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The guarantee of food safety and quality along the food chain

is a principal demand of the citizen. Fundamental aspects in

food safety and quality, such as the presence of pathogens

and their potential risk, are important consumer concerns.

Other questions such as the use of genetically modified

organisms (GMOs) in food production are also subjects where

society demands total transparency. To guarantee food safety

and quality and satisfy the requirements of the consumer, it

is necessary to ensure that efficient analytical methodologies

are possessed by the food industry. This review discusses cur-

rent status and future challenges in two areas of analytical

methodology in food safety and quality: the monitoring of

microorganisms and the detection of GMOs. Current strategies

for developing methods will be discussed. Lessons learnt

through activities in method development and validation of

leading research groups will be described. The review will

also discuss the necessary requirements for the standardization

of analytical tools in food safety monitoring.
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Introduction
The promotion of a high level of food safety is a major

policy priority worldwide. The innocuousness of foodstuffs
is a concept inherent in food safety, and is related to many
aspects of agrarian technologies as well as to food prod-
uction and processing. Foodborne diseases are among
the most serious public health concerns worldwide, being
a major cause of morbidity (Wallace et al., 2000). More
than 200 known diseases are transmitted through food,
with symptoms ranging from mild gastroenteritis to life-
threatening syndromes, with the possibility of chronic com-
plications or disability (Mead, Slutsker, Griffin, & Tauxe,
1999). Their incidence has been increased considerably
during the last decades by the rapid globalisation of the
food market, the increase of person and food transportation,
and the profound changes in food consumption habits
(Käferstein, Motarjemi, & Bettcher, 1997). In consequence,
microbiological quality control programs are increasingly
applied throughout the food production chain in order to
minimize the risk of infection for the consumer.

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.
While 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).

Molecular diagnostics in food microbiology:
trends and current challenges

The development and optimisation of novel alternatives
for the monitoring, characterisation and enumeration of
foodborne pathogens is a key aspect in food microbiology
(Stewart, 1997), and has become increasingly important
for the food industry (Malorny et al., 2003). Classical
microbiological methods for the presence of microorgan-
isms in foods involve pre/enrichment and isolation of pre-
sumptive colonies of bacteria on solid media, and final
confirmation by biochemical and/or serological identifi-
cation. Thus, they are laborious, time consuming and not
always reliable (e.g. viable but non-culturable forms might
not be detected). The adoption of molecular techniques in
food microbiology has become a promising alternative to
overcome these disadvantages (Scheu, Berghof, & Stahl,
1998). The inherent advantages of amplification techniques,
e.g. shorter time to results, excellent detection limits, spec-
ificity, and potential for automation can foster their imple-
mentation in routine food testing laboratories. PCR has
become the most extensively used molecular technique,
and is predicted to be established as a routine procedure
within the next 10 years (Hoorfar & Cook, 2003). Other
techniques have also been developed such as nucleic acid
sequence-based amplification (NASBA), although so far
they have had limited practical relevance for food moni-
toring. However, further developments are needed for an
effective implementation of amplification techniques in
food microbiology. The main issues that must be addressed
are the development of rational and easy-to-use strategies
for pre-amplification treatment of the food samples, the
design and application of analytical controls, the unambig-
uous determination of viable forms and the development of
strategies for the quantitative use of real time PCR.

Pre-amplification processing of the samples
The efficiency and performance of molecular methods

can be negatively affected by the presence of inhibitory
substances in foods, growth media, and nucleic acids ext-
raction reagents (Rodrı́guez-Lázaro & Hernández, 2006;
Rossen, Nøskov, Holmstrøm, & Rasmussen, 1992). They
can reduce or even block amplification reactions leading
to underestimation of the bacterial load, or to false negative
results. Thus, sample preparation is crucial for the perfor-
mance of amplification-based methods, and is vital to the
implementation of molecular methods as routine diagnostic
tools.

The purposes of sample preparation are to homogenize
the sample, to increase the concentration of the target orga-
nism, and to reduce or exclude amplification-inhibitory
substances. As food samples vary in homogeneity, consis-
tency, composition, and accompanying microbiota, pre-
amplification procedures should be adapted to each food
matrix. A large range of pre-amplification procedures has
been developed, and can be biochemical, immunological,
physical, or physiological procedures (Rådström, Knutsson,
Wolfs, Dahlenborg, & Löfström, 2003) (Table 1), or a com-
bination of these.

Analytical controls
Molecular techniques, as with any detection technique,

can produce false negative and false positive results. The
main causes of false positive results are accidental contam-
ination of samples or reagents with positive samples (cross-
contamination) or with amplification products and plasmid
clones (carry over contamination). In addition, the effici-
ency of amplification-based techniques can be negatively
influenced by several conditions including malfunction of
equipment, incorrect reaction mixture, and poor enzyme
activity. This can result in weak or negative signals and
lead to underestimation of the amount of microbial load
in the sample. Therefore, adequate control of the efficiency
of the reaction is a fundamental aspect in such assays
(Hoorfar & Cook, 2003). Several controls are recommended
to correctly interpret the results of molecular techniques
(Table 2).

Internal amplification controls (IACs)
An internal amplification control or IAC is a non-target

nucleic acid sequence which is co-amplified simultaneously
with the target sequence (Cone, Hobson, & Huang, 1992).
In a reaction without an IAC, a negative response (no
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Table 1. Comparison of the performance of different pre-PCR sample preparation proceduresa

Category Product of sample preparation Removal of
inhibitors

Time required Cost

Type Homogeneity Concentration

Biochemical: nucleic acid extraction Nucleic acids Good Average Yes 3e6 h High
Immunological: immunomagnetic capture Cell/nucleic acids Average Average Average 2e4 h High
Physical: buoyant-density centrifugation Cell Average Good Average 30 min Average
Physiological: enrichment Cell Low Good Low 6e24 h Low

a Adapted from Rådström et al., 2003.
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 pres-
ent. When no control signal is observed, this means that the
reaction has failed, and the sample must be reanalysed.

