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Abstract
Foodborne pathogens are a continuous problem 

attracting the attention of public health institutions, 
microbiologists and food producers globally. The 
scientific community has therefore been focused for 
years on finding “new” and “better” methods, all in 
an effort to detect foodborne pathogens in the time-
liest manner possible. It should be emphasized that 
the development of molecular genetics – the use of 
genetic information of biological macromolecules 
in routine testing in particular – has led to a revo-
lutionary turn in biological science research. Almost 
all procedures detect different bacterial genetic foot-
print or biomarkers, which makes bacterial isolation 
unnecessary. However, these recent studies of “fast 
microbiological methods”, which require only a few 
hours, rather than a few days, have not supplanted 
the classic way of microbiological food testing, i.e. 
the classic microbiological methods and the gold 
standard. The new methods are therefore faced 

with high requirements such as great detection lim-
its, speed of analysis, relatively low costs and high 
sensitivity to identify various foodborne pathogens. 
Some of them provide the possibility of monitoring 
the pathogens, which is an important part of estab-
lishing a pathogen control network in the agri-food 
production chain at the international level. In this 
comprehensive literature review the authors present 
and review identification and quantification meth-
ods with emphasis on the most important EU food-
borne pathogens (Salmonella, Campylobacter, Escheri-
chia coli – STEC, Yersinia and Listeria). Methods have 
been divided into two large groups – Contemporary 
methods (Immunoassays and Polymerase Chain Re-
action) and Novel approach methods (Biosensors, 
Bacterial typing, and Omics), and assessed by their 
functionality, advantages and disadvantages.
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Introduction
Food is a basic need for all humans, re-

gardless of their place of residence or occupa-
tion. Today, modern society is depending on 
agricultural and food science in particular, to 
secure safe, quality food every day. In the Eu-
ropean Union (EU) alone, approximately 5,000 

foodborne outbreak incidents occur per annum. 
Some 40,000 people are involved in these year-
ly incidents, most commonly referred to as 
“food poisoning” (EFSA, 2019). Based on the 
last available EFSA, (2019) report, the most sig-
nificant foodborne pathogens in the EU during 
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the last five statistically available years are: Sal-
monella, Campylobacter, Escherichia coli – STEC, 
Yersinia and Listeria. These five listed patho-
gens during the 2014 – 2018 period are respon-
sible for over 67,000 human infections.

To satisfy the abovementioned food postu-
late on securing food safety and bringing down 
the aforementioned numbers of incidents, food 
science is in constant search of new, faster, 
more specific microbiological methods for 
identification and quantification of foodborne 
pathogens. 

In general, food is sampled and microbio-
logically tested in order to either confirm the 
presence of pathogen bacteria or their metabo-
lites, define the efficiency of production system 
and hygienic processing, or both. Traditional 
cultural and microscopy methods for identi-
fication and quantification of viable bacteria 
have very high success rate and still have been 
considered the gold standard, but at the same 
time they are tiresome and labour-intensive. 
Even putting aside these negativities, the big-
gest drawback of traditional methods is the 
slow growth of bacteria, requiring at least 18-24 
h to reach first results. Throughout time, with 
scientific advancement, traditional methods 
have been upgraded with enrichment proce-
dures, selective agars and fluoroscopy to be-
come more reliable, but these upgrades raised 
challenges such as cultivation of damaged 
cells, false positive reactions and too low sen-
sitivity, but time management still remained a 
major issue (Priyanka et al., 2016; Zeng et al., 
2016; Umesha and Manukumar, 2018). Anoth-
er important issue encountered while using 
traditional methods is the fact that some food 
pathogens (Campylobacter jejuni, E. coli, L. mono-
cytogenes, and several Salmonella species) may 
enter a viable but non-culturable physiologi-
cal state, in which they are alive but cannot be 
grown outside of their natural habitat (Oliver, 
2005; Ayrapetyan and Oliver, 2016). 

During the last couple of decades, with the 
development of molecular methods, there has 
been a strong step forward in rapid identifi-

cation and quantification of microorganisms. 
Nowadays, food science is recognising that it 
is not enough only to identify the presence of 
a microorganism or its genes/metabolites, but 
also to be able to assess if that microorganism 
is viable, and quantify how much of that micro-
organism is present in the sample.

A good deal of review papers focused on 
foodborne pathogens have been published in 
recent years (Park et al., 2014; Zhao et al., 2014; 
Law et al., 2015; Jannat et al., 2016; Priyanka et 
al., 2016; Malvano et al., 2020) but due to the 
constant risk represented by these pathogens, 
the authors decided to investigate and pres-
ent contemporary and novel approaches and 
potential new practices regarding the identi-
fication and quantification of most important 
foodborne pathogens in the EU.   

