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Abstract In recent years, rapid detection methods such as

polymerase chain reaction (PCR) and quantitative real-time

PCR (qPCR) have been continuously developed to improve

the detection of food-borne pathogens in food samples. The

recent developments of PCR and qPCR in the detection and

identification of these food-borne pathogens are described

and elaborated throughout this review. Specifically, further

developments and improvements of qPCR are discussed in

detecting Salmonella and norovirus. Promising advances in

these molecular detection methods have been widely used

to prevent human food-borne illnesses and death caused by

the food-borne pathogens. In addition, this review presents

the limitations and challenges of the detection methods

which include conventional culture method and conven-

tional PCR method in detecting Salmonella and norovirus.

Furthermore, several advances of qPCR such as viability

PCR (vPCR) and digital PCR (dPCR) have been discussed

in the detection of Salmonella and norovirus. Good practice

of analysis of the food-borne pathogens and other con-

taminants in the food industry as well as the advancement

of molecular detection methods will help improve and

ensure food safety and food quality.
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Abbreviations

ATP Adenosine triphosphate

PCR Polymerisation chain reaction

qPCR Quantitative real-time polymerisation chain

reaction

vPCR Viability polymerisation chain reaction

dPCR Digital polymerisation chain reaction

NoV Norovirus

rt-PCR Real-time polymerisation chain reaction

ssRNA Single-stranded ribonucleic acid

VPg Viral protein genome-linked

ORF Open reading frame

BPW Buffered peptone water

LB Lactose broth

EIA Enzyme immunoassay

dsDNA Double-stranded deoxynucleic acid

ssDNA Single-stranded ribonucleic acid

dNTP Deoxynucleoside triphosphate

RT-PCR Reverse transcriptase polymerisation

cDNA Complementary deoxyribonucleic acid

LOD Limit of detection

Tm Melting temperature

FRET Fluorescence resonance energy transfer

IMS Immunomagnetic separation

PMA Propidium monoazide

EMA Ethidium monoazide bromide

HBGA Histo-blood group antigens
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Introduction

Food-borne pathogens which include bacteria, viruses,

fungi and parasites, are causing human illnesses and out-

breaks which can lead to death. Most food-borne illnesses

are caused by pathogens such Salmonella and norovirus

(NoV) (Koopmans and Duizer 2004). Other common food-

borne illnesses are caused by toxins that are released by

pathogens, toxic chemicals, natural contaminants and some

unspecified agents. Common symptoms of these illnesses

include diarrhea, vomiting, abdominal pain and fever.

However, life-threatening food-borne illnesses can cause

neurologic, hepatic and renal diseases and some, if not

treated, can lead to death (Mead et al. 1999). The typical

route for most food-borne illnesses is fecal–oral transmis-

sion through consumption of contaminated food and/or

water. Other routes include person-to-person contact and

contaminated surfaces. The growing concern of food-borne

illnesses and outbreaks has implemented for better control

of food safety and supply by preventing food-borne ill-

nesses, such as salmonellosis, in processes of food han-

dling, processing, storage arrangements, packaging and

distribution of the produce.

Globalization, population movement and supply chain

introduce pathogens to different regions causing emerging

infections. Approximately 600 million people—1 in 10

people worldwide, have food-borne illness due to the

consumption of contaminated food and 420,000 people die

annually (WHO 2020). Food-borne bacteria and viruses,

such as Salmonella and NoV, respectively, are some of the

most common food-borne pathogens that are known to

cause food-borne illnesses whereby Salmonella nonty-

phoidal spp. and NoV cause an estimated 1,027,561 and

5,461,731 number of illnesses, respectively (Scallan et al.

2011). The severity and incidence rate have increased for

food-borne illnesses despite well-established preventive

measures and improved food safety to prevent food-borne

illnesses. Thus, rapid and sensitive detection methods for

food-borne pathogens in food products are of great

importance to the food industry as well as in preventing

and containing outbreaks and cases of bioterrorism.

The introduction of PCR has aided the reduction of

food-borne illness throughout the years with improved

early detection and better sensitivity. These improvements

of the molecular detection methods are critical to make the

detection of the food-borne pathogens more reliable and

sensitive by reducing the time consumption for rapid data

acquisition. Other detection methods such as recombinase

polymerase amplification (RPA) (Rostron et al. 2019),

loop-mediated isothermal amplification (LAMP) (Zou et al.

2020) and electrochemiluminescence (ECL)-based detec-

tion (J. Shen et al. 2019) have also been used to detect

pathogens. Real-time PCR (rt-PCR), also known as quan-

titative real-time PCR (qPCR), is the advanced method of

the conventional PCR in which targeted DNA is amplified

and detected in real-time with quantification of the targeted

genomic sequence. This detection method has been widely

used in many diagnostic areas which includes analysis of

food-borne microbes. In this review, the use of PCR-based

methods for the detection and identification of Salmonella

and NoV will be focused on.

