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Preface

Safety of food, in general, and safety of foods of animal origin are of great importance for consum-
ers, the food industry, and health authorities. Consumers expect healthy and safe food. Producers
need to meet certain standards, guidelines, or directives imposed by local, governmental, con-
tinental, and global authorities. Producers and authorities have to rely on adequate methods of
analysis for an accurate detection, including the choice of an adequate sample preparation method,
which is also of high relevance.

Analysis and detection methods are evolving fast toward miniaturization, automation, and
increased limits of detection. Contamination of foods may be of different origins, either biologi-
cal (bacteria, viruses, or parasites and products of organisms, e.g., marine toxins or mycotoxins)
or chemical (residues of growth promoters, antibiotics, food contact materials, persistent organic
materials, environmental contaminants, and many others). The more man interferes with the pro-
duction of raw materials and end products, the more the detection methods required to check the
authenticity of foods, the addition of foreign compounds, the use of irradiation, and the presence
of genetically modified organisms.

This book, Safery Analysis of Foods of Animal Origin, is divided into three parts: Part I deals
with meat, processed meats, and poultry; Parc IT with fish and seafood products; and Part III with
milk and dairy products.

In all three parts, selected chapters (Chapters 1 through 3, 15, 17, and 29) deal first with the
safety aspects of biological agents and products of different organisms. They also deal with meth-
ods to control the presence of bacteria, viruses, or parasites in food (Chapters 5, 16, 18, 30, and
31). Sometimes it is not the biological agent that is hazardous, but rather its products—this is
covered in Chapters 4, 12, 19, 28, and 32.

Authenticity is a very important factor in the food industry and for consumers. Aspects like
adulteration, addition of foreign compounds, irradiation, and genetically modified organisms are
discussed in depth in several chapters (Chapters 5 through 8, 20 through 23, 28, 33, and 34).

Residues in foods may be from internal or external sources. Several chapters discuss residues
of growth promoters, antibiotics, persistent organic pollutants, biogenic amines, #-nitroso com-
pounds, and polycyclic aromatic compounds (Chapters 9 through 14, 24 through 27, and 35
through 38). This list of compounds is not exhaustive.

In each chapter, the authors start with a discussion of the parameter in question. Sample
preparation and cleanup methods are reviewed in depth. This is followed by a detailed overview
of different separation and detection methods. Special attention is given to limits of detection and
reliability of methods. Finally, a brief summary covers the presence of these parameters in different
end products, regions, and countries.



x W Preface

All the chapters have been written by renowned scientists who are experts in their fields of
research. Only the most recent techniques and related literature have been dealt with. We would
like to thank all the contributing authors for their great efforts in producing this excellent work.

There are two ways of spreading light: to be the candle or the mirror that reflects it. (Edith
Wharton)

Leo M.L. Nollet
Fidel Toldra
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1.1 Introduction

All animals, birds, fish, etc. contain a host of microorganisms in their intestinal tract and on their
exposed outer skins, membranes, etc. During the slaughter and processing of the live organism
into food, the muscle surface can become contaminated with microorganisms. Microbial con-
tamination on the food and its composition/diversity is dependent on both the microbial load of
the host organism and the hygiene practices employed during slaughter, processing, and distri-
bution [1]. For example, during beef slaughter cross-contamination of microbial flora from the
bovine hide, feces, and gut contents are recognized as the main cause of microflora on the beef car-
cass [2]. Among the principal genera of bacteria that are present on postslaughter muscle surfaces
are Pseudomonas spp., Acinetobacter spp., Aeromonas spp., Brochothrix thermosphacta, members of
the lactic acid bacteria (LAB) such as Lactobacillus and Leuconostoc, as well as many members of
the Enterobacteriaceae including Enterobacter and Serratia spp. [3-7].

From a microbiological standpoint, muscle foods have a particularly unique nutritional profile,
with intrinsic factors such as a neutral pH, high water content, a high protein content, and fat pro-
viding an excellent platform for microbial growth. Thus, during storage of muscle foods, favorable
environmental conditions (temperature, pH, a,, etc.) will allow the microflora to grow. As the micro-
organisms grow they metabolize the food components into smaller biochemical constituents, many
of which emit unacceptable flavors, odors, colors, or appearance [6,8]. Spoilage may be defined as the
time when the microorganisms reach a critical level, usually at around log,, 7-8 colony forming units
(CFU) g7, to induce sufficient organoleptic changes to render the food unacceptable to the consumer.
The particular species of bacteria that contaminate the muscle, along with the environmental condi-
tions, will determine the spoilage profile of the stored muscle food [5]. Under aerobic storage condi-
tions, certain species of the genus Pseudomonas are generally considered to significantly contribute
to spoilage. This is due to the organisms’ ability to utilize amino acids and grow well at refrigeration
temperatures. Although it is a facultative anaerobe, under anaerobic conditions, the bacterium B. ther-
mosphacta is considered a dominant member of the spoilage flora of meat products, producing lactic
acid and ethanol as by-products of glucose utilization [9]. Recently, the use of modified atmosphere
packaging (MAP) has gained popularity as a method of preservation. Gas mixtures containing vari-
able O, and CO, concentrations are used to inhibit the growth of different spoilage-related bacteria.
Under certain MAP conditions, lactic acid bacteria dominate and are prolific spoilers [10].

The storage period under a particular set of environmental conditions until the spoilage micro-
flora reaches a threshold level is known as shelf life. To extend the shelf life of muscle foods, a range
of procedures to prevent or retard microbial growth are deployed. When storing fresh muscle
foods, where only chill storage temperatures (<5°C) are employed to retard microbial growth,
the shelf life can be measured in days. Modified atmosphere or vacuum packaging can extend
shelf life to several weeks or months. Extension of shelf life beyond this period requires the use of
more robust and invasive preservation techniques such as freezing, mild or severe heat treatment
(canning), reducing water activity (4,), altering pH (acidic or alkaline), or the use of chemical or
biological preservatives. However, all of above preservation processes generally have an unwanted
deleterious influence on the organoleptic quality of the food. Therefore, there is an ever increasing
move away from heavily preserved food to fresh and minimally preserved foods with a limited
shelf life, imposing a greater need for industry to be able to accurately predict when spoilage of the
food will occur. As there is a direct correlation between microbial load and spoilage, food hygiene
regulators and industry set microbiological guidelines and criteria for specific foodstuffs, which
are used to predict spoilage and determine shelf life. A number of direct and indirect techniques
are available to assess the microbial load or its metabolites in food at the point of food production,
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which will give a predicted shelf life under a defined set of storage conditions. This chapter will
review a selection of commonly used and emerging technologies that are used to directly or indi-
rectly enumerate the total microbial load and predict spoilage.

1.2 Culture-Based Methods

Microbial cultural assays are generally dependent on the growth of a microbial population to form
colonies on an agar plate, which are visible to the analyst. Specific conditions such as temperature,
moisture content, atmosphere, and nutrient availability on solid media (agar) are used to induce
this growth.

1.2.1 Agar Plate Count Methods

The gold standard method to assess microbial numbers remains the aerobic standard plate count
(SPC). This cultural method has been widely and successfully used for many years in the food,
pharmaceutical, and medical sectors. Serial dilutions of the sample material are prepared, plated
onto agar (plate count agar), and incubated under specific conditions. When visible colonies
appear, the number of CFU per gram of food can be readily calculated. The Association of Official
Analytical Chemists (AOAC) Official Method 966.23 [11] and the International Organization for
Standardization (ISO) (No. 4833:2003) [12] have standardized the test protocol. All alternative
methods must generally be correlated or validated against these methods.

Although “gold standard” indicates the method is perfect, there are in fact some drawbacks to
the method. The SPC result is often referred to as “total viable count” implying that “all” viable
microorganisms will be incorporated in results of the assay. This is not so, as certain microorgan-
isms, referred to as viable but nonculturable (VBNC) [13], may have growth requirements not met
by the incubation conditions. The failure of the assay to account for these organisms may lead to
an underestimation of the #7u#e microbial load. From a practical perspective the method is also very
slow and labor intensive, requiring 3 days for the colonies to form and thus, a result to be obtained.
For products with a short shelf life this delay is very impractical and a product may be in retail
distribution before microbial counts are obtained.

1.2.2 Alternative Culture Methods

There are alternative agar-based methods, such as Petrifilm® (3M Microbiology Products, USA),
that are AOAC accredited (Method 990.12) [14] and show comparable counts to SPC for a wide
variety of meat samples [15]; although some problems have been noted [16]. Another product,
SimPlate® (IDEXX Labs Inc., USA), has also been applied to meat muscle with relative success
and is an approved AOAC method [17,18].

There is also an automated method based on a liquid media—based most probable number
(MPN) technique (TEMPO®, bioMériuex, France). The system is based on wells containing a
traditional culture media formula with a fluorescent indicator. Each well corresponds to an MPN
dilution tube. Once the sample is distributed in the wells, the microorganisms metabolize the
culture media producing a fluorescent signal. The system uses an MPN calculation to assess the
number of microorganisms in the original sample. Apart from the obvious advantage that this
type of automated instrumentation offers, the TEMPO system has a reduced incubation time
(<48 h) compared with the ISO SPC method that takes 3 days. When applied to meat samples,
the technology shows a high correlation with the SPC (r=.99) [19].



6 ®m  Safety Analysis of Foods of Animal Origin

1.3 Direct Epifluorescent Filtration Technique

An alternative approach to culture is to directly extract the microorganisms from the muscle food
by membrane filtration. When concentrated onto the membrane surface, the microorganisms can
be stained using a fluorescent dye and the cells then detected and enumerated using epifluorescent
microscopy.

The first step in this direct epifluorescent filtration technique (DEFT) is the use of membrane
filtration to recover the bacteria from the food and this step poses some challenges in relation to
muscle foods. When membrane filtration is used to recover microorganisms from muscle foods,
they must be first placed in a liquid media and homogenized, stomached, or pulsified (Microgen
Bioproducts, UK) [20] to remove the bacteria from the food surface or matrix into the liquid dilu-
ent. A problem encountered is that food particles in the liquid have a tendency to clog the pores of
the membrane during filtration. This may mean that the required volume cannot be filtered and
that any food debris on the membrane can interfere with the enumeration of bacterial cells. Some
approaches to improve filterability of muscle foods have been employed to physically or chemically
remove as much of the food suspension as possible before filtration. These have included the use
of low-speed centrifugation, appropriate surfactants such as Tween 80 and sodium dodecyl sulfate
(SDS), and the proteolytic enzyme, Alcalase [21].

Once the microorganisms are concentrated onto the membrane surface, the membrane is over-
laid with a fluorescent dye such as acridine orange and mounted on a glass slide. The microorgan-
isms are viewed using fluorescent microscopy, and the total numbers of organisms in a defined
number of fields of view are counted. The microscopic count is used to predict the “gold standard”
plate count using a calibration curve relating the DEFT count to the aerobic plate count.

DEFT (Figure 1.1) has been applied to the estimation of microbial numbers in a range of
muscle foods (Table 1.1). Although acridine orange is the most commonly used fluorescent dye, it

Pretreatments,
i.e., centrifugation,
prefiltration,
chemicals,
enzymes, etc.

Sample and buffer

Filter supernatant
through membrane
(0.2 pm—0.8 um) and

stain cells with
fluorescent dye

Membrane ‘L

N
Slide Q _—

Count cells
manually or by
computer

image

analysis

",

Figure 1.1 Flow diagram of a direct epifluorescent filtration technique (DEFT) for enumeration
of microorganisms from muscle foods.
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Correlation of Direct Epifluorescent Filtration Technique (DEFT) with the

Standard Aerobic Plate Count (SPC) for Enumeration of Microorganisms in a Range of

Muscle Foods

Treatment of Sample
before Filtration through Fluorescent | Correlation
Muscle Food Membrane (0.4-0.8 pm) Dye with SPC Reference
Fresh meat Stomached 2 min Acridine r=.91 [97]
Orange
Canned hams Stomached 2 min, Acridine Poor [98]
prefiltration through glass Orange
microfiber filter
Raw ground Stomached 2 min, Acridine r=.79 [99]
beef prefiltered through nylon Orange
filter, Triton X, and
bactotrypsin
Raw beef pieces | Stomached 30, prefiltered Acridine rr=.91 [100]
through glass microfiber Orange
filter, Triton X
Raw pork mince | Stomached 30 s, Tween 80, Acridine r=.97 [101]
SDS, Alcalase 0.6 L Orange
Raw beef mince | Stomached 30 s, low-speed Acridine r=.97 [102]
centrifugation, Tween 80, Orange
SDS, Alcalase 0.6 L
Lamb carcasses Stomached 30 s, low-speed Acridine r:=.87 [103]
centrifugation, Tween 80, Orange
SDS, Alcalase 2.5 L
Minced beef Stomached 30 s, low-speed Acridine r’=.97 [21]
centrifugation, Tween 80, Orange
SDS, Alcalase 2.5 L
Processed meat Stomached 30 s, low-speed Baclight r?=(.90, .87, [22]
(minced beef, centrifugation, Tween 80, .82, .80)
cooked ham, SDS, Alcalase 2.5 L
bacon rashers,
frozen burgers)

does not distinguish between live and dead cells and so may overestimate the bacterial load in pro-
cessed meat samples containing large numbers of dead cells. To overcome this problem, a viability
stain BacLight® (Molecular Probes Inc., The Netherlands) was reported to successfully distinguish
between live and dead cells and in a DEFT gave a good correlation with the SPC for microorgan-
isms in processed meat (r*=.87-.93) [22]. The DEFT takes approximately 15-20 min to analyze
one sample and so at most 20 samples can be analyzed manually in a working day.

The DEFT has been successfully automated for high throughput enumeration of microorgan-
isms in milk samples [23]. Commercial systems for analysis of milk include the Bactoscan® (Foss,
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Denmark) and Cobra® systems (Biocom, France). However, the DEFT has not been automated
for muscle foods. This has hugely impacted its uptake commercially by this industry sector as,
apart from the small number of samples that can be analyzed manually daily, the approach is
labor intensive and requires significant operator skills. Manual enumeration is particularly dif-
ficult when there are very high or low numbers of microorganisms on the slide or when there is
particulate debris on the slide. Future developments to make this approach commercially suit-
able for muscle foods may incorporate the initial membrane filtration approach to extract the
microorganisms with an automated detection system. A solid-phase cytometry method has been
proposed by D’Haese and Nelis [24] and could use a laser beam to detect microorganisms recov-
ered onto a membrane filter. This method would potentially be very rapid and automated but a
potential problem could arise from any food debris remaining on the membrane surface.

1.4 ATP Bioluminescence Methods

Enzyme-mediated light production, bioluminescence, is a widespread phenomenon in nature [25].
Bioluminescent organisms are widely distributed throughout the oceans and include bacteria, sea
anemones, worms, crustaceans, and fish. Fireflies and glow worms are the bestknown terrestrial
organisms producing light. The principles of firefly bioluminescence were discovered over 40 years
ago [26]. In the firefly bioluminescence reaction, adenosine 5™-triphosphate (ATP) reacts with the
enzyme luciferase and the substrate luciferin producing a photon of light. ATP is a high-energy
substance found only in living cells. It takes part in all metabolic pathways and therefore its con-
centration in all cells including bacterial cells is strictly regulated. When luciferin and luciferase
are added to a cell suspension the amount of light emitted is proportional to the amount of ATP
present. The amount of light can be measured using a photometer to give an indirect indication of
the microbial population density.

Luciferin + ATP + %ge;ase) AMP + CO; + pyrophosphate + oxyluciferin + photon

The firefly bioluminescence reaction has been exploited as a rapid and sensitive method for mea-
suring cell numbers, including microbial cells.

The ATP bioluminescent assay has been widely applied to assess hygiene, based on detection
of all ATP present [27,28]. However, a major problem in the use of bioluminescence to predict
the microbial SPC of foods is interference from nonmicrobial ATP. If an accurate estimation of
the microbial load is to be obtained, nonmicrobial somatic ATP must be destroyed before the
bioluminescence test is carried out. The most common approach is the enzymatic destruction of
nonmicrobial ATP, followed by release and estimation of residual ATP from the microbial cells
[29,30]. Another approach is to separate the microorganisms from the rest of the material and esti-
mate the ATP in the microbial fraction. Stannard and Wood [31] used this approach to estimate
bacterial numbers in minced beef. The results show a linear relationship (r=.94) between colony
counts and microbial ATP content in raw beef. An ATP bioluminescence test was shown by
Siragusa et al. [32] to be an adequate means to assess the microbial load of poultry carcasses. This
assay utilized differential extraction and filtration to separate somatic ATP from microbial ATP
in a very rapid time frame. The assay required approximately 5 min to complete: approximately
3.5 min to sample and 90 s analytical time. The correlation coefficient (r) between aerobic colony
counts and the ATP test was .82. Ellerbrock and Lox [33] used an ATP bioluminescence approach
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to investigate the total bacterial counts on poultry neck and carcasses. The correlation between
the bioluminescence method and the total viable counts of neck skin samples was 7=.85, whereas
a lower correlation was reported between the bioluminescence count and the total viable counts
on the carcass (r=.66).

Commercially available bioluminescent systems include Celsis® (Celsis International plc.,
UK) and Bactofoss® (Foss) but their application to date has been aimed at hygiene testing and
liquid foods rather than muscle foods.

1.5 Electrical Methods

Electrical methods for assessing bacterial numbers include impedance and conductance. Imped-
ance is the opposition to flow of an alternating electrical current in a conducting material [34].
The conductance of a solution is the charge carrying capacity of its components and capacitance
is the ability to hold a charge [34].

When monitoring the growth of microorganisms, the conducting material is a microbiologi-
cal medium. As microorganisms grow they utilize nutrients in the medium, converting them into
smaller more highly charged molecules, for example, fatty acids, amino acids, and various organic
acids [35]. If electrodes are immersed in the medium and an alternating current is applied, the
metabolic activity of the microorganisms results in detectable changes in the flow of current. Typi-
cally, impedance decreases while conductivity and capacitance increase [35]. When the microbial
population reaches a threshold of 10°~107 CFU mL"! an exponential change in impedance can
be observed [34]. The elapsed time until this exponential change occurs is defined as impedance
detection time and is inversely proportional to the initial microbial numbers in the sample.

The most commonly used application of impedance is shelf-life testing. This test determines
whether a sample contains above or below a predetermined concentration of microorganisms.
Impedance testing has been used in conjunction with a calibration curve with the SPC for a num-
ber of products including raw milk (r=-.96) [36], frozen vegetables (92.6% agreement between
methods) [37] and meat [38]. A conductance method was used to predict microbial counts on fish
[39] with a correlation of 7=-.92 to -.97 using brain heart infusion.

Of all developed alternative methods to predict microbial load, the impedance technique has
been most widely accepted within the food industry. Commercially available automated systems
include the Malthus® (Malthus Instruments Ltd., UK) system, which measures conductance, and
the Bactometer® (Bactomatic Inc., USA) system, which can measure impedance, conductance, and
capacitance. Both systems can measure several hundred samples simultaneously and have detection
limits of 21.0 CFU mL"". Using these systems to predict the SPC count on meat, correlations of
7= -.83 and r=-.80 were reported for the Bactometer and Malthus machines, respectively [40]. In
the muscle food sector, uptake has been in the processing sector rather than for raw foods.

1.6 Limulus Amoebocyte Lysate Assay

Gram-negative bacteria are important food spoilage organisms in muscle foods [41]. They dif-
fer from gram-positive bacteria in that their cell wall contains lipopolysaccharides (LPS). Based
on this difference a Limulus amoebocyte lysate (LAL) assay method that targets LPS has been
developed. LPS contains an endotoxin that activates a proteolytic enzyme found in the blood
cells (amoebocytes) of the horseshoe crab (Limulus polyphemus). The enzyme activates a clotting
reaction, which results in gel formation. The concentration of LPS is determined by making serial
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dilutions of the sample and noting the greatest dilution at which a gel is formed within a given
time [41]. The reaction has been used to develop a colorometric assay.

LAL has been applied to the evaluation of microbial contamination on pork carcasses [42].
Although the test correlated well with coliform numbers, it did not correlate well with total
numbers of organisms, indicating its limited usefulness as a spoilage indicator. However, more
recently a chromogenic LAL was reported by Siragusa et al. [43] to rapidly predict microbial
contamination on beef carcasses. A high correlation (7?=.90) was reported with the standard
aerobic plate count.