Data research and search 
methodology

The authors examined and collected scien-
tific research and review papers from relevant 
online international scientific databases (Web 
of Science, Medline, Google Scholar). Key-
words and their combinations were used for 
the paper search methodology, while focusing 
on the criterium of reviewing novel practices 
in addressing the identification and quantifi-
cation of the most relevant foodborne path-
ogens in the EU. The data collected with the 
above-mentioned approach resulted in over 
250 papers, out of which over 100 manuscripts 
have been included in this review, which are 
arranged into two major categories based on 
the methods reviewed. If needed, the original-
ly collected list of papers is available upon re-
quest from the corresponding author.

Methods reviewed
Modern, rapid methods used for the iden-

tification and quantification of foodborne path-
ogens are present in the field of food science 
since the last few decades of the 20th century 
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(Park et al., 2014; Priyanka et al., 2016). Based 
on the collected data, the authors divided re-
viewed methods into two large groups – Con-
temporary methods (Immunoassays and Pol-
ymerase Chain Reaction) and Novel approach 
methods (Biosensors, Bacterial typing, and Om-
ics). 

Contemporary methods
Immunoassays

Enzyme-Linked Immunosorbent Assay 
(ELISA)

The most well-known and used immuno-
assay method today is the Enzyme-Linked Im-
munosorbent Assay (ELISA) which was simul-
taneously developed by two research teams 
as early as 1971 (Aydin, 2015). Like all other 
immunological detection methods, ELISA is 
based on the antigen-antibody reaction. As is 
well-known, our body produces specific anti-
bodies as a defence mechanism for foreign sub-
stances (antigen). Regardless of whether the 
antigens are peptides, hormones or food path-
ogens, antibodies are very specific, which is 
why there is very low risk of interference with 
other types of antigens. Several different types 
of ELISA are in use in today’s food science (Di-
rect, Indirect, Sandwich and Competitive), but 
the fundamental principle is the same for each. 
The solid phase of the reaction, made up of 
antigen bound to the microplates, binds with 
specific antibodies which are then fixed so that 
the reaction can be read. To prevent possible 
unwanted impedance, it is essential to apply 
a washing stage after the binding, so that an-
ything except the antigen-antibody complex is 
removed from the medium. Furthermore, the 
microplates must not interfere with the other 
stages of the reaction to avoid false-positive or 
false-negative results. Special attention should 
be paid to the stable expression of target anti-
gens in a pathogen, which can be influenced by 
temperature, preservatives, acids, salts, or oth-

er chemicals found in foods so that antibodies 
can be successfully used to detect pathogens 
(Aydin, 2015; Mangal et al., 2016). In their re-
view, Mangal et al. (2016) present the fact that 
Feng, (1997) determined the detection sensi-
tivity of ELISA at around 105 colony-forming 
units (CFU)/mL for whole bacterial cells, and a 
few ng/mL for toxins or protein analytes.

The most commonly used ELISA method 
for food pathogens is Sandwich ELISA. This 
highly sensitive method is widely used for 
detection of foodborne pathogens in various 
foods (St Clair and Klenk 1990; Brigmon et al., 
1995; Wu et al., 2015; Alexandre et al., 2018). 
The method is nicknamed “sandwich” because 
the main reaction of the antigen-antibody inter-
action is upgraded with a secondary antibody 
conjugated with an enzyme (most often horse-
radish peroxidase or alkaline phosphatase), so 
that it forms an antibody-antigen-conjugate 
sandwich. After the sandwich binding, the re-
action can be read via spectrophotometer or 
visually. The positive result of the reaction is 
coloured, while the lack of coloration indicates 
a negative result. Sandwich ELISAs have been 
reported to be 2-5 times more sensitive than all 
other ELISAs (Aydin, 2015).

Lateral Flow Immunoassay 
A relatively novel immunoassay method 

called Lateral Flow Immunoassay has been in 
development in recent years. As reviewed by 
Raeisossadati et al. (2016), this method has an 
extremely wide application range which can 
also include foodborne pathogens detection. 
It is a form of immunoassay in which the test 
sample flows along a solid substrate via cap-
illary action. Antigen (or antibody) is marked 
with a colour indicator (colloidal latex or gold 
particles) which reacts with the sample. After 
2-10 minutes the reaction is visible as a test line 
or zone. This method is fast and reliable for 
detection, and due to the recently developed 
upgrades to semi-qualitative and qualitative 
tests, we can expect lateral flow immunoassay 
to soon take on a much more significant role 
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in both detecting and quantifying foodborne 
pathogens (Zhao et al., 2014).

Immunomagnetic Separation Assay 
(IMS)

Immunomagnetic separation (IMS) is an-
other technique that can be used for the identi-
fication and isolation of microbes. This method 
binds antibodies to magnetic beads that are 
placed in suspension and allows them to inter-
act with specific antigen cells. After the isola-
tion, microorganisms can be plated for further 
growth, or as a pre-step of molecular-based de-
tection and enumeration (Gracias and Mckillip, 
2004; Zhao et al., 2014).