Salmonella

Salmonella, a Gram-negative and flagellated anaerobic

bacillus, is one of the most common food-borne bacteria

which causes salmonellosis. The structure of Salmonella

can be seen in Fig. 1 represented in a schematic diagram.

Initially, sample collection is obtained and sample will be

prepared for the real-time PCR method. The sample

preparation of the food-borne pathogens, such as Sal-

monella, will undergo extraction in which the genetic

material, DNA, found in the cytoplasm of the bacteria is

being isolated for PCR amplification using specific thermal

cycler that will amplify and make millions of copies of the

DNA (Fig. 1). Salmonellosis is found in the gastrointesti-

nal tract of an individual infected with Salmonella. Most

infections are caused by the ingestion of contaminated food

and water as Salmonella can be found frequently in fresh

produce, raw food products and unpasteurized milk. Most

infected individuals would usually recover from diarrhea,

vomiting and abdominal cramps without treatment; how-

ever, infected individuals with an impaired immune sys-

tem, infants and elderly require medical treatment as they

are more prone to infection. Salmonellosis has a number of

syndromes whereby different serovars show a specific

syndrome which include gastroenteritis, septicemia, enteric

fevers, focal infections and asymptomatic carrier state

(Giannella 1996). In order for the Salmonella bacteria to be

fully pathogenic, In order for the Salmonella are virulence

Fig. 1 Schematic diagram representation of Salmonella particle
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factors that the bacteria must possess. These virulence

factors include (1) complete lipopolysaccharide coat, (2)

ability of cell invasion, (3) ability of intracellular replica-

tion and (4) toxin(s) production (Giannella 1996). Firstly,

the bacteria colonise the ileum and colon after entering the

body by binding on to a specific receptor on the surface of

the epithelial cell membrane. The bacteria will then invade

the epithelial cells of the ileum and a series of acute

inflammatory response will occur which induces prolifer-

ation of the Salmonella bacteria within the follicles of the

epithelium and lymphoid cells (Giannella 1996). More-

over, Salmonella has the ability to secrete one or more

enterotoxin-like substances in which could influence Sal-

monella pathogenesis and diarrhea (Giannella 1996). Sal-

monella genus includes 2 species—Salmonella enterica

and Salmonella bongori. There are 6 subspecies for S.

enterica—Enterica, Salamae, Arizonae, Diarizonae,

Houtenae and Indica. S. bongori and S. enterica subsp.

Enterica were found to be pathogenic to humans in

reported cases of salmonellosis. Moreover, Salmonella has

more than 2500 serovars that are characterised according to

O, H and Vi antigens found on the somatic and flagella

regions of Salmonella. The diversity of Salmonella ser-

otypes has been an issue as a causative factor of

salmonellosis in humans (Merino et al. 2017) which may

vary geographically and with time.

Norovirus

Norovirus, a non-enveloped, positive-sense single-stranded

RNA (ssRNA) virus, is an enteric pathogen with the

leading cause of sporadic gastroenteritis in most develop-

ing and developed countries (Koopmans and Duizer 2004).

United States has an estimation of 60% of acute gas-

troenteritis caused by NoV annually (Robilotti et al. 2015).

NoV genome is a linear ssRNA of approximately

7.5–7.7 kb in length with viral protein genome (VPg)

attached at the 5’-end by covalent bonds and poly-(A)-tail

at the 3’-end (Robilotti et al. 2015). The genome is

organised into three open reading frames (ORFs), ORF1 to

ORF3 (Fig. 2). ORF1 encodes a large nonstructural

polyprotein that is cleaved into six nonstructural proteins

by proteolysis. These six nonstructural proteins include

N-terminal p48 protein, NTPase, 3A-like p22 protein, viral

genome-linked VPg, 3C-like protease 3CL and RNA-de-

pendent RNA polymerase RdRp (Cotten et al. 2014). ORF2

encodes major capsid protein VP1 which overlaps ORF1,

and ORF3 encodes minor capsid protein VP2 and is located

at the 3’-end of the viral genome. NoVs are classified into

seven genogroups (GI–GVII) with each genogroup being

characterised into genotypes based on the phylogenetic

clusters of VP1 amino acid sequence (Vinjé 2015). NoV

GI, GII and GIV are known to cause human outbreaks, GIV

NoVs mostly cause epidemic and sporadic disease (Vinjé

2015). Risk assessment analysis that is related to the food-

borne and waterborne viruses is required for the food

industry to prevent outbreaks of these illnesses and

improve food safety.

The main mode of transmission of NoV is through

fecal–oral transmission by the consumption of contami-

nated food or water. NoV can also be transmitted through

aerolised particles from infected person, contaminated

surfaces and environmental surroundings (Matthews et al.