There are two main strategies for use of an IAC in diag-
nostic assays: competitive IAC and non-competitive IAC.
Both strategies are useful, although the first is recommen-
ded to avoid the risk of undesired interactions of multiple
primers, and, especially, to get comparable amplification
efficiency of the IAC and the target sequence. In the com-
petitive strategy, the IAC contains flanking nucleic acid
sequences with the same primer recognition sites as the tar-
get, with non-target internal sequences (Rodrı́guez-Lázaro,
D’Agostino, Pla, & Cook, 2004; Rodrı́guez-Lázaro, Pla,
Scortti, Monzó, & Vazquez-Boland, 2005), thus the target
and the IAC are co-amplified in a single reaction tube
with the same primer set.

The most critical parameter to consider is the optimal
initial number of IAC copies in the diagnostic assay as it
directly affects the target detection limit (Abdulmawjood,
Roth, & Bülte, 2002). If used at high concentration, the
IAC might not allow detection of weak inhibition, and
this could cause false negative results if the target is present
in low concentrations (Rosenstraus, Wang, Chang,
DeBonville, & Spadoro, 1998). However, small amounts
of initial IAC lead to substantial variations in IAC amplifi-
cation, indicating poor reproducibility. The initial IAC copy
number in the reaction must be determined empirically, to
allow reproducible IAC detection without out-competing
the target.

Determination of viable forms
The determination of the bacterial viability is a key issue

for the application of food risk management. However, PCR-
based methods detect DNAwhich survives cell death. For this
purpose the use of mRNA as template for amplification can
be a solution (Klein & Kuneja, 1997), though this requires re-
moving any trace of bacterial DNA in the reaction in order to
avoid false positive results (Cook, 2003).

Nucleic acid sequence-based amplification (NASBA)
technique is a promising diagnostic tool for the analysis
of viable microorganisms (Cook, 2003). This technique is
a transcription-based amplification system specifically
designed for the continuous amplification of RNA at
isothermal conditions (41 �C) (Compton, 1991, Deiman,
van Aarle, & Sillekens, 2002). At this temperature, the
genomic DNA from the target remains double-stranded
and does not become a substrate for amplification. Thus,
this technique has a potential for detection of viable cells
through selective amplification of messenger RNA, even
Table 2. Analytical controls for molecular-based techniquesa

Processing Positive Control (PPC): A negative sample spiked with sufficient amount of target (e.g. pathogen, species, etc), and processed
throughout the entire protocol. A positive signal should be obtained indicating that the entire process (from nucleic acids extraction to
amplification reaction) was correctly performed.
Processing Negative Control (PNC): A negative sample spiked with sufficient amount of 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
amplification reaction).
Premise Control or Environmental Control: A tube containing the master mixture or water left open in the PCR setup room to detect possible
contaminating nucleic acids in the environment.
Amplification Positive control: A template known to contain the target sequence. A positive amplification indicates that amplification was
performed correctly.
No Template Control (NTC) or Reagent Control (Blank): Including all reagents used in the amplification except the template nucleic acids.
Usually, water is added instead of the template. A negative signal indicates the absence of contamination in the amplification assay.
Internal Amplification Control (IAC): Chimerical non-target nucleic acid added to the master mixture in order to be co-amplified by the same
primer set as the target nucleic acid but with an amplicon size visually distinguishable or different internal sequence region from the target
amplicon. The amplification of IAC both in presence and absence of target indicates that the amplification conditions are adequate.

a Adapted from Hoorfar and Cook, 2003.
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in a background of genomic DNA, which PCR does not
possess (Rodrı́guez-Lázaro, Hernández, D’Agostino, &
Cook, 2006).

Application of real time PCR in food samples
for quantitative purposes

Enumeration of foodborne pathogens is a main aspect of
food microbiology, especially to acquire results useful for
quantitative risk assessment. Although several approaches
to quantitation have been described based on conventional
PCR (Rijpens & Herman, 2002), the most promising
alternative is the application of real-time quantitative PCR
(Q-PCR) assays. Q-PCR allows monitoring of the synthesis
of new amplicon molecules in real time during the
PCR process using fluorescence (Heid, Stevens, Livak, &
Williams, 1996), not just at the end of the reaction as in
conventional PCR. Other major advantages of Q-PCR
include the closed-tube format that reduces the risk of carry-
over contamination, and the wide dynamic range of quanti-
fication (Heid et al., 1996). Several Q-PCR based methods
have been already developed for accurate quantification of
food microbial contaminants (Table 3).

Lessons learnt in development and evaluation
of a detection method for foodborne parasites

Foodborne outbreaks originated by parasites have been
documented both in developed and developing countries
(Nichols & Smith, 2002). There are no standard methods
for detecting (oo)cysts of protozoan parasites in foods, al-
though the potential for contamination of foodstuffs, partic-
ularly with Cryptosporidium parvum and Cryptosporidium
hominis and Giardia duodenalis (oo)cysts is gaining
increasing attention (Girdwood & Smith, 1999; Rose &
Slifko, 1999). Fresh produce in particular is a potential
vehicle of transmission, as it is consumed with minimal
preparation (Nichols & Smith, 2002). Given the extremely
low infectious doses of protozoan parasites, produce which
receives minimal washing prior to ingestion can pose
a threat to public health if contaminated.