Polymerase chain reaction 
Gene amplification with the purpose of 

identification and research called Polymerase 
Chain Reaction (PCR) was discovered in 1983, 
and upgraded in 1986 by Kary Banks Mullis. 
Although there are some discussions regard-
ing the credit for the discovery, Mullis received 
the Nobel Prize for the PCR. Today, PCR is the 
most commonly used molecular method for 
the detection of foodborne bacterial pathogens 
(Law et al., 2015), and some researchers and 
scientists compare the significance of its dis-
covery to the significance of the World Wide 
Web (Bartlett and Stirling, 2003; Priyanka et 
al., 2016). Main advantages of the molecular 
methods are rapidity, specificity and high sen-
sitivity, while disadvantages include high costs 
(referring to culture-based or immunoassay) 
and the inability to distinguish between dead 
and viable cells. Nowadays, there are a lot of 
different variations of PCR developed to fit the 
needs for gene amplification in different fields 
– from forensics and toxicology to medicine 
and research. Further in the paper, the authors 
will give a review of the most important PCR 
variations with regards to food pathogens. 

Polymerase Chain Reaction (PCR) – 
simple

The simple PCR method is based on the am-
plification of a specific target DNA sequence in 

a three-step process: 1) high temperature dena-
turation of targeted double-stranded DNA into 
single-stranded DNA; 2) binding of two sin-
gle-stranded synthetic oligonucleotides (spe-
cific primers that are front (F) and reverse (R) 
primers) to DNA strands; 3) polymerization 
using deoxyribonucleotides and thermostable 
DNA polymerase, where complementary sin-
gle-stranded DNA is amplified. The process 
cycle is repeated, resulting in the doubling of 
the initial number of target sequences with 
each new cycle. Results of the amplification 
process can be visualized as thinner or thicker 
lines on an ethidium-bromide-stained electro-
phoresis gel. When properly implemented and 
validated, this method is extremely reliable, 
but it is important to note that in order for PCR 
to function we need to have a known positive 
sequence of genes that we seek to confirm in 
the samples. The most significant advantages 
of this method are its high specificity (sensitivi-
ty), simplicity and speed. Due to the possibility 
of obtaining amplified products in just 30 min-
utes, it is faster than immunoassay, but PCR, 
even in this simple form, still remains a some-
what expensive method (Priyanka et al., 2016). 

Multiplex PCR (mPCR)
As an upgrade to simple PCR, mPCR pro-

vides faster detection through the simulta-
neous amplification of multiple gene targets. 
With this additional ability mPCR is capable 
of rapidly detecting multiple microorganisms 
of different or same species in a single reaction 
(Chen et al., 2012; Ryu et al., 2013). Although 
the basic methodology of mPCR is very similar 
to that of simple PCR, the ability to use several 
sets of specific primers gives it the edge advan-
tage in rapidity. Zhao et al. (2014) points out 
several important steps of the procedure in or-
der for the mPCR reaction to have a successful 
outcome. Primers used in the reaction should 
have similar binding temperature, and their 
concentration needs to be adjusted in order to 
generate reliable results of all PCR products. 
These steps need to be considered due to the 
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possible interaction between multiple primer 
sets. Further literature research reveals ad-
ditional factors for a successful mPCR assay, 
such as correct concentration of the PCR buffer, 
balance between the concentration of magne-
sium chloride and deoxynucleotides, amount 
of template DNA, Taq DNA polymerase, and 
the exact temperature cycle (Markoulatos et al., 
2002; Cheah et al., 2008; Khoo et al., 2009; Law 
et al., 2015). Although mPCR was until recent-
ly used only to detect two to three pathogens 
at the same time, literature data today suggest 
multifunctional possibilities of mPCR. Exam-
ples are the simultaneous detection of the same 
species foodborne Listeria pathogens that were 
successfully identified by Ryu et al. (2013), and 
different pathogen species Salmonella Enteritid-
is, Staphylococcus aureus, Shigella flexneri, Listeria 
monocytogenes, and Escherichia coli O157:H7 
identified by Chen et al. (2012). With this mul-
tifunctionality mPCR enables the possibility to 
define the structure of certain microbial com-
munities and to evaluate community dynam-
ics, e.g. during fermentation or in response to 
environmental variations (Zhao et al., 2014; 
Law et al., 2015). 

Gene Expression Profiler PCR (GeXP-
PCR)

The next step in the development of 
mPCR and maybe even more interesting for 
this review is the new GenomeLab Gene Ex-
pression Profiler (GeXP)-PCR which has been 
presented by ZHOU et al. (2013). GeXP-PCR 
consists of a genetic analysis system which al-
lows high-throughput and detection of multi-
ple pathogens in a single reaction. The GeXP 
multiplex PCR amplification involves the use 
of chimeric primers, universal primers and 
capillary electrophoretic separation of PCR 
products instead of agarose gel electrophore-
sis. The chimeric primers contain a gene-spe-
cific sequence with a universal tag at the 5’-end 
and they are used to produce amplicons with 
universal tags. Subsequently, the universal 
primers which contain the same sequence as 

the universal tags used in the chimeric prim-
ers drive the remaining PCR reactions. The 
forward universal primer is covalently labelled 
with a fluorescent dye at the 5’-end and it is 
used for detection during capillary electro-
phoresis (Zhou et al., 2013). Due to its higher 
sensitivity, GeXP-PCR was found to be more 
suitable for high-throughput analysis, while its 
reported detection limits for the simultaneous 
detection of Salmonella, Listeria monocytogenes, 
Staphylococcus aureus, Escherichia coli O157:H7, 
Shigella spp. and Campylobacter jejuni were 420, 
310, 270, 93, 85, and 66 CFU/mL respectively 
(Zhao et al., 2014; Law et al., 2015).