2012). Furthermore, NoV can be transmitted at a low

infectious dose and with environmental persistence (Roo-

ney et al. 2014), causing symptoms which include diarrhea,

vomiting, stomach pain and nausea. NoV infections are

caused by the binding of the virus to histo-blood group

antigens (HBGAs) in human host cells and these NoVs will

bind to specific HBGAs with particular specificities

according to their genotypes and genogroups (Donaldson

et al. 2010). After the viral attachment, the virus will enter

the human cell and uncoating of the viral particle will

occur in which the positive-sense RNA will be released

into the cell cytoplasm. Translation of the viral RNA will

then occur and followed by post-translation cleavage of the

large polyprotein ORF1 into smaller viral proteins by the

virus-encoded protease (Pro). Genome replication of the

viral positive-sense RNA into negative-sense RNA will

occur and this will be used as a template for synthesizing

new viral positive-sense RNA. Viral capsids and proteins

Fig. 2 Schematic representation of the genome organization of human NoV. The NoV genome is organised into three open reading frames
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will be assembled to form new virus particles which will be

released out of the cell.

Challenges to the detection and identification
of Salmonella and Noroviruses

Conventional culture method of detection

The conventional culture method is a traditional microbi-

ological isolation technique used to detect pathogenic

bacteria. The process of enrichment and confirmation of

positive pathogen colonies by biochemical and serological

tests is time-consuming and labour-intensive. Specifically,

for Salmonella, would take up to nine days to produce

results (Andrews and Hammack 2020). Thus, conventional

culture method is not rapidly available to give results in a

food-borne illness outbreak or bioterrorism events (K.

M. Lee et al. 2015). Thus, due to the time consumption to

generate results, conventional PCR was then used widely,

which produced rapid and more reliable results within 24 h

with higher sensitivity and specificity. Conventional

culture methods are less sensitive than PCR-based methods

(Table 1) in addition with pre-enrichment step such as with

buffered peptone water (BPW) and lactose broth (LB),

which have been found to successfully increase the sensi-

tivity of detection of food-borne bacteria such as Sal-

monella spp. (Kumar et al. 2008). The ratio of positive

reactions and sensitivity (%) of the samples were tested and

then compared between conventional culture method and

qPCR method whereby most samples show a higher sen-

sitivity when using the qPCR method compared to the

conventional method (Table 1). However, results for squid,

cuttlefish and octopus (Kumar et al. 2008) have shown that

conventional culture method has higher sensitivity by

twofold than qPCR method and the sensitivity for fish meat

(Gwida and Al-Ashmawy 2014) as well as drag swab

(Eyigor et al. 2002) were equal for both methods.

On the other hand, the culture of NoV has been

attempted throughout the years, however, there is still lack

of research development due to the inadequacy of propa-

gating the virus in-vitro (Elizaquı́vel et al. 2014). Some

studies have included B cells which were used as cell lines

for the human NoV cultivation and the studies have

Table 1 The sensitivity of conventional culture and PCR-based methods, such as qPCR, in the detection of Salmonella spp.

Sample type (no. of samples) Positivity for detection of Salmonella

Target gene Conventional culture method qPCR method Reference

Cooked food (n = 150) invA gene 0/150 (0%) 32/150 (21.3%) Siala et al. 2017

Milk (n = 93) 6/93 (6.4%) 31/93 (33.3%)

Fresh fruit and vegetables (n = 70) 1/70 (1.4%) 9/70 (12.8%)

Seafood (n = 46) 6/46 (13%) 11/46 (23.9%)

Raw poultry meat (n = 45) 8/45 (17.8%) 27/45 (60%)

Cakes (n = 41) 0/41 (0%) 11/41 (26.8%)

Dairy products (n = 22) 0/22 (0%) 5/22 (22.7%)

Charcuterie products (n = 13) 0/20 (0%) 5/20(25%)

Raw red meat (n = 13) 4/13 (30.7%) 5/13 (38.5%)

Total (n = 500) 25/500 (5%) 136/500 (27.2%)

Fish (n = 83) invA gene 20/83 (24%) 30/83 (36.1%) Kumar et al. 2008

Shrimp (n = 58) 11/58 (18.9%) 20/58 (34.4%)

Crab, clam, mussel, oyster (n = 42) 9/42 (21.4%) 15/42 (35.7%)

Squid, cuttlefish, octopus (n = 32) 6/32 (18.7%) 3/32 (9.3%)

Total (n = 215) 46/215 (21.3%) 68/215 (31.6%)

Milk and dairy products (n = 200) ttr gene 24/200 (12%) 42/200 (21%) Gwida and Al-Ashmawy 2014

Beef meat (n = 64) invA gene 15/64 (23.4%) 16/64 (25%)

Chicken Meat (n = 80) 15/80 (18.6%) 17/80 (21.3%)

Fish Meat (n = 6) 2/6 (33.3%) 2/6 (33.3%)

Total (n = 150) 32/150 (21.3%) 35/150 (33.3%)

Intestinal homogenate (n = 492) invA gene 32/492 (6.5%) 62/492 (12.6%) Eyigor et al. 2002

Drag swab (n = 27) 3/27 (11.1%) 3/27 (11.1%)

Total (n = 519) 35/519 (6.8%) 65/519 (12.5%)
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successfully replicated and increased the number of viral

genome (Jones et al. 2015). The cultivation of human NoV

has to be studied more as there are still challenges in

generating good results which is caused by the lack of viral

source. Thus, due to the fact that human NoVs are not able

to be cultivated, the traditional detection methods are

electron microscopy and immunological tests such as

enzyme immunoassay (EIA) and lateral-flow

immunochromatographic assay (Stals et al. 2012) (Ro-

bilotti et al. 2015). However, electron microscopy could

cause false negative or false positives when not properly

analysed and the method could be time-consuming as well

as labour-intensive (Louten 2016).

