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Abstract

A principal consumer demand is a guarantee of the safety 
and quality of food. The presence of foodborne pathogens 
and their potential hazard, the use of genetically modified 
organisms (GMOs) in food production, and the correct 
labelling in foods suitable for vegetarians are among 
the subjects where society demands total transparency. 
The application of controls within the quality assessment 
programmes of the food industry is a way to satisfy these 
demands, and is necessary to ensure efficient analytical 
methodologies are possessed and correctly applied by 
the Food Sector. The use of real-time PCR has become 
a promising alternative approach in food diagnostics. It 
possesses a number of advantages over conventional 
culturing approaches, including rapidity, excellent analytical 
sensitivity and selectivity, and potential for quantification. 
However, the use of expensive equipment and reagents, the 
need for qualified personnel, and the lack of standardized 
protocols are impairing its practical implementation for food 
monitoring and control.

Introduction

The promotion of a high level of food safety is a major policy 
priority worldwide (Rodríguez-Lázaro, 2013). Foodborne 
diseases are among the most serious public health concerns 
worldwide, because they are a major cause of morbidity. 
More than 200 known diseases are transmitted through 
food, with symptoms ranging from mild gastroenteritis to 
life-threatening syndromes such as fulminant hepatitis, with 
the possibility of chronic complications or disability (Mead et 
al., 1999). Their incidence has been increased considerably 
during the last decades by the rapid globalization of 
the food market, the increase of population and food 
transportation, and profound changes in food consumption 
habits (Rodríguez-Lázaro et al., 2007; Rodríguez-Lázaro, 
2013). The impact of foodborne pathogens in public health 
systems is considerable. Foodborne pathogens cause 
47.8 million episodes, 127,839 hospitalizations and 3037 
deaths per year in USA (Scallan et al., 2011a,b), with 
annual medical and productivity losses around 6500 million 
dollars due only to the five major foodborne pathogens 
(Crutchfield and Roberts, 2000). A similar impact has been 
recorded in the UK (Adak et al., 2005). In consequence, 
microbiological quality control programmes are increasingly 
applied throughout the food production chain in order 
to minimize the risk of infection for the consumer. The 

development and optimization of novel alternatives for the 
monitoring, characterization and enumeration of foodborne 
pathogens is one of the key aspects of food microbiology 
(Stewart, 1997), and has become increasingly important 
in the agricultural and food industry (Malorny et al., 2003). 
Classical microbiological methods for the presence of 
microorganisms in foods involve, in general, pre-enrichment 
and isolation of presumptive colonies of bacteria on solid 
media, and final confirmation by biochemical and/or 
serological identification. Thus, they are laborious, time-
consuming and not always reliable (e.g. viable but non-
culturable cells which are not detected) (Rollins and Colwell, 
1986; Tholozan et al., 1999).
 Other aspects in food safety and quality which are 
of concern for consumers include the use of genetically 
modified products as food ingredients. Genetically modified 
plants for human consumption or animal feed are mainly 
grown in the USA and Canada, with increasing production 
in Brazil, Argentina and China. Whilst GM food is readily 
accepted in the USA, European consumers have shown 
considerable reluctance due to a lack of confidence in 
food safety following previous food crises (Eurobarometer, 
2005). Detection and traceability of GMOs resembles many 
issues in related fields of food microbiology diagnostics, 
and similar approaches may be applied. The definition of 
percentage GMO in a sample is a major unresolved problem. 
The determination of the percentage of adventitious GMO 
presence in a sample can be simple and reproducible, but 
not if the GMO is unknown or unauthorized, or present in 
mixtures or stacked versions. Therefore, there is a general 
need for improvement of qPCR techniques for rapid 
screening and analysis of unknown GMOs. Harmonization 
of decision trees common to all stakeholders and regulatory 
agencies is required.
 Nucleic acid amplification by polymerase chain reaction 
(PCR) is being promoted as the most promising alternative 
to conventional methods in food diagnostics (Rodríguez-
Lázaro et al., 2007). Visualization of a signal from a PCR 
assay was conventionally performed by visualization of 
amplicons after gel electrophoresis, but this approach has 
been mostly superseded by so real-time PCR (qPCR), in 
which sequence-specific fluorescent probes bind to the 
amplicon and are visualized as the amplicons accumulate 
(Heid et al., 1996). Major advantages of qPCR for its 
application in diagnostic food laboratories include rapidity 
and simplicity to perform analysis, the closed-tube format 
that avoids risks of carry-over contamination, the extremely 
wide dynamic range of quantification (more than eight orders 
of magnitude) (Heid et al., 1996), and the significantly higher 
reliability of the results compared to conventional methods. 
Progressive developments have resulted in qPCR-based 
methods being developed for accurate quantification of 
several analytes (organisms, GM sequences) in food 
analysis (Rodríguez-Lázaro et al., 2007).