Published methods for detecting (oo)cysts on foods are
primarily modifications of previously published methods
utilizing steps and reagents devised for other purposes
(e.g. concentration of (oo)cysts from water) (Robertson &
Gjerde, 2000, 2001a, 2001b). Recovery efficiencies ranging
from 1 to 85% have been documented (Nichols & Smith,
2002), mostly on small numbers of replicates, indicating
the large variability associated with these methods. Few
studies have attempted to optimise (oo)cyst release from
the foodstuffs tested, and failure to optimise this step leads
to reduced recoveries and increased variability. A further
limitation of these studies is that the steps and reagents
used in commercial kits for concentrating oocysts by
immunomagnetisable separation (IMS) have not been opti-
mised for specific food matrices.
Analysis of foods for the presence of (oo)cysts has its
drawbacks. Unlike many foodborne pathogens, there is no
in vitro culture technique available to augment (oo)cyst
numbers prior to identification. Identification is by epifluor-
escence microscopy which is time consuming and labour
intensive and wholly dependent upon the training, experi-
ence, skill, and patience of the analyst. Finally, it is impor-
tant to be able to identify and enumerate small numbers of
(oo)cysts accurately.

An ideal method for detection of parasites in foodstuffs
should be based on extraction of (oo)cysts, concentration of
the extract and separation of (oo)cysts from food matrices
by IMS, and staining and identification of (oo)cysts by epi-
fluorescence and differential interference contrast (DIC)
microscopy. Both the choice of extractant and method of
extraction from foodstuffs can influence oocyst recoveries,
and some extraction methods suitable for one food product
can prove unsuitable for others (Cook et al., 2006a). The
choice of pH is also critical not only for extracting oocysts
from the food matrix, but also for concentrating oocysts by
IMS. The microenvironment required to obtain maximum
interaction between antibody paratope and oocyst epitope
for efficient recovery by IMS must be optimised to reduce
pH extremes (Cook et al., 2006a).

It is recommended that the robustness of the methods is
evaluated by a pre-collaborative study (Cook et al., 2006b).
Ideally two to four laboratories with experience in identify-
ing parasites should be chosen. The selection of specialist
couriers for the delivery of the samples is important, as
late delivery and samples in poor condition are often
reported (Cook et al., 2006b). In order to guarantee the cor-
rect performance of the ring-trial and minimize the risk of
operational problems training workshops should be held in
which the SOPs and equipments, oocyst identification prin-
ciples are reviewed and a practical example of each method
is demonstrated.

Conclusions
General recommendations to those that wish to develop

and validate methods for detection of foodborne parasites
are as follows. The physicochemical and biophysical
parameters involved in the method must be fully investi-
gated to ensure the correct interpretation of results. The
use of well researched (standardized) analytes is recom-
mended. Food matrices contain inhibitory substances in
varying quantities, which decrease detection sensitivity.
Investigators should determine what is known about them.
A major issue that must be appreciated is that detection
methods work well in the laboratories which develop
them, but their robustness must be tested in multi-center
collaborative trials, and that all aspects of collaborative tri-
als must be investigated and discussed fully before they
commence. Here, one can ask experts. It is fundamental
that potential limitations are known before validation is at-
tempted. This can be done by undertaking a pre-validation



Table 3. Real-time quantitative PCR methods for the principal foodborne pathogens

tion limit Reference

eaction Yang et al., 2004
3 cfu/g Inglis & Kalischuk, 2004
eaction Rudi et al., 2004
cfu/reaction Yang, Jiang, Huang,

Zhu, & Yin, 2003
eaction Nogva et al., 2000
3 cfu/g Sekse, Solberg, Petersen,

Rudi, & Wasteson, 2005
2 cfu/mL Kaclikova, Pangallo, Oravcova,

Drahovska, & Kuchta, 2005
3 cfu/mL Penders et al., 2005

Hinata et al., 2004
104 cfu/g Ibekwe & Grieve, 2003
3 cfu/mL Sharma, 2002
/mL Foulds et al., 2002
103 cfu/mL Ibekwe, Watt, Grieve,

Sharma, & Lyons, 2002
fu/mL Oravcova et al., 2006
/g Rodrı́guez-Lázaro et al., 2005
/100 g Berrada, Soriano, Pico, &

Manes, 2006
/g Rodrı́guez-Lázaro, Jofre,

Aymerich, Garriga, & Pla, 2005
2 cfu/cm2 Guilbaud et al., 2005
/g Rudi, Naterstad, Dromtorp, &

Holo, 2005
u/g Rodrı́guez-Lázaro, Jofre,

Aymerich, Hugas, & Pla, 2004
eaction Rodrı́guez-Lázaro et al., 2004
eaction Rodrı́guez-Lázaro et al., 2004
eaction Hough, Harbison, Savill,

Melton, & Fletcher, 2002
eaction Hein et al., 2001
eaction Nogva et al., 2000

Fujikawa, Shimojima, &
Yano, 2006

/100 mL Wolffs, Glencross, Thibaudeau,
& Griffiths, 2006
Massi et al., 2005

3/mL Piknova, Kaclikova, Pangallo,
Polek, & Kuchta, 2005

3/mL Seo, Valentin-Bon, &
Brackett, 2006

/reaction Nogva & Lillehaug, 1999

103 cfu/mL Wolffs, Knutsson, Norling, &
Radstrom, 2004
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Target Sequence Matrix Quantification limit Detec

Campylobacter VS1 Pure culture 10 cfu/reaction 1 cfu/r
16S rRNA Faecal samples 3� 103 cfu/g 3� 10
C. jejuni fragment Faecal samples 20 cfu/reaction 2 cfu/r
VS1 Poultry, milk and

environmental water
150 cfu/reaction 6e15

C. jejuni fragment Pure culture 10 cfu/reaction 1 cfu/r
E. coli Stx Fecal samples 1� 103 cfu/g 1� 10

sfmD Culture medium 1� 102 cfu/mL 1� 10

16S rRNA Fecal samples 4� 103 cfu/mL 4� 10
uspA Urine samples e

stx1, eae Environmental samples 2.6� 104 cfu/g 2.6�
eae, stx1 Fecal samples 1� 103 cfu/mL 1� 10
lacZ Water 10 cfu/mL 10 cfu
stx1, stx2, eae Dairy wastewater 3.5� 104 cfu/mL 6.4�

Listeria monocytogenes actA Pure culture 10-2 cfu/mL 10-2 c
hly Several 10-3 cfu/g 10 cfu
LightCycler L.
monocytogenes Detection Kit

Salad 10 cfu/100 g 10 cfu

hly Raw salmon and smoked
salmon

10-3 cfu/g 10 cfu

hly Biofilm 6� 102 cfu/cm2 6� 10
hly Cheese 100 cfu/g 10 cfu

hly Meat and meat products 10-3 cfu/g 100 cf

hly Pure culture 30 cfu/reaction 1 cfu/r
hly Pure culture 30 cfu/reaction 1 cfu/r
hly Cabbage 140 cfu/25 g 9 cfu/r

iap Milk 60 cfu/reaction 6 cfu/r
hly Pure culture 60 cfu/reaction 6 cfu/r

Salmonella invA Culture medium,
clinical sample

e e

invA Chicken 7.5� 102 cfu/100 mL 2.2 cfu

flaA Blood samples e e
fimC Culture medium 1� 103/mL 1� 10

sefA Eggs 1� 103/mL 1� 10

TaqMan Salmonella PCR
Amplification Kit

Culture medium 25 cfu/reaction 25 cfu

Yersinia enterocolitica 16S rRNA Pork meat 4.2� 103 cfu/mL 4.2�
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study. The competence of collaborators should be deter-
mined in a non-confrontational manner at this time. In
further studies (Cook et al., unpublished), it was found
that the use of internal positive controls is advantageous,
as they not only increased quality assurance, but also
helped to determine whether there were any inhibitory ef-
fects that influenced method recovery. This increased the
level of confidence obtained from negative results. Finally,
it is essential to employ knowledgeable statisticians.

Review of currently applied methodologies used
for detection and typing of foodborne viruses

In the last decade, gastroenteritis in humans caused by
consumption of food contaminated by viruses has been
increasingly reported (WHO, 2000). Norovirus (NoV) and
hepatitis A virus (HAV) are currently the most significant
viral foodborne agents worldwide. More than 85% of re-
ported gastroenteritis in humans in Europe has been caused
by norovirus (Lopman et al., 2003), and the annual inci-
dence of HAV in Europe is approximately 278,000 cases
(WHO, 2000).

The main vehicle of virus transmission is foodstuffs
which are eaten raw or only slightly cooked. Fresh produce
such as soft fruit and vegetables can become contaminated
on the farm during harvesting by infected persons, when
viruses can be transferred to fresh produce on hands or fin-
gertips of the pickers contaminated with faecal material
(Bidawid, Farber, & Sattar, 2000a). Mostly, viral contami-
nation is associated with surfaces, but some viruses could
also be present inside fruits as a result of damage. Further
contamination of the food items can take place during meal
preparation or handling by infected foodhandlers. At that
time viruses can be easily transmitted to particular food
items. Contamination can also occur through contact with
sewage or contaminated water.

Methodologies used for extraction and detection
of foodborne viruses

Routine assays for detection of enteric viruses in clinical
specimens cannot be directly applied to food; therefore,
many laboratories have developed specific methodologies.
Currently used methodologies for identification of food-
borne viruses consist of two main stages: extraction and
concentration of viruses from foods and detection using
molecular techniques (Cook & Myint, 1995). There are
several basic methods employing different procedures for
virus extraction and detection. However, some are insensi-
tive, or do not have the specificity to allow identification of
virus type or strain. This can result in variable efficiency,
and can lead to false negative results. In addition, food
items may be contaminated by only a few virus particles,
consequently a large sample size needs to be tested, and
the samples must be substantially concentrated before the
detection assay.
The main stage of each method is extraction of viruses
from food samples. Several steps are recognized in this
stage such as initial sample treatment employing washing
in case of fresh produce (Dubois et al., 2002; Kurdziel,
Wilkinson, Gordon, & Cook, 2001; Kurdziel, Wilkinson,
Langton, & Cook, 2001) or homogenization for shellfish
(Coelho, Heinert, Sim~oes, & Barardi, 2003; Croci et al.,
1999; Cromeans, Nainan, & Margolis, 1997; Kingsley &
Richards, 2001). The next step is removal of food solids
from the extract using filtration or differential centri-
fugation with a subsequent virus concentration by sedim-
entation, flocculation, ultracentrifugation or precipitation.
After that viruses can be delivered to the detection system.
An extraction control to check the efficiency of the extrac-
tion procedure (Le Guyader et al., 2004) is required. Within
these steps, there are elements which are critical to the final
efficiency of the procedure. For example, food samples
used for analysis should be representative and their size
should correspond to the consumption portion of that par-
ticular food item. The chemical composition of the extrac-
tant solution used for homogenization or washing, molarity
and pH should inhibit virus attachment to the food surfaces
and promote its liberation from food solids. Therefore, the
extractant should contain proteinaceous ingredients e.g.
albumin, beef extract to facilitate liberation of viruses
from food. All these steps and elements require optimisa-
tion to ensure maximum and consistent virus recovery.
Where the target virus cannot be cultured, method optimi-
sation can be performed using surrogate or model viruses
such as poliovirus or feline calicivirus which produce
visible cytopathic effects in infected cells, so their number
can be calculated giving an estimate of virus recovery from
the sample. However, it has to be taken into account that
surrogate viruses may not be completely useful, for
instance a method which gave a high (w40%) recovery
of poliovirus from strawberries gave little (<0.1%) recov-
ery of norovirus from this fruit (Rze _zutka and Cook,
unpublished).