PCR-based methods

PCR-based methods, such as conventional PCR, qPCR and

dPCR, offer fast, highly specific and sensitive detection of

food-borne pathogens. PCR-based methods have the ability

to amplify a specific target sequence of DNA or RNA in-

vitro from a small amount of target sequence. Over the

years, combined techniques, such as PCR-ELISA (Sue

et al. 2014), have also been developed to lower the number

of food safety cases and thus, further development of these

novel detection techniques should include (1) detection of

multiple food-borne pathogens simultaneously in real-time,

(2) good and improved sensitivity, specificity, repro-

ducibility and convenience and (3) high potential in

application for future commercial marketing in which can

be used worldwide (Hu et al. 2018).

One of the challenges for PCR-based method is the

detection of new and unreported pathogens due to no

sequence information available in the database, GenBank

(Rodrı́guez-Lázaro and Hernández 2013). Moreover,

improving and developing a more sensitive and reliable

molecular detection method is required to help overcome

the dynamic nature of NoV genetic diversity. The evolu-

tionary pattern of NoV strains which causes genetic

diversity is caused by the emergence of new GII.4 NoV

strains every 2–3 years, thus, the new genomic NoV strain

is being replaced by the previous circulating NoV strain

that have caused the outbreak (Cotten et al. 2014) (Chen

et al. 2015). Moreover, the genetic diversity of NoV have

caused primer designing to be more challenging as PCR

requires specific tools and factors to successfully amplify

specific target sequence with good quality and quantity.

Conventional PCR in detecting Salmonella
and Norovirus

Conventional PCR or end-point PCR is a traditional

molecular method that has been widely used to detect food-

borne pathogens. A study has compared the use of con-

ventional culture method with PCR for the isolation and

identification of Salmonella in food samples such as beef

and chicken meat in which the culture method has resulted

in 21.3% of the total number of samples in a total of seven

days to obtain results while PCR showed 23.3% in which

the sensitivity and specificity were 100% and 97.5%,

respectively, within a total of 12 h detection time from

receiving the samples (Ahmed 2014). PCR amplification

by conventional PCR is the amplification of a single

specific target sequence to produce an exponential increase

of the target sequence that uses relative quantification with

intercalating dyes as it is inexpensive and simple to

perform.

PCR amplification method involves repeated cycles of

heating and cooling, and each PCR cycle will go through

three phases—denaturation, annealing and extension. Ini-

tially, the hydrogen bonds of the double-stranded DNA

(dsDNA) break at 94–97 �C, resulting in dsDNA to uncoil

and separate, followed by annealing of primer pairs to

complementary target sequence on the new single-stranded

DNA (ssDNA) at a lower temperature. Free deoxynucle-

oside triphosphates (dNTPs) will then bind to the 30-end of

the primer by DNA polymerase at a temperature of

72–78 �C. After the amplification of the target sequence,

the PCR product, will be tested by gel electrophoresis in

2% agarose gel. This method is to confirm the presence of

the targeted food-borne pathogen in the sample.

Conventional PCR has also been used to detect NoVs in

food, water and environmental matrices successfully with

the use of conventional reverse transcriptase PCR (RT-

PCR). There are a number of assays that have been

developed for NoV detection using conventional RT-PCR

in which first-generation assays have used primers that

were designed on the first described NoV genome, the

Norwalk virus genome (Robilotti et al. 2015). First-gen-

eration assay occurs when complementary DNA (cDNA) is

generated from the RNA template by reverse transcriptase.

The first-generation assay that uses conventional PCR, also

known as one-step RT-PCR, is more commonly used for

clinical screening due to decreased contamination risks and

less experimental variation (Adams 2020). This method

involves reverse transcriptase in a single tube preparation.

Meanwhile, second-generation assay, or two-step RT-PCR,

is able to perform with more reactions due to the options of

wide variety of primers. Moreover, second-generation PCR

assay is often used in a gene expression analysis that
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involves a wide variety of target sequences. Two-step

method involves the process of total RNA being reversely

transcribed to cDNA by reverse transcriptase. Thus, cDNA

will be amplified to generate amplicons.

Throughout the years, NoV genomic strains have

evolved, which results in a wider NoV genetic diversity.

