary. They continue to be the preferred option and may be mandated by
legislation for the identification of microorganisms in food testing facilities [15]. They may be used to
provide culture-dependent qualitative and quantitative data on the presence of foodborne pathogens.
Culture-based techniques are more effective when the growth needs of target microorganisms are
understood, using culture medium to enrich, selectively isolate, or differentiate between target
microorganisms and other groups [6]. Furthermore, cultures may undergo assessments including colony
morphology, Gram staining, biochemical characterization, MALDI TOF MS, and PCR sequencing for
identification purposes [6].

Notwithstanding its user-friendliness, affordability, and capacity to isolate microorganisms for further
applications, culture-based approaches possess considerable limitations. These approaches exhibit limited
sensitivity as not all microorganisms are culturable, and some culturable bacteria, such as S. typhi and E.
coli, may persist in a viable but non-culturable (VBNC) state due to stress and other conditions [15,34]. This
may result in the underestimation or failure to identify foodborne microorganisms, hence posing a possible
danger to food safety [35]. The cultivation of microorganisms is a protracted and arduous procedure that
requires many phases and may need supplementary techniques (e.g., biochemical, serological, nucleic acid-
based procedures for definitive identification), potentially taking up to a week for bacteria or longer for
fungus. They may also be inadequate for the rapid identification of microorganisms for immediate or real-
time detection of foodborne pathogens [36,37].

IL Immunological Assessments

These tests include serotyping, immunofluorescence, lateral flow devices (LFD), and enzyme-linked
immunosorbent assay (ELISA), with ELISA being a very precise immunological technique for the detection
of foodborne pathogens and their toxins. These methodologies operate on the notion of the affinity between
microbial antigens and antibodies, which may be leveraged for the fast and precise identification of
foodborne pathogens [37]. The primary benefits of these tests are their simplicity, rapidity compared to
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culture-based approaches, ability to identify poisons, and high specificity. The contamination of the reaction
matrix may result in the production of false positives [38]. ELISA and lateral flow devices (LFD) are among
the most prevalent immunoassays for the detection of foodborne microorganisms and their toxins, with
their principles and mechanisms of action thoroughly reviewed [16,38,39]. ELISA may occasionally be
employed alongside other techniques, such as PCR, to enhance specificity and efficiency. A PCR-ELISA
method has resulted in a 100-fold enhancement in the identification of Fusarium verticillioides in infected
maize samples relative to traditional PCR detection [40].

IIL Nucleic Acid-Based Techniques (Polymerase Chain Reaction (PCR) and Its Variants (e.g.,
RT-PCR))

PCR and its derivatives are nucleic acid-based techniques used to identify particular DNA or RNA
sequences of harmful bacteria. Targeted primers are engineered for specific diseases, enabling their
exponential amplification in food samples. PCR-based methods are more rapid, sensitive, repeatable, and
adaptable than most culture-based and immunoassay techniques, establishing them as the preferred
alternative for detecting foodborne pathogens. They are used on nucleic acids derived from food samples
or microbiological isolates obtained from food samples [16,38,41,42].

This nucleic acid-based technique has several versions (Figure 1). This encompasses traditional PCR
techniques (nested, touchdown, hot-start PCR, etc.), which are often used for the detection of foodborne
pathogens using primers that target the DNA of these pathogens. Nested PCR is an adaptation of
conventional PCR that employs two distinct primer sets throughout two separate PCR reaction cycles. The
second primer set amplifies a secondary target using the amplicon produced by the first primer set [41].
Nested PCR is specifically engineered to detect minimal concentrations of target pathogens [43].
Touchdown PCR inhibits the amplification of non-specific sequences. This is accomplished by initiating the
early PCR steps at elevated annealing temperatures, followed by gradual reductions in succeeding cycles,
so enabling the primer to bind to the target sequence at the maximum temperature that inhibits the
amplification of non-specific sequences. Multiplex PCR is a version that enables the simultaneous detection
of numerous diseases by using various primers within a single reaction [41].