The most promising methods for detection of viruses are
based on PCR; however, they have some limitations. The
main one is the volume of food sample extract which is
taken for nucleic acid extraction and the volume of nucleic
acid extract used in the RT-PCR. Therefore, only the
methods which concentrate viruses from a realistic sample
size and deliver them in a small volume of final extract are
really efficient. The quality of purified RNA is an important
factor determining the sensitivity of the assay. Currently
available extraction and concentration procedures cannot
sufficiently eliminate residual food-related inhibitors, or
they use substances which are themselves inhibitory
(Bidawid, Farber, & Sattar, 2000b). This can result in false
negative results, but can be controlled by IACs. This should
include efforts to refine RNA extraction methods to
decrease the level of RT-PCR inhibitors co-extracted from
food matrices (Rossen et al., 1992; Shieh, Calci, & Baric,
1999) or identification of broadly reactive primer sets (Sair,
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D’Souza, Moe, & Jaykus, 2002). There is a need for stan-
dardization of methodology to detect foodborne viruses,
and the standardization body CEN/TC275/WG6/TAG4
are currently preparing relevant international standard
protocols.

The features of the ideal procedure used for extraction and
detection of foodborne viruses are presented in Table 4.
The focus is on maximizing virus recovery while mini-
mizing loss due to the procedure. Future work should
also be focused on development of extraction procedures
which remove or minimize inhibitors. Another challenge
is the issue of the infectivity of the detected viruses.
Currently, detection of the viral genome does not indicate
whether the target was infectious or non-infectious. This
fact is important because the presence of viral RNA may
not necessarily indicate a risk of infection for consumers
(De Medici, Croci, Di Pasquale, Fiore, & Toti, 2001).

Why and how to trace antibiotic resistance along the
food chain

Antimicrobial agents belong to one of the most powerful
classes of pharmaceuticals. However, soon after the in-
troduction of most of the agents, resistant microorganisms
became more prevalent and led to serious therapeutic prob-
lems. Consequently the rational use of antimicrobial agents,
especially those for non-human use, has become a public
health concern (Aarestrup, 2006). There is evidence of
the causal association between the incidence of resistant
bacteria in man and their selection in domestic food-
producing animals. The exposure paths for man are food,
water, human beings themselves and animals. During
food processing, bacteria of animal origin can contaminate
other food items, the processing plant or workers. Resistant
organisms can also be brought by food handlers into the
production line. Today many options are available to limit
the spread of microorganisms along the food chain. Similar
measures can be taken to limit the exposure to resistant
bacteria.

Phenotypic detection of resistance
Antimicrobial resistance is defined as the ability of

microorganisms to survive or grow in the presence of an
antimicrobial agent (Anonymous, 2003). Two types of phe-
notypic detection methods are usually applied: agar diffu-
sion and broth dilution (CLSI, 2006b). Quantitative data
is obtained by Minimal Inhibitory Concentration (MIC) de-
termination, which can be automated (CLSI, 2006a). A crit-
ical aspect is selection of the antimicrobial agents and
microorganisms. The antimicrobial classes to be tested
for Salmonella include aminoglycosides, phenicols,
b-lactams (penicillins and cephalosporins), quinolones,
fluorquinolones, sulphonamides and tetracyclines. In the
case of Campylobacter spp. macrolides are added and for
Enterococci glycopeptides and strepogramins as well. A
comprehensive summary of the methodologies and antimi-
crobial agents for each micro-organism has been previously
described (Aarestrup, 2004; Anonymous, 2006; Watts &
Lindemann, 2006).

Genotypic detection of resistance
Recently, a large number of molecular methods have

been developed and applied for detection of resistance
genes and mobile genetic elements implicated in their
spread (reviewed in Aarts, Boumedine, Nesme, & Cloeck-
aert, 2001; Aarts, Guerra, & Malorny, 2006; Tenover &
Rasheed, 2004). Most are based on application of DNA
probes and PCR assays, that allow detection of genes
encoding resistance to most antimicrobials. PCR detection
of different antimicrobial genes, integrons and transposons
using different sets of primers is currently the method of
choice for the genotypic characterisation of resistance.

Molecular typing methods for the characterisation
of antimicrobial resistant bacterial strains

The aims of molecular typing are manifold. It enables
the detection of differences between bacterial isolates
within a species, so that particular clones or subtypes can
be characterised. This assists differentiation of pathogenic
from non-pathogenic isolates, recognition of particular
virulent or antimicrobial resistant strains, and identification
of subpopulations with special traits. Furthermore, it helps
to cluster together those isolates that belong to identical
strains, clones, subtypes or clusters; this assists the identifi-
cation of epidemiological associations between outbreaks
Table 4. The features of the ideal procedure used for extraction and detection of foodborne viruses

Features Comments

Extraction and
concentration method

Generic Concentrate vast range of foodborne viruses in a small volume of concentrate
Efficient Possess good virus recovery
Labour intensity Not time consuming, short procedure
Feasibility It has to be easy to perform and can be done in suitably equipped virological laboratories
Robust Good reproducibility and repeatability

Detection method Detection limit Should be as low as possible allowing to detect only a few virus particles in food samples
Identification of
virus type or strain

Should allow to identify virus type or strain without applying additional procedures

Price Not being expensive
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and food sources, and the identification of increased risks
from husbandry or social behaviour.