Current challenges

The inherent advantages of amplification techniques 
(e.g. shorter turnaround, improved detection limits, 
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specificity and potential for automation) should foster their 
implementation in food laboratories. PCR was predicted 
to be established as a routine reference by 2010 (Hoorfar 
and Cook, 2003); however, this did not happen, and further 
developments are needed for effective implementation 
of PCR in food diagnostics (D’Agostino and Rodríguez-
Lázaro, 2009). The main issues that must be addressed 
for the effective adaptation of molecular techniques in food 
laboratories are: the development of rational and easy-
to-use strategies for pre-PCR treatment of food samples; 
the design and application of analytical controls; the 
development of strategies for the quantitative use of qPCR 
for food samples, greater automation of the whole analytical 
process, and in the particular case of food microbiology the 
inability to unambiguously detect viable organisms. Large-
scale international validation of the PCR-based methods 
against the existing standard conventional methods is a 
most important requirement that has not been met, but is 
essential if industry is to be encouraged to adopt these new 
approaches.

Pre-amplification processing of samples
The purpose of sample preparation is to homogenize the 
sample to be amplified, increase the concentration of the 
target to the practical operating qPCR sensitivity, and reduce 
or exclude amplification-inhibitory substances. Hence, pre-
amplification treatment aims to convert food samples into 
amplifiable samples (Rådström et al., 2003). However, the 
efficiency and performance of qPCR can be negatively 
affected by the presence of inhibitory substances generally 
found in foods and nucleic acids extraction reagents (Wilson 
et al., 1997; Rossen et al., 1992). They can reduce or even 
block amplification reactions, leading to the underestimation 
or producing of false negative results. Thus, PCR-friendly 
sample preparation prior to the amplification reaction 
is crucial for the robustness and performance of qPCR 
methods, and is a priority for the implementation of qPCR 

methods as diagnostic tools in food laboratories.
 Pre-amplification procedures should be adapted for 
each food type and analytical purpose as food samples vary 
in homogeneity, consistency and composition. A large range 
of pre-amplification procedures have been developed, but 
many of them are laborious, expensive, and time-consuming 
(Jaffe et al., 2001). Procedures can either be biochemical, 
immunological, physical or physiological (Rådström et al., 
2003), or a combination of these (Table 1).

Analytical controls
Contamination is one of the principal concerns in food 
analysis laboratories. The main causes of production of 
false positive results are accidental contamination of the 
samples or the reagents with positive samples (cross-
contamination) or with amplification products and plasmid 
clones (carry-over contamination). In addition, the efficiency 
of qPCR can be negatively influenced by several conditions 
including malfunction of equipment, incorrect reaction 
mixture, poor enzyme activity, or the presence of inhibitory 
substances in the original sample matrix. This can result in 
weak or negative signals and lead to underestimation of the 
amount of target in the sample. The potential presence of 
amplification inhibitors in the reaction is a serious problem 
that can compromise the applicability of qPCR in food 
analysis. Therefore, adequate control of the efficiency of the 
reaction is a fundamental aspect in such assays (Hoorfar 
and Cook, 2003; Rodríguez-Lázaro et al., 2007). A series of 
controls are recommended to correctly interpret the results 
of molecular techniques (Box 1).