Real-time PCR (qPCR)
Real-time PCR has the capability to contin-

uously monitor the formation of PCR product 
throughout the time of the reaction. It is high-
ly sensitive, specific and enables simultaneous 
detection of different microorganisms (Priyan-
ka et al., 2016). The method does not require 
agarose gel electrophoresis, it instead obtains 
results by measuring the fluorescent signal 
produced by specific dual-labelled probes or 
intercalating dyes, while the quantification is 
based on the analysis of the fluorescent signal 
at the exponential phase. Reaction intensity is 
proportional to the amount of PCR amplicons 
(Omiccioli et al., 2009; Zhao et al., 2014). As re-
viewed by Law et al. (2015) several fluorescent 
systems have been developed for qPCR and 
the most commonly used fluorescent systems 
are SYBR green and its alternatives – TaqMan 
probes and molecular beacons. SYBR green is a 
non-sequence-specific intercalating fluorescent 
double-stranded DNA (dsDNA)-binding dye. 
It emits little fluorescence but the fluorescence 
signal is amplified when bound to the minor 
groove of the DNA double helix (Fukushima et 
al., 2003; Levin, 2005; Singh et al., 2009; Law et 
al., 2015). TaqMan probes are oligonucleotides 
which contain a fluorophore. Fluorophore acts 
as reporter dye at the 5’-end, and quenching 
dye at the 3’-end. It is very important that they 
are positioned closely together so that they pre-
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vent the fluorescence of the emitted reporter 
(Hein et al., 2001; Levin, 2005). Molecular bea-
cons are oligonucleotides as well as TaqMan 
probes, but here the reporter and quencher dye 
are attached to different ends of the probe. The 
signal is activated after the hybridization (in 
which spontaneous conformational change oc-
curs, separating the two dyes), and this allows 
fluorescence of the probe to occur on its com-
plementary nucleotide sequence in the ampli-
con (Leone et al., 1998; Chen et al., 2000; Lim-
ing and Bhagwat, 2004; Levin, 2005; Law et al., 
2015). Furthermore, in their review, Law et al. 
(2015) present different commercial qPCR kits 
with valuable details regarding their advantag-
es and disadvantages, with special detail on 
detection limits for various foodborne patho-
gens originated from different foods. Priyanka 
et al. (2016) points out that qPCR can generate 
results in only 30 minutes from the start of the 
thermal cycling if and when combined with a 
rapid cycling platform. Considering all advan-
tages listed, it is reasonable to conclude that 
qPCR nowadays is considered the method of 
choice for the detection and quantification of 
microorganisms. 

Digital PCR (dPCR)
In their recent technology review, QUAN et 

al. (2018) present digital PCR (dPCR) as a novel 
PCR method which can be used for the abso-
lute quantification of target nucleic acids while 
mitigating the shortcomings of qPCR (Sykes et 
al., 1992; Kalinina et al., 1997). Although both 
methods are quantitative, the most important 
difference is found in the process of measuring 
the amount of target sequence. In contrast to 
qPCR, dPCR collects fluorescence signals via 
end-point measurement and uses the number 
of positive partitions over the total to back-cal-
culate target concentration. Quantification of 
dPCR subdues the enumeration of a series of 
positive and negative outcomes to permuting 
the signals (continuous or analogue) into a se-
ries of binary or digital signals, following the 
theory that the random distribution of mole-

cules in many partitions follows the Poisson 
statistical distribution (Dube et al., 2008; Whale 
et al., 2013). In their conclusion, the authors 
highlight several advantages of dPCR, such 
as elasticity to inhibitors and greater precision 
in quantifying relative abundance of target se-
quences, but also acknowledge that dPCR cur-
rently lacks the sample multiplexing of qPCR, 
and exhibits lower sensitivity compared to 
qPCR (Quan et al., 2018).

Novel approaches
Biosensors

Biosensors are a group of novel analytical 
methods/devices with great detection limits, 
speed of analysis, relatively low costs and high 
sensitivity to identify various foodborne risks 
such as allergens, toxins and microorganisms. 
They are most often consisted of two (or three) 
elements. Firstly, some form of a bioreceptor 
(probe, aptamer, enzyme, antibody) (1), then a 
transducer for converting the “bioreceptor-tar-
get” physico-chemical or biological interaction 
into a measurable signal (2) and finally an 
output data source (3). Demand for biosensor 
methods and technologies is on the rise in all 
agri-food sectors, as they are able to provide 
rapid screening used for food safety assurance 
(Luong et al., 1997; Ahmed et al., 2008; Priyan-
ka, 2016; Malvano et al., 2020). Biosensors can 
be divided into several groups according to 
sensing elements or transducers, which play 
an important role in the detection of pathogens 
from food (Jannat et al., 2016). 