With this, RT-PCR assays would require improvements in

order to detect a wider range of NoV genome. Two con-

ventional RT-PCR assays and RT-qPCR assay were used to

detect NoV genotypes in 186 stool samples whereby results

of RT-PCR assays had poor accuracy due to lower sensi-

tivity and were not able to detect certain NoV genotypes,

while analytical sensitivity and specificity of the RT-qPCR

assay have shown that the assay was able to detect all NoV

genotypes with higher sensitivity and no false positives

(Rooney et al. 2014). Thus, to monitor NoV epidemiology,

genotyping of the NoV sequence is required. On the other

hand, second-generation assays of the conventional RT-

PCR have been reported to perform better compared to the

first generation assays due to the use of other additional

NoV strain sequences when designing primers to accom-

modate NoV genetic diversity (Robilotti et al. 2015).

Real-time PCR in detecting Salmonella
and Norovirus

The qPCR method was first commercialized in 1997 for

microbiology research purposes (DeFrancesco 2003) and

over the years, qPCR has emerged as a universal method

which has become the subject of focus for the detection of

food-borne pathogens after the use of conventional PCR.

Among the molecular detection methods, qPCR is more

rapid and has better sensitivity due to the capability of

targeting very low concentrations of the target sample,

thus, has become the method of choice, the new ‘‘gold

standard’’ to detect and quantify food-borne pathogens for

food analysis and microbial population studies with abso-

lute and relative quantification. Absolute quantification

requires the absolute number of known standards unlike

conventional PCR in which absolute standard curve is

plotted for the gene of interest (Gunstream et al. 2012).

The use of qPCR compared with conventional PCR, do

not require the use of gel electrophoresis, which is a post-

amplification analysis to detect positive PCR products.

Thus, qPCR is less labour intensive and less prone to

contamination since qPCR can be used as one-step

instrument without needing post-PCR analysis. Sensitivity

analysis of the method requires serial dilution concentra-

tions of the target sequence as the lowest amount is

detected to check for the assay which is called limit of

detection (LOD). The LOD is the lowest quantity of the

target sequence that can be distinguished with a 99%

confidence level. Moreover, the cross-reactivity analysis

with other species is critical, in which the range of species

of the food-borne pathogens are included in the PCR assay

to determine and analyse whether the PCR assay amplifies

other non-targeted species.

The qPCR method has the ability to detect and identify

the species of food-borne pathogens phylogenetically.

Moreover, qPCR also performs analysis authenticity and

adulteration of food products such as the reported Euro-

pean horse meat scandal. The advancements made in qPCR

allow the quantification of the amplified target product in

which can be specific and non-specific detection chemis-

tries (Postollec et al. 2011). Recently, the development of

qPCR has been used to detect and quantify Salmonella spp.

from sheep feces and tissue samples, with and without the

pre-enrichment step, BPW enrichment culture method,

which have resulted in a 91% sensitivity and a specificity

of 100% (Parker et al. 2020). Thus, the use of molecular

tools, especially qPCR, has increased over the years due to

a number of reasons such as better specificity, sensitivity,

dynamic range of qPCR assay methods in which will help

improve advanced novel high throughput nanoliter qPCR

with shorter time consumption, rapid reaction rates of

heating and cooling and minimal reagent consumption.

Moreover, the combination of different techniques will

help to decrease the size and power usage in which will

cause qPCR method to be more feasible for point-of-care

diagnostics (Johnson et al. 2013).

Two common fluorescence detection assays in qPCR are

widely used for the amplification of target sequences,

dsDNA binding dye assay and TaqMan probe assay (Smith

and Osborn 2009). Dye-based PCR methods use fluores-

cent dyes that bind to the target sequence which results in

the production of fluorescent signals that are monitored by

thermocycler during each PCR cycle and an amplification

plot generated in real-time. Fluorescent dyes intercalate

and bind to the minor grooves of dsDNA at an average

emission range of 487 nm and 560 nm. The PCR system

records the data from PCR amplification cycle and plots the

data to generate an amplification curve. Moreover, the PCR

amplification cycle consists of four phases which include

baseline, exponential phase, linear phase and plateau phase.

During the exponential phase, the increase in fluorescence

generated is from the PCR products, also known as

amplicons, being produced. Thus, the change in fluores-

cence is directly proportional to the amount of amplicons

produced.

Some advantages of using dsDNA-binding dye are

simplicity of amplification of target sequence without the

difficulty and need to design a probe. It is less expensive

and can be used for any primer set. However, the limita-

tions of using dsDNA-binding dyes include non-specific

binding of fluorescent dye to the dsDNA, as the dye is
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unable to discriminate the targeted dsDNA. In addition,

primer-dimer formation may occur which will affect the

sensitivity of the qPCR. The fluorescent non-specific

dsDNA binding dye that has been widely used is SYBR

Green I dye, a dsDNA intercalating dye that is able to bind

to dsDNA easily compared to ethidium bromide. The next

generation DNA binding dye is EvaGreen dye which pro-

vides brighter and clearer signal compared to SYBR Green

I dye because EvaGreen dye has less inhibitory effects that

allow the saturating dye concentration for better signal and

high quality DNA melt analysis with less background flu-

orescence (Biotium 2010).