1.7 Spectroscopic Methods

Various spectroscopic methods have been proposed as rapid, noninvasive methods for the detection
of microbial spoilage in muscle foods. Such methods are based on the measurement of biochemical
changes that occur in the meat as a result of the decomposition and formation of metabolites caused
by the growth and enzymatic activity of microorganisms, which eventually results in food spoilage.

Fourier transform infrared (FT-IR) spectroscopy involves the observation of vibrations in mol-
ecules when excited by an infrared beam. An infrared absorbance spectrum gives a fingerprint-like
spectral signature, which is characteristic of any chemical or biochemical substance [44]. Such a
method is therefore potentially useful to measure biochemical changes in muscle foods due to
microbial growth and could be used as an indicator for spoilage. FI-IR spectroscopy has been suc-
cessfully employed to discriminate, classify, and identify microorganisms. Some examples include
discrimination between Alicyclobacillus strains associated with spoilage in apple juice [45], the dis-
crimination of Staphylococcus aureus strains from different staphylococci [46], and the setting up
of a spectral database for the identification of coryneform strains [47]. Mariey et al. [48] provide
a review of many other characterization methods using FT-IR. This also gives an overview of the
statistical methods used to interpret spectroscopic data.

In addition to these discriminatory uses, FT-IR has shown promise for use as a spoilage detec-
tion method. FT-IR has been used to predict spoilage of chicken breasts in a rapid, reagent
less, noninvasive manner [49]. The metabolic snapshot correlated well with the microbial load.
Ellis et al. [50] applied FT-IR to predict microbial spoilage of beef; although the correlation with
the microbial load was less accurate than for poultry.

Another spectroscopic method that has been used in recent times for detection of microbial spoil-
age is short-wavelength-near-infrared (SW-NIR) diffuse reflectance spectroscopy (600-1100 nm).
It has the advantage over FT-IR in that it is useable through food packaging and can be used to
examine bulk properties of a food due to its greater pathlength [51]. This technique was applied to
predict spoilage of chicken breast muscle and the results showed that SW-NIR could be used in a
partial least squares model to predict microbial load [51]. Lin et al. [52] have used this technique
with success in predicting spoilage of rainbow trout.

1.8 Developmental Methods

There are a number of emerging methods and technologies that are being shown to be suitable
for the rapid and specific identification or enumeration of microorganisms from clinical or liquid
samples. Although most have not yet been applied to predict the total microbial flora or spoilage of
muscle foods, they have the potential with further development to be applied in the future. Some
of these technologies are summarized in the following sections.
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1.8.1 Flow Cell Cytometry

Flow cell cytometry is a technique that can be used to detect and enumerate cells as they are passed
on an individual cell basis, suspended in a stream of fluid, past a laser beam. A flow cytometer
typically has several key components including a light or excitation source, a laser that emits light
at a particular wavelength, and a liquid flow that moves liquid-suspended cells through the instru-
ment past the laser and a detector, which is able to measure the brief flashes of light emitted as
cells flow past the laser beam. Thus, individual cells can be detected and counted by the system.
The technique has been successfully applied to the enumeration of microorganisms in raw milk
[53] and milk powder [54], but it has not yet been applied to muscle foods. As described in Sec-
tion 1.3, a solid-phase cytometry method could potentially be applied to muscle foods, based on
the assumption that the microorganisms could be successfully extracted from the food onto a filter
and the filter then scanned by a laser beam [24].

1.8.2 Molecular Methods

Major advances in biotechnology have rapidly progressed the use of genetic tools for microbial
detection. In particular, developments in the level of genomic information available for foodborne
pathogens have been widely exploited in methods to detect and genetically characterize microor-
ganisms. Genetic tools are now commonly used to detect specific pathogens or groups of spoilage
microorganisms. However, to date the use of molecular technology to detect and enumerate, in a
single assay, all microorganisms in a food sample is limited by the huge diversity of microorgan-
isms likely to be present and identification of a common gene target present in all the foodborne
microorganisms. The use of the 16S ribosomal RNA (rRNA) gene has been reported for this pur-
pose [55]. If technological complexity can be overcome, this approach has enormous potential as a
very rapid and specific test to predict spoilage in muscle foods.

1.8.2.1 Polymerase Chain Reaction

Nucleic acid methods that include an amplification step for the target DNA/RNA are now rou-
tinely employed in molecular biology. These amplification methods can increase the target nucleic
acid material more than a billion fold and are particularly important in the arena of food micro-
biology where one of the major hurdles is the recovery and detection of very low numbers of a
particular species. The most popular method of amplification is the polymerase chain reaction
(PCR) technique (Figure 1.2). In PCR, a nucleic acid target (DNA) is extracted from the cell
and denatured into single-stranded nucleic acid. An oligonucleotide primer pair specific for the
selected gene target, along with an enzyme (usually 7zg polymerase, a thermostable and thermo-
active enzyme originally derived from 7hermus aquaticus) in the presence of free deoxynucleoside
triphosphates (ANTPs), is used to amplify the gene target exponentially, resulting in a double
replication of the starting target material. This reaction is carried out in an automated, program-
mable block heater called a thermocycler, which provides the necessary thermal conditions needed
to achieve amplification. Following amplification, the PCR products are separated by gel electro-
phoresis, stained with ethidium bromide, and visualized using ultraviolet light. This type of PCR,
sometimes referred to as conventional PCR, can be used for the identification of specific groups of
spoilage bacteria in meat including lactic acid bacteria [56,57].

A quantitative method using electrochemiluminescence to measure the PCR product was
applied to predict the spoilage bacterial load on aerobically stored meat [58]. The correlation of
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Figure 1.2 Diagram showing the main events in a typical polymerase chain reaction (PCR).

this method with the SPC was r=.94. Gutierrez et al. [55] combined conventional PCR with
an enzyme-linked immunosorbent assays (ELISA) to allow enumeration of microorganisms. On
applying this technique to the detection of the microbial load in meat samples, a good correlation
was achieved between the SPC counts and the PCR-ELISA (r=.95). The authors did express con-
cerns about the complexity of the assay and about its suitability as a routine assay.

Recently, a more advanced quantitative PCR technology, in the form of real-time PCR
(RT-PCR), has entered and revolutionized the area of molecular biology [59]. RT-PCR allows
continuous monitoring of the amplification process through the use of fluorescent double-
stranded DNA intercalating dyes or sequence-specific probes [60]. The amount of fluorescence
after each amplification cycle can be measured and visualized in real time on a computer
monitor attached to the RT-PCR machine. A number of dye chemistries have been reported
for use in RT-PCR, from DNA-binding dyes such as SYBR® Green (Molecular Probes Inc.)
to more complex fluorescent probe technologies such as TagMan® (Roche Molecular Systems,
UK), molecular beacons, and HybProbes® (Roche Molecular Systems) [61]. Whatever signal
chemistry is used, RT-PCR not only allows quick determination of the presence/absence of a
particular target, but can also be used for the quantification of a target that may then be related
to microbial counts.

To quantify microorganisms by RT-PCR, a set of standards of known concentration must first
be analyzed. The standards may be of known CFU per milliliter or known gene copy number and
then related to the C;. (threshold cycle) of the reaction to generate a standard curve, which can
be used to quantify unknown samples. An important factor to be considered when quantifying
bacteria is that relying on a DNA-based RT-PCR will lead to a count that comprises of live, dead,
and VBNC bacteria, which could potentially lead to an overestimation of the numbers present.
A way to overcome this is by coupling RT-PCR with reverse transcription. This technique tran-
scribes RNA (present only in viable cells) into complementary DNA (cDNA), which can then be
employed in a RT-PCR reaction. Because the cDNA originates from RNA the quantification will
be based on viable cells only, leading to a more accurate determination of the number of metaboli-
cally active bacteria.
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To date, RT-PCR has been mainly used for the sensitive and rapid detection of a wide range of
pathogens, such as Salmonella spp., Escherichia coli, and Listeria on meat [62—65], and a multiplex
assay that has the ability to detect more than one pathogen at the same time has been described
[66]. The quantitative feature of RT-PCR has been examined for the enumeration of the spoilage
organism Lactobacillus sakei in meat products, and the application of a live staining method in
combination with real-time technology for quantitative analysis has been reported using model
organisms [67,68]. There is huge potential for this technology to quantify total microorganisms
using an RNA gene target common to all microflora likely to be present.

1.8.2.2 Fluorescent In Situ Hybridization

In situ hybridization (ISH) using radiolabeled DNA was first reported by Pardue and Gall [69]
and John et al. [70] for direct examination of cells. It was applied to bacteria for the first time
in 1988 [71], and with the advent of fluorescent labels the technique became more widely used
[72]. Fluorescent in situ hybridization (FISH) is a technique that specifically detects nucleic acid
sequences in a cell using a fluorescently labeled probe that hybridizes specifically to its comple-
mentary target gene within the intact cell. The target gene is the intercellular rRNA in the micro-
organism as these genes are relatively stable, occur in high copy numbers, and have variable and
conserved sequence domains, which allows for the design of discriminatory probes either specific
to an individual species or to particular genera [73]. FISH generally involves four steps, fixa-
tion of the sample, permeabilization of cells to release the nucleic acids, hybridization with the
fluorescent labeled probe, and detection by fluorescent microscopy. Traditionally, FISH methods
have been implemented using DNA oligonucleotide probes. A typical oligonucleotide probe is
between 15 and 30 base pairs in length. Short probes have easier access to the target but also may
have fewer labels [74]. There are a number of ways in which probes can be labeled. Direct labeling
is most commonly used where the fluorescent molecule is directly bound to the oligonucleotide
either chemically during synthesis or enzymatically using terminal transferase at the 3™-end. This
method is considered to be the fastest, cheapest, and most convenient [75]. Sensitivity of FISH
assays can be increased using indirect labeling, where the probe is linked to a reporter molecule
that is detected by a fluorescent antibody [76] or where the probe is linked to an enzyme and a
fluorescent substrate can be added [77]. A more recent development in probe technology is the
development of peptide nucleic acid (PNA) probes. PNAs are uncharged DNA analogs in which
the negatively charged sugar—phosphate backbone is replaced by an achiral sugar—phosphate back-
bone formed by repetitive units of N-(2-aminoethyl) glycine [78]. PNA probes can hybridize to
target nucleic acids more rapidly and with higher affinity and specificity than DNA probes [79].

FISH technology has been applied to the detection of bacterial pathogens in clinical and
food samples [80,81] and can allow direct identification and quantification of microbial species.
A FISH assay has been developed for the Pseudomonas genus, which is important in milk spoilage,
allowing for the specific detection and enumeration of this group of organisms in milk much more
rapidly than a cultural method [82]. In the wine industry, lactic acid bacteria can be detrimental
or beneficial depending on the species, and when they develop in the process. A FISH technique
has been described as the one that utilizes probes to differentiate between different LAB genera so
that it is possible to identify potential spoilage strains from the species responsible for successful
fermentation [83]. FISH technology has potential as a method to enumerate all microorganisms in
a food sample using a common gene target but could be limited in its uptake by its current reliance
on microscope-based detection.
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1.9 Electronic Nose

It is well known that microorganisms produce a range of volatiles as they grow on food and can
be used to identify particular species of microorganisms that have a unique volatile fingerprint or
potentially, to determine the total level of microbial contamination on a food and predict spoilage.
Gardener and Bartlett [84] defined an electronic nose as “an instrument which comprises an array
of electronic, chemical sensors with partial specificity and an appropriate pattern recognition sys-
tem, capable of recognising simple or complex odours.” An electronic nose normally consists of a
vapor-phase flow over the sensor, interaction with the sensor, and analyses of the interaction using
computer software. The field of sensor development is highly active and includes a range of sensor
types based on metal oxide, metal oxide silicon, piezoelectric, surface acoustic waves, optical, and
electrochemical premises [85].

Blixt and Borch [86] investigated the use of an electronic nose to predict the spoilage of
vacuum-packaged beef. The volatile compounds were analyzed using an electronic nose contain-
ing a sensory array composed of 10 metal oxide semiconductor field-effect transistors, four Tagushi
type sensors, and one CO,-sensitive sensor. Two of the Tagushi sensors performed best and cor-
related well with evaluation of spoilage by a sensory panel. They did not attempt to correlate the
results with microbial counts.

Du et al. [87] used an electronic nose (AromaScan) to predict spoilage of yellowfin tuna fish.
The change in fish quality as determined by AromaScan (AromaScan plc., UK) followed increases
in microbiological counts in tuna fillets, indicating that electronic nose devices can be used in
conjunction with microbial counts and sensory panels to evaluate the degree of decomposition in
tuna during storage.

1.10 Time-Temperature Integrators

One of the key contributors to the spoilage of fresh muscle foods is a breakdown in the chill
chain during distribution. The prediction of spoilage and the application of an optimized qual-
ity and safety assurance scheme for chilled storage and distribution of fresh meat and meat
products would be greatly aided by the continuous monitoring of temperature during distribu-
tion and storage.

A time—temperature integrator (T'TT) is defined as a small, inexpensive device that can be
incorporated into a food package to show a visible change according to the time and temperature
history of the stored food [88]. TTTs are devices that contain a thermally labile substance, which
can be biological (microbiological or enzymatic), chemical, or physical. Of these groups, biologi-
cal TTTs are the best studied. TTTs can be used to determine both whether a heat treatment has
worked effectively and whether temperature abuse has occurred during storage. Different types of
TTIs have been used for determining the effectiveness of heat treatment. a-Amylase from Bacillus
species has been evaluated in a number studies [88—91] and a recent report describes the use of
amylase from the hyperthermophile Pyrococcus furiosus as a sterilization TTI [92].

TTIs can be used to monitor temperature abuse during storage, transportation, and handling
and thus to monitor such abuses that may lead to a shortened shelf life and spoilage. This type
of TTI must (1) be easily activated and sensitive; (2) provide a high degree of precision; (3) have
tamper-evident characteristics; (4) have a response that is irreversible, reproducible, and correlated
with food quality changes; (5) have determined physical and chemical characteristics; and (6) have
an easily readable response [93].
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Giannakourou et al. [94] demonstrated that TTI readings using a commercially available
enzyme could be adequately correlated to the remaining shelf life of the product (in this case
marine-cultured gilt-head seabream) at any point of its distribution. The same TTT has also shown
positive results for fresh chicken storage [95]; although the TTTI predictions would be inaccurate
following an extreme instance of temperature abuse, with the TTT indicator changing color before
the product had actually spoiled [96].

Numerous time—temperature indicators are commercially available for all types of food stufs.
However, it is necessary to validate the TTT of choice with the product and process of choice
before correlations can be made between the TTI and the potential for spoilage of the product.

1.11  Conclusion

Muscle foods pose considerably more challenges than other foods for development and successful
application of spoilage detection methods. These include a highly complex food tissue matrix in
which the microorganisms may be embedded and strongly attached, and from which they must
be detached to detect and enumerate the microorganisms. This means the food must generally be
placed in a liquid diluent and then physically manipulated to release the microorganisms into the
liquid. This dilution effect obviously creates a need for a more sensitive detection method than a
sample to which the method could be applied directly, such as a liquid food (i.e., milk). In addi-
tion, the microflora is generally quite diverse and the dominant flora is very much dependent on
the storage environment. At the early stage of the food process the levels of microorganisms on
the raw muscle food may be as low as log 2.0 CFU g!, thus posing additional challenges for the
sensitivity of the detection method.

The gold standard method to predict spoilage remains the aerobic SPC, but it is still required
by the industry that alternative methods are validated against this method. However, as previ-
ously described in this chapter, the SPC is far from perfect and more rapid methods to predict
spoilage are urgently needed by the muscle foods sector (fish, meat, and poultry industries). These
alternative spoilage methods must generally give results that are comparable and validated against
“gold standard” cultural microbial methods. The methods must be sensitive, rapid, suited to
online use, and at least semiautomated. They must be suited to routine use, without the need for
highly skilled operators, as high staff turnover is often a major issue in the muscle food industry,
and it is neither practical nor possible to keep retraining staff to carry out a test that is highly
complex.

The muscle food sector has undoubtedly been the slowest sector in the food industry to take
on board alternative technologies for spoilage prediction. However, they are now being com-
pelled by their customers, regulatory authorities, and consumers to more accurately predict shelf
life. This is even more pertinent with the continued market move toward chilled prepared foods
with minimal preservatives and a short shelf life. Although there has been much research and
development in the area of rapid spoilage detection methods, recent research on rapid microbial
methods has tended to focus more on methods for identification of specific species of microor-
ganisms rather than on the total microbial load. However, some of the emerging technologies
developed, albeit for other applications, have enormous potential to be further developed for
enumeration of the total microbial load and to predict spoilage. More research efforts should
now be refocused in this direction using the newer technologies to overcome the hurdles that
have to date prevented the widespread uptake of rapid methods to predict spoilage by the muscle
food sector.
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2.1 Introduction

Prevention of foodborne infections and intoxications are of paramount importance today. Hazard
analysis and critical control point (HACCP)-type food safety management systems are applied
by food enterprises to achieve this goal. Validation of all control measures requires, among other
activities, microbiological testing of food and environmental samples. The presence of pathogenic
bacteria on raw meat (beef, lamb, and pork) and poultry is the result of their contamination
from the live animal, equipment, employees, and environment. Salmonella, Listeria monocytogenes,
Staphylococcus aureus, Yersinia enterocolitica, Escherichia coli (mainly E. coli O157:H7), Campylo-
bacter jejuni, and Clostridium perfringens often occur on raw meat and poultry. These pathogens
have been implicated in foodborne outbreaks associated with the consumption of meat and poul-
try. C. jejuni frequently occurs on poultry meat, whereas E. coli is rarely found on this type of
meat. However, beef has been implicated in many foodborne outbreaks associated with E. coli.
Salmonella and L. monocytogenes may be found on all types of meat, including beef, lamb, pork,
and poultry, and Y. enterocolitica is usually present on pork meat surfaces [1,2]. Psychrotrophic
pathogens such as L. monocyrogenes and Y. enterocolitica are of great concern because they are
able to reach high numbers at refrigerated temperatures, especially when products are kept under
abused temperatures (>7—-8°C) for extended periods of time [3]. S. aureus and C. perfringens are
also of great concern due to toxin production in food as a result of their growth. For more detailed
information on the protocols and the culture media (including their preparation), for both cultural
and rapid microbiological methods, reference works should be consulted [1,4—6]. The analytical
essentials of microbiological examination of foods, as documented by the late Professor Mossel,
are important elements of background information for the person performing the analysis [7].

2.2 Cultural Methods

Cultural or traditional methods are simple and relatively inexpensive, but they are time consum-
ing. A food sample (usually 25 g) is homogenized in a stomacher bag with 225 mL of diluent
using a stomacher machine to prepare a 1:10 dilution. Diluent must be correctly prepared in terms
of buffer capacity and osmotic pressure (saline peptone water [SPW], 0.1% peptone and 0.85%
NaCl); otherwise the microbial cells of the target microorganism may be stressed, influencing the
final result. The sample withdrawn for microbiological analysis should be representative and ran-
domly selected from different areas of the food to assure, in some degree, detection of the target
microorganism if this is not uniformly distributed in the food, which very often is the case for
solid foods. Information on the statistical basis of sampling plans and practical aspects of sampling
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and analysis are provided by Jarvis [8]. Further decimal dilutions may be required depending on
the population level of the target microorganism present in the food. An adequate volume of
sample from the appropriate dilution is spread (0.1 mL), poured (1.0 mL), or streaked on selective
agars to differentiate or enumerate the target microorganism. Nonselective agars may also be used
to perform confirmatory biochemical and serological tests. In some cases, an enrichment and, if
it is necessary, a preenrichment step may be included to suppress the growth of other microorgan-
isms, allowing at the same time the recovery of injured cells of the target microorganism.