Optical biosensors
Optical biosensor methods are very useful 

in detecting pathogen microorganism, food hy-
giene monitoring, and other tasks important in 
ensuring food safety. The measured output sig-
nal of optical-based biosensors is the emission 
of light, which then enables direct (label-free) 
detection of foodborne pathogens. When the 
“bioreceptor-target” complex is immobilized 
on the transducer surface, the sensors are able 
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to detect minute changes. Optical diffraction 
and electrochemiluminescence are standard 
technologies for optical biosensors (Kovacs, 
1998; Jannat et al., 2016). Optical biosensor 
methods are classified into a large number of 
sub-categories, but two methods predominant-
ly used for detection of foodborne pathogens 
are surface plasmon resonance (SPR) and fluo-
rescence-based optical biosensors. The sensitiv-
ity and specificity of fiber optic sensors can be 
enhanced by combining other techniques such 
as immunomagnetic separation, bacteriophag-
es and chemiluminescent in situ hybridization 
with these phenomena. Further developments 
in the technology of optics and microfluidics 
will enhance miniaturization and wider use of 
optical biosensors in food safety for real-time 
monitoring of various food risks during the 
whole production process (Velusamy et al., 
2010; Narsaiah et al., 2012; Priyanka et al., 2016; 
Malvano et al., 2020).

Electrochemical biosensors
Electrochemical biosensors can be clas-

sified as amperometric, potentiometric, or 
conductometric, depending on the system of 
analysis. Due to their advantages such as low 
instrumentation costs, high sensitivity, ease of 
miniaturization and relatively simple instru-
mentation they are becoming more and more 
interesting for the agri-food industry. Unfortu-
nately, the application of electrochemical im-
pedance spectroscopy to a label-free technique 
is still very poor, but several electrochemical 
biosensors for the detection of pathogenic bac-
teria have been developed in the last couple 
of years (Velusamy et al., 2010; Malvano et al., 
2020).  

Bacterial typing

Pulsed-field gel electrophoresis (PFGE)
Bacterial typing is the technology used to 

differentiate different bacterial strains; it is an 
important tool for outbreak investigation, sur-
veillance, and phylogenetic studies, and PFGE 
is considered the “gold standard” for bacteria 

typing (Neoh et al., 2019). Pulsed-field gel elec-
trophoresis includes several steps – enzyme 
restriction of bacterial DNA, separation of bac-
terial DNA bands using a pulsed-field electro-
phoresis chamber which is then followed by 
clonal assignment of bacteria based on PFGE 
banding patterns. Similar to PCR, a vast num-
ber of PFGE protocols have been developed for 
typing various bacteria, which includes food-
borne pathogens. 

Due to its possibility to track and subtype 
zoonic foodborne bacteria it can be internation-
ally validated and standardized, which makes 
PFGE the leading and probably most widely 
used method for phylogenetic studies, especial-
ly in food safety surveillance. Still, the method 
is lengthy and laborious when compared to 
some novel PCR methods and whole-genome 
sequencing (WGS), but it will probably remain 
an affordable and relevant technique for small 
laboratories in years to come (Goering, 2010; 
Carleton and Gerner-Smidt, 2016; Nyman 
et al., 2013; Ribot and Hise, 2016; Neoh et al., 
2019).

Whole-Genome Sequencing (WGS)
In an effort to bring outbreaks under con-

trol as soon as possible and find out the causes, 
public health institutes have at their dispos-
al new techniques for proving the causes of 
foodborne infections and intoxications. One 
of them is Whole-genome sequencing (WGS). 
Next-generation sequencing (NGS) technol-
ogies make WGS a powerful tool for deter-
mining the relatedness of bacterial isolates in 
foodborne illness detection and outbreak in-
vestigations. WGS has been applied to national 
outbreaks but has rarely been used in smaller 
local outbreaks (Oakeson et al., 2018). Some 
authors consider that although whole-ge-
nome sequencing has been found to improve 
discrimination of outbreak clusters, is not cer-
tain whether it can be applied in real time in 
public health laboratories (Den Bakker et al., 
2014). The major benefit of WGS is to analyze 
data without the need of further tradition-
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al confirmatory tests, including serotyping 
or PCR sequencing (McDermott et al. 2016). 
WGS methods are a new approach to pathogen 
monitoring. WGS can be an important part of 
a system of pathogen control networks in food 
products internationally. The assumption is to 
establish an international database that would 
connect systems for detecting pathogen strains 
in the form of a comprehensive network of 
sequencers. When it comes to the benefits of 
WGS in public health, the next step is direct ap-
plication in food for the most important caus-
es of epidemics (Allard et al., 2016), while the 
connection of the existing WGS network with 
other international networks should be consid-
ered in order to strengthen the role of health 
care institutions. Despite some remaining lim-
itations, comprehensive information provided 
by WGS will greatly enhance the monitoring of 
antimicrobial-resistant strain types and genes 
circulating in humans, foods, animals, and 
environments. In addition, genomic data will 
bolster the efforts to understand the sources of 
infection, identify and characterize outbreaks, 
and better understand the consequences of 
antibiotic use, according to McDermott et al. 
(2016).