In addition, qPCR is able to perform singleplex and

multiplex PCR whereby singleplex uses one primer set in a

reaction well while multiplex PCR uses two or more primer

sets in a reaction well whereby each primer set amplifies a

specific target sequence (Salihah et al. 2016). The design of

multiplex PCR assay is more difficult as the requirement to

ensure the primer pair will not misprime with other primers

for non-specific amplification and demirisation between the

primers (Z. Shen et al. 2010). Probe-based assays, such as

TaqMan probes, hybridisation probes and molecular bea-

con are more specific compared to the dsDNA-binding dye

method as these probes are sequence specific and are able

to discriminate the target specific dsDNA from non-specific

dsDNA with a reporter and a quencher attached to the

probe as well as to perform quantitative analysis (Salihah

et al. 2016). The reporter is a fluorophore molecule which

is attached at the 5’-end while the quencher can be found at

the 3’-end of the probe and is responsible for generating

fluorescence by fluorescence resonance energy transfer

(FRET) mechanism when Taq polymerase has cleaved the

reporter molecule from the probe. Hence, TaqMan probe

assay has more specificity as the fluorescence generated is

measured for the specific targeted amplicons produced.

However, TaqMan probe assay is expensive compared to

dye-based PCR as the probe-based assay requires specific

synthesis and design of probes as well as primer pairs.

As for NoV, after the use of conventional RT-PCR to

perform the detection and identification of enteric viruses

such as NoV, further development and improvements of

the molecular detection methods were made. The detection

and identification of NoV are commonly performed by

using reverse transcriptase PCR (RT-PCR) (Elizaquı́vel

et al. 2014). The detection and identification of food-borne

viruses such as NoV, may use either one-step or two-step

RT-PCR method as both perform the same function which

is to quantify the targeted genome sequence (Adams 2020).

The diversity of NoV genome, thus, requires more accurate

and sensitive detection method. The use of real-time RT-

PCR to monitor viruses in fresh produce and surface water

which include NoV GI genogroup, adenoviruses, hepatitis

A virus and rotavirus group A have been studied recently

(Shaheen et al. 2019). The results of the study have shown

that a wide range of enteric viruses have contaminated the

fresh produce and the viruses detected by the molecular

detection method may originate from contaminated irri-

gation water. In addition, the study has stated that irrigation

water may be a vehicle of virus transmission to fresh

produce such as fruits and vegetables, which was carried

out by determining the presence of food-borne viruses in

fresh produce and irrigation water (Shaheen et al. 2019).

Moreover, several RT-qPCR assays have been evaluated

for the detection of NoV to assess the most accurate assay

that detects the NoV genogroups, GI and GII (Yoo et al.

2017). This method has used both conventional RT-PCR

and RT-qPCR to compare the performance, efficiency,

sensitivity and specificity between the two. RT-qPCR has

shown better results with regards to specificity due to high

specificity of probe-based primers. Furthermore, the addi-

tion of internal quencher, such as ZEN quencher, has

improved and increased the sensitivity of signal by

decreasing the background fluorescence (Yoo et al. 2017).

The evidence of a study in evaluating outbreaks of food-

borne viral illnesses has shown that rapid molecular

detection methods, RT-PCR and RT-qPCR, are more sen-

sitive compared to conventional culture methods (Bosch

et al. 2011). The presence of food-borne viruses could be

due to pollution in sewage and water system that could

have led to food products such as fresh produce being

contaminated with the viruses.

Sample preparation for Salmonella and Norovirus

The importance of sample preparation for qPCR is to

obtain good quality and quantity of pure DNA efficiently

for successful and reliable results. Infected feces and

contaminated food are some common examples of samples

used for the detection and identification of these food-

borne pathogens. Samples collected have to be aliquoted

from pre-enriched cultures which will then be prepared for

DNA extraction which involves three critical steps, lysis of

the cell, precipitation and purification of DNA from any

proteins, RNA, lipids and macromolecules (Gupta 2019). A

number of components are required to make an enriched

culture medium for the growth of bacteria which include

sufficient nutrients such as carbon source, nitrogen source,

water and mineral salts (Bonnet et al. 2020). Moreover, a

selective culture medium would culture the growth of

selected bacteria in which antibiotics, antiseptics, dyes,

chemicals and sodium salts are added (Bonnet et al. 2020).

The method of enrichment of food-borne pathogens such as

Salmonella is challenging due to the number of steps

required to successfully separate Salmonella from other

microorganisms (Bell et al. 2016). Immunomagnetic
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separation (IMS) has been widely used to specifically

separate and isolate the target cells, such as Salmonella,

from the rest of the microorganisms found in the sample by

using antibodies which will bind to paramagnetic beads

(Málková et al. 1998) (Steingroewer et al. 2005) (Hsu et al.

2014).