Laboratory media used to subculture the microorganisms present in the food sample are
divided into three categories: elective, selective, and differential [9]. Elective media are those that
contain agents (e.g., microelements) that support the growth of the target microorganism but do
not inhibit the growth of the accompanying microflora. The latter is achieved by the use of the
selective media, which contain inhibitory agents, such as inorganic salts, triphenylmethane dyes,
surface-active agents, and antibiotics. These agents inhibit the growth of the nontarget microor-
ganisms as well as, in some cases, the growth of the microorganism under examination but in lesser
degree. Differential media contain agents that allow the differentiation of the microorganisms (e.g.,
chromogenic media). These media contain chromogenic ingredients that produce a specific color
or reaction due to bacterial metabolism. These agents react with the colonies, changing the color
of the media. Usually, the media contain all the preceding agents to ensure proper identification of
the target microorganism. For instance, the chromogenic media Agar Listeria Ottavani & Agosli
(ALOA) agar [10] and RAPID’ L. mono Listeria Agar (RAPID’ L. mono) [11] use the following
properties to differentiate Listeria spp. and L. monocytogenes from the other Listeriae species. ALOA
contains a chromogenic compound which colors the Listeriae colonies due to its degradation from
the enzyme B-glucosidase. This enzyme is produced from all Listeria species. The differentiation of
pathogenic Listeria from the nonpathogenic species is based on the formation of phosphatidylinosi-
tol phospholipase C (PI-PLC). This compound hydrolyzes a specific substrate added to the growth
medium, resulting in a turbid halo (ALOA) or a specific color of colonies (RAPID’ L. mono) [12].

Petrifilm method (3M, Minneapolis, Minnesota) is another method that uses a plastic film
together with the appropriate medium in dried form. It is used mainly for coliforms (red colonies
with gas bubbles) and E. co/i (blue colonies with gas bubbles). One milliliter of sample is added
directly to the plates to rehydrate the medium. Plates are then incubated and counted. Validation
and collaborative studies have found the Petrifilm method to be not significantly different from
the traditional methods [6,13,14].

2.2.1 Enumeration Methods

In general, two enumeration methods are used most often—the plate count and most probable num-
ber, the latter method being used for certain microorganisms, such as coliforms [15] and E. coli [16].

2.2.1.1 Plate Count

Plate count is the most popular cultural enumeration method. The procedure involves homog-
enization of the food sample, dilution, plating on various media, and incubation at selected
temperatures according to which microorganism is under examination. After incubation for a
sufficient period of time, counting of the specific colonies of the target microorganism is per-
formed. If confirmation of the target microorganism is required, then a number of randomly
selected colonies are obtained. The ratio of the colonies confirmed as the target microorganism
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to the total colonies tested should be calculated to ascertain the number of viable cells per gram
of food sample. For instance, if the mean number of presumable C. perfringens colonies from two
pour agar plates is 20 at the second dilution (1072) and the confirmed C. perfringens colonies of
10 randomly selected (5 per plate) are 8, then the number of viable C. perfringens cells per gram
of food sample will be 20 x 10%x (8/10) = 1.6 x 10° [1]. A recent critical review of the uncertainty in
the enumeration of microorganisms in foods is given by Corry et al. [17].

2.2.1.2 Most Probable Number

The number of viable cells in a food sample is assessed based on probability tables. The food
sample is diluted (10-fold dilutions), and then samples from each dilution are transferred to three
tubes containing a growth medium (broth). After incubation of tubes, turbidity is measured and
the tubes showing turbidity (growth) are compared to probability tables to find the population
level of the target microorganism present in the food [1].

2.2.2 Detection Methods

Detection methods are used to determine the presence or absence of a specific pathogen. These
methods include additional steps (for example, preenrichment and enrichment) to allow the
increase of pathogens to a detectable population and recovery of injured cells, because the target
microorganism may be present in very low levels in comparison with the population levels of the
dominant microflora.

Sublethal exposure of microbial cells during processing of foods may lead to the inability of the
microorganisms to form visible colonies on plate count agars. Although cells may remain unde-
tected on selective agars, they are still viable (but not culturable), and under conditions that favor
their growth may recover and become active. This is of great importance for foodborne pathogens
that may lead to a food poisoning outbreak. Therefore, additional steps such as the previously
mentioned enrichment steps are included in the analytical procedures to allow the resuscitation/
repairing of the injured cells. There are many factors that influence the resuscitation of injured
cells, such as composition and characteristics of the medium and environmental parameters [18].
Therefore, the analytical methods for the detection of the microorganisms are constructed in such
a way as to allow maximum performance (recovery of stressed cells).

Usually, 25 g of food sample is aseptically weighted in a stomacher bag, homogenized in an
enrichment broth (225 mL), and incubated for a certain period of time at a known temperature.
After incubation, a sample from the broth is streaked on a selective agar plate using a bacteriologi-
cal loop. If the examined microorganism is present, it is indicated by its characteristic colonies
forming on the agar. To confirm the microorganism at strain level, some additional biochemical
or serological tests may be needed. These tests are performed on a pure culture; therefore, colonies
from the selective agar plates are purified (streaking) on nonselective agar plates, for example,
nutrient agar or brain heart infusion (BHI) agar.

2.3 Alternative or Rapid Microbiological Methods

Rapid microbiological methods are much faster, but one disadvantage is that they are expensive.
Thus, a careful look at the requirements of a laboratory or a food industry is required before the
adoption of a method. These methods also include an enrichment step called a concentration step,
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aiming to separate and concentrate the target microorganism or toxin. In this way, the detection
time is made shorter and specificity is improved.

2.3.1 Methods with a Concentration Step

Methods that concentrate the target microorganism or toxin are

1. The immunomagnetic separation (IMS), in which antibodies linked to paramagnetic par-
ticles are added and the target microorganism is trapped because of the interaction between
antigen and antibody. Commercial kits are available for IMS of various foodborne patho-
gens, such as L. monocyrogenes, Salmonella spp., and E. coli O157:H7 (Dynabeads™, Dynal
Biotech, Oslo, Norway). The IMS for Salmonella (10-min duration) has been proved to
successfully replace the enrichment step (overnight incubation) of the standard procedure
for the detection of Salmonella, shortening the time needed to obtain results.

2. 'The metal hydroxide—based bacterial concentration technique, in which metal (hafnium, tita-
nium, or zirconium) hydroxide suspensions react with the opposing charge of the bacterial
cells. The cells are then separated by centrifugation, resuspended, and plated.

3. The hydrophobic grid membrane filter, which is a filtration method similar to the method
used for water. The food sample first is filtered to remove large particles (>5 pm) and then is
filtered through a grid membrane on which the microorganisms are retained. The membrane
is placed on a selective agar and after an appropriate incubation period, the colony counts are
calculated.

4. 'The direct epifluorescent technique (DEFT), used for enumerating viable bacteria in milk and
milk products. Microorganisms’ cells are concentrated through filtration on a membrane
and then retained microorganisms are colored, usually with acridine orange (fluorescent
dyes) and counted. Viable cells are red (acridine orange fluoresces red with ribonucleic acid
[RNA]) and nonviable green (acridine orange fluoresces green with deoxyribonucleic acid
[DNA]) [6,14,19,20].

2.3.2 Detection and Enumeration Methods

Some of the most widely used methods for the identification and detection of foodborne patho-
gens are the following:

1. Polymerase chain reaction (PCR)—based methods coupled to other techniques—most probable
number counting method (MPN-PCR) [21], surface plasmon resonance, and PCR acoustic
wave sensors [22], LightCycler real-time PCR (LC-PCR), PCR enzyme-linked immunosor-
bent assay (PCR-ELISA) [23], sandwich hybridization assays (SHAs), and fluorescent i situ
hybridization (FISH) detection test [24]. From these methods, ELISA has been widely used
for pathogen detection and identification, especially for Salmonella spp. and L. monocytogenes.
The detection limit is 10 colony forming units (CFU)/g; therefore, a cultural enrichment
step is required before testing. Specific antibodies for the target microorganism, contained
in microtiter plates, react with the antigen, which is detected using a second antibody con-
jugated to an enzyme (horseradish peroxidase or alkaline phosphatase) to give a colorimetric
reaction after the addition of substrate.

2. Adenosine triphosphate (ATP) bioluminescence, which can be used as an indicator of micro-
bial contamination in foods and processing plants. This method detects the presence of
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bacterial ATP. In a buffer containing magnesium, luciferase is added to a sample along with
luciferin. The latter is oxidized (oxyluciferin) and the photons of light produced are measured
by a luminometer. A standard curve is made to calculate the contamination level; the sensi-
tivity of the method is 104 cfu/mL.

3. Reversed passive latex agglutination, which is used for the detection of toxins such as shiga
toxins from E. coli. Latex beads containing antibodies (rabbit antiserum) specific for the
target microorganism react with the target antigen if present. The particles agglutinate and
a V-shaped microtiter well has a diffused appearance. If the antigen is not present, then a dot
will appear.

4. Impedance or conductance technique, frequently used for enumeration. This method rapidly
detects the growth of a specific microorganism based on the production of charged metabo-
lites (direct method) or based on the carbon dioxide liberation (indirect method). In the first
method, detection is measured by the change in the conductivity of the culture medium
because of the accumulation of various products produced by the microorganism, such as
organic acids. These changes are recorded at constant time intervals. “Time to detection”
is the time needed in order for the conductance value to be changed. Because the time to
detection is dependent on the inoculum size, a calibration curve is made for a known wide
range of population levels of the desired microorganism. Using this calibration curve, the
calculation of the population level of an unknown sample is simple after the automatic
determination of the time to detection by the equipment. In the other method, the sample is
distinguished from the potassium hydroxide bridge by a headspace in the test tube. The car-
bon dioxide produced during the microbial growth in the headspace reacts with potassium
hydroxide, forming potassium carbonate, which is less conductive. Conductance decrease is
the recorded parameter [6,14,20].

Genotypic, molecular methods are useful in identifying bacteria cither as a complement or
an alternative to phenotypic methods; besides enhancing the sensitivity and specificity of the
detection process, they reduce much of the subjectivity inherent in interpreting the results.
DNA is invariant throughout the microbial life cycle and after short-term environmental
stress factors. This is the reason that molecular methods targeting genomic DNA are generally
applicable [25]. Restriction fragment length polymorphism (RFLP) of total genomic DNA
represents a technique belonging to the first-generation molecular methods [26] widely used
in microbial differentiation. Southern blot hybridization tests, which enhance the result of
agarose gel electrophoresis by marking specific DNA sequences, have also been used. Second-
generation molecular techniques (known as PCR-based technologies), such as PCR-RFLP and
randomly amplified polymorphic DNA-PCR (RAPD-PCR), have been used for differentia-
tion and identification of microbial isolates [25]. Recent advances in PCR technology, namely
real-time PCR [27], enable results to be obtained within a few hours [28]. Quantification of
microorganisms is of major importance, especially in the case of toxigenic bacteria, since their
concentration determines toxin production [25]. Biosensor technology promises equally reli-
able results in much shorter times, and is currently gaining extreme interest. Many biosensors
rely on either specific antibodies or DNA probes to provide specific results [28].

The current trend is toward culture-independent PCR-based methods, which, unlike the previ-
ously mentioned ones, are believed to overcome problems associated with selective cultivation and
isolation of microorganisms from natural samples. The most commonly used method among the
culture-independent fingerprinting techniques is PCR followed by denaturing gradient gel electro-
phoresis (DGGE). PCR-DGGE provides information about the variation of the PCR products of
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the same length but with different sequences on differential mobility in an acrylamide gel matrix
of increasing denaturant concentration [25,29].

2.4 Listeria monocytogenes

L. monocytogenes is widely distributed in the environment and can be found in many food com-
modities [3,30]. It is a very persistent microorganism that survives on surfaces and equipment of
food processing units in conditions of insufficient cleaning [31-35]. Postprocessing contamina-
tion from the plant environment (equipment, personnel, floors, etc.) is the most frequent reason
for its presence on meat surface. Cross-contamination may also occur at the retail outlet, as
well as in the home, especially when the products have been mishandled and improper hygiene
practices have been followed [35,36]. Various foods have been associated with L. monocytogenes
outbreaks. Milk and dairy products (e.g., cheese), meat (including poultry) and meat products,
vegetables, and fish and fish products have been implicated in outbreaks of foodborne L. mono-
cyrogenes [37]. The pathogen is usually killed during cooking, but it is capable of growing in
foods stored at refrigeration temperatures (psychrotrophic microorganism) [38,39]. High salt
concentrations and acid conditions do not permit L. monocytogenes growth [39]. However, it may
survive even under these stressful environmental conditions [40,41]. Therefore, consumption of
raw products or manufacturing of products without a killing step (e.g., cooking) with products
that support pathogen growth—those with, for example, high initial pH, low salt content, or
high water activity—or that are stored at refrigeration temperatures for a long period of time may
increase the potential of listeriosis infection involving L. monocytogenes [39,42]. L. monocytogenes
is a significant hazard, particularly for the elderly, immunocompromised people, infants, and
pregnant women.

2.4.1 Detection of Listeria monocytogenes

The method for cultural detection of L. monocytogenes in raw meat and poultry is shown in
Figure 2.1 [43]. Two enrichment steps are employed in the method to detect Listeria presence.
With enrichment, it is feasible to detect low numbers of Listeria, as few as as one cell per 25 g
of food, because the microorganism is allowed to grow to a level of ca. 10%~10° cfu/g. The first
enrichment step includes half Fraser broth (half-concentrated Fraser broth) containing only half
concentration of the inhibitory agents (antibiotics), because these agents may have a negative
effect on stressed or injured Listeria cells [44,45]. Antibiotics (acriflavin and nalidixic acid) are
used to suppress the growth of the accompanying microflora, which may outgrow Listeria due
to its slow growth. Listeria presence on the selective agar plates is observed by the formation of
characteristic colonies. They are gray-green with a black center surrounded by a black zone on
PALCAM agar [46]. Aesculin and ferrous iron are also added to the Fraser broth in conjunction
with antibiotics to allow detection of B-p-glycosidase activity by Listeria, causing blackening of
the medium [45].

Molecular methods that monitor the incidence of Listeria spp. in foods are also applied. Sug-
gested techniques include fluorescent antibody assay, enzyme immunoassay, flow cytometry
(FCM), and DNA hybridization [47]. DNA hybridization is the simplest molecular method
used for the detection of Listeria spp. and L. monocytogenes in foods. The presence of a target
sequence is detected using an oligonucleotide probe of a sequence complementary to the target
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Figure 2.1 Cultural detection scheme of L. monocytogenes based on ISO standard. (Based
on ISO. 1996. International Standard, ISO 11290-1: Microbiology of food and animal feeding
stuffs—Horizontal method for the detection and enumeration of Listeria monocytogenes—Part
1: Detection method. Geneva: International Organization for Standardization.)

DNA sequence, containing a label for detection. Radioactive isotopes, biotinylated probes, probes
incorporating digoxygenin, or fluorescent markers allow detection of target sequences [45]. PCR
combined with DNA hybridization in a microtiter plate is a convenient and highly sensitive and
specific approach for detection of Listeria spp. in a high-throughput 96-well format [48]. Com-
mercially available DNA hybridization tests are routinely used for food testing and have been
proven to be extremely sensitive and accurate. In contrast to DNA hybridization, in which
large amounts of DNA or RNA are necessary for detection, PCR provides amplification results
starting from very small amounts of target DNA [45]. Detection using PCR is carried out after
selectively enriching samples for 24—48 h. Multiplex PCR allows the simultancous detection of
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more than one pathogen in the same sample, such as L. monocytogenes and Salmonella [49,50]
or L. monocytogenes and other Listeria species [51,52]. This approach is most attractive for food
analysis, where testing time, reagents, and labor costs are reduced. To detect only living patho-
gens, RNA can be used instead of DNA. The presence of specific RNA sequences is an indica-
tion of live cells. When an organism dies, its RNA is quickly eliminated, whereas DNA can last
for years, depending on storage conditions. Klein and Juneja [53] used reverse transcription-
PCR (RT-PCR) to detect live L. monocytogenes in pure culture and artificially contaminated
cooked ground beef. DNA microarrays are a recent technique that has found applicability in
the detection of L. monocytogenes. Call et al. [54] used probes specific for unique portions of the
16S rRNA gene in Listeria spp. to demonstrate how each Listeria species can be differentiated
by this method. In this procedure, PCR is first performed using universal primers to amplify
all the 768 rRNA genes present in a sample. The various amplified DNA fragments bind only to
the probes for which they have a complementary sequence. Because one of the oligonucleotides
used in the PCR contains a fluorescent label, the spots where the amplified DNA has bound
fluoresce. Pathogens are identified by the pattern of fluorescing spots in the array [55]. Lampel
et al. [56] and Sergeev et al. [57] claim that in pure culture the detection limit of the array is
200 L. monocyrogenes cells. Sergeev et al. [57] also noted that the array is appropriate for detec-
tion of pathogens in food and environmental samples. Microarrays are able to identify a number
of pathogens or serotypes at once, but they still require culture enrichment and PCR steps to
improve sensitivity and specificity of detection [55].

2.4.2 Enumeration of Listeria monocytogenes

Cultural enumeration method of L. monocyrogenes based on the International Organization for
Standardization (ISO) method [58] is displayed in Figure 2.2. The method has a detection limit
2100 cfu/g. If numbers of Listeria lower than 100 cfu/g are expected, then the following procedure
might be applied, which allows detection equal to or above 10 cfu/g. One milliliter of sample
from the first 1:10 dilution is spread on three PALCAM agar plates (0.333 mL on each agar plate)
and after incubation the colonies on all three plates are measured as a single plate. However, if
even lower Listeria concentration is expected (1 cfu/g), then the first dilution is made with 1 part
of food sample and 4 parts of diluent (1:5) (SPW or half Fraser broth). SPW (0.1% peptone and
0.85% NaCl) or half Fraser broth have large buffer capacity, which favors the growth and repair
of stressed or injured cells.

Traditional PCR methods are able to detect the presence of a pathogen but are not able to
quantify the level of contamination. One way to approach this problem is the use of competitive
PCR. In this method, a competitor fragment of DNA which matches the gene to be amplified
is introduced into the sample. In general, the competitor fragment is synthesized as a deletion
mutant that can be amplified by the same primers being used to amplify the target DNA. The
competitor fragment is distinguished from the pathogen gene fragment by its smaller size [55].
To determine the level of pathogen contamination, DNA purified from the food sample is
serially diluted and added to a constant amount of competitor DNA. PCR is performed and
the intensity of the pathogen’s gene signal is compared to that of the competitor DNA on an
agarose gel. The number of cells in the original sample can be estimated by comparing the
intensity of the two DNA fragments (target versus competitor) using a standard curve [59].
Choi and Hong [60] used a variation of competitive PCR based on the presence of a restric-
tion endonuclease site in the amplified gene for L. monocytogenes detection. The method was
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Figure 2.2 Cultural enumeration of L. monocytogenes based on 1SO method. (Based on ISO.
1998. International Standard, 1SO 11290-2: Microbiology of food and animal feeding stuffs—
Horizontal method for the detection and enumeration of Listeria monocytogenes—Part 2:
Enumeration method. Geneva: International Organization for Standardization.)

completed within 5 h without enrichment and was able to detect 10° cfu/0.5 mL milk using
the AlyA gene as target. The detection limit could be reduced to 1 cfu if culture enrichment for
15 h was conducted first.