Omics
Food-transmitted bacterial pathogens are 

susceptible to stress, sublethal injuries and 
often, depending on the change in their viru-
lence, react differently in the environment and 
especially when ingested into the human body. 
This will depend on the type of food and per-
formance criteria during its production. There-
fore, the state of the pathogen under different 
conditions is important for understanding the 
bacterial response to stress in food. The phys-
iological state of pathogens in such conditions 
can be indicated by modulation of gene and 
protein expression, and the application of om-
ics disciplines such as genomics, transcription, 
proteomics and metabolomics in this context 
offers significant potential to improve the un-
derstanding of stress responses and virulence 

of pathogenic bacteria (Wesche et al., 2009; 
Yoshida et al., 2001; Greppi and Rantsiou, 
2016). Transcriptome refers to the total RNA 
in a cell or organism. In a bacterial transcrip-
tome, there are classical mRNAs, a large num-
ber of cis-antisense RNAs, non-coding RNAs, 
over-lapping transcripts and RNA elements 
that regulate transcription such as riboswitches 
(Stazic and Voß, 2015). The role of non-coding 
RNAs in the regulation of gene expression, es-
pecially genes associated with adaptation and 
virulence, appears to be very important (Mel-
lin and Cossart, 2012; Cossart et al, 2014). The 
importance of transcriptomics lies in the poten-
tial to link specific changes in gene expression 
to the phenotype of interest. Transcription of 
DNA into RNA is the first step in controlling 
expression that will ultimately affect the phe-
notypic characteristics (Yoshida et al., 2001). 
Metabolomics focuses on the analysis of cell 
metabolites (Villas-Bôas et al., 2005).  Metabo-
lomics can be applied to study stress responses 
and growth patterns of pathogens in food. Fur-
thermore, metabolomics has been proposed 
as an analytical approach to detect pathogen 
(Greppi and Rantsiou, 2016). 

Proteomics allows the characterization of 
the functional significance of proteins. The bar-
riers it encounters are related to protein abun-
dance and proteome complexity. Proteins with 
low abundance are difficult to detect; proteins 
rarely act alone but rather in interaction with 
other proteins, which is crucial for cellular 
activity (Betzen et al., 2015). However, the in-
teractions that could occur between food pro-
teins and protein of microorganisms should 
be equally considered (Greppi and Rantsiou, 
2016).

Proteomics and metabolomics are consid-
ered to be useful tools in the analysis of raw 
materials and changes in molecular profiles 
during food production (Herrero et al., 2012), 
so analytical procedures can be used in detect-
ing chemical as well as biological contamina-
tion (Aung and Chang, 2014). The methods are 
applicable in food microbiology and the detec-
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tion of food-borne microorganisms and their 
toxins, even at low analyte levels (Martinović 
et al., 2015).

Discussion
Major interest in the development of rap-

id microbiological methods emerged in the 
mid-1960s.Initiating in human microbiology, 
it was embraced in the 1970s, continued into 
the 1980s and 1990s, and remains strong in the 
present day. On the other hand, interest in the 
development of rapid microbiological meth-
ods in food microbiology has been histori-
cally somewhat slower, but today it is just as 
important as in human microbiology (Fung, 
2002; Straub et al., 2005; Hein et al., 2006; Pa-
tel et al., 2006). The time period from 1965 to 
1975 is the period of “kit” development, pri-
marily for microbiological diagnostics. From 
1975 to 1985 came the years of immunologi-
cal tests development, and the decade from 
1985 to 1995 was the period of revolutionary 
development of molecular microbiological 
methods (genetic testing, molecular testing 
and PCR). It is culture-based diagnostics 
that has been developed intensively in terms 
of the application of immunological (ELISA) 
and molecular methods (PCR), with the aim 
of establishing rapid, sensitive, specific and 
cost-effective new methods. This goal is still 
common, whether we are referring to cultiva-
tion methods or futuristic biosensor methods 
(Priyanka et al., 2016).

The very definition of the “fast” method 
is not precisely explained, but it implies any 
microbiological method that gives faster re-
sults than classical, culture-based procedures. 
All these methods have their advantages and 
disadvantages. Thus, after the use of immu-
nomagnetic separation, ELISA, nucleic acid 
methods and polymerase chain reaction, 
membrane filtration, ATP bioluminescence 
techniques, a major part of methodology re-
search has focused on the use of different 
combinations of microbiological methods. 