The detection of NoV by RT-qPCR using monoclonal

antibodies that act against the NoV has been studied (Yao

et al. 2009) (Liu et al. 2015) (K. Lee et al. 2014). RNA

extraction for human NoV involves the virus extraction

from samples and nucleic acid extraction from the con-

centrated viruses by using specific extraction kits according

to instructions of the manufacturer as described in a review

in 2011 (Baert et al. 2011). In a study, 500 ll PCR-grade
water was added to a 10% (w/v) fecal suspension which

was then centrifuged for 5 min at 16.000 9 g to collect the

supernatant used for RNA extraction (Schmid et al. 2004).

In infected individuals, NoV can be found in feces samples

in larger quantity compared to vomitus and rectal swabs

(Vinjé 2015). The samples obtained for the use of qPCR

has to be checked for the quantity and quality by using a

UV–Vis spectrophotometer such as NanoDrop (Thermo

Scientific). Meanwhile, Salmonella enterica has been

detected in food samples by a novel technique which

involved immune-magnetic bead concentration and direct

PCR with sensitivity of 91.6%, specificity of 100% and

detection as low as 2–3 CFU/ml (Vinayaka et al. 2019). In

addition, it has been stated that gene expression analysis

would help the sample preparation method to have lesser

influence on de novo gene expression (Postollec et al.

2011).

Viability PCR in detecting Salmonella
and Norovirus

Viability PCR (vPCR) is known to be an evolution of the

PCR method, as it is the only PCR-based method that could

amplify viable cells (Fig. 3). Viability dyes, propidium

monoazide (PMA) and ethidium monoazide (EMA), are

used as nucleic acid intercalating dyes in both conventional

PCR and qPCR (Elizaquı́vel et al. 2014). These dyes are

cell membrane impermeable and dead-cell specific

whereby the dye binds to DNA of the dead cell with high

affinity by forming covalent bonds in the presence of vis-

ible light (Fig. 4). Initially, sample preparation of the

specific pathogen is done in which the viability dye, PMA

or EMA, is added into the sample which can be seen as step

1 in Fig. 4. The mixture is then incubated in the dark for

10 min at room temperature, according to the protocol

(Biotium 2010). After incubation, light is then introduced

to the sample whereby the viability dye will bind to the

dsDNA forming a covalent bond. DNA modification will

prevent PCR amplification of the dead cell. DNA extrac-

tion is then performed to quantify the DNA of viable cells

by qPCR. PMA has successfully been used in qPCR for the

quantification of viable Salmonella and E. coli O157:H7

(Sánchez et al. 2012). PMA has been found to be more

effective than EMA in terms of discrimination between

living and dead cells and there is a great effect on the

activity of viability dyes due to the differences in cell

envelope structure of the Gram-positive and Gram-nega-

tive bacteria (Elizaquı́vel et al. 2014). The concept for

PMA penetration is the cell structure whereby the perme-

ability barrier for Gram-negative bacteria is the complex

structure of the outer membrane while for Gram-positive

bacteria would be the peptidoglycan layer (Nogva et al.

2003).

The application of vPCR to detect food-borne pathogens

has been beneficial in producing results that could help

provide solutions for the challenges faced in detection of

food-borne pathogens. Some factors that could affect vPCR

efficiency include complex matrices, pH and salt concen-

tration, turbidity and dead cell concentration (Fittipaldi and

Codony 2011). The results of vPCR have shown that there

could be a change in polymerase activity due to the pres-

ence of PCR inhibitors, interference in cell lysis and

inability to perform photo-activation in the presence of

organic compounds (Fittipaldi and Codony 2011).

The detection of food-borne viruses does not indicate

the infectivity of the viruses directly (Elizaquı́vel et al.

2014). Several studies have attempted to use PCR to dif-

ferentiate between infectious and non-infectious NoV, such

as the use of RNAse for pre-treatments to digest the viral

RNA of non-intact viral particles as well as the use of

Fig. 3 Schematic diagram representation of Norovirus particle
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viability dyes such as PMA to monitor the infectivity of

NoV (Topping et al. 2009) (S. Y. Kim and Ko 2012).

Infectivity of food-borne viruses such as enteroviruses,

NoV, hepatitis A virus, murine norovirus (MNV) and feline

calicivirus have been tested with vPCR (K. Kim et al.

2011) (S. Y. Kim and Ko 2012). Viability dyes have been

reported to have different effects depending on the virus

type (Elizaquı́vel et al. 2014) which has been investigated

in a study whereby PMA was used in RT-qPCR to differ-

entiate the infectious and non-infectious bacteriophage

MS2, however, MNV was not able to be differentiated by

the RT-qPCR (S. Y. Kim and Ko 2012).