2.4.3 Confirmation of Listeria monocytogenes

L. monocytogenes presence is confirmed by the use of various biochemical tests. The tests are per-
formed on purified cultures. From the PALCAM or Oxford agars, five suspected and randomly
chosen colonies are isolated and streaked on tryptone soya agar containing 0.6% yeast extract
(TSYEA). Listeria species are easily identified by Gram staining, motility, catalase, and oxidase
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reactions. Listeria spp. is Gram-positive, small rods, motile, catalase-positive, and oxidase-negative.
The motility test should be performed in a semisolid TSYEA tube (TSYE broth or TSYEB sup-
plemented with 0.5% agar) incubated at 25°C because at incubation temperatures above 30°C
the motility test is negative (nonmotile). The tube is inoculated by stabbing and is observed for
growth around the stab (a characteristic umbrella-like shape of turbidity is formed) [61]. Sugar
fermentation, hemolysis, and the Christie~Atkins—Munch—Petersen (CAMP) test may be used
to differentiate the Listeria species (Figure 2.3). L. monocytogenes, L. ivanovii, and L. seeligeri are
B-hemolytic species on horse or sheep blood agar. The CAMP test distinguishes the three species
of Listeria and should be done on sheep blood agar. An enhanced B-hemolysis zone is observed
close to S. aureus NCTC 1803 when either L. monocytogenes or L. seeligeri are streaked on blood
agar. L. seeligeri shows a less enhanced P-hemolysis zone than L. monocytogenes. L. ivanovii shows
a wide enhanced B-hemolysis zone with Rhodococcus equi NCTC 1621. The plates are incubated
at 37°C for no longer than 12-18 h. The Listeria isolates streaked on blood agar for the CAMP
test are derived from the hemolysis plates used to examine the B-hemolysis property. The Listeria

6 Suspected colonies (5 per plate) from PALCAM
and Oxford agar plates are streaked on TSYEA
Isolation and
purification step Incubation for 24 h
at 35°C or 37°C
-
C Gram stainine N
ram staining: Gram positive
Shape: Small rods
Confirmation
of Listeria < Motility: Motile at 25°C
Spp. presence
Catalase: Positive
Oxidase: Negative
\ l
4 Fermentation of
L-Rhamnose D-Xylose D-Mannitol —2a-Methyl- Hemolysis
mannoside
L. ivanovii - + - - +
Identification < L. monocytogenes + - - + +
L. innocua +or — - - + -
L. seeligeri - + - +or— +
L. welshimeri +or— + - + -
L. murrayi +or— - + + -
\L. grayi - - + + -
CAMP test for the

haemolytic Listeria species

Figure 2.3 Confirmation scheme of L. monocytogenes.
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streaks should not touch the streaks of the S. aureus and R. equi control strains. The control strains
are streaked parallel to each other and the suspected Listeria isolated in between the two streaks
[45,61]. Alternatively, various commercial identification kits such as API 10 Listeria (BioMerieux,
Marcy Ertoile, France) might be used instead of traditional biochemical tests, which are time con-
suming. Finally, the previous selective agars, PALCAM and Oxford, may be substituted by other
selective chromogenic media such as ALOA agar and RAPID’ L. mono, as mentioned earlier in
Section 2.2, which allow the direct differentiation between Listeria species by specific reactions on
the agar plates [12,62]. In this way, the direct detection or enumeration of a specific Listeria species
is feasible from the dilutions of the original sample.

2.5 Escherichia coli O157:H7

Pathogenic E. coli includes a variety of types having different pathogenicity based on the virulence
genes involved. The different types of pathogenic E. coli are the enteropathogenic E. coli (EPEC),
the enteroinvasive E. coli (EIEC), the enterotoxigenic E. coli (ETEC), the enteroaggregative E. coli
(EAEC), and the enterohemorrhagic E. coli (EHEC) [63]. The latter belongs to verocytotoxigenic
E. coli (VTEC), which produces verocytotoxins or shiga toxins. VTEC E. coli are of great concern
because they include the most predominant foodborne pathogen E. coli O157:H7. The letters
and numbers, for example, O157:H7, refer to the microorganism serogroup. The somatic anti-
gens are designated with the letter “O” and the flagella antigens with the letter “H” [64]. E. coli
0157:H7 can be found on raw and processed meat [65—68]. Most often it has been isolated from
beef, which is believed to be the main vehicle for outbreaks associated with pathogenic E. coli
0157:H7. The source of contamination of meat is usually the bovine feces or the intestinal tube
during slaughtering. Their contact with muscle tissue results in meat contamination [64]. Heat
treatment and fermentation processes are sufficient for producing a safe finished product. How-
ever, if these processes are not adequate, then E. coli O157:H7 may survive during manufacturing
if the microorganism is present in the raw material [69—71]. Factors other than process may play
significant roles in producing safe products, including the implementation of good manufacturing
practices (GMP) or good hygiene practices (GHP) to avoid postprocess contamination [35,36,71].
For the detection of EPEC, EIEC, ETEC, and EAEC there is no standard sensitive procedure and
usually the food sample is diluted in BHI broth, incubated at 35°C for 3 h to allow microbial cells
to resuscitate. Then an enrichment step (at 44°C for 20 h) in tryptone phosphate broth and plat-
ing on Levine eosin—methylene blue agar and MacConkey agar are performed. Lactose-positive
(typical) and lactose-negative (nontypical) colonies are collected for characterization using various
biochemical, serological, or PCR-based tests [13].

2.5.1 Detection of Escherichia coli O157:H7

The cultural method for detecting and identifying E. coli O157:H7 [72] is shown in Figure 2.4.
Pathogenic E. coli O157:H7 does not ferment sorbitol and does not possess p-glucuronidase,
produced by almost all other E. coli strains [73]. The selective media exploit these attributes to
distinguish the pathogenic E. coli O157:H7 from other, nonpathogenic E. coli strains. The method
includes an enrichment step using a selective enrichment broth (tryptone soya broth [TSB] supple-
mented with novobiocin) to resuscitate the stressed cells and suppress the growth of the back-
ground flora.
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Figure 2.4 Cultural detection of E. coli O157:H7 based on 1SO method. (Based on ISO. 2001.
International Standard, ISO 16654: Microbiology of food and animal feeding stuffs—Horizontal
method for the detection of Escherichia coli O157. Geneva: International Organization for
Standardization.)
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Before plating onto agar plates, intermediate steps may be involved. The cell antigen O157:H7
is characteristic of the microorganism pathogenicity and therefore the IMS method (manufac-
turer instructions are followed to implement this technique) increases the detection of E. coli
O157:H7 [74]. E. coli O157:H7 are captured on immunomagnetic particles, washed with sterile
buffer, resuspended using the same buffer, and a sample of the washed and resuspended magnetic
particles is inoculated on a selective medium to obtain isolated colonies.

The selective agar used to subculture the sample is the modified MacConkey agar contain-
ing sorbitol instead of lactose, as well as selective agents such as potassium tellurite and cefixime
(CT-SMAC) [75] and the tryptone bile glucuronic medium (TBX) [63,64]. Because sorbitol-
negative microorganisms other than E. coli O157:H7 may grow on the agar plates (such as Proteus
spp. and some other E. coli strains), the addition of cefixime (which inhibits Proteus spp. but
not E. coli) and tellurite (which inhibits E. co/i strains other than E. coli O157:H7) substantially
improves the selectivity of the medium [13]. CT-SMAC agar medium has been found the most
effective for the detection of shiga toxin—producing E. coli O157:H7 [76]. Typical E. coli O157:H7
colonies are 1 mm in diameter and are colotless (sorbitol-negative) or pellucid with a very slight
yellow-brown color. However, because sometimes E. coli O157:H7 forms colonies similar to other
E. coli strains (pink to red surrounded by a zone), further purification (streaking) on nutrient agar
and confirmation of the typical and nontypical colonies is required.

Biochemical methods require time; hence, PCR-based protocols, including multiplex PCR
(MPCR), have been developed. Detection of STEC strains by MPCR was first described by
Osck [77]. A protocol was developed using primers specific for genes that are involved in the
biosynthesis of the O157 E. coli antigen (rf6 O157), and primers that identify the sequences
of shiga toxins 1 and 2 (szx1 and szx2) and the intimin protein (ezeA) involved in the attach-
ment of bacteria to enterocytes [25]. The different strains were identified by the presence of
one to four amplicons [77]. More protocols have been developed and applied in the detection
and identification of E. coli in feces and meat (pork, beef, and chicken) samples [78,79]. Later,
Kadhum et al. [80] designed an MPCR to determine the prevalence of cytotoxic necrotiz-
ing factors and cytolethal distending toxin—producing E. coli on animal carcasses and meat
products, from Northern Ireland, in a preliminary investigation into whether they could be a
source of human infection.

2.5.2 Enumeration of Escherichia coli O157:H7

The cultural enumeration method of E. coli O157:H7 based on the ISO standard method [81]
is presented in Figure 2.5. The key step in the case of stressed cells is the additional incuba-
tion period required (at 37°C for 4 h) before incubation at 44°C for 18-24 h. Typical E. coli
0157:H7 colonies have a blue color, and plates with colonies (blue) less than 150 and less
than 300 in total (typical and nontypical) are counted. The detection limit of the method is
a population of 10 cfu/g.

2.5.3 Confirmation of Escherichia coli O157:H7

To confirm the presence of E. coli O157:H7, the following tests should be carried out. E. coli
0157:H7 is negative to sorbitol, unlike most nonpathogenic E. coli strains, and indole positive.
After defining the biochemical profile of the suspected colonies, latex kits for E. coli O157:H7 or
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Figure 2.5 Cultural enumeration of E. coli O157:H7 based on ISO standard. (Based on ISO. 2001.
International Standard, ISO 16649-2: Microbiology of food and animal feeding stuffs—Horizontal
method for the enumeration of beta-glucuronidase-positive Escherichia coli—Part 2: Colony-count
technique at 44°C using 5-bromo-4-chloro-3-indolyl beta-D-glucuronide. Geneva: International
Organization for Standardization.)

antisera agglutination can be used to confirm E. co/i O157:H7. Commercial kits such as API 20E
(BioMerieux, Marcy Etoile, France) constitute an alternative for E. coli O157:H7 confirmation.
E. coli O157:H7 toxins can be detected using reversed passive latex agglutination and cultured vero
cells. Polymyxin B may be used in the culture to facilitate shiga toxin release [6].

2.6 Salmonella spp.

Salmonella spp. has been isolated from all types of raw meat including poultry, pork, beef, and
lamb. All these products have been implicated in outbreaks of Salmonella spp. Most often,
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however, Salmonella spp. occurs in poultry and pork meat. The main source of contamination of
the raw meat is the transfer of the microorganism from feces to the meat tissue during slaughter-
ing and the following processing [82]. Postprocess contamination may also occur and, therefore,
the GHP regarding equipment and personnel are essential.

2.6.1 Detection and Confirmation of Salmonella spp.

The cultural method for detecting and identifying Salmonella spp. [83] is depicted in Figure
2.6. The microbiological criterion for Salmonella spp. is “absence in 25 g.” The method includes
two enrichment steps—a preenrichment step to allow injured cells to resuscitate and a selec-
tive enrichment step to favor the growth of Salmonella cells. In the first step, a nonselective but
nutritious medium is used (buffered peptone water); in the second step, the selective medium
contains selective agents to suppress the growth of accompanying microflora. Two different
selective media are used in the second step because the culture media have different selec-
tive characteristics against the numerous Salmonella serovars [20]. Time and temperature of
incubation during the preenrichment and selective enrichment steps play a significant role in
the selectivity of the media. One of the selective media used in the second enrichment step
has historically been a selenite cystine broth that contains a very toxic substance (sodium
biselenite), and for this reason its use has been replaced by other media such as a Miiller-
Kauffmann tetrathionate/novobiocin (MKTTn) broth. Rappaport-Vassiliadis soya peptone
(RVYS) broth is the standard Rappaport-Vassiliadis (RV) broth but with tryptone substituted
by soya peptone because it has shown better performance than the standard broth [13]. The
next step is plating of the samples on selective differential agars containing selective agents
such as bile salts and brilliant green, which have various diagnostic characteristics (e.g., lactose
fermentation, H,S production, and motility) to differentiate Salmonella spp. from the other
microflora such as Proteus spp., Citrobacter spp., and E. coli. The Oxoid Biochemical Identifi-
cation System (OBIS) Salmonella test (Oxoid, Basingstoke, U.K.) is a rapid test to differentiate
Salmonella spp. from Citrobacter spp. and Proteus spp. The principle of the test is based on the
determination of pyroglutamyl aminopeptidase (PYRase) and nitrophenylalanine deaminase
(NPA) activity, to which Salmonella spp. is negative, Citrobacter spp. is PYRase-positive and
NPA-negative, and Proteus spp. NPA-positive and PYRase-negative. Selective agars differ in
their selectivity toward Sa/monella, and for this reason a number of media are used in parallel
(xylose lysine desoxycholate [XLD] or xylose lysine tergitol-4 [XLT-4] and phenol red/bril-
liant green agar). The last steps include biochemical and serological confirmation of suspected
Salmonella colonies to confirm the identity and to identify the serotype of the isolates [13,84].
Salmonella spp. is lactose-negative, H,S-positive, and motile. However, lactose-positive strains
have been isolated from human infections, and an additional selective medium agar may
therefore be needed. Bismuth sulfite agar is considered as the most suitable medium for such
strains [13,85,86].

The most frequently isolated serovars from foodborne outbreaks are S. zyphimurium and
S. enteritidis. Traditional phenotypic methods such as biotyping, serotyping, and phage typ-
ing of isolates, as well as antimicrobial susceptibility testing, provide sufficient information for
epidemiological purposes. Molecular genetic methods have revolutionized the fingerprinting of
microbial strains. However, not all of them have been internationally standardized, and prob-
lems in interpreting the results of different laboratories might occur. Nevertheless, the accuracy
and speed at which results are obtained have rendered them more and more applicable.
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Figure 2.6 Cultural detection and identification scheme of Salmonella spp. based on ISO
method. (Based on ISO. 1993. International Standard, ISO 6579: Microbiology of food and
animal feeding stuffs— Horizontal method for the detection of Salmonella spp. Geneva: Interna-
tional Organization for Standardization.)
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The assay generally used to identify Salmonella serovars is represented by a serological
method which requires the preparation of specific antibodies for each serovar and is thus
extremely complex and time consuming [25]. Plasmids are characteristic of Sa/monella and
therefore plasmid analysis can often be used to differentiate strains [87]. A faster alternative
involves PCR approaches. On the basis of primers designed for detecting O4, H:i, and H:1,2
antigen genes from the antigen-specific genes 7f8/, fliC, and fljB (coding for phase 2 flagellin),
respectively, Lim et al. [88] described an MPCR for the identification of S. typhimurium, whose
presence was associated with the appearance of three amplification products. MPCR targeted
to the ryv (CDP-tyvelose-2-epimerase), prt (paratose synthase), and invA (invasion) genes were
designed to identify S. enterica serovar Typhi and S. enterica serovar Paratyphi A by the pro-
duction of three or two bands, respectively [89]. PCR amplifications of the 16S-23S spacer
region of bacterial rRNA as well as specific monoclonal antibodies to the lipopolysaccharide of
S. typhimurium DT104 have been used [90].

2.7 Staphylococcus aureus

Reservoirs of the S. aureus microorganism are the animals in which it is part of their normal
microflora. Food contamination with S. awreus may occur through humans, who also carry
staphylococci. Food poisoning by S. aureus is the result of ingestion of food containing staphylo-
coccal enterotoxin(s). Enterotoxin is a heat-stable substance, and high cell numbers are required
to produce sufficient amounts of toxin. Temperatures above 15°C favor the rapid growth of the
microorganism and the production of enterotoxin. The minimum temperatures for microorgan-
ism growth and enterotoxin production are 7 and 10°C, respectively. Attention is required in the
implementation of GMP and GHP to minimize the contamination of raw materials with S. aureus
and to avoid postprocess contamination of processed meat products since staphylococci are part of
the natural microflora of humans and animals [91].

2.7.1 Enumeration and Confirmation of Staphylococcus aureus

The cultural enumeration method of Staphylococcus spp. based on ISO [92] is shown in Figure 2.7.
The method has a detection limit 2100 cfu/g. If lower numbers of staphylococci than 100 cfu/g
are expected, then the procedure followed for L. monocytogenes enumeration may be applied. Low
numbers of S. aureus are of little significance because extensive growth is needed in order for the
microorganism to produce sufficient amounts of enterotoxin, and therefore an enrichment step
is not required for its isolation. The most widely used and accepted medium for S. aureus is the
Baird-Parker (BP) agar [93] (egg yolk—glycine—potassium tellurite—sodium pyruvate). Sodium
pyruvate assists the resuscitation of stressed cells, while potassium tellurite, glycine, and lithium
chloride enhance the medium’s selectivity. Szaphylococcus spp. forms black colonies (tellurite reduc-
tion), and S. awureus colonies are also surrounded by a halo (clearance of egg yolk due to lipase
activity). Plates having 15-300 colonies in total (Staphylococcus spp. and S. aureus, if present)
are measured. A coagulase test, reversed-passive latex agglutination test, or ELISA methods for
enterotoxin detection may be used as confirmatory tests for S. aureus presence. The coagulase test
is considered positive for enterotoxin presence only in case of a strong positive reaction. API Staph
(BioMerieux, Marcy Etoile, France) may be also used to identify the isolated colonies from the
agar plates [ 94].



Dilution step

Spread/incubation <

Observation/enumeration <

Confirmatory
tests

Microbial Foodborne Pathogens ® 39

25 g of food in 225 mL of % Ringer solution (1:10
dilution) or 1:5 dilution is made according to the desired detection
limit. Additional 1:10 dilutions may be prepared if needed

’

Detection limit
>1 cfu/g
First dilution 1:5

Detection limit
>10 cfu/g
First dilution 1:10

Detection limit
>100 cfu/g
First dilution 1:10

Spread 0.1 mL on a Spread 0.333 mL on Spread 0.333 mL on
BP agar plate in three BP agar plates three BP agar plates
duplicate in duplicate in duplicate

Incubation for
48 hat 35°C or 37°C

N\ 7

Formation of characteristic Staphylococcus
spp. (and S. aureus if present) colonies

Confirmation of
Staphylococcus aureus presence

N\ 7

1. Gram staining and microscopic
observation (gram positive, cocci)

2. Coagulase test

3. Reverse phase latex agglutination or
ELISA Kkits for enterotoxin detection

4. API Staph system

-

Figure 2.7 Cultural detection and confirmation of S. aureus presence based on ISO method.
(Based on ISO. 1999. International Standard, ISO 6888-1: Microbiology of food and animal
feeding stuffs—Horizontal method for the enumeration of coagulase-positive staphylococci
(Staphylococcus aureus and other species)—Part 1: Technique using Baird-Parker agar medium.
Geneva: International Organization for Standardization.)

Molecular technique

s have been applied in the case of S. aureus to quickly determine its

presence and identification. Occasionally, isolates of S. aureus give equivocal results in bio-
chemical and coagulase tests [ 95]. Most S. aureus molecular identification methods have been
PCR-based. Primers targeted to the nuclease (nuc), coagulase (coa), protein A (spa), femA and

femB, Sa442, 16S IRNA
[96,97].

, and surface-associated fibrinogen-binding genes have been developed
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S. awureus food poisoning is caused by ingestion of preformed toxins (Staphylococcus aureus
enterotoxins [SEs]) produced in foods. It has been reported that neatly all SEs are superantigens
and are encoded by mobile genetic elements including phages, plasmids, and pathogenicity islands
[98,99]. Several methods for SE detection from isolated strains and foods have been described
in the recent years; these include biological, immunological, chromatographical, and molecular
assays [100,101]. The four SEs originally described can be detected with commercial antisera or by
PCR reactions [102,103].

Detection and identification of methicillin-resistant S. aureus (MRSA) has gained great atten-
tion since in immunocompromised patients it can cause serious infections which may ultimately
lead to septicaemia. Since MRSA strains mainly appear in nosocomial environments, most of the
techniques developed for their detection are focused on clinical or blood isolates [104]. Such tech-
niques include DNA probes [27,105], peptide nucleic acid probes [106], MPCR [97], real-time
PCR [107-109], LightCycler PCR [108,109], and a combination of fluorescence i situ hybridiza-
tion and FCM [110]. Recent advances include the development of segment-based DNA microar-
rays [104]. Although, as mentioned earlier, MRSA strains are mainly encountered in nosocomial
environments, food can be considered an excellent environment for introducing pathogenic
microorganisms in the general population, especially in immunocompromised people and in the
intestinal tract, transfer of resistant genes between nonpathogenic and pathogenic or opportunis-
tic pathogens could occur [111]. A community-acquired case was reported in 2001, in which a
family was involved in an outbreak after ingesting MRSA with baked port meat contaminated by
the handler [112]. Therefore, the techniques applied in different samples might have applicability
in food products.

2.8 Yersinia enterocolitica

Infections with Y. enterocolitica involve meat and meat products. In particular, pork meat has been
implicated in Y. enterocolitica outbreaks (yersiniosis). Not all Y. enterocolitica strains cause illness.
The most common serotypes causing yersiniosis are the serotypes O:3, 0:9, O:5,27, and O:8.
Because contamination of meat with high numbers of Y. enterocolitica may occur during prepro-
cess (e.g., slaughtering), precautionary measures such as GHP are essential [113]. Contamination
with Y. enterocolitica is a serious concern due to its ability to grow at refrigerated temperatures

(4°C) [13,91].