Plasmid profiling was the first molecular biology tech-
nique to be applied to bacterial strain typing (Aarestrup,
2004). Additionally, different regions of the bacterial chro-
mosome can be used for locus-specific analysis (Aarestrup,
2004). Previously ribotyping, using a DNA probe derived
from the highly conserved ribosomal RNA genes, was suc-
cessfully applied for bacterial typing (Aarestrup, 2006).
The analysis of results was straightforward, but closely
related strains could not be differentiated. Other techniques
such as IS200 fingerprinting use DNA probes from an inser-
tion sequence, a mobile DNA element that can be inte-
grated within the bacterial genome. Recently, PCR-based
locus-specific RFLP methods have superceded labour-
intensive RFLP-blotting techniques (Aarestrup, 2006).

Pulsed-Field-Gel Electrophoresis (PFGE) has emerged
as the pre-eminent molecular approach to the epidemiolog-
ical analysis of most bacterial pathogens (Aarestrup, 2006).
It requires digestion of bacterial DNA with rare-cutting
restriction enzymes to obtain low numbers (20e60) of large
(50e1000 kb) restriction fragments. PFGE has been chosen
as the primary molecular typing method for the molecular
surveillance networks for foodborne infections in the USA
(PulseNet; www.cdc.gov/pulsenet) and Europe (PulseNet
Europe; http://www.pulsenet-europe.org).

DNA microarray technology is becoming increasingly
popular in diagnostic microbiology. Whereas PCR only
allows the detection of a limited number of genes, micro-
arrays can simultaneously screen large numbers of targets.

The role of standardization bodies in the harmonization
of analytical methodology in food microbiology

There is a clear need to define common and reliable
reference methods in food microbiological analysis. Stan-
dardization, based on consensus, harmonizes reference
methods at international level.

Standardization bodies in food microbiology
The two principal standardization organizations are the

International Organisation for Standardisation (ISO), and
European Committee for Normalisation (CEN). ISO mem-
bers are the national standardization bodies of 138 count-
ries worldwide, and tasks for each area of work are
conducted within Technical Committees, Sub-Committees
and Working Groups, each under the responsibility of one
member country. The ISO Standards are optionally adopted
as national standards by ISO members. CEN is organized
similarly to ISO. CEN members are the European national
standardization bodies (28 countries and 6 associated
members). CEN Standards have to be adopted as national
standards for a higher degree of harmonization at European
level but the use of these standards remains voluntary.

In the area of food microbiology, there are two struc-
tures: ISO/TC 34/SC 9: Sub-Committee 9 ‘‘Microbiology’’
of Technical Committee 34 ‘‘Food products’’ and CEN/
TC 275/WG 6: Working Group 6 ‘‘Microbial contami-
nants’’ of Technical Committee 275 ‘‘Food analysis e
Horizontal methods’’. ISO/TC 34/SC 9 involves several
working groups from 45 ISO member countries and 11 in-
ternational organizations. Its objective is to develop and
update ISO Standards for the microbiological analysis of
foods and animal feeding stuffs, environment of food
production and handling, and animal primary production.
CEN/TC 275/WG 6 involves several task groups (TAG).
The objectives are shared with SC 9, and in the frame of
a CEN/ISO cooperation agreement, most of the standards
developed by SC 9 are taken over as CEN Standards, and
vice versa.

Different types of standards
A standard is a reference text established by a recognized

body e a national standardization body for a national stan-
dard, CEN for a European Standard and ISO for an Interna-
tional Standard e reflecting a general consensus. It’s use is
voluntary, unlike a regulatory text. To date, 46 standards
have been published in food microbiology. They consist
of both reference methods and references concerning
general aspects of analysis.

Reference methods
The main groups of microorganisms of interest in food

microbiology are food hygiene indicators (e.g. such as total
bacterial count) and foodborne pathogens (e.g. Salmonella).
For each of them, presence/absence tests and/or enumera-
tion methods are standardized. These methods are mostly
based on the ability of bacteria to grow in enrichment
broths or on agar media. Currently, standards are being de-
veloped for Enterobacter sakazakii and Vibrio, under the
lead of ISO/TC 34/SC 9; Clostridium botulinum, within
TAG 3 ‘‘Use of PCR’’ of CEN/TC 275/WG 6; STEC
(Shiga-toxin producing E. coli), by an ad hoc group
of WG 6 and the major foodborne viruses by TAG 4
‘‘Viruses’’ of WG 6.

A criticism often heard is that these Standard methods
have not been fully validated by a proper collaborative
study. Therefore, a project has been funded by the European
Commission, Standard, Measurement and Testing Pro-
gramme, to validate the six main Standard methods. In
addition, the European Commission has given CEN a man-
date to further validate 15 Standard methods.

General aspects
A set of standards dealing with general aspects in

the microbiological analysis of food such as good labo-
ratory practice, quality assurance/performance testing of
culture media, preparation of test samples, measurement
uncertainty, method validation and proficiency testing
schemes have been defined (Table 5).

http://www.cdc.gov/pulsenet
http://www.pulsenet-europe.org
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Table 5. General aspects in the microbiological analysis of food and international standards

Good laboratory practices in food microbiology
ISO 7218: 1996 ‘‘Microbiology of food and animal feeding stuffs e General rules for microbiological examinations’’. It represents the basis

for laboratory accreditation in food microbiology.

Quality assurance/performance testing of culture media
ISO/TS 11133-1:2000 ‘‘Microbiology of food and animal feeding stuffs e Guidelines on preparation and production of culture media e

Part 1: General guidelines on quality assurance for the preparation of culture media in the laboratory’’.
ISO/TS 11133-2:2003 ‘‘Microbiology of food and animal feeding stuffs e Guidelines on preparation and production of culture media e

Part 2: Practical guidelines on performance testing of culture media’’.