Internal amplification controls (IACs)
Other fundamental aspects rely on the adequate control 
of the amplification reaction efficiency. In this sense, the 
application of internal amplification controls allows the 
assessment and interpretation of the diagnostic results of 
the molecular techniques. An internal amplification control 
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Pre-amplification procedures should be 
adapted for each food type and analytical purpose 
as food samples vary in homogeneity, consistency 
and composition. A large range of pre-amplifica-
tion procedures have been developed, but many 
of them are laborious, expensive, and time-con-
suming ( Jaffe et al., 2001). Procedures can either 
be biochemical, immunological, physical or physi-
ological (Rådström et al., 2003), or a combination 
of these (Table 2.1).

Analytical controls
Contamination is one of the principal concerns 
in food analysis laboratories. The main causes of 
production of false positive results are accidental 
contamination of the samples or the reagents with 
positive samples (cross-contamination) or with 
amplification products and plasmid clones (carry-
over contamination). In addition, the efficiency 
of qPCR can be negatively influenced by several 
conditions including malfunction of equipment, 
incorrect reaction mixture, poor enzyme activity, 
or the presence of inhibitory substances in the 
original sample matrix. This can result in weak or 
negative signals and lead to underestimation of 
the amount of target in the sample. The potential 
presence of amplification inhibitors in the reaction 

is a serious problem that can compromise the 
applicability of qPCR in food analysis. Therefore, 
adequate control of the efficiency of the reaction 
is a fundamental aspect in such assays (Hoorfar 
and Cook, 2003; Rodríguez-Lázaro et al., 2007). 
A series of controls are recommended to correctly 
interpret the results of molecular techniques 
(Box  2.1).

Internal amplification controls (IACs)
Other fundamental aspects rely on the adequate 
control of the amplification reaction efficiency. In 
this sense, the application of internal amplification 
controls allows the assessment and interpreta-
tion of the diagnostic results of the molecular 
techniques. An internal amplification control or 
‘IAC’ is a non-target nucleic acid sequence, which 
is co-amplified simultaneously with the target 
sequence (Cone et al., 1992; Rodríguez-Lázaro 
et al., 2004, 2005). In a reaction without an IAC, 
a negative response (no signal) can mean that 
there was no target sequence present in the reac-
tion. But, it could also mean that the reaction was 
inhibited. In a reaction with an IAC, a control 
signal will always be produced when there is no 
target sequence present. When no control signal is 
observed, this means that the reaction has failed, 

Table 1. Sample preparation procedures used for different types of samples. adapted from Rådström et 
al. (2003)

Category Subcategory Sample preparation procedure Sample

Biochemical Adsorption Lectin-based separation Beef meat

Protein adsorption Blood

Nucleic acids extraction Nucleic acid purification procedures Diverse matrixes 

 Lytic procedures Diverse matrixes

Immunological Adsorption Immunomagnetic capture Diverse matrixes

Physical Aqueous two-phase systems Soft cheese

Buoyant density centrifugation Minced meat

Centrifugation Diverse matrixes

Dilution Diverse matrixes

Filtration Diverse matrixes

Mechanical disruption by ceramic spheres Diverse matrixes

Grinding by mortar and pestle Diverse matrixes

Boiling Diverse matrixes

Other heat treatments Diverse matrixes

Physiological Enrichment Diverse matrixes
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or ‘IAC’ is a non-target nucleic acid sequence, which is co-
amplified simultaneously with the target sequence (Cone et 
al., 1992; Rodríguez-Lázaro et al., 2004, 2005). In a reaction 
without an IAC, a negative response (no signal) can mean 
that there was no target sequence present in the reaction. 
But, it could also mean that the reaction was inhibited. 
In a reaction with an IAC, a control signal will always be 
produced when there is no target sequence present. When 
no control signal is observed, this means that the reaction 
has failed, and the sample must be reanalysed. In a qPCR-
based assay, an IAC should be based on flanking nucleic 
acid sequences with the same primer recognition sites as 
the target, with non-target internal sequences (Rodríguez-
Lázaro et al., 2004, 2005). The principal requirements of an 
optimal internal amplification control (IAC) for use in food 
diagnostic assays are reviewed in Hoorfar et al. (2004).