2.8.1 Detection and Confirmation of Yersinia enterocolitica

The cultural method for detecting Y. enterocolitica [114] is presented in Figure 2.8. The method
involves elements of the methods from Schiemann [115,116], the Nordic Committee on Food
Analysis [117], and Wauters et al. [118]. If specific serotypes are considered (e.g., O:3), then two
isolation procedures are proposed to run in parallel [13]. The procedure involving enrichment
with irgasan—ticarcillin—potassium chlorate (ITC) broth is selective for serotype O:3 and possibly
0:9. However, poor recovery of the serotype O:9 from ground pork using ITC has been found
by De Zutter et al. [119]. After enrichment with ITC, plating of the samples should be done on
Salmonella—Shigella sodium deoxycholate calcium chloride (SSDC) instead of cefsulodin irgasan
novobiocin (CIN) because the latter medium is inhibitory for the serotype O:3. Furthermore,
the isolation and identification of Y. enterocolitica from ground meat on CIN medium agar has
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Figure 2.8 Cultural detection of Y. enterocolitica based on ISO method. (Based on ISO. 1994.
International Standard, 1ISO 10273: Microbiology of food and animal feeding stuffs—Horizontal
method for the detection of presumptive pathogenic Yersinia enterocolitica. Geneva: Interna-
tional Organization for Standardization.)

been proved to cause problems because many typical Yersinia-like colonies may grow [120]. After
enrichment (primary) with TSB or peptone sorbitol bile salts (PBS) broth (peptone buffered saline
with 1% sorbitol and 0.15% bile salts), an alkali treatment (potassium hydroxide [KOH]) may be
used to increase recovery rates of Yersinia strains instead of secondary enrichment with bile oxalate
sorbose (BOS) [121]. This method should not be used with the procedure involving the ITC broth
as a selective enrichment step [122]. On SSDC agar, the Yersinia colonies are 1 mm in diameter,
round, and colorless or opaque. On CIN agar, the colonies have a transparent border with a red
circle in the center (bull’s eye).

Yersinia strains and Y. enterocolitica serotypes may be distinguished using biochemical tests.
Y. enterocolitica may be identified using urease and citrate ucilization tests, and fermentation
of the following sugars: sucrose, raffinose, thamnose, a-methyl-p-glucoside, and melibiose.
Y. enterocolitica is urease and sucrose positive, but negative in the other tests. The most fre-
quently used tests to identify pathogenic Y. enterocolitica strains are calcium-dependent growth
at 37°C, Congo red binding on Congo red magnesium oxalate (CR-MOX) agar, or low-calcium
Congo red BHI agarose agar (CR-BHO), which determine the Congo red dye uptake, pyra-
zinamidase activity, and salicin—esculin fermentation [115,122-126]. Because the last two tests
are not plasmid dependent as are the other tests, the pyrazinamidase, salicin, and esculin tests
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are considered the most reliable biochemical screening tests for pathogenicity because plasmids
may be lost during subculture. Before testing, suspected colonies may be subcultured on a non-
selective medium incubated at 25°C to reduce the risk of plasmid loss [122]. Pathogenic strains
are negative to these three tests. Esculin fermentation and pyrazinamidase activity tests should
be conducted at 25°C, whereas salicin fermentation is conducted at 35 or 37°C. Commercial
kits for Y. enterocolitica identification such as API 20E (BioMerieux, Marcy Etoile, France)
also may be used as an alternative that has been proved to be suitable for routine laboratory
diagnostics [120].

From a food hygiene point of view, Y. enterocolitica is of major importance and is a very het-
erogeneous species. Nonpathogenic strains may contaminate food products to the same extent
as pathogenic Y. enterocolitica, and a principal goal for nucleic acid—based methods has been
to separate this group of pathogenic bacteria. Both polynucleotide and oligonucleotide probes,
as well as PCR-based methods, have been applied for its detection and quantification in meat
and meat products [127,128]. Nested-PCR has also been developed for its detection in meat
food products and can satisfactorily detect pathogenic Y. enterocolitica even in the presence
of a high background of microflora [129]. Comparative genomic DNA (gDNA) microarray
analysis has recently been developed to differentiate between nonpathogenic and pathogenic
biotypes [130].

2.9 Bacillus cereus

B. cereus can be found in meat and especially in dishes containing meat. Outbreaks attributed
to B. cereus infections have also been associated with cooked meats. Its presence in food is not
considered significant since high numbers (>10°-10° cfu/g) are needed to cause a diarrheal or
emetic syndrome. The two types of illness are caused by an enterotoxin (diarrheagenic or emetic)
produced by the microorganism. Because other Bacillus species are closely related physiologically
to B. cereus, including B. mycoides, B. thuringiensis, and B. anthracis, further confirmatory tests are
required to differentiate typical B. cereus (egg yolk reaction, inability to ferment mannitol) from
the other species [131].

2.9.1 Enumeration and Confirmation of Bacillus cereus

The presence of low numbers of B. cereus is not considered significant, and thus an enrich-
ment step is not needed unless B. cereus growth is likely to occur (Figure 2.9). However, if
enrichment must be applied, this can be done using BHI broth supplemented with polymyxin
B and sodium chloride [132]. To enhance selection of B. cereus, the following attributes of
the microorganism are employed: its resistance to the antibiotic polymyxin, the production of
phospholipase C causing turbidity around colonies grown on agar containing egg yolk, and
its inability to ferment mannitol. The media used for selection are usually the mannitol-egg
yolk—polymyxin (MYP) [133] and the Kim-Goepfert (KG) agars [134]. Because of the similar-
ity in composition and functionality of the KG medium with the polymyxin pyruvate egg yolk
mannitol bromothymol blue agar (PEMBA) [132,135], the latter medium may be used instead
of KG [131].

Colonies on MYP agar have a surrounding precipitate zone (turbidity) and both colonies and
zone are pink (no fermentation of mannitol). On PEMBA agar, the colonies are peacock blue
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Figure 2.9 Cultural detection and identification of B. cereus.

with a blue egg yolk precipitation zone. Finally, on KG agar the colonies are translucent or white
cream. Plates having 10-100 colonies per plate are counted instead of 30-300 colonies per plate
because turbidity zones may overlap each other and measurement of the colonies with a precipita-
tion zone may be difficult. For low numbers (<100-1000 cfu/g) of B. cereus in the food sample,
the MPN technique may be used. A suitable medium for this purpose is the trypticase soy poly-
myxin broth. Each of three tubes of 1:10, 1:100, and 1:1000 is inoculated with 1 mL of sample
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and the tubes are incubated at 30°C for 48 h and examined for tense turbidity. Confirmation of
B. cereus presence is required before determining the MPN [131-132]. If only spores are to be
counted, the sample is heated (the initial 1:10 dilution is heated for 15 min at 70°C) or treated
with alcohol (1:1 initial dilution in 95% ethyl alcohol for 30 min at room temperature) to kill the
vegetative cells, and the detection and identification scheme is followed (Figure 2.9). Potential
emetic strains can be identified using the identification kit from BioMerieux called API 50CHB
(BioMerieux, Marcy Etoile, France) [136]. Before testing isolated colonies for B. cereus identity,
the culture should be purified on a nonselective agar (e.g., BHI agar) to promote sporulation.
Isolated colonies grown on KG agar, used as a selective agar, may be tested directly because KG
medium favors sporulation.

ELISA and reverse passive latex agglutination (RPLA) tests are commercially available for
Bacillus diarrheal enterotoxin. No tests have been developed for emetic enterotoxin due to purifi-
cation problems, although tissue culture assay using HEp-2 cells may be useful for the detection
and purification of the emetic toxin [131,136].

Several molecular techniques have also been developed for the detection and characteriza-
tion of B. cereus derived from food products. Immunological methods for semiquantitative iden-
tification of enterotoxins are available (ELISA, RPLA), which demand at least 2 days to obtain
a result, since enterotoxin expression during growth is necessary [137]. Although genetic probes
are also applied for detection of B. cereus, the information provided would involve the pres-
ence of the gene and not the level of enterotoxin production. It seems that the production of
enterotoxins from enterotoxin-positive strains is too low to cause food poisoning [138]. A good
choice for the detection of B. cereus would be the use of probes directed to the phospholipase
C genes, which are present in the majority of the strains. Different confirmatory tests exist for
B. cereus. For enterotoxic B. cereus, molecular diagnostic (PCR-based) [139,140], biochemical,
and immunological assays [139,141,142] are commercially available. Three methods for detec-
tion of the emetic toxin have been described during the past years—a cytotoxicity assay, liquid
chromatography-mass spectrometry (LC-MS) analysis, and a sperm-based bioassay [143,144].
They have, however, proved difficult to use for routine applications and are not specific enough.
Recently, a novel PCR-based detection system has been developed based on the emetic toxin
cereulide gene [145].

The latest trend is toward the development of molecular tools that would be able to character-
ize virulence mechanisms of bacterial isolates within minutes [146]. The next generation assays,
such as biosensors and DNA chips, have already been developed [147]. They can be classified in
high-density DNA arrays [148] and low-density DNA sensors [149]. An automated electrochemical
detection system, which allows simultaneous detection of presently described toxin-encoding genes
of pathogenic B. cereus [146], and a nanowire labeled direct-charge transfer biosensor capable of
detecting Bacillus species have also been developed [150].

2.10 Clostridium perfringens

Foods usually associated with C. perfringens infections are cooked meat and poultry. Its pres-
ence in raw meats and poultry is not unusual. The illness (diarrhea) is caused by a heat-sensitive
enterotoxin produced only by sporulating cells. Usually, large numbers of the microorganism are
required to cause illness. As a consequence, the microorganism is enumerated using direct plating
without enrichment. Also, C. perfringens does not sporulate in food and therefore there is no need
to heat the sample before enumerating the microorganism [151].
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2.10.1 Enumeration and Confirmation of Clostridium perfringens

The selective media used for enumeration of C. perfringens contain antibiotics to inhibit other
anaerobic microorganisms, along with iron and sulfite because Clostridia reduce the latter to sul-
fide, which reacts with iron to form a black precipitate (black colonies) characteristic of clostridia.
The most commonly used and useful medium to recover C. perfringens is the egg yolk free tryp-
tose sulfite cycloserine (EY-free TSC) agar (Figure 2.10) [152]. EY-free TSC agar is used in pour
plates. Cycloserine is added to inhibit growth of Enterococci. Because other sulfite-reducing clos-
tridia that produce black colonies may grow on EY-free TSC agar, further confirmatory tests are
needed to identify the presence of C. perfringens (Figure 2.11). If low numbers are expected, the
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Figure 2.10 Cultural detection of C. perfringens.
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MPN technique or enrichment using buffered trypticase peptone glucose yeast extract (TPGY)
broth may be used. Two grams of food sample is inoculated into 15-20 mL of medium in a tube.
The tube is incubated at 35-37°C for 20-24 h. With a bacteriological loop a sample from the
positive tubes (turbidity and gas production) is streaked on EY-free TSC agar plates [151]. Entero-
toxin of C. perfringens can be detected using commercial kits such as ELISA and RPLA.

A nonisotopic colony hybridization technique has been developed for the detection and enu-
meration of C. perfringens; this proved to be more sensitive than the conventional culture methods
[153]. It provides quantitative assessment of the presence of potentially enterotoxigenic strains of
C. perfringens as determined by the presence of the enterotoxin A gene, and the results are acquired
within 48 h. A multiplex PCR assay has also been developed for the detection of C. perfringens
type A [154] and has been evaluated in relation to American retail food by Wen et al. [155]. Meth-
ods similar to the ones described earlier for B. cereus [137] have also been applied.

2.11 Campylobacter jejuni

Campylobacter species are part of intestinal tract microflora of animals and thus may contami-
nate foods such as meat, poultry, and their products. The most frequent Campylobacter species
implicated in illnesses is C. jejuni. The microorganism is Gram-negative, motile, and oxidase-
positive, forming curved rods. Poultry is considered the most important vehicle of Campylobacter
illness; several outbreaks have been associated with poultry [156,157]. C. coli and C. lari have also
been isolated from poultry and recognized as potential hazards to human health, causing illness,
though less frequently than C. jejuni [158].

2.11.1 Detection and Confirmation of Campylobacter jejuni

In general, Campylobacter species are sensitive microorganisms and are stressed during processing,
and therefore an enrichment step is needed to resuscitate injured cells. Also, the microorganism
fails to grow under normal atmospheric conditions since Campylobacter is microaerophilic and
capnophilic, and gas jars should be used to provide the right gas atmosphere (5% oxygen, 10% car-
bon dioxide, and 85% nitrogen). Because of its sensitivity to oxygen, food samples should be kept
before analysis in an environment without oxygen (100% nitrogen) with 0.01% sodium bisulfite
and under refrigeration. Wang’s medium may be used for this purpose [159].

The cultural detection of Campylobacter spp. [160] is shown in Figure 2.12. Usually, 10 g of
food sample (ground beef) are added to 90 mL of enrichment broth. Sampling of poultry carcasses
and large pieces of foods may be performed by the surface rinse technique. The sample is placed
in a sterile stomacher bag with 250 mL of Brucella broth and the surface is rinsed by shaking and
massaging. The broth (rinse/suspension) is filtered and centrifuged at 16,000 x g for 10 min at 4°C.
The supernatant fluid is discarded and the pellet is suspended in 2-5 mL of enrichment broth.
After enrichment or during the direct plating without enrichment, two selective agars are used,
specifically, Karmali agar and one of the following agars: Butzler agar, Campy-BAP or Blaser agar,
Campylobacter charcoal differential agar (CCDA)-Preston blood-free agar, and Skirrow agar. It
has been found that CCDA-Preston blood-free medium has excellent selectivity and is good for
quantitative recovery of C. jejuni [159]. The oxygen tolerance of Campylobacter may be enhanced
by adding to the growth media 0.025% of each of the following: ferrous sulfate, sodium metabi-
sulfite, and sodium pyruvate (FBP supplement) [161].
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Figure 2.12 Cultural method for detecting and identifying C. jejuni based on 1SO standard.
(Based on ISO. 1995. International Standard, ISO 10272: Microbiology of food and animal feed-
ing stuffs—Horizontal method for detection and enumeration of Campylobacter spp. Geneva:
International Organization for Standardization.)
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Purification of the culture is made as follows for conducting confirmatory tests: Colonies
from the selective agar plates are transferred to a Heart Infusion agar with 5% difibrinated rabbit
blood (HIA-RB), and plates are incubated at 42°C for 24 h under microaerophilic conditions.
The culture is transferred to 5 mL of HIB and the density of the cells is adjusted to meet the
McFarland no. 1 turbidity standard (BioMerieux, Marcy Etoile, France). This cell suspension is
used further for biochemical testing in tubes or on agar plates [159]. Finally, the commercial kit
API Campy (BioMerieux, Marcy Etoile, France) may be used as an alternative for differentiation
of Campylobacter spp.

Polynucleotide and oligonucleotide probes have been used for the detection of C. jejuni; they
are reviewed by Olsen et al. [137]. A rapid and sensitive method based on PCR for the detection of
Campylobacter spp. from chicken products, described by Giesendorf et al. [162], provided results
within 48 h with the same sensitivity as the conventional method. Konkel et al. [163] developed a
detection and identification method based on the presence of the cadF virulence gene, an adhesin
to fibronectin, which aids the binding of C. jejuni to the intestinal epithelial cells. This method
may be useful for the detection of the microorganism in food products, since it does not require
bacterial cultivation before its application. Further techniques have been developed since then
with the incorporation of an enrichment step before the PCR and real-time PCR amplification,
respectively [164,165]. A more recent evaluation of a PCR assay for the detection and identifica-
tion of C. jejuni in poultry products reduced the time of analysis to 24 h or less depending on
the necessity of the enrichment step [166]. This method did not seem to be appropriate for ready-
to-eat products but was proven to be useful in naturally contaminated poultry samples. Further
improvements and trends include multiplex PCRs, reviewed by Settanni and Corsetti [25] as well
as real-time nucleic acid sequence-based amplifications with molecular beacons [167].
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In the industrialized countries, people are relatively seldom bothered by parasites in meat, because
of the high standards of meat hygiene and the advanced parasite control in animal production.
However, when a primary toxoplasmosis is diagnosed in a pregnant woman, or a spot epidemic
of trichinellosis is found in a village, it surely is devastating for the people involved. Also, the
hospitalization costs for even one patient with a severe parasitic infection are considerable. Thus,
meat parasites cannot be ignored.
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To prevent meat-borne parasitic infections, it is good advice to cook the meat thoroughly. This
is not, however, always the most desirable procedure from a culinary standpoint or the most tasteful
way to prepare a meal. Tartar steak, dried ham, raw-marinated meat, and several kinds of smoked
meat products are traditional and very much appreciated foods, but those treatments as such cer-
tainly are not adequate for destroying possible parasites. Also, in home cooking it is not always pos-
sible to follow the temperature of the meat very accurately. Color change of the meat is not a reliable
indicator of sufficient temperature. In microwave cooking, in which the temperature is elevated
unevenly, the risk is high even though the meal seems to be thoroughly cooked. Therefore, constant
control work and research has to be done to maintain a high level of meat hygiene and safety.

In mammal muscles, both protozoan and helminth parasites can be found. Protozoans are
microscopic organisms that can live intracellularly in a host. Toxoplasma and Sarcocystis are examples
of zoonotic protozoans, which are infective to humans. Helminths are larger in size, and many of
the species can be seen by naked eye. Of helminths, 7zenia and Trichinella species can be transmitted
to humans via the consumption of raw mammal meat or meat products [1].

Several parasite species live in the alimentary tract and may also be found in meat inspection,
though not from the muscles. These parasites can affect the general welfare of the animal, cause
production losses, and lower the quality of the meat. They can also have hygienic implications in
food if parts of the alimentary tract are used as foodstuffs or if the meat is contaminated with the
contents of the gut during the slaughtering process. Fecal examination for parasites or parasite
eggs is not of importance in slaughterhouses, but could be a valuable diagnostic tool in animal
husbandry. Intestinal parasites or external parasites cither are not, however, discussed here. The
focus in this chapter is on the parasites whose life cycle directly involves mammal muscles; some
parasites affecting the liver are also briefly described.

In the meat inspection protocols at slaughterhouses, several checking, palpation, and incision
steps are followed to verify parasites. Visual inspection and microscopic analysis of parasite
morphology is useful and suitable for many species. Closer parasite species or strain differentiation,
however, often requires molecular biological methods, such as polymerase chain reaction (PCR).
Indirect methods that measure the immunological reaction of the host animal against parasite,
including ELISA and immunoblot, are also useful in diagnostics of parasite infections, but also
have their disadvantages, as described later.

Official meat inspection is regulated by law, and the analyses necessary are strictly stated. This
chapter gives an overview of the diagnostic laboratory methods that are used or could be used to
detect certain parasites in meat, and also introduces some methods that are designed for research
purposes. The methods are introduced along with descriptions of the most important meat parasites
in the industrialized countries.

3.1 Trichinella spp.

Trichinella nematodes are found worldwide, and can infect mammals, birds, and reptiles. They are
well-known for their ability to cause illness to humans who eat undercooked infective meat; even
deaths have been reported. Pork, horse, wild boar, and certain game meats are common sources for
human infection. Trichinella larvae are freed from the muscle tissue in the stomach; molting and
reproduction take place in the small intestine. The newly hatched larvae migrate through the circula-
tory system to the host’s striated muscle, penetrate muscle cells, transform them into so-called “nurse
cells,” and settle in. Most species induce formation of a connective tissue capsule around them (Table
3.1). The larvae can survive inside the muscle cells in a dormant state for years, until the muscle is
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Table 3.1 Summary of Trichinella Species and Genotypes

Species/ Geographical Freeze
Isolates Genotype Capsule Distribution Resistance Host Examples
T1 T. spiralis Yes Cosmopolitan - Pig, wild boar, rat
T2 T. nativa Yes Arctic, subarctic +++ Bear, wolf, fox
T3 T. britovi Yes Europe, Asia + Wild boar, horse
T4 T. pseudospiralis No Cosmopolitan - Birds, marsupials
T5 T. murrelli Yes North America - Bear, raccoon
T6 Yes North America ++ Bear, wolf
T7 T. nelsoni Yes Africa - Hyena, lion
T8 Yes South Africa - Hyena, lion
T9 Yes Japan - Bear, raccoon dog
T10 T. papuae No Papua New - Reptiles

Guinea

T11 T. zimbabwensis No Africa - Reptiles

Sources: Dupoy-Camet, J. et al., in Trichinellosis. Proceedings of the Eighth International Confer-
ence on Trichinellosis 1993, F. Istituto Superiore de Sanita Press, Rome, Italy, 1994, 83;
Pozio, E., Vet. Parasitol., 93, 241, 2000; and Pozio, E. et al., Parasitology, 128, 333, 2004.

ingested by a new host. The life cycle is straightforward and involves only one host animal; Trichinella
does not have separate definitive and intermediate hosts for different development stages [2—4].