Preparation of test samples, initial suspension and decimal dilutions
ISO 6887-1:1999 ‘‘Microbiology of food and animal feeding stuffs e Preparation of test samples, initial suspension and decimal dilutions

for microbiological examination e Part 1: General rules for the preparation of the initial suspension and decimal dilutions’’.
ISO 6887-2:2003 ‘‘Microbiology of food and animal feeding stuffs e Preparation of test samples, initial suspension and decimal dilutions

for microbiological examination e Part 2: Specific rules for the preparation of meat and meat products’’.
ISO 6887-3:2003 ‘‘Microbiology of food and animal feeding stuffs e Preparation of test samples, initial suspension and decimal dilutions

for microbiological examination e Part 3: Specific rules for the preparation of fish and fishery products’’.
ISO 6887-4:2003 ‘‘Microbiology of food and animal feeding stuffs e Preparation of test samples, initial suspension and decimal dilutions

for microbiological examination e Part 4: Specific rules for the preparation of products other than milk and milk products, meat and meat
products, and fish and fishery products’’.

ISO 17604:2003 ‘‘Microbiology of food and animal feeding stuffs e Carcass sampling for microbiological analysis’’.

PCR
ISO 22174:2005 ‘‘Microbiology of food and animal feeding stuffs e Polymerase chain reaction (PCR) for the detection of foodborne pathogens

e General requirements and definitions’’.
ISO/TS 20836:2005 ‘‘Microbiology of food and animal feeding stuffs e Polymerase chain reaction (PCR) for the detection of foodborne

pathogens e Performance testing for thermal cyclers’’.
ISO 20837:2006 ‘‘Microbiology of food and animal feeding stuffs e Polymerase chain reaction (PCR) for the detection of foodborne pathogens

e Requirements for sample preparation for qualitative detection’’.
ISO 20838:2006 ‘‘Microbiology of food and animal feeding stuffs e Polymerase chain reaction (PCR) for the detection of foodborne pathogens

e Requirements for amplification and detection for qualitative methods’’.

Measurement uncertainty
ISO/TS 19036:2006 ‘‘Microbiology of food and animal feeding stuffs e Guidelines for the estimation of measurement uncertainty for

quantitative determinations’’.

Method validation
ISO 16140:2003 ‘‘Microbiology of food and animal feeding stuffs e Protocol for the validation of alternative methods’’.
Standards are under development on validation of proprietary kits, intra-laboratory (or in-house) validation, intermediate validation (between

in-house study and a full collaborative study), method verification (in the particular context of accreditation, to verify that a method is correctly
operated in a given laboratory), technical minimum requirements for the standardization of reference methods by the new WG 3 ‘‘Method
Validation’’ of SC 9.

Proficiency testing (PT) schemes, covered by WG 4 ‘‘PT’’ of SC 9, the purpose being to develop a guide on the specific aspects of PT organization
and interpretation for food microbiology.
Position of novel technologies
An important characteristic of any standard based on

novel technologies is the requirement/recommendation
not to link the use of a standard to a commercial product.
The principles for the introduction of novel technologies
in specific standards in food microbiology were clarified
at the joint meetings of ISO/TC 34/SC 9 and CEN/TC
275/WG 6 in Parma (April 2004). In particular, SC 9 Res-
olution Nr 233 states that Novel technologies (such as PCR)
can be introduced in specific standards if conventional mi-
crobiology is not satisfactory for detection or enumeration
of the given target. In addition to the reference method
based on conventional microbiology, another standard
based on novel technology can be developed with a different
purpose, e.g. evaluation of pathogenicity. Commercial
products such as PCR systems/probes, ELISA kits etc.,
are not to be mentioned in specific standards, but need to
be validated against the corresponding reference method
in accordance with the Standard EN ISO 16140.

Use of PCR for food microbiology
This topic is covered by the TAG 3 ‘‘PCR’’ of CEN/TC

275/WG 6, which develops general guidance standards. Re-
cently published are general requirements and definitions
(EN ISO 22174), sample preparation (EN ISO 20837),
amplification and detection for qualitative methods (EN
ISO 20838), and performance criteria for thermocyclers
(EN ISO TS 20836). TAG 3 also develops specific standard
methods based on PCR, such as for the detection of
neurotoxin genes of clostridia, and pathogenic genes of
Vibrio.
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Conclusion
It could be questioned why it is necessary to spend so

much effort to standardize methods in food microbiology,
when it is well known that each microbiologist is convinced
they have the best method, adapted to their laboratory and
objectives. In answer, in addition to the reasons given in the
foregoing paragraphs, use of standard methods can improve
the confidence of customers, especially during international
trade, and underpin official controls. Furthermore, a set of
developed standards is a sound basis for accreditation of
laboratories in food microbiology.

Open questions in genetically modified organisms
(gmo) controls
Five open questions in GMO controls
One: How to interpret GMO percentage in
adventitious presence?

A typical decision tree to help with the implementation of
GMO regulations in routine analysis laboratories is shown in
Fig. 1. The European threshold level of adventitious GMO
presence above which food must be labeled is 0.9%. This fig-
ure represents a mass/mass ratio; however, the current
methods for GMO detection do not measure the mass/mass
ratio but the DNA/DNA ratio, which is then converted to
mass/mass using standards called certified reference material
(CRM). While the DNA-based measurements can be accu-
rately determined, the conversion to mass has numerous dif-
ficulties of interpretation. EU recommendation 2004/787/
2000 proposes that GM copy numbers should be expressed
as the percentage in relation to taxon-specific gene target
DNA copy numbers. These problems are based on the non-
evident relationship between DNA content and plant mass
(Holst-Jensen, De Loose, & Van den Eede, 2006; Weighardt,
2006). Another difficulty involves the simultaneous presence
of different GMOs in the same food sample. If these are of the
same species (same ingredient), then the threshold corre-
sponds to the sum of the individual GMOs. Recommenda-
tions to improve the coherence of the legislation with

Fig. 1. Decision tree. Reliable decision trees applicable to various
potentially GMO matrices.
real-life practical methods of GMO detection have recently
been proposed (Holst-Jensen et al., 2006). The International
Seed Testing Association (ISTA) and the European Associa-
tion for Bioindustries (Europabio) have requested a more
flexible approach with performance-based methods.