The development of methods has pro-
gressed rapidly in this century, and continues 
today with the implementation of computer 
micro-chip technology and biosensors. Re-
search on the evidence of pathogenic microor-
ganisms at the molecular level is deepening in 
terms of finding faster and more reliable meth-
ods that will quantify the number of bacteria 
and identify specific bacterial species (Listeria 
spp., Campylobacter spp., Salmonella spp., E. coli, 
S. aureus) in contaminated food (Fung, 2002; 
Umesha and Manukumar, 2018). Rapid iden-
tification of foodborne pathogens is still a chal-
lenge both in the basic science and in the whole 
agri-food sector. Therefore, rapid evidence re-
garding the presence and number of pathogens 
in food is still a challenge and of paramount 
importance. Traditional plate counting meth-
ods are time consuming procedures, requiring 
several working days to be completed. Their 
advantage is that only the cells which can be 
readily cultivated in vitro recover. Along with 
the dead or damaged bacteria, the presence of 
viable but non-culturable (VBNC) cells, that 
can occur as an adaptation to environmental 
stress, may lead to an underestimation of the 
actual numbers of foodborne pathogens in the 
investigated samples (Thomas et al., 2002). 

Many studies have confirmed that numer-
ous contemporary and novel approach meth-
ods can detect and identify foodborne patho-
gens when present in low numbers. Hudson 
et al. (2001) observed the growth of L. mono-
cytogenes in a semi-durable meat product by a 
combination of IMS-PCR methods, detected 1 
cfu/25 g of sample and concluded that the use 
of the IMS method increased the sensitivity 
of the PCR method, having obtained a result 
within 24 hours for the meat industry. Also, 
using a combination of the same procedures, 
Salmonella spp. was detected in minced meat 
in 24 hours. Samples with different numbers 
of bacteria and accompanying microflora were 
examined, and it was concluded that the IMS 
method makes it far more difficult to isolate a 
small number of target bacteria (1-3 cfu/g) in 



T. MIKUŠ, Ž. CVRTILA and L. KOZAČINSKI

VETERINARSKA STANICA 56 (3), 389-404, 2025.398398

the presence of a large number of accompany-
ing microflora (104-105 cfu/g) and a large per-
centage of fat in the sample (meat), and thus 
reduces the sensitivity of the isolation process. 
In foods that do not contain a lot of fat or a 
large total number of bacteria, compared to 
the classical microbiological method, the IMS-
PCR method gives fast and satisfactory results 
in the detection of Salmonella spp. (Jenikova et 
al., 2000; Hsih and Tsen, 2001). E. coli O157: H7 
can be detected with immunoassay methods 
(ELISA) with a detection limit of 68 CFU / mL 
in phosphate buffer (PBS) to 6.8 x 103 CFU/mL 
in food samples – milk, vegetables and ground 
beef (Shen et al., 2014). Lateral Flow Immuno-
assay detects Salmonella typhi in food (meat, 
chicken, milk) with a limit of 104 - 105 CFU/mL 
(Kumar et al., 2008), while Shukla et al. (2014) 
established a detection limit of 30 cells / 25 g. 
Different nucleic acid based methods for path-
ogen detection like Multiplex PCR detect Sal-
monella spp. with a limit of 103 CFU/mL (Silva 
et al., 2011), as well as for E. coli O157: H7 and 
L. monocytogenes (Guan et al., 2013). Real time 
PCR can detect L. monocytogenes with a limit of 
<18 CFU/10 g (Suo et al., 2010) and 2 x 102 CFU/
mL (Kawasaki et al., 2010), Salmonella spp. 5 
CFU/25 g (Ruiz-Rueda et al, 2011) and S. au-
reus 9.6 CFU/g (MA et al., 2014). Pulsed-field 
gel electrophoresis (PFGE) has obtained its sta-
tus as the gold standard for status as the gold 
standard for outbreak tracking and molecular 
subtyping of zoonotic foodborne bacteria such 
as Salmonella enterica, Campylobacter species, 
E. coli, Shigella, Vibrio cholerae, and L. monocy-
togenes (Swaminathan et al., 2001; Boxrud et al., 
2010; Carleton and Gerner-Smidt, 2016). 

In recent years scientists have changed 
their approach, turning towards increasingly 
sensitive methods capable of detecting patho-
gens at the level of the products of their metab-
olism, developing novel approach, advanced, 
more sensitive methods of detecting pathogens 
in which MS-based techniques play a crucial 
role. Foodomics is increasingly mentioned in 
the literature as a new discipline for research of 

food and food-related risks using omics tech-
nologies that require the MS technique. Appli-
cations of Foodomics include genomic, tran-
scriptomic, proteomic, and/or metabolomic 
studies of foods which may be associated with 
food safety, detection of food contaminants, 
etc. Detection of pathogens and their toxins in 
food contaminated with microorganisms is im-
portant in food safety assessment, and GC-MS 
is used in this regard for the profiling of food 
product metabolites to determine volatile com-
pounds associated with well-defined microbial 
activity. Using proteomics tools, MS is used to 
directly identify food-contaminating microor-
ganisms (Herrero et al., 2012). 