Determination of viability
The determination of bacterial viability is a key issue for the 
application of food risk management, and thus a rational 
approach to detect only viable bacterial cells by using 
molecular-based methods is necessary. However, PCR-
based methods detect DNA which survives cell death. For 
this purpose the use of mRNA as template for amplification 
can be a promising solution (Klein and Juneja, 1997), 
though this requires removing any trace of bacterial DNA in 
the reaction in order to avoid false-positive results in viability 
assays (Cook, 2003). An alternative to RT-PCR, is the use 
of nucleic acid sequence-based amplification (NASBA) 
technique. NASBA is a potentially powerful technique for 
specific detection of viable cells. In contrast with RT-PCR, 
it does not required DNase treatment, since, as it runs at a 
single temperature in which dsDNA is not denatured and 

thus cannot became a substrate for NASBA.
 A PCR-based approach has recently been devised to 
distinguish viable bacterial cells is the staining of cells with a 
blocking agent such as ethidium monoazide bromide (EMA) 
prior to DNA extraction and PCR to inhibit the amplification 
of DNA from dead cells (Nogva et al., 2003; Rudi et al., 
2005a). This strategy combines the use of viability (live-
dead)-discriminating dye with the speed, specificity, and 
selectivity of amplification-based techniques such as 
qPCR. The principle is that these dyes do not penetrate 
the cell walls of viable cells, but will penetrate those of 
dead cells. They can intercalate in DNA and prevent 
amplification, and thus amplification signals will only be 
obtained from viable cells that the dye could not penetrate. 
EMA is a phenanthridinium nucleic acid-intercalating agent 
(Waring, 1965), and photolysis of EMA with visible light 
produces a nitrene that can form stable covalent links 
to DNA (Coffman et al., 1982; Hixon et al., 1975). The 
unbound EMA, remaining free in solution, is simultaneously 
photolysed and converted to hydroxylamine, and is no 
longer capable of covalent attachment to DNA (DeTraglia 
et al., 1978). Thus, the application of EMA prior to bacterial 
DNA extraction can lead to selective removal of DNA from 
dead cells. This approach has already been tested with 
different foodborne pathogens such as Escherichia coli 
0157:H7 (Guy et al., 2006; Nocker et al., 2006; Nogva 
et al., 2003), Salmonella (Guy et al., 2006; Nocker et al., 
2006; Nogva et al., 2003), Listeria monocytogenes (Guy 
et al., 2006; Nocker et al., 2006; Nogva et al., 2003, Rudi 
et al., 2005a;b), Campylobacter (Rudi et al., 2005a), and 
Vibrio vulnificus (Wang and Levin, 2005). However, it has 
been reported that EMA can also penetrate the membrane 
of viable bacterial cells and covalently cross-linked with the 
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and the sample must be reanalysed. In a qPCR-
based assay, an IAC should be based on flanking 
nucleic acid sequences with the same primer 
recognition sites as the target, with non-target 
internal sequences (Rodríguez-Lázaro et al., 2004, 
2005). The principal requirements of an optimal 
internal amplification control (IAC) for use in 
food diagnostic assays are reviewed in Hoorfar et 
al. (2004).

Determination of viability
The determination of bacterial viability is a key 
issue for the application of food risk manage-
ment, and thus a rational approach to detect only 
viable bacterial cells by using molecular-based 
methods is necessary. However, PCR-based 
methods detect DNA which survives cell death. 
For this purpose the use of mRNA as template for 
amplification can be a promising solution (Klein 
and Juneja, 1997), though this requires removing 
any trace of bacterial DNA in the reaction in order 
to avoid false-positive results in viability assays 
(Cook, 2003). An alternative to RT-PCR, is the 
use of nucleic acid sequence-based amplification 
(NASBA) technique. NASBA is a potentially 

powerful technique for specific detection of 
viable cells. In contrast with RT-PCR, it does not 
required DNase treatment, since, as it runs at a 
single temperature in which dsDNA is not dena-
tured and thus cannot became a substrate for 
NASBA.