In Europe, four species, 1. spiralis, T. nativa, T. britovi, and T pseudospiralis, are found. Owing
to the risk of human infection, they are actively searched for with laboratory analysis in the meat
inspection in the EU [5]. Swine and other potential 7richinella hosts (horse, wild boar, and certain
game) are examined. An approved freezing protocol is an alternative for the T7ichinella inspection
of pork, because in pork, the infective species usually is 77 spiralis, which is not resistant to below-
zero temperatures. Some Trichinella species can, however, tolerate freezing. 7. britovi has a moderate
tolerance for low temperatures, and are infective to swine. Freezing alone is not recommended
without Trichinella testing in the areas where 7. britovi is endemic.

In horse and game meat, freeze-resistant Trichinella species can be more predominant than in
pork. Freezing is never an alternative to testing in these animals. Large recent epidemics of human
trichinellosis have unexpectedly been caused by the consumption of horse meat. These herbivore infec-
tions can be a consequence of rodents accidentally getting crushed in the feed or of feeding the horses
on purpose with animal protein. Also, pig infections result from similar causes, but as omnivorous
species, pigs are naturally more willing to ingest meat or even kill rodents by themselves.

3.1.1 Direct Detection Methods

In official meat inspection, only direct methods of detecting Trichinella larvae are used. Samples
are taken as described in legislation (Commission regulation [EC] No. 2075/2005 [5], in EU
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countries). Sample sites are set according to the vulnerability of muscles of each animal species. If
the predilection muscles of the animal are not known, diaphragm or tongue should be used. Sample
size also varies depending on the animal species. Samples are taken at the slaughter line with a
knife or with Trichinella forceps and arranged in a special tray in such a way that traceability is
guaranteed. Pure muscle tissue, without fat or tendons, should be taken as a sample.

The purpose of Trichinella inspection is to prevent clinical trichinellosis in humans [6]. This
means that absolutely 7richinella-free meat is not guaranteed with the methods used for testing at
the moment, but the possible infection level is so low that people do not get sick. If more precise
results are needed, the sensitivity of current methods can easily be improved by increasing the
sample size.

3.1.1.1 Trichinoscopic Examination

Trichinoscopy, or compression technique, is the classic method of Trichinella inspection. Several (the
number depending on the animal species) small, oat-kernel-size pieces of meat are pressed tightly
between two glass plates, and paper-thin slices are then carefully scanned through with a micro-
scope with 30—40 times magnification (Figure 3.1). The method is labor-intensive, slow to perform,
and sensitivity is poor. Early infections, nonencapsulated species of Trichinella (T. pseudospiralis,
T. papuae, 1. zimbabwensis), or low infection levels are not easily recognized in trichinoscopy. It is
currently used only in exceptional conditions, and is normally replaced by digestion methods.

3.1.1.2 Methods for Digestion

Artificial digestion is the method most commonly used in Trichinella examination. Digestion
methods mimic the conditions in the stomach, with hydrochloride acid (HCI) and pepsin enzyme.
The treatment enzymatically dissolves the muscle and the connective tissue of the capsule, enabling
the count of the released, sedimented larvae (Figure 3.2). The method consists of three basic steps:
digestion, sieving, and microscopic detection of the larvae.

Figure 3.1 Trichinella britovi encapsulated in experimentally infected mouse muscle. Light
microscopic picture of compressorium plates. (Photo by Dr. J. Bien and Dr. K. Pastusiak, Witold
Stefanski Institute of Parasitology, PAS.)
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Figure 3.2 Trichinella spiralis muscle larvae after digestion. Light microscopic picture with
480 x magnification. (Photo by Dr. J. Bien and Dr. K. Pastusiak, Witold Stefanski Institute of
Parasitology, PAS.)

In meat inspection, 1 g of muscle tissue from the diaphragm of 100 fattening pigs is pooled
as one Trichinella digestion sample. For species other than pig, and also for sows and boars, larger
samples per animal are required. In the event of a positive finding in the pooled sample, the
potentially infected individuals are searched by repeating the examination with smaller subsets of
the samples pooled together, until single sample digestions finally reveal the infected animal(s). In
the EU, infected carcasses are condemned and removed from the food chain.

The theoretical sensitivity of 1 g muscle sample digestion is naturally one larva per gram (1 Ipg).
In practice, it is lower; a true sensitivity of 3—5 lpg is evaluated [7]. The sensitivity of the method
can be improved by increasing the size of the sample. For example, 5 g samples are estimated to
give a true sensitivity of 1 Ipg [6].

All the digestion methods operate on the same principle, but the magnetic stirrer method
(Table 3.2) is considered the gold standard [8]. Some digestion methods involve specialized labora-
tory apparatus for homogenization and warming of the samples. Certain filters with a pump can
be used as well. The results of the different digestion methods may vary because of the different
ways of handling the digestion fluids. The magnetic stirrer method is performed in a glass container,
in which the freed larvae do not easily stick to the surfaces. In the Stomacher® apparatus (Seward
Ltd., Worthing, U.K.) and similar methods, the plastic bags used in the liquid handling may offer
tight corners or form capillary forces when the digestion fluid is poured out, and some of the larvae
may get trapped. This could result in lower larvae per gram values or even false negative results
if the infection level is low. These machines, however, enable several digestions at the same time.

Orther steps in digestion may affect the results as well. Care must be taken not to inactivate the
pepsin enzyme with concentrated HCl before digestion. The correct order to measure and add the
regents for digestion is: water, HCl, and, when those are well mixed together, pepsin. The water
temperature must be controlled carefully before adding pepsin. At temperatures over 50°C, the
enzyme is inactivated. Below that temperature, the inactivation happens so slowly that it does not
have an effect on the digestion.

After digestion, the mesh size used for sieving the fluid to remove excess undigested material
is 180 um [5]. Higher sensitivity (better larval recovery) with a larger mesh size, 355 Wm, has been
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Table 3.2 Magnetic Stirrer Digestion for Trichinella (100 g Pooled Sample)

Add 16 mL of 25% hydrochloric acid into a beaker containing 2 L of water (46-48°C).

Start magnetic stirring on a preheated plate. The digestion fluid must rotate at high speed
but without splashing.

Add 10 g of pepsin (1:10,000 U.S. National Formulary).

Grind 100 g pool of samples with a kitchen blender, meat mincer, or scissors, and add to
the beaker.

Rinse all the equipment used for mincing with the digestion fluid to ensure that all the
meat is included to the examination.

Cover the beaker with aluminum foil to balance the temperature. Constant temperature
of 44-46°C throughout the digestion must be mainteined. Overheating will inactivate the
pepsin and interrupt the digestion.

Continue stirring for 30 min, until the meat particles have disappeared. Longer digestion
times may be necessary (not exceeding 60 min) for tongue, game meat, etc.

Pour the digestion fluid through 180 pm mesh sieve into the sedimentation funnel. Not
more than 5% of the starting sample weight should remain on the sieve. You may cool the
sample with ice before pouring it into the funnel.

Let the fluid stand in the funnel for 30 min to sediment the larvae. The sedimentation may
be aided with periodic mechanical vibration.

From the bottom tap of the funnel, quickly run 40 mL sediment sample of digestion fluid
into a measuring cylinder or large centrifuge tube.

Allow the 40 mL sample to stand for 10 min. Carefully remove with suction 30 mL of superna-
tant and leave a volume of not more than 10 mL.

Pour the remaining 10 mL sample of sediment into a petri dish marked with 10x10 mm
grid to ease the examination.

Rinse the cylinder or centrifuge tube with not more than 10 mL of water, which has to be
added to the sample for larval count.

Examine the sample by trichinoscope or stereomicroscope at 15-40 times magnifica-
tion. For suspect areas or parasite-like shapes, use higher magnifications of 60-100 times.
Count the larvae.

Sources: EC (European Commission) Regulation No. 2075/2005, of 5 December 2005, laying

down specific rules on official controls for Trichinella in meat. Official Journal of the
European Union 22.12.2005; ICT recommendations: Gamble, H.R. et al., Vet. Parasitol.,
93, 393, 2000; and OIE standards: World Organisation for Animal Health. Health
standards. Manual of diagnostic tests and vaccines of terrestrial animals. Trichinellosis
(updated 21.11.2005). http://www.oie.int/eng/normes/mmanual/A_00048.htm.
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reported [9], however. No more than 5% of the original pig sample weight should be retained in
the sieve—the digestion should be considered inadequate if more material is found.

The meat sample itself could affect the digestion outcome as well. The structure of the muscle
can slow the digestion. For certain muscle types (e.g., tongue) and animal species (horse, game),
the time of digestion often has to be prolonged. Fat in the sample, besides decreasing the muscle
mass and thus affecting the larvae per gram value, makes the digestion fluid hazy, and detecting
the larvae with a microscope thus becomes more difficult. The separation of fat to the top of the
digestion fluid, thereby diminishing the remaining lipids in the sample, can be made faster by
cooling the fluid with ice before pouring it into the sedimentation funnel. Cooling also induces
coiling and faster sedimentation of the larvae.

In meat inspection, the presence of bone pieces in the Trichinella sample is not a concern, but
in research work various kinds of samples set limitations for the methods. In plastic bag digestion,
sharp bones may break the plastic; the magnetic stirrer method is recommended. Bone, as well
as fat and connective tissue, in the sample lowers the larvae per gram value—only muscle tissue
should be used if infection intensity is analyzed.

The microscopic examination of the digestion fluid should be performed immediately after the
digestion. If the examination is delayed, the fluid must be clarified [5]. Microscopic examination
should not be postponed until the next day; digestion fluid containing acid and pepsin can cause
degradation of the larvae.

All the containers, materials, and fluids should await the result of 7richinella examination
before washing or disposing them; otherwise, they should be handled as would be done in the case
of a positive sample. Digestion fluid and the instruments which have been in direct contact with
a positive sample, should be sterilized to kill the 7richinella larvae. A few minutes in well-boiling
water are enough. If potentially infective waste exists, it should be autoclaved or decontaminated
in some other acceptable way. Of disinfectants, 1:1 mixtures of xylol and ethanol (95%), or xylol
and phenol are lethal for infective larvae [10].

3.1.1.3 Histology

Trichinella can be found with a microscope in histological samples using common dyeing techniques
for muscle and connective tissue—hematoxylin and eosin (HE), for example. If the section is not
sufficiently representative, immunohistochemical confirmation can be done. Immunofluorescence
techniques are also suitable. Histological methods are not used in slaughterhouses or in routine
work, but in research, and sometimes in diagnostics, they can be useful. Biopsy is, however, an
insensitive method because the size of the sample is so small. In the histological samples, the pres-
ence or absence of the capsule or differences in capsule formation and shape, as well as the cellular
reaction around the parasite, can give hints about the infecting Trichinella species [11], but defini-
tive differentiation is made using molecular biological methods.

3.1.1.3.1 PCR Methods

Identification of infecting Trichinella species is required in the EU when infection is found in meat
inspection [5]. This analysis is performed in a national reference laboratory, or the examination
may be ordered from some other qualified laboratory. Community Reference Laboratory for
Parasites (Istituto Superiore di Sanita, Rome, Italy) offers services and detailed procedure descrip-
tions for species identification [12].
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Many methods for Trichinella species differentiation are published, but it is currently usually
done with multiplex-PCR. In this method, several primer pairs are added to a single PCR reaction
mixture, and thereby several DNA fragments can be amplified at the same time. T7ichinella primers
are generated according to sequence data from internal transcribed spacers ITS1 and ITS2 and
from expansion segment V (ESV) of the ribosomal DNA repeat [13,14]. All the Trichinella species
can be screened from one sample. Even one larva is enough for species analysis, but all the larvae
found in the original digestion, plus some of the infected meat, should be sent as a sample to the
laboratory. The laboratory analyzing for species gives detailed instructions for sending the samples,
but usually digested, washed larvae in 90% ethanol are requested. Freeze-thaw cycles of the sample
should be avoided before species analysis. Even more detailed diagnostics of the Trichinella isolates
for epidemiological research purposes can be made with techniques based on sequence analysis.

Several methods are available to extract DNA from Trichinella larvae. When using commercial
kits, usually the protocol application for tissue samples is the most suitable. A good yield of genomic
DNA from even a single muscle larva can be achieved with a simple protocol in a small volume of
buffer (10-20 pl) [15]. There are several modifications of this extraction method, and the yield can
be enhanced with a longer incubation with proteinase K (overnight), by increasing the proteinase K
concentration, adding detergents, such as sodium dodecyl sulfate (SDS), and combining the com-
mercial Gene Releaser® (BioVentures Inc., Murfreesboro, TN) protocol after the extraction.

3.1.2 Indirect Detection Methods

In addition to the direct detection methods, Trichinella infection can be diagnosed by searching
Trichinella-specific antibodies in serum, plasma, and whole blood or tissue fluid samples of the
host. These methods are used in surveys and monitoring, not in the individual carcass testing.
They are called indirect, since instead of detecting the parasite itself, they detect the immunologi-
cal reaction of the host animal against the invader—antibodies show that the immune system has
faced Trichinella antigens at some point. In addition to exposure to the parasite, the reaction is
dependent on the host’s immunological status and capability to produce antibodies. Production
of antibodies to a detectable level takes time; early infections may be falsely diagnosed as negative
reactions using these methods. Indirect methods are not used in meat inspection.

The antigen used in the test and the antibody type searched strongly affect the results. Valida-
tion of the antigens, dilutions, and cut-off levels to separate the positive samples from the negative
ones should be done with a significant number of samples before accepting any method for routine
use; otherwise, misdiagnosis may occur. Positive and negative control samples should always be
included in the test, to ensure the proper performance of the test. There are several ways to count
the cut-off level, which affects the interpretation of the results, that is, the sensitivity and specificity
of the test. Serological methods can be very sensitive, with a detection level of one larva/100 g meat
[16], but due to the disadvantages related to the indirect detection, they are not recommended for
use in meat inspection to replace the conventional direct methods [17]. For surveillance studies
and Trichinella diagnostics at herd or population levels, indirect methods are, however, very useful.

The immunological reaction of the host species should be studied before using any immuno-
logical test for diagnostics. In the horse, for example, the diagnostic value of serological Trichinella
tests is questionable. False results are common. The circulating specific IgG antibodies are unde-
tectable in horse already 4—5 months after the infection, even though the capsulated Trichinella
larvae are alive and well, and ready to infect a new host [18]. Therefore, serological diagnostics
of Trichinella infections should not be used in horses. Also, insufficient information about game
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animal and other wildlife testing is available; without decent validation of the method, serology
should not be used even in surveillance studies.

Of serological laboratory techniques, bentonite flocculation, indirect immunofluores-
cence microscopy, latex agglutination, and enzyme-linked immunosorbent assay (EIA, ELISA)
are commonly used for Trichinella diagnostics [19], ELISA being the most common method.
Immunoblot is also often utilized.

In ELISA, antibodies from the sample are bound to antigens that are coated onto a microwell
plate. The bound antibodies are detected with specific antibodies that are linked to an enzyme.
The enzyme reacts with a substrate to form a color reaction, which is then spectrophotometrically
measured. ELISA can be used for detection of antigens as well.

In immunoblot, antigens are first separated by their molecular weight in SDS polyacrylamide
gel electrophoresis (PAGE) and transferred onto a nitrocellulose membrane. The membrane is
exposed to the antibodies in the sample. Antigen—antibody binding is visualized, and the molecu-
lar weight of immunoreactive antigens can also be analyzed.

Noticeable effort in several laboratories has been put toward developing an optimal serological
test for Trichinella infection. The test should recognize the infection as early as possible, with as low
infection level as possible, but without cross-reactions with other parasites. Several antigens, crude,
excretory—secretory (ES), and synthetic, have been used for detection. The replacement of crude parasite
antigens with more specific antigens has lowered the risk of cross-reaction, and crude antigens are not
recommended in immunological testing any more. To obtain more reliable results in immunological
tests, several methods can be used for analysis of the samples.

Fast “patient-side” tests are developed for diagnostics, especially as preliminary tests, or when
laboratory facilities are not available. A “dipstick assay” [20,21] has been reported to show useful
sensitivity and specificity in analysis of human and swine Trichinella cases. In this method, the
antigen is dotted onto a nitrocellulose membrane. The membrane is then dipped into a serum
sample, and the antigen—antibody reaction is visualized. A commercial, so-called “lateral flow
card” has been tested with blood, serum, and tissue fluids with satisfactory results [22]. It is
recommended for use as a farm screening test or for preliminary screening of suspected pigs
during slaughter, especially in countries with high Trichinella prevalence, to improve the food
hygienic quality. In the muscle fluid there is about 10 times lower concentration of antibodies than
in serum, but if serodiagnostics are not possible, muscle or body fluid samples can offer a good
alternative [23,24].

3.2 Taenia spp.

Taenia tapeworms form larval cysts, cysticerci, in intermediate hosts. These are the infective forms
for definitive hosts. There are three human 7aenia species (1. saginata, T. solium, and T. asiatica),
and several other species that can be found in the postmortem inspection of the intermediate hosts
that are used for food.

Bovine cysticercosis is caused by Cysticercus bovis, the larval stage of T saginata. The parasites
spread through the bloodstream to skeletal muscles and the heart, forming 5-10 mm diameter,
thick-walled, peatl-like infective cysts. The cyst remains viable for about 6 months, after which
it starts to calcify. However, in light infections viable cysts can be found years after the onset
of infection. The sites of predilection in cattle are the masticatory muscles, tongue, heart, and
diaphragm. Incision of these muscles in the postmortem inspection reveal the possible infection.
Infections can be classified as light, local, heavy, or generalized, and the judgment during meat
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inspection is made according to this analysis. In the case of a light or local infection, condemnation
of the carcass is not necessary, though the meat should at minimum be heated or frozen before
consumption.

T. solium is the infective agent in porcine cysticercosis, Cysticercus cellulosae. The species
is significant, because humans can act as both definitive and intermediate hosts for the para-
site. Thus, the infection can be manifested in humans not only as intestinal taeniosis, but also
as cysticercosis or neurocysticercosis. Human cases are generally linked to inadequate sanita-
tion, free-ranging swine, ineffective meat inspection, or ingestion of inadequately cooked pork
[25]. Because pigs are slaughtered young, all cysts found in meat inspection in the industrialized
countries should be considered as viable.

There are limitations with diagnosing cysticercosis by visual inspection only. Cases of low infec-
tion level, or early infections, are inevitably not diagnosed. On the other hand, overestimation of
the disease may also be made in visual inspection: In a study of cysts diagnosed as cysticercosis in
abattoirs, only 52.4% were confirmed positive in further studies with PCR [26]. In another study,
97% of viable T saginara cysts were confirmed by PCR-restriction fragment polymorphism, while
the percentage for dead cysts was approximately 73% [27].

The use of serological methods, such as ELISA and immunoblot, together with the visual
inspection would improve the efficacy of meat inspection for the detection of cysticercosis [28].
Many serological methods are available for differentiation between viable and degenerated
cysts [29-32].

3.3 Toxoplasma gondii

1. gondii is a common, worldwide, mammal- and bird-infecting, zoonotic, protozoan parasite.
Its sexual reproduction takes place only in feline hosts, but asexual multiplication is possible
in all host species. Infection can be acquired by ingestion of oocysts (for example, from soil or
water contaminated with cat feces) or through tissue cysts ingested with infected meat. Trans-
placental infection from mother to fetus may also occur, and contact infection through mucous
membranes has been reported. The infection is relatively common among humans but does
not cause any severe symptoms for healthy adults; most of them are unaware that they have
had Toxoplasma infection. The most severe threat in Toxoplasma infections is when a pregnant
woman gets infected for the first time with no previous immunological protection. Damage
caused to the fetus can be fatal. Also, immunocompromised people, such as AIDS patients or
transplant recipients taking immunosuppressive medication, are at risk. In a study defining
predisponating factors for pregnant women’s Toxoplasma infections, eating undercooked meat,
contact with soil, and traveling outside Europe and North America were risk factors, but contact
with cats was not [33].