Despite all scientific and technological ef-
forts to prevent food contamination, reports 
related to foodborne infections and intoxica-
tions tell us that pathogenic bacteria contin-
ue to cause diseases (EFSA, 2019). One of the 
reasons for this is the globalization in the agri-
food chain and the trends of consuming food 
that is minimally processed, ready-to-eat and 
has a prolonged shelf life. This globalization 
presents a new challenge in food production 
technology, but at the same time it will further-
more drive the switch to standardization of fast 
and reliable, modern analytical methods for 
the detection and quantification of pathogens 
in food. On the other hand, the development 
of these same methods is important for reach-
ing the fastest possible proof of the causes of 
epidemic outbreaks and monitoring the move-
ment of diseases related to a particular type of 
food. Analysis of pathogens by new methods 
such as PFGE allows the detection of disease 
clusters and helps to confirm pathogens. By 
standardizing the method, results of tests from 
different laboratories can be compared, while 
additional technologies such as WGS both re-
duce costs, time of proof of the causative agent 
and are useful to public health laboratories in 
determining virulence and characterization of 
bacteria (Oakeson et al., 2018). On the basis of 
the above stated, it is necessary to realize that 
in order to satisfy both regulatory references 
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and requirements by industries and consum-
ers, the scientific community will soon lead 
to a new era in the advancement in analytical 
methods and development of novel devices for 
a sensitive detection and quantification of bio-
logical risks (Malvano et al., 2020). 

Conclusions
Due to their multipurpose possibilities 

(species-wise), high specificity, rapidity and 
sensitivity, all of the presented methods can be 
used for detection and quantification of major 
foodborne pathogen species (Salmonella, Cam-
pylobacter, Escherichia coli – STEC, Yersinia and 
Listeria), keeping in mind the specificities of the 
food sample. Novel approach methods, from 
biosensors, to bacterial typing and omics are 
becoming increasingly applicable for rapid in 
vivo surveillance in the whole agri-food pro-
duction chain due to their ability to produce 
relevant results in a fraction of time needed for 
culture-based “gold standard” methods. 

Thus, in the near future, the global food 
safety system will need to conduct the stand-
ardization and validation of the novel approach 
methods which will then become the new gold 
standard for the 21st century. These standards 
will represent a significant leap forward, but at 
the same time a great challenge to the overall 
organisation of public health and food safety. 
Nevertheless, once established, the new system 
will significantly affect the rapidity of the epi-
demiological response and assessment regard-
ing microbiological foodborne risks and up-
grade the control of the entire agri-food chain.
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Patogeni koji se prenose hranom stalni su pro-
blem koji privlači pozornost javnozdravstvenih in-
stitucija, mikrobiologa i proizvođača hrane diljem 
svijeta. Stoga je znanstvena zajednica godinama 
usmjerena na pronalaženje “novih” i “boljih” meto-
da, a sve u nastojanju da se patogeni koji se prenose 
hranom otkriju na brži i pouzdaniji način. Treba na-
glasiti da je razvoj molekularne genetike – posebice 
korištenje genetskih informacija bioloških makro-
molekula u rutinskom testiranju, doveo do revolu-
cionarnog zaokreta u biološkim i znanstvenim istra-
živanjima. Gotovo svi postupci otkrivaju različite 
bakterijske genetske otiske ili biomarkere, zbog čega 
je izolacija bakterija nepotrebna. Međutim, ova novi-
ja istraživanja “brzih mikrobioloških metoda”, koja 
zahtijevaju samo nekoliko sati (a ne nekoliko dana), 
nisu potisnula klasični način mikrobiološkog testira-
nja hrane, odnosno klasične mikrobiološke metode i 
„zlatni standard“. Stoga se nove metode suočavaju 
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s visokim zahtjevima kao što su: granice detekci-
je, brzina analize, relativno niski troškovi i visoka 
osjetljivost za identifikaciju različitih patogena koji 
se prenose hranom. Neke od njih imaju mogućnost 
praćenja patogena, što je važan dio uspostave mreže 
kontrole patogena u lancu poljoprivredno-prehram-
bene proizvodnje na međunarodnoj razini. U ovom 
opsežnom pregledu literature autori predstavljaju i 
pregled metoda identifikacije i kvantifikacije s na-
glaskom na najvažnije EU patogene koji se prenose 
hranom (Salmonella, Campylobacter, Escherichia coli 
– STEC, Yersinia i Listeria). Metode su podijeljene u 
dvije velike skupine: suvremene metode (imunote-
stovi i lančana reakcija polimerazom) i nove metode 
(biosenzori, bakterijska tipizacija i omika) te ocije-
njene prema njihovoj funkcionalnosti, prednostima 
i nedostatcima.  

Ključne riječi: imunotestovi, PCR, biosenzori, 
PFGE, WGS, omika, sigurnost hrane