A PCR-based approach has recently been 
devised to distinguish viable bacterial cells is the 
staining of cells with a blocking agent such as eth-
idium monoazide bromide (EMA) prior to DNA 
extraction and PCR to inhibit the amplification 
of DNA from dead cells (Nogva et al., 2003; Rudi 
et al., 2005a). This strategy combines the use of 
viability (live-dead)-discriminating dye with the 
speed, specificity, and selectivity of amplification-
based techniques such as qPCR. The principle 
is that these dyes do not penetrate the cell walls 
of viable cells, but will penetrate those of dead 
cells. They can intercalate in DNA and prevent 
amplification, and thus amplification signals will 
only be obtained from viable cells that the dye 
could not penetrate. EMA is a phenanthridinium 
nucleic acid-intercalating agent (Waring, 1965), 
and photolysis of EMA with visible light produces 
a nitrene that can form stable covalent links to 

Box 1.� Analytical controls for molecular-based techniques. Adapted from Rodríguez-Lázaro et al. 
(2007)

Sample process control (SPC): ( neNati]e saTple spiRed ^itO suɉcient aTount oM tarNet �e�N� 
pathogen, species, etc.), and processed throughout the entire protocol. A positive signal should be 

oItained indicatinN tOat tOe entire process �MroT nucleic acids e_traction to aTplification reaction� ^as 
correctly performed.

Negative sample process control (NSPC): ( neNati]e saTple spiRed ^itO suɉcient aTount oM non�
target or water, and processed throughout the entire protocol. A negative signal should be obtained 

indicating the lack of contamination along the entire process (from nucleic acids extraction to 

aTplification reaction��
Environmental control: A tube containing the master mixture or water left open in the PCR set-up room 

to detect possible contaminating nucleic acids in the environment.

Positive PCR control: ( teTplate Rno^n to contain tOe tarNet seXuence� ( positi]e aTplification 
indicates tOat aTplification ^as perMorTed correctl �̀
Negative PCR control: 0ncludinN all reaNents used in tOe aTplification e_cept tOe teTplate nucleic acids� 
Usually, water is added in stead of the template. A negative signal indicates the absence of contamination 

in tOe aTplification assa �̀
Internal amplification control (IAC): Chimerical non-target nucleic acid added to the master mixture 

in order to Ie co�aTplified I` tOe saTe priTer set as tOe tarNet nucleic acid Iut ^itO an aTplicon siae 
]isuall` distinNuisOaIle or different internal seXuence reNion MroT tOe tarNet aTplicon� ;Oe aTplification 
oM 0(* IotO in presence and in tOe aIsence oM tarNet indicates tOat tOe aTplification conditions are 
adequate.
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DNA during photolysis, resulting in loss of a percentage of 
the genomic DNA of viable cells and PCR inhibition (Nocker 
and Camper, 2006; Rueckert et al., 2005). This drawback 
can be overcome using a similar staining strategy with a 
more selective molecule such as propidium monoazide 
(PMA). PMA is a modification of propidium iodide that does 
not penetrate the membrane of viable cells, but is efficiently 
taken up by permeabilized cells (Nocker et al., 2006). 
Promising though this approach appears, it still contains a 
potential for ambiguity in that it is not completely assured 
that there are no circumstances in which dye is taken up 
by viable cells. In such circumstances, the potential for 
overlooking the presence of a pathogen in a food sample 
exists, and much further work is necessary before the 
dye approach can be confidently taken up in actual food 
analysis.

Concluding remarks

The continued guarantee of the safety and quality of foods, 
and the possession of means to meet the challenges posed 
by potential emerging threats, requires the development of 
novel, and refinement of existing, analytical methodology. 
In the last few decades substantial resources have been 
directed towards these efforts. However, the efforts have 
not for the most part been translated into tangible benefits 
for the consumer and stakeholder, since implementation of 
novel or improved methods has seldom been widespread, 
and in many cases has not occurred at all. There needs 
to be a focused drive towards taking proven methods from 
the scientist’s laboratory and implementing them in actual 
use in the analyst’s laboratory. This requires integration 
of the activities in method development and validation 
of the leading research groups. Very importantly, the 
involvement of manufacturing enterprises, food producers, 
retail companies, and food safety organizations is essential 
to ensure an informed, structured approach to quality 
and safety during the critical stages in food production 
processes. The pursuit of these objectives will require 
a major international initiative, but the reward would be 
manifested at all levels within the community.
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