The majority of Toxoplasma isolates can be classified in three genetic lineages: type I, I, and
III. There are differences in geographic distribution of the types. Their virulence, in addition to
host genetic factors, has been shown to have an influence on the severity of the disease. Most
human cases, especially in Europe and North America, are associated with type II, whereas lesions
in the eye are often reported to be caused by type I [34,35].

Noticeable economic losses occur among farmed sheep due to Zoxoplasma abortions and
stillbirths. Goats and pigs are also susceptible; cattle and horses are more resistant to the disease.
Several studies of prevalence among domestic animals over the world show that Toxoplasma infec-
tion is common. For example, in a German study, 19% of sows (7 =2041) were seropositive [36].
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Toxoplasma is not searched during meat inspection. Instead, consumers at risk are advised not
to eat undercooked meat. Nonspecific lesions in postmortem inspection, such as necrotic foci in
organs, might be suggestive of Toxoplasma infection, but the tissue cysts are invisible to naked
eye; thus, the diagnostics requires microscopic, immunological, or molecular biological analysis.
Microscopic Toxoplasma-like findings (predilection in brain and placenta) can be confirmed with
immunohistochemical or immunofluorescence methods. PCR identification can be performed
from DNA isolated from tissue samples. For isolation and culturing the organism for research,
infection of mice with placental or brain homogenate can be used. /n vitro cultivation in cell cultures
is commonly done to maintain the strains for research purposes.

In addition to conventional serology, analyzing immunoglobulin avidity has been successfully
done to determine the onset of infection, which is of great importance in regard to infection in
pregnant women [37]. The method measures the strength of the antigen—antibody binding: If the
infection is new, the antibody is not yet mature and does not bind as strongly to the antigen as an
older antibody would.

Genotyping of the isolates is done with multiplex-PCR combined with restriction fragment
length polymorphism (RFLP) of the amplified loci. Closer analysis of the strains can be done with
sequencing methods. Serotyping, based on the infected serum reaction in ELISA with polymorphic
peptides derived from certain Toxoplasma antigens, is also used in human toxoplasmosis [38].

3.4 Sarcocystis spp.

Carnivores are the definitive hosts for Sarcocystis protozoan, whereas herbivores act as intermedi-
ate hosts. Birds and reptiles can be infected as well. Human infections occur, but they are usually
asymptomatic. This parasite has worldwide distribution. There are several species of Sarcocystis
with differing host preferences.

In meat inspection, light-colored Sarcocystis bradyzoite cysts between the muscle fibers of
ruminants and pigs can be found. The size of the cysts varies according to the host species, and
may be visible to the naked eye. Mild infections are asymptomatic, but in heavy infections various
kinds of clinical signs may appear, depending on the location of the cysts. Death of the intermediate
host has even been reported.

Diagnosis can be confirmed in histological samples; cysts stain basofilic in HE. Sarcocystis
species can be ultrastructurally identified according to their cyst wall with transmission electron
microscopy (TEM), but PCR with DNA isolated from the muscle with cycts reveals the species as
well. This analysis can be completed with sequencing techniques. Common immunological meth-
ods, described earlier with other parasites, in addition to direct methods, can be used in diagnostics.

3.5 Some Other Parasites of Importance in Meat Inspection

3.5.1 Ascaris suum

Ascaris suum roundworms are macroscopic parasites of the pig’s small intestine, but their life cycle
also involves lungs and can affect abdominal organs as well. Ascaris eggs are secreted in the feces,
and infection is feco-oral. Microscopic analysis of feces to find the eggs can be used in diagnostics.
In meat inspection, common findings are so-called “milk spots” in the liver. These are light-
colored fibrotic tissue areas in the tunnels made by the Ascaris larvae when migrating through the
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liver. They can easily be recognized by visual inspection of the liver surface. Economic losses result
because the affected parts are condemned. Ascaris control should be done at the farm level. Besides
pigs, other animals and humans might suffer from a condition called “visceral larva migrans” if
Ascaris eggs are hatched in their intestines and the larvae begin to migrate, though the infection is
not permanent in these coincidental hosts.

3.5.2 Fasciola hepatica and Other Liver Flukes

Liver trematodes are large and rather easily visible in meat inspection. Several species exist.
Fasciola hepatica is 2—-3 cm long and about 1 cm wide. It is predominantly a parasite of ruminants,
but can also be found in horses, pigs, and humans. In heavy infections, bleeding and damage of the
parenchymal liver tissue may even cause the death of the animal. Sheep are especially sensitive to
acute fascioliasis. In milder infections, fairly small amounts of metacercaria forms can predisponate
to secondary bacterial infections. The life cycle includes a development period in an intermediate
host snail; wet grazing conditions are favorable for the infection, and seasonal variation occurs.

In meat inspection, in addition to the actual presence of the flukes, thickening or calcification
of the bile ducts, darkish parasitic material in bile, and color changes on the liver surface or in
the carcass (anemia, icterus) can be suggestive for fascioliasis (Figure 3.3). In addition, the lungs
might be affected.

Figure 3.3 Fasciola hepatica lesions in bovine liver. (@) Thickened bile duct on the surface of the
liver (arrow). (b) Hemorrhage area at the incision surface of the liver. (c) Thickened bile ducts are
prominent at the incision surface of the liver (black arrows); the parasites are indicated with the
white arrows. (Photo by Dr. M. Kozak, Witold Stefanski Institute of Parasitology, PAS.)



Parasites m 71

Dicrocoelium dendriticum, the lancet fluke, is smaller in size (5-10 mm long) than Fasciola but
still visible in opened bile ducts. Cattle, sheep, and swine can be affected. The damages caused are
small because this worm does not migrate in the liver parenchyme—usually no clinical signs or
notable alterations are noticed in postmortem examination.

Liver fluke diagnosis is made in postmortem inspection of liver or by observing eggs in fecal
samples. Immunological methods are available as well, and milk can also be conveniently used as
a sample.

3.5.3 Echinococcus spp.

Echinococcus worms, belonging to the cestodes, cause lesions (cysts) mainly in the liver or lungs
of livestock. These parasites are briefly discussed here because their cysts can be found in meat
inspection, and the parasites are notable for their ability to cause the severe disease, hydatidosis,
in humans.

To date, eight species (E. multilocularis, E. shiquicus, E. vogeli, E. oligarthrus, E. granulosus,
E. equinus, E. ortleppi, and E. canadensis) are recognized, but the taxonomy is still incomplete.
The distribution of Echinococcus is worldwide, with climate preferences varying among the species.
Adult forms of these parasites reproduce in carnivores, but cattle, pigs, and sheep, for example,
as well as humans, can act as intermediate hosts after ingestion of Echinococcus eggs, which are
spread through feces of the definitive hosts. All the species except E. equinus are infective to
humans. E. multilocularis is the most harmful because of its alveolar, cancer-like appearance in
the liver. The main intermediate hosts for E. multilocularis are rodents. E. granulosus is important
for its global distribution and common infections in humans. The main intermediate host for
E. granulosus is sheep. Tissue cysts are not a source of infection for the intermediate hosts, such
as humans, but it is necessary to control the Echinococcus life cycle at the meat inspection stage to
prevent further carnivore infections.

Echinococcus worms are some millimeters long depending on species. The cysts in the intermediate
hosts’ organs can grow up to tens of centimeters in diameter, and are thus often easily noticed in
meat inspection. The cysts are fluid-filled with concentrically calcified particles (hydatide sand)
and protoscolices, preliminary heads of the worms.

In addition to the typical cyst findings in postmortem inspection, diagnosis can be confirmed
histologically in uncertain cases. Formalin-fixed samples can be dyed with periodic acid Schiff
(PAS) to observe the Echinococcus metacestode characteristic PAS-positive, acellular laminated
layer.

Although PCR or coproantigen ELISA from fecal samples might be used to detect parasite
eggs in the definitive host, molecular methods are not of great importance in intermediate host
diagnostics of Echinococcus. For small and calcified lesions of E. multilocularis, PCR can be used for
identification and confirmation of the diagnosis [39]. The analysis of the species of Echinococcus is also
done with PCR-based methods. Immunological tests, which are successfully used in human diag-
nostics, are not sensitive or specific enough to replace careful conventional postmortem inspection
of livestock. Furthermore, immunological methods do not distinguish current and past infections,
and cross-reactions between 7aenia species can occur as well. In a study of sheep echinococcosis,
however, macroscopic diagnosis at the time of slaughter was found to have limitations, and histol-
ogy or immunoblot were used with success [40]. In surveillance studies, immunological methods,
mainly serology, are useful; suitable antigens are numerous [41]. Even ultrasonography has been
used in mass screening for ovine hydatid cysts [42].
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3.5.4 Parafilaria bovicola

The filarial nematode, Parafilaria bovicola, which is transmitted by a fly vector (Musca), can cause
severe economic losses in the meat industry in areas where it is endemic. Filaria gets into a fly while
it is feeding on damaged skin. After a 3-week development, the parasite is secreted in the fly’s
saliva and transmitted to a new host when the fly is again having a meal at a wound. A parafilaria
female penetrates the skin of the host and deposits the new filaria into the surrounding tissue
fluids. The length of the adult nematodes can be 3—6 cm. The lesions resemble a bruise and have a
greenish color due to the presence of large numbers of eosinophilic granulocytes. The condition is
therefore sometimes called “green meat.” The subcutaneous tissue may appear swollen, and bleeding
in the muscle might be found during inspection. Localized lesions can be trimmed, but in heavy,
general infections the condemnation of the whole carcass should be considered. The infection can
be diagnosed, in addition to a direct indication of the nematodes, with immunological methods
such as ELISA.

3.6 Future Visions

Parasitological safety of muscle foods can be further improved in the future. Continuous research
efforts will develop diagnostic tools, but legislation and administrative decisions can also have a
powerful influence on safety: Control can be directed to the problematic areas based on risk anal-
ysis. If; for example, Trichinella epidemics due to private consumption of uninspected meat are
a concern, inspection could be encouraged by removing inspection fees and by making the meat
inspection easily achievable. Or if the meat is meant to be used in products that are consumed raw,
the inspection could be stricter; ZToxoplasma inspection or serological confirmation of Trichinella
inspection, for example, could be demanded in addition. Even now, lower demands for Trichinella
inspection are made in the areas that have officially recognized negligible risk of infection [5].
Careful monitoring of the infection pressure, however, must be performed with epidemiological
studies on suitable indicator animals [43].

Modern molecular biological techniques are routinely used in current parasitological research.
Meat production could benefit from these research tools as well, if supplemental parasite diagnostics
is desired in addition to the official inspection. Serological laboratory procedures, for example,
are easy, cheap, and can be almost fully automated. An antigen microarray for serodiagnostics
[44,45], which detects several infections, including parasite infections, from a single sample at
the same time, could be applied to slaughterhouse samples. Serology could be used together with
conventional methods to complement the meat inspection; methods that actually replace parts of
the parasite inspection should, however, be carefully evaluated—no elevated risk for the consumer
can be allowed. On the other hand, consumers may considerably benefit from serological testing
of animals, because parasites that might not be found in the official inspection can be diagnosed
(Toxoplasma), or lower infection levels might be noticed (Trichinella, Cysticercus). Also, more precise
diagnostics could be done in the future from serum samples, using, for example, a serological test
differentiating the Trichinella species.

Modernization of meat inspection may change the practices at slaughterhouses. In the future,
parasite control at the farm level may replace control at meat inspection, at least in the low prev-
alence areas. The tendency in animal production is to stress the overall welfare of the animals with
health care programs and preventive actions. Part of the parasite inspection could be done at the
farm as a normal part of the health care program. When farm testing is coordinated with serological
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testing at the time of slaughter, paired serum samples could be achieved, and the diagnostic value
of the serological testing enhanced. In the endemic areas for severe parasitic diseases, however,
only direct detection methods should be used for individual carcasses to prevent parasites in meat.

In the future, education on different levels of food production, the combination of good ani-
mal production practices with frequent control visits by authorities, and serological testing on
the farms as well as in the slaughterhouses, together with risk-based, directed use of conventional
methods for parasitic examination, could guarantee parasite-free meat.
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4.1 Introduction

Mycotoxins are a heterogeneous group of secondary metabolites elaborated by fungi during their
development. About 30 molecules are of real concern for human and animal health [1]. They can
be found as natural contaminants of many vegetal foods or feeds, mainly cereals, but also of fruits,
nuts, grains, and forage, as well as of compound foods intended for human or animal consumption.
The most important mycotoxins are produced by molds belonging to the Aspergillus, Penicillium,
and Fusarium genera (Table 4.1) [2—4].

Mycotoxin toxicity is variable. Some have hepatotoxicity (aflatoxins), others have an estro-
genic potential (zearalenone [ZEA]), or are immunotoxic (trichothecenes, fumonisins) (Table 4.1)
[1]. Some mycotoxins are considered to be carcinogenic or are suspected to have carcinogenic
properties [5]. Although some toxins display an important acute toxicity (after unique exposure
to one high dose), chronic effects (observed after repeated exposure to weak doses) are probably
more important in humans. Mycotoxins are suspected to be responsible for several pathological
syndromes in humans, including ochratoxin A (OTA), which is associated with Balkan endemic



Table 4.1 Mycotoxins of Interest in Poultry and Processed Meat

Main Producing

Fusarium proliferatum

Hematotoxicity

Toxin Fungal Species Toxicity Structure
Deoxynivalenol Fusarium nivale Hematotoxicity 0] OH
Fusarium crookwellense | Immunomodulation 0
) skin toxicity 0
Fusarium oxysporum
OH
OH
Fusarium avanaceum
Fusarium graminearum
Fusarium solani
Zearalenone Fusarium graminearum | Fertility and reproduction OH ©
- troubles
Fusarium culmorum ¢
Fusarium crookwellense Ho |
(0]
Fumonisin B1 Fusarium verticillioides | Lesion of central nervous system CO,H O

PN AN
(0]

CH CH
Genotoxicity
Immunomodulation CH, 0 CH; CH NH;
HO3C/\/\H/
COH 0
(continued)
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Table 4.1 (continued)

Mycotoxins of Interest in Poultry and Processed Meat

Main Producing

Toxin Fungal Species Toxicity Structure
Aflatoxin B1 Aspergillus flavus Hepatotoxic 0 o]
Aspergillus parasiticus Genotoxic |
Aspergillus nomius Carcinogenic
Immunomodulation |
o o) OCH,

Ochratoxin A

Penicillium verrucosum

Nephrotoxic

Aspergillus ochraceus

Genotoxic

Aspergillus carbonarius

Immunomodulation

Citrinin

Aspergillus terreus

Nephrotoxic

Aspergillus carneus

Aspergillus niveus

Penicillium verrucosum

Penicillium citrinum

Penicillium expansum

OH

OH

Cyclopiazonic
acid

Aspergillus flavus

Neurotoxicity

Aspergillus versicolor

Tremorgenic

Aspergillus tamarii

Penicillium camemberti
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nephropathy (BEN), and fumonisin B1, which is associated with esophageal cancer. Mycotoxin
exposure of human consumers is usually directly linked with alimentary habits.

For human consumers, the main source of exposure to mycotoxins is represented by cereals
and cereal-based products [6—-8]. However, they may also be exposed to these toxic compounds
after ingestion of animal-derived products. Indeed, foods prepared from animals that have been
fed with contaminated feeds may contain residual contamination and represent a vector of
mycotoxins. Depending on the mycotoxins, the residues may correspond to the native toxin or to
metabolites that keep all or part of the toxic properties of the parental molecule.

Among farm animals, poultry species can be exposed to several different mycotoxins, due to
their breeding and feeding conditions. Moreover, given the importance of poultry meat and poultry
products in the diet of many people around the world, it is very important to characterize potential
transfer within tissues of edible poultry products.

The exposure of human consumers may also result from mycotoxin synthesis during ripening of
products. Indeed, ripened foods are favorable to mold development, because they often participate
in organoleptic improvement of such products. Therefore, the contamination with a toxigenic
strain may lead to mycotoxin synthesis and accumulation in the final product [9].

At the present time, few toxins are regulated in foods (Table 4.2) [10-11]. The risk manage-
ment is mainly based on controlling the contamination of vegetal raw materials intended for
both human and animal consumption and limiting animal exposure through feed ingestion. It
may guarantee against the presence of residual contamination of mycotoxins in animal derived
products. However, a high level of contamination may accidentally lead to a sporadic contamina-
tion of products coming from exposed animals. Moreover, some toxins, mainly from Penicillium
species, may also appear later, particularly during ripening of dry-cured meat products.

The aim of this work is to present methodology described for mycotoxin quantification in
poultry and processed meats. Owing to the important structural diversity of mycotoxins and to
the variations in their metabolism, it is impossible to establish general rules; each toxin and each
product has to be investigated as a particular case. Therefore, we will first present the main toxins
with their most important characteristics. After that, their analysis and prevalence will be pre-
sented in poultry and processed meats.

4.2 Main Mycotoxins

Depending on the fungal species that produces them, mycotoxins can be classified as “field” or
“storage” toxins. The former are mainly produced by Fusarium fungi that develop on living plants,
because a high water activity is required for their growth [12]. The later are toxins from Penicillium
that may grow on foods and feeds during storage when moisture and temperature are favorable
[13]. Between these two groups, the toxins produced by Aspergillus may occur both in the field and
during storage, depending on climatic conditions [14]. We will now focus on the most important
toxins of these three groups, based on their toxicity or their prevalence in foods and feeds.

4.2.1 Trichothecenes
4.2.1.1 Origin and Nature

Trichothecenes constitute a large group of secondary metabolites produced by numerous species
of Fusarium, such as F. graminearum, F. culmorum, F. poae, and F. sporotrichioides. More than



Table 4.2 EU Regulation for Mycotoxin Contamination (pg/kg)

B1+ B2+ G1+ G2

Human food

fruits

Toxin Destination Matrix Maximal Concentration (ug/kg)
Aflatoxins Aflatoxin B1 Groundnuts + grains + dry 2,5 or 8 depending on the product and

fruits the processing step

Cereals 2 or 5 depending on the product and the

processing step

Spices 5

Cereal based foods for 0,1
young children

Aflatoxins Groundnuts + grains + dry 4,10 or 15 depending on the product and

the processing step

feeds

Cereals 4 or 10 depending on the product and the
processing step
Aflatoxin M1 Spices 10
Milk 0, 05
Preparation for young 0, 025
children
. : Raw material for animal
Aflatoxin B1 Animal feed 20

Compound feeds

5 to 20 depending on animal species

Ochratoxin A

Human food

Raw cereal grains

5

All cereal products

3
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Dried vine fruits 10
Coffee 3
Zearalenone Human food Raw cereals 100
Cereal flours 75
Bread, biscuits, corn flakes, 50
snacks
Baby food 20
Deoxynivalenol Human food Raw cereals 1250
Durum wheat, maize 1750
Cereal flours 750
Bread, corn flakes, snacks, 750
biscuits
Patés 750
Baby food 200
Fumonisins Human food Maize 2000
Maize flour 1000
Maize-based food 400
Baby food 200

Source: European Union, Commission Regulation (EC) N°466/2001 setting maximum levels for certain contaminants in foodstuffs, Off. J.

Eur. Un., L77,1,2001; and European Union, Commission Regulation n° 856/2005, toxins of Fusarium, Off. J. Eur. Un., L143, 3, 2005.
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160 trichothecenes have been identified, notably deoxynivalenol (DON), nivalenol (NIV), T-2
toxin, HT-2 toxin, diacetoxyscirpenol (DAS), and fusarenon X. DON is the most frequently
found trichothecene. Trichothecenes are frequent worldwide contaminants of cereals, mainly
wheat and maize, and cereal-based products [8,15-18].

Because trichothecenes are a large family grouping many compounds of variable structure
and properties, their toxicity can be very different depending on the molecule, the animal species,
the dose, and the exposure period. There are many reviews available on trichothecenes toxicity
[19-22]; only the main features will be presented here.

Trichothecenes are potent inhibitors of eukaryotic protein synthesis, interfering with initiation,
elongation, or termination stages.