Reverse Transcriptase PCR (RT-PCR) facilitates the identification of RNA (metabolically active
microorganisms) by synthesizing complementary DNA (cDNA) from the RNA transcript, followed by the
amplification of the cDNA. Real-time or quantitative PCR (qPCR) quantifies pathogen load on food products
by fluorescent dyes or probes, utilizing a specifically constructed thermal cycler. It contrasts with traditional
PCR by monitoring the amplification of target DNA in real-time rather than at the endpoint, as is the case
with conventional PCR. RT-PCR and qPCR may be integrated (RT-qPCR) for both qualitative and quantitative
applications. RNA undergoes reverse transcription to become cDNA, which is then analyzed using Real-
Time PCR for quantitative RNA detection [41]. Alternative PCR methodologies, such as droplet digital PCR
(ddPCR), provide quantification without necessitating a standard curve [44,45]. In DDPCR, target samples
are divided into thousands of droplets, each consisting of one-nanolitre reverse micelles (water in oil),
which undergo a fluorescence probe-based PCR experiment. Loop-mediated isothermal amplification
(LAMP) is a DNA amplification technique that produces around one billion copies of DNA, surpassing the
one million copies generated by conventional PCR, all within one hour [46]. The process employs a
maximum of three primer pairs to target up to eight particular loci on DNA strands during amplification
processes performed at consistent temperatures [46].
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Figure 1. Methods using nucleic acids for the detection and identification of foodborne diseases
[47].
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Identification of Foodborne Bacteria Utilizing PCR-Based Techniques

Conventional PCR and its derivatives, which are DNA-based, use primers (specific or degenerate)
to identify a target or group of bacteria in food products. Nonetheless, these methodologies (endpoint PCR,
nested PCR, multiplex PCR, etc.) are incapable of determining the viability of the target organism(s). These
methodologies have been effectively used to identify significant bacterial pathogens, including Salmonella
spp., Campylobacter sp., and Escherichia coli 0157:H7, Salmonella. Staphylococcus aureus, B. cereus, L.
monocytogenes and V. parahaemolyticus are present in ready-to-eat Korean meals, Minas Frescal cheese,
milk, beef, contaminated chicken eggs, pork, salad, and seafood [48-53].

Real-Time or quantitative PCR is more prevalent than traditional PCR or multiplex PCR for
detecting and quantifying the prevalence of significant foodborne bacterial pathogens in extracts from food
samples or purified isolates. Salmonella, Escherichia coli, Campylobacter, and Listeria monocytogenes have
been identified and quantified in cheese, poultry, beef burgers, turkey, pig, eggs, and fish via Real-Time PCR
[34,54-56]. Employing the same technique, Clostridium perfringens, Escherichia coli, and Staphylococcus
aureus were identified and measured in fresh and ready-to-eat vegetables [57]. Pathogens including V.
vulnificus, V. parahaemolyticus, and V. cholerae have been identified in seafood, shrimp, and mussels by Real-
Time PCR [58,59].

Conversely, Reverse Transcriptase PCR (RT-PCR) technologies are less prevalent for the detection
of foodborne bacterial infections compared to Real-Time or quantitative PCR. This is because, while mRNA
serves as a superior signal of bacterial vitality, it is swiftly destroyed inside the food matrix, leading to false
negative findings [60-62]. The technique is labor-intensive, and these reasons explain why this
methodology is rarely used for identifying foodborne germs compared to other approaches. Nonetheless,
this method has been used to identify bacterial pathogens in several food samples, including S.
Typhimurium in intentionally contaminated jalapefio and serrano peppers and S. enterica in spiked egg
broth and milk [63,64].