Two: How to reduce the cost of GMO detection?
GMO quantification is most accurately done using

Q-PCR, which requires sophisticated equipment, dedicated
laboratories and highly trained personnel. The cost of anal-
ysis could result in increased prices for both GMO and
non-GMO food and feed. Cost reduction is thus imperative.
To economize the cost of GMO analysis, a rational strategy
could be applied based on screening of samples using con-
ventional PCR prior to quantitative determination by
Q-PCR. Multiple simultaneous detections by the use of mul-
tiplex PCR have been successful (Hernández, Rodrı́guez-
Lázaro, & Ferrando, 2005; Hernández, Rodrı́guez-Lázaro,
Zhang, Esteve, Pla, & Prat, 2005). It is critical to demon-
strate that such methods are transferable to different labora-
tories (Hernández, Rodrı́guez-Lázaro, & Ferrando, 2005;
Hernández, Zhang, Esteve, Pla, & Prat, 2005). Another op-
tion is the use of DNA arrays, which simultaneously screen
for the presence of a large number of transgenic constructs
(Leimanis et al., 2006), and can deduce the types of trans-
genes present, and sometimes the exact identity of the trans-
genic plant. This approach can also provide considerable
information on unknown GMOs.

Analytical costs and measurement uncertainty can be
also reduced by the application of the modular approach
(Holst-Jensen & Berdal, 2004), whereby each step from
the sampling procedure is independently validated. This
has the further advantage of being highly adaptable, since
it is able to integrate new modules.

Three: Which certified reference materials to use?
Certified reference materials (CRM) are produced by the

Institute of Reference Materials and Measurements
(IRMM) of the EU’s Joint Research Centers (JRC), and
are derived from homogenates of plant material. CRMs
are certified to contain specific mixtures of non-GM and
GM material. The host reference genes are simultaneously
amplified in the Q-PCR and serve to quantify the DNA ra-
tios of the transgenes present in the unknown samples to
give the mass/mass ratios using the calibration curves gen-
erated with certified CRM. Ideally, this CRM should be
both standardized in quality and homogeneity and be read-
ily available, but, in reality, there may be lapses in avail-
ability, particularly for old GMOs that are no longer
grown on a commercial scale and for new GMOs, that
are recently, and often asynchronously, approved. In addi-
tion, there is no CRM for GM material that is neither autho-
rized nor commercialized, such as BT10 maize or LL601
rice. There may also be problems of irreproducible quality
and stability. Finally, CRMs are costly to produce, thus
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increasing the costs of GM analysis. DNA-based CRM
from plant genomic DNA or specially constructed bacterial
plasmids that contain multiple transgenes and reference
genes would be advantageous, as they would be rapidly
available, stable and low cost. Attempts have been made
to use DNA-based reference material in Europe and Japan
(Kuribara et al., 2002; Mattarucchi, Weighardt, Barbati,
Querciand, & Van den Eede, 2005), but while these have
been successful, there remains the problem of comparing
the results to the commonly used mass/mass ratio. There
is a potential problem of cross-contamination of test sam-
ples by CRM plasmid material. Construction and mainte-
nance of plasmids containing multiple transgenes and
reference genes could also be problematic, as they are in
constant change as new GM plants are introduced and
others abandoned.

Four: How to detect unknown (or unexpected)
and unauthorized GMOs

A PCR method cannot detect a completely unknown
GMO, since a prior knowledge of the DNA sequence is
necessary for the primer design. A first step towards the de-
tection of unknown GMOs uses computer modelling for the
optimal design of DNA chips (Nesvold, Kristoffersen,
Holst-Jensen, & Berdal, 2005), or anchored PCR primed
from commonly found GM-related sequences.

Five: How to detect the stacked genes?
A particular problem arises in the case of plant varieties

containing ‘‘stacked’’ transgenes. Such varieties typically
arise from genetic crosses between two different transgenic
lines containing different transgenes, so that two or more
transgenic constructs may be present in the same cell
(Halpin, 2005). Stacked genes may also be constructed by
multiple transformation events of the same plant. The
PCR reaction will be able to detect both different trans-
genes but will be unable to distinguish the ‘‘stacked’’
gene scenario whereby the sample contains a mixture of
two or more transgenic lines.

Conclusions
Detection and traceability of GMOs resemble many is-

sues in related fields of food contamination by microbes
and toxins, and similar DNA-based techniques may be
applied. The definition of percentage GMO in a sample is
a major unresolved problem as mass/mass is the functional
unit of the percentage GMO for the food stakeholders. The
conversion to these functional units is a source of difficulty
and misunderstanding and the use of CRM is preferred as it
provides a direct mass/mass conversion of the DNA units.
However, the use of CRM poses other problems and may
not be sustainable in the long term, and CRM may even-
tually be replaced by DNA-based plasmid or genomic
reference material. Finally, the determination of the
percentage of adventitious GMO presence in a sample
can be simple and reproducible, unless the GMO is un-
known or unauthorized, or present in mixtures or stacked
versions. Therefore, there is a general need for improve-
ment of DNA detection techniques for rapid screening
and analysis of unknown GMOs. Harmonization of deci-
sion trees common to all stakeholders and regulatory
agencies is required.

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 develop-
ment of novel, and refinement of existing, analytical
methodology. This activity is supported by Society through
the provision of taxpayer-derived funding to researchers,
and 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 imple-
mentation 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 pro-
ducers, retail companies, and food safety organizations is
essential to ensure an informed, structured approach to
quality and safety during the critical stages in food produc-
tion 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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