Digital PCR in detecting Salmonella and Norovirus

Digital PCR (dPCR) is the newest advancement method

which has improved the limitations of the qPCR method in

which the sample is partitioned into many individual PCR

reaction wells (Fig. 5). Moreover, unlike qPCR which

collects the data in real-time, dPCR collects data at end

point and involves absolute quantification. The dPCR

method uses the traditional end-point PCR and fluorescent-

probe-based method for amplification in order to generate

extremely sensitive quantification of the targeted sequences

without the use of standard curve (Salipante and Jerome

2020). In addition, dPCR is able to perform very low-target

quantitation from different contaminated samples without

standard curves in which will be able to generate more

accurate and reproducible data while in qPCR, Taq poly-

merase can be inhibited when sample contaminants are

present (Taylor et al. 2017). The effects of two rapid

detection methods, qPCR and dPCR were compared and

studied to detect S. typhimurium which have shown that

dPCR has produced more sensitive results with less pre-

culturing and enrichment time compared to qPCR (Wang

et al. 2018). The less pre-enrichment time, the more effi-

cient measurement of food-borne bacteria with a 2 h dif-

ference compared to qPCR, as the start-up time to generate

a standard curve is removed. Furthermore, the detection of

S. typhimurium by dPCR has stronger resistance to PCR

inhibitors and lower LOD than qPCR, with dPCR being

more stable compared to qPCR due to stronger resistance

to PCR inhibitors when comparing with different DNA

concentrations (ng/ll). Thus, resistance to PCR inhibitors

has shown that the dPCR methods are able to generate

reliable results with different varieties of DNA samples.

ATP bioluminescence assay

The use of biosensors to detect food-borne bacteria is also

known for years. The application of biosensors to detect

bacteria has been developed to help improve the use of

conventional culture methods. One of the methods in

biosensor is the Adenosine triphosphate (ATP)

Fig. 4 Viability PCR workflow involving PMA and EMA for selective detection and quantification of the viable cells. Image adapted and
modified from: Biotium website. (https://biotium.com/technology/microbiology/pma-for-viability-pcr/)
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bioluminescence which is known to be one of the highly

effective biosensors (Ali et al. 2020). This method has been

used in the early days whereby firefly luciferase was used

for ATP detection to monitor the growth of microorgan-

isms. The bioluminescence mechanism involves the emis-

sion of light from the organisms which will be converted

from energy into light (Ali et al. 2020). Since ATP is an

energy source that is significantly found in all living

microorganisms which includes living microbes, the ATP

bioluminescence assay test is used for the detection of ATP

in these living or viable microorganisms as this shows that

the living microorganisms are present (Jayan et al. 2020).

This method is an advantage as is able to detect the pres-

ence of living food-borne bacteria at a cost-effective rate as

well as rapid and high sensitivity (Eed et al. 2016). Thus,

the ATP bioluminescence assay test can be studied and

used as an alternative way and to detect the living food-

borne bacteria.

Fig. 5 Digital PCR method showing a single sample with the target sequence which will be separated and then amplified by end-point to

generate copies of the target sequence. Reference: Nyaruaba R. et al. 2019

Table 2 The molecular detection methods discussed in this study

Method Purpose Improvements References

Conventional

culture

Isolation and identification Agar culture can help distinguish pathogens

morphologically

(Andrews and

Hammack 2020)

Conventional end-

point PCR

Detection and identification of gDNA of

pathogens at end point

Less time consuming than conventional culture (Ahmed 2014)

Real-time PCR Detection and identification of gDNA of

pathogens at real time and use of

melting curve

Time-saving and does not require post-PCR

amplification

(Gunstream et al.

2012) (Postollec

et al. 2011)

Viability PCR Detection of viable cells Viability dye used to distinguish viable and dead cells (Elizaquı́vel et al.

2014)

Digital PCR Detection of gDNA of pathogens at end

point

Highly sensitive, standard curve not required, lower

LOD than real-time PCR and stronger resistance to

PCR inhibitors

(Salipante and Jerome

2020) (Taylor et al.

2017)

ATP

bioluminescence

Measures ATP from viable cells of

bacteria to monitor growth

Rapid and high sensitivity (Eed et al. 2016)
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Conclusion

Rapid, reliable, sensitive and inexpensive detection meth-

ods for food-borne pathogens are in great demand due to

the increasing burden of food-borne disease outbreaks

affecting public health, welfare and economy. State-of-art

molecular detection methods including PCR and qPCR,

which have been widely used in clinical and research

laboratories, started to play an important role in point-to-

care diagnostics and help in implementing a surveillance

system for rapid and precise detection of pathogens at the

nucleic acid level. On the other hand, there are challenges

and limitations that come with the detection methods, such

as sample extraction and specific primer designing which

still have to be overcome. Advanced developments and

improvements of the molecular detection methods are

critical to making the detection of food-borne pathogens

more reliable, sensitive and time-saving, in order to pro-

vide rapid data acquisition. Thus, the recent trends and

developments of molecular detection methods, specifically

qPCR, to detect food-borne pathogens Salmonella and

norovirus were reviewed and concluded in Table 2. The

comparison of conventional culture methods and end-point

PCR with qPCR were discussed as qPCR has proven to

decrease the time consumption and manpower needed.
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