Viable PCR (vPCR) is a type of PCR that employs intercalating dyes, such as ethidium monoazide
(EMA) and propidium monoazide (PMA), for sample pre-treatment, followed by PCR amplification to
identify viable foodborne pathogens [65]. vPCR may be more effectively used for pathogen identification
compared to RT PCR. These intercalating dyes may infiltrate the membranes of compromised or deceased
bacterial cells, permanently attaching to their DNA molecules and so obstructing amplification by PCR
primers. Consequently, any amplicon detected in the following PCR will originate from viable bacterial cells
[65]. It has been used to identify live Salmonella species. In spiked pig meat and ready-to-eat salad, as well
as Helicobacter pylori in retail pork meat, this technique is effective in evaluating food safety [66-68]. The
integration of vPCR with Real-Time PCR has facilitated the precise identification and quantification of live
Campylobacter species. in frozen and refrigerated poultry products [69] and Listeria species. in spiked
meat, salad, cheese, and milk. Alternative nucleic acid amplification techniques, including LAMP (Loop-
Mediated Isothermal Amplification), have been used to identify V. vulnificus and V. parahaemolyticus in food
products, particularly seafood [70].

Identification of Foodborne Fungi Utilizing PCR-Based Techniques

A literature study revealed a paucity of studies about the identification of pathogenic fungi on food
products by PCR-based approaches, in contrast to bacteria. Numerous findings indicate the identification
of fungal infections in clinical and environmental samples using nucleic acid and PCR-based techniques
[71,72]. Various PCR or nucleic acid-based techniques, including endpoint PCR, real-time PCR, nested PCR,
quantitative (RT)-PCR, loop-mediated isothermal amplification (LAMP), and multiplex PCR, have been used
for the identification of pathogenic or mycotoxigenic fungus [73]. These approaches have been used directly
on extracts from food samples, swabs of food surfaces, and isolates from food samples to identify and
characterize foodborne fungal pathogens.

Multiplex PCR has been devised and effectively used to identify aflatoxigenic Aspergillus isolates
from "meju," a traditional fermented soybean food starter from Korea [74]. In this case, specifically
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engineered primers were used to effectively differentiate between aflatoxin-producing and non-aflatoxin-
producing fungi, as corroborated by TLC and HPLC analyses of filtrates from test cultures [75]. Multiplex
PCR has been used to concurrently identify Aspergillus, Penicillium, and Fusarium in contaminated maize
grain powder [76].

Patulin-producing Penicillium expansum has been effectively identified on intentionally infected
apples using RT-PCR [77]. Loop-mediated isothermal amplification (LAMP) tests have been established for
the rapid identification of ochratoxin-producing Penicillium nordicum in dry-cured pork products [78].
PCR, in conjunction with techniques like denaturing gradient gel electrophoresis (DGGE) and sequencing,
is now capable of detecting ochratoxin-producing Aspergillus niger in wine [79]. DGGE is a technique used
to segregate DNA fragments (PCR amplicons) according to their melting properties on polyacrylamide gels.
This produces a gel-based fingerprint of the main microbial groups, and further techniques may be used to
describe the identification of these groups if necessary [79].

Identification of Foodborne Viruses Utilizing PCR-Based Techniques

Molecular techniques include PCR, Multiplex PCR, Real-Time PCR (RT-PCR), digital RT-PCR, and
Quantitative RT-PCR may be used to identify viral infections in food. RT-PCR is a widely used technique,
perhaps due to the prevalence of RNA viruses and its efficacy in detecting foodborne viral infections. This
is due to its capacity to quantify viral particles when used with quantitative real-time PCR, which is highly
sensitive, specific, and capable of high throughput [27]. These may be directly used to food samples or
combined with a cell culture test (isolation of pathogens by cell culture followed by detection using PCR)
[57]. Viruses must be isolated and concentrated from food components prior to the use of PCR. The
technique's shortcomings include potentially inefficient extraction techniques, leading to minimal recovery
or complete loss of viral particles, and the amplification process may be hindered by sample inhibitors. RT
PCR, or real-time quantitative PCR (RT qPCR), cannot differentiate between infected and non-infectious
particles [59]. To address the limitations in detecting infectious particles, intercalating dyes like propidium
monoazide (PMA) or ethidium monoazide (EMA) can be employed for sample pre-treatment prior to RT
PCR or RT qPCR, thereby inhibiting amplification from non-infectious particles. This method has effectively
differentiated infectious Hepatitis A viruses and Rotavirus from non-infectious particles in laboratory
analyses [80].

Numerous instances exist of RT-PCR used for virus identification in food. The incidence of Hepatitis
A and Norovirus was examined in harvested mussels in Italy. RT-PCR was used to unambiguously
demonstrate the significant incidence of norovirus, highlighting the public health concern linked to mussel
eating [81]. RT-PCR has also been used to identify zoonotic Hepatitis E viruses in contaminated pig liver
sausages [126] and in uncooked and liver sausages available in retail outlets in Germany. This methodology
was used in Brazil to evaluate the incidence of Adenovirus, Hepatitis E virus, and Rotavirus in beef, pig, and
chicken meat cuts from a local market, revealing that Rotavirus was the predominant viral pathogen in the
chicken samples [82].

RT-PCR has been used in conjunction with novel techniques such as microfluidics to identify
viruses in various food products or to improve the viral detection efficacy of other molecular approaches.
Unprocessed fruits, particularly soft berries, may contain viruses like Norovirus and Hepatitis A virus,
which are responsible for gastroenteritis. Nonetheless, their concentrations and infectious dosages are
often minimal in contaminated food samples. Consequently, microfluidics was effectively used to improve
the detection of these two viruses in soft berries by digital RT-PCR, resulting in reduced PCR inhibition and
increased viral detection efficiency [83]. Microfluidic digital PCR effectively detected Norovirus and
Hepatitis A viruses in contaminated lettuce, demonstrating much greater viral recoveries compared to
other molecular techniques as RT-PCR [84].

V. Methods of Next-Generation Sequencing (NGS)

Next-generation sequencing (NGS) methodologies combined with bioinformatics are potent
techniques that have significantly improved food safety. Next-generation sequencing (NGS) is mostly used
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for two purposes: firstly, to ascertain the whole genome sequence of an isolate (whole genome sequencing
or WGS), and secondly, in metagenomics, to identify the sequences of various microbes present in a sample.
In this application, specific microbial groupings (bacteria, fungi, or viruses) may be identified using 16S
rRNA, ITS, or other biological markers [85]. Figure 2 illustrates the various processes of next-generation
sequencing (NGS) used in food microbiology. Next Generation Sequencing approaches are well-reviewed
about their concepts, kinds, benefits, and limitations [39,40].
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Figure 2. Next-generation sequencing methodology for the detection and identification of
foodborne pathogens [32].

4. Conclusions and Prospective Directions

A review of four techniques was conducted: culture-based, immunoassay, nucleic-acid-based (PCR),
and NGS-based procedures. Culture-based methods, when combined with techniques such as MALDI TOF
MS and nucleic acid-based methods like PCR (Real-Time PCR for bacteria and RT-PCR for fungi), are effective
for the rapid detection and identification of various foodborne pathogens, particularly those within
bacterial and fungal categories. Nucleic acid-based techniques, including Real-Time PCR and vPCR in
conjunction with sequencing technologies, are more prevalent than immunoassays and NGS-based
methods for pathogen identification. NGS-based methodologies, including metagenomics, provide
exceptional insights into the genotype, diversity, and activity of foodborne pathogens, facilitating pathogen
monitoring, tracking, screening within the food chain, and identification. These methods would significantly
aid in the early diagnosis and management of foodborne outbreaks, ultimately improving public safety and
health. Current and future initiatives should concentrate on the use of current technologies for the control
of foodborne pathogens by educating food surveillance and safety personnel in these methodologies.
Furthermore, further study is necessary to create more effective strategies, such as using bacteriophages
for the control and eradication of foodborne infections.
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