Concerning their toxicity in animals, DAS, DON, and T-2 toxin are the most studied
molecules. The symptoms include effects on almost all major systems of organisms; many of
them are secondarily initiated by poorly understood metabolic processes connected with protein
synthesis inhibition.

Among naturally occurring trichothecenes, DAS and T-2 toxin seem to be the most potent
in animals. They have an immunosuppressive effect, decreasing resistance to microbial infections
[21]. They also cause a wide range of gastrointestinal, dermatological, and neurological symptoms
[23]. In humans, these molecules have been suspected to be associated with alimentary toxic
aleukia. The disease, often reported in Russia during the nineteenth century, is characterized
by inflammation of the skin, vomiting, and damage to haematopoietic tissues [24,25]. When
ingested at high concentrations, DON causes nausea, vomiting, and diarrhea. At lower doses, pigs
and other farm animals display weight loss and feed refusal [21]. For this reason, DON is often
called vomitoxin or feed refusal factor.

4.2.1.2 Structure and Physicochemical Properties

Trichothecenes belong to the sesquiterpenoid group. They all contain a 12,13-epoxytrichothene
skeleton and an olefinic bond with various side chain substitutions. Trichothecenes are classified as
macrocyclic or nonmacrocyclic, depending on the presence of a macrocyclic ester or an ester—ester
bridge between C-4 and C-15 [26]. The nonmacrocyclic trichothecene can be classified in two
groups: type A, which does not have a ketone group on C-8 (T-2 toxin, HT-2 toxin, DAS), and
type B, with a ketone group on C-8 (DON, NIV, fusarenon X) [27].

Trichothecenes have a molecular weight ranging from 154 to 697 Da, but it is often between
300 and 600 Da. They do not absorb ultraviolet (UV) or visible radiations, with the exception
of type D, which absorbs UV light at 260 nm. They are neutral compounds, usually soluble in
mildly polar solvents such as alcohols, chlorinated solvents, ethyl acetate, or ethyl ether. They are
sometimes weakly soluble in water [27].

These molecules are very stable, even if stored for a long time at room temperature. They are
not degraded by cooking or sterilization processes (15 min at 118°C) [28].

4.2.1.3 Analytical Methods

Methods reported mainly concern the most frequently found toxins in cereals, which are DON,
NIV, T-2 toxin, and HT-2 toxin [29]. Validated methods are now available for DON [30], but
this is not the case for type A trichothecenes, and reference material and interlaboratory studies
are still required [31].
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4.21.31 Type A Trichothecenes

Extraction from solid matrixes is usually done with binary mixtures associating water and acetonitrile,
water and methanol, chloroform and methanol, or methanol alone.

Purification is done with solid-phase extraction (SPE) columns working in normal phase
(silica, florisil) or inverse phase (C18). Another approach, employing ready-to-use Mycosep
columns (Romer Labs Inc., Union, MO), may be applied. These columns are adsorbants (char-
coal, celite, ion exchange resin) mixed in a plastic tube. These multifunctional columns are
increasingly popular.

Immunoassays are the main method routinely used for T-2 and HT-2 determination in cereals.
Detection limits are in accordance with the contamination levels that are observed for these
contaminants, and range from 0.2 to 50 ng/g for T-2 toxin [32].

Other methods have also been described, but type A trichothecenes cannot be analyzed by
high-pressure liquid chromatography (HPLC)-UV due to the absence of ketone group in C-8 posi-
tion. That is why gas chromatography (GC) is the most popular approach for this family of com-
pounds. The derivatization of the native compounds by silylation or fluoroacylation is necessary
to increase the sensitivity of the measure. Detection can be performed with an electron capture
detector or by mass spectrometry (MS). The limits of detection of these methods are a few tens ng/g
[33]. Another method was reported using HPLC with fluorescence detection after immuno-affinity
columns (IAC) purification of extract and derivatization of T-2 toxin with l-anthroylnitrile. This
procedure allowed a limit of detection of 5 ng/g [34].

4.2.1.3.2 Type B Trichothecenes

Extraction of type B trichothecenes is done with a mixture of acetonitrile—~water or chloroform—
methanol [35].

Many purification procedures have been reported for type B trichothecenes, such as liquid—
liquid extraction (LLE), SPE, and IAC [36]. However, the use of mixed columns (charcoal-
alumina—celite) is still widespread [37]. Once again, the Mycosep column is increasingly used for
DON analysis.

Thin-layer chromatographic methods are still used for screening, particulatly in countries
where GC or HPLC are not easily available [38]. Since trichothecenes are not fluorescent, the
detection of the molecules requires the use of revelators such as sulfuric acid, para-anisaldehyde,
or aluminum chloride. Detection limits of thin-layer chromatography (TLC) range from 20 to
300 ng/g.

Enzyme-linked immunosorbent assay (ELISA) can also be of interest to get rapid and
semiquantitative results with only minor purification of the extract. Many kits are commercially
available for DON analysis in cereals [39,40].

GC coupled with an electron capture detector, a mass spectrometer, or in tandem (MS-MS)
is regularly used after derivatization of the analyte [41-44]. Derivatization reactions are trimethyl-
silylation or perfluoroacylation. Fluoroacylation with anhydride perfluorated acid improves detection
limits using an electron capture detector or MS. However, a European interlaboratory investigation
of the official Association of Official Analytical Chemists (AOAC) method for DON measurement
revealed that coeflicient of variation between laboratories was very important (about 50%), despite
the relatively high level of contamination of the material used (between 350 and 750 pg/kg). These
observations increased interest in HPLC-MS methodology in trichothecene determination. This is
progressively becoming the choice method [45].
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4.2.2 Zearalenone
4.2.2.1 Origin and Nature

ZEA is a mycotoxin with estrogenic effect that is produced by Fusarium species such as
E. graminearum, F. proliferatum, F. culmorum, and F. oxysporum [46,47]. Such molecules are
suspected of reducing male fertility in human and wildlife populations, and is possibly involved
in several types of cancer development [48]. This molecule is well known by farmers, often being
responsible for reproduction perturbation, especially in pigs.

Acute toxicity of ZEA is usually considered as weak, with LDy, after oral ingestion rang-
ing from 2,000 to more than 20,000 mg/kg body weight [49,50]. Subacute and chronic toxicity
of the mycotoxin is more frequent and may be observed at the natural contamination levels of
feeds. The effects are directly related to the fixation of ZEA and metabolites on estrogenic recep-
tors [51]. Affinity with estrogenic receptors is, in decreasing order: a-zearalanol > a-zearalenol >
B-zearalanol > ZEA > B-zearalenol. Pigs and sheep appear more sensitive than other animal spe-
cies [49,50].

ZEA induces alteration in the reproductive tracts of both laboratory and farm animals. Variable
estrogenic effects have been described, such as a decrease in fertility, a decrease in litter size, an
increase in embryo-lethal resorptions, and change in adrenal, thyroid, and pituitary gland weight.
In male pigs, ZEA can depress testosterone, weight of testes, and spermatogenesis while inducing
feminization and suppressing libido [49,50,52]. Long-term exposure studies did not demonstrate
any carcinogenic potential for this mycotoxin [5].

4.2.2.2 Structure and Physicochemical Properties

The structure of ZEA is shown in Table 4.1. a- and PB-zearalenol, the natural metabolites of the
native toxin, correspond to the reduction of the ketone function in Cg.

ZEA has a molecular weight of 318 g/mol. This compound is weakly soluble in water and in
hexane. Its solubility increases with the polarity of solvents such as benzene, chloroform, ethyl ace-
tate, acetonitrile, acetone, methanol, and ethanol [53]. The molecule has three maximal absorp-
tion wavelengths in UV light: 236, 274, and 314 nm. The 274-nm peak is the most characteristic
and commonly used for UV detection of the toxin.

ZEA emits a blue fluorescence with maximal emission at 450 nm after excitation between 230

and 340 nm [54].

4.2.2.3 Analytical Methods

Owing to regulatory limits, methods for analysis of ZEA content in foods and feeds may allow
the detection of several nanograms per gram. Reviews have been published detailing the analytical
methods available [45,55,56]. ZEA is sensitive to light exposure, especially when in solution.
Therefore, preventive measures have to be taken to avoid this photodegradation.

Solvents used for liquid extraction of ZEA and metabolites are mainly ethyl-acetate, methanol,
acetonitrile, and chloroform, alone or mixed. The mixture acetonitrile—water is the most commonly
used. For solid matrixes, more sophisticated and efficient methods may be applied: for example,
ultrasounds or microwaves [57,58].

In biological matrixes (e.g., plasma, urine, feces), hydrolysis of phase II metabolites is necessary
before the purification procedure. It can be achieved by an enzymatic or a chemical protocol [59].
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In vegetal materials, the demonstrated presence of sulfate conjugates [60] or glucoside conjugates
[61] is rarely taken into account in routine methods.

Purification may be achieved using LLE, SPE, or IAC procedures. For SPE, most stationary
phases may be used: inverse phase (C18, C8, or C4), normal phase (florisil, SiOH, NH,), or
strong anion exchange (SAX) [62]. The ready-to-use Mycosep column allows a rapid purification
of samples without any rinsing and with a selective retention of impurities [63].

IAC columns have also been developed for ZEA and are very popular [64—70]. Although puri-
fication is very selective and extraction yields usually high, several points have to be highlighted:

B Antibody may not have the same affinity for all metabolites, some not being accurately
extracted.

B Fixation capacity of columns are limited; a great number of interfering substances may
perturb the purification by saturation of the fixation sites [62].

B These columns may be reused, increasing the risk of cross-contamination of samples.

For quantification of ZEA and metabolites in cereals and other matrixes, several immunological
methods have been set up, including radioimmunoassay and ELISA [71-75]. The limit of
quantification of these methods is several tens of nanograms per gram. ELISA kits show a cross-
reactivity with a- and P-zearalenol [76].

Physicochemical methods are also widely used. They mainly include HPLC and GC, TLC
being nearly withdrawn [77,78]. Many methods using C18 as stationary phase and CH,CN/H,O
as mobile phase have been described. More specific stationary phases have also been proposed,
such as molecular printing (MIP) [79]. Detectors are often fluorimeters [64—67,69,80] or UV
detectors [62,66]. Sensitivity of these methods varies, depending on the metabolites, and is less
important for reduced metabolites (a- and -zearalenol).

ZEA and metabolites can also be detected by GC. However, the usefulness of this method
is limited due to the time-consuming need to derivatize phenolic hydroxy groups. Consequently,
only GC-MS has been applied for confirmation of positive results [81,42].

Many liquid chromatography (LC)-MS methods have also been proposed for ZEA and meta-
bolites detection [45]. The method of chemical ionization at atmospheric pressure is most often
used followed by electrospray [70,82—85]. These methods allow the detection of ZEA and meta-
bolites at levels below 1 ng/g [45].

In an international interlaboratory study, important variations were observed between results
from the participant laboratories, probably related to differences in sample preparation (LLE, SPE,
or IAC) and quantification (HPLC, GC, TLC, and ELISA) [73,86].

4.2.3 Fumonisins
4.2.3.1 Origin and Nature

Fumonisins were first described and characterized in 1988 from F. verticillioides (formerly
F. moniliforme) culture material [87,88]. The most abundant and toxic member of the family
is fumonisin Bl. These molecules can be produced by several species of Fusarium fungi:
F. verticillioides, F. proliferatum, and F. nygamai [89,90]. These fungal species are worldwide
contaminants of maize, and represent the main source of fumonisins [91].

One major characteristic of fumonisins is that they induce very different syndromes depending
on the animal species. FB1 is responsible for equine leukoencephalomalacia characterized by
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necrosis and liquefaction of cerebral tissues [92,93]. Horses appear to be the most sensitive species;
clinical signs may appear after exposure to doses as low as 5 mg FB1/kg feed over a few weeks.
Pigs are also sensitive to FBI toxicity. In this species, fumonisins induce pulmonary edema after
exposure to high doses (higher than 20 mg FB1/kg feed) of mycotoxins, and are hepatotoxic and
immunotoxic at lower doses [94-96]. By contrast, poultry and ruminants are more resistant to
this mycotoxin, and clinical signs appear only after exposure to doses higher than 100 mg FB1/kg,
which may be encountered in natural conditions, but are quite rare [97-102]. In rodents, FBI is
hepatotoxic and carcinogenic, leading to the appearance of hepatocarcinoma in long-term feeding
studies [103,104]. In humans, FB1 exposure has been correlated with a high prevalence of oesopha-
geal cancer in some parts of the world, mainly South Africa, China, and Italy [105]. Finally, fumon-
isins can cause neural tube defects in experimental animals, and thus may also have a role in human
cases [106-109]. At the cellular level, FBI1 interacts with sphingolipid metabolism by inhibiting
ceramide synthase [110]. This leads to the accumulation of free sphinganine (Sa) and, to a lesser
extent, of free sphingosine (So). Therefore, the determination of the Sa/So ratio has been proposed
as a biomarker of fumonisin exposure in all species in which it has been studied [111-114].

4.2.3.2 Physicochemical Properties

The structure of FB1 and related compounds is shown in Table 4.1. FB1 has a molecular weight of
722 g/mol. It is a polar compound, soluble in water and not soluble in apolar solvents. FB1 does
not absorb UV light, nor is it fluorescent. Fumonisins are thermostable [115]. However, extrusion
cooking may reduce fumonisin content in maize products [116].

4.2.3.3 Methods of Analysis

Because of their relatively recent discovery, analytical methodology for fumonisin analysis is still
undergoing development. In most described methods, the food or foodstuff is corn. An HPLC
method has been adopted by the AOAC and the European Committee for Standardization as a
reference methodology for fumonisin Bl and B2 in maize [117-119].

An efficient extraction of fumonisins in solid matrix can be obtained with acetonitrile—water
or methanol-water mixtures [120,121]. This was assessed by interlaboratory assay [122]. Increased
contact time and solvent/sample ratio also increase yield of extraction step.

Purification of extracts is usually based on SPE with SAX, inverse phase (C18), or IAC [123,124].

Quantification of FB1 can be done by TLC, HPLC, or GC-MS. However, derivatization of
the fumonisins is usually required. For TLC, this is usually done by spraying p-anisaldehyde on
the plates after development in a chloroform-methanol-acetic acid mixture. It leads to the appear-
ance of blue-violet spots that can be quantified by densitometry [115,125]. Quantification limits
obtained with TLC methods often range from 0.1 to 3 mg/kg. That may be suflicient for rapid and
costless screening of raw materials [126,127].

For HPLC analysis, fluorescent derivatives are formed with o-phtaldialdehyde (OPA), naphtha-
lene-2,3-dicarboxaldehyde, or 4-fluoro-2,1,3-benzoxadiazole [128]. OPA derivatization offers the best
response, and has been generally adopted, but the derivatization product is very unstable, and analysis
of samples has to be quickly performed after derivatization [129]. HPLC with fluorescence detection
(HPLC-FL) methods have detection limits usually ranging from 10 to 100 pg/kg [124,128,133].

GC has also been proposed for FB1 determination. It is based on partial hydrolysis of
fumonisins before reesterification and GC-MS analysis. However, this structural change does
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not allow the distinction of different fumonisin molecules [130]. Another GC-MS method has
been described, developing a derivatization step with trimethylsilylation coupled with detection
by flame ionization [131].

The introduction of LC-MS with atmospheric pressure ionization has increased specificity
and sensitivity of the detection. The majority of published fumonisin analysis with LC-MS was
performed to the low parts per billion level in grains and maize-derived products. Furthermore,
this methodology also appeared powerful in investigating for new fumonisin molecules, and eluci-
dating structures and biosynthetic pathways and behavior during food processing [47].

ELISA kits are also commercially available for fumonisin quantification in vegetal matrix
[132-134]. They usually offer detection limits around 500 pg/kg. However, the comparison with
HPLC-FL shows that ELISA often overestimates the fumonisin content of samples. This may be
due to cross-reactions between antibody and coextracted impurities [135]. This drawback could
be overcome by purification of extracts before ELISA realization. This method can nevertheless be
useful for rapid screening of maize and maize products. One ELISA kit has been validated by the
AOAC for total fumonisin determination in corn [136].

4.2.4 Aflatoxins
4.2.4.1 Origin and Nature

Aflatoxins are probably the most studied and documented mycotoxins. They were discovered
following a toxic accident in turkeys fed a groundnut oilcake supplemented diet (Turkey X disease)
[137-139]. The four natural aflatoxins (B, B2, G1, and G2) can be produced by strains of fungal
species belonging to the Aspergillus genus, mainly A. flavus and A. parasiticus [14,140]. These are
worldwide common contaminants of a wide variety of commodities, and therefore aflatoxins may
be found in many vegetal products, including cereals, groundnuts, cotton seeds, dry fruits, and
spices [141-146]. If these fungal species can grow and produce toxins in the field or during storage,
climatic conditions required for their development are often associated with tropical areas (high
humidity of the air, temperature ranging from 25 to 40°C) [147-151]. However, following extreme
climatic conditions (an abnormally hot summer period), aflatoxins could be found in other parts
of the world. For example, in 2003, controls on maize harvested in Europe were found contami-
nated by unusual AFBI concentrations [152,153].

Aflatoxin Bl is a highly carcinogenic agent leading to primary hepatocarcinoma [154-157].
This property is directly linked to its metabolism and to the appearance of the highly reac-
tive epoxide derivative. Formation of DNA adducts of AFB1-epoxide is well characterized [158].
Differences in AFB1 metabolism within animal species could explain the variability of the
response in terms of carcinogenic potential of the mycotoxin [159,160].

AFM], a hydroxyled metabolite of AFBI, can also be considered a genotoxic agent, but its
carcinogenic potential is weaker than that of AFB1 [161]. Taking into account the toxicity of these
molecules, the International Agency for Research on Cancer classified AFBI in the group 1 of
carcinogenic agents, and AFM1 in the 2B group of molecules that are carcinogenic in animals and
possibly carcinogenic in humans [5].

4.2.4.2 Structure and Chemical Properties

The structures of aflatoxin Bl are presented in Table 4.1. Molecular weights of aflatoxins range
from 312 to 320 g/mol. These toxins are weakly soluble into water, insoluble in nonpolar solvents,
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and very soluble in mildly polar organic solvents (i.e., chloroform and methanol). They are
fuorescent under UV light (blue fluorescence for AF”B” and green for AF”G”) [162].

4.2.4.3 Analytical Methods

Most common solvent systems used for extraction of aflatoxins are mixtures of chloroform—water
[163-165] or methanol-water [166—170]. This latter mixture is mainly used for multiextraction of
mycotoxins, and is not specific for aflatoxin extraction [171]. Whatever the solvent system used,
the extract obtained still contains various impurities and requires further cleanup steps. The most
commonly used extraction technique is SPE, which has replaced the traditional liquid-liquid
partition for cleanup [165]. Stationary phase of the SPE columns used may be silica gel, C18
bonded-phase, and magnesium silicate (commercially available as Florisil) [163,172]. Antibody
affinity SPE columns are also widely used.

IAC chromatography using antitoxin antibodies allowed the improvement of both specificity
and sensitivity [173,174]. Indeed, methods were validated for grains [175], cattle feed [176,177],
maize, groundnuts, and groundnut butter [178], pistachio, figs, and paprika [179], and baby food
[180]. Analytical methods of the same kind were validated for quantification of AMI in milk [181]
and in powder milk [182,183], these methods show limits of quantification below the regulatory
limit of 0.05 pg/L.

Aflatoxins are usually quantified by TLC, HPLC, or ELISA.

TLC was first developed in the early 1980s. Using strong fluorescence of the molecules, the
characterization of signals with naked eyes or densitometric analysis could give semiquantitative
to quantitative results (AOAC methods 980.20 and 993.17) [184]. Therefore, aflatoxin Bl could
be measured in concentrations ranging from 5 to 10 pg/kg. A TLC method for quantification of
AFM1 in milk was also validated by AOAC (980.21) [185] and normalized (International Stand-
ardization Organisation [ISO] 14675:2005) [186]. A method for semiquantitative analysis of AFB1
in cattle feed was also published (ISO 6651:2001) [187]. Confirmation of identity of aflatoxins Bl
and M1 in foods and feeds is still classically done by TLC after bidimentional migration and trif-
luoric acid—hexane (1:4) spraying of plates.

HPLC allowed the reduction of detection limits together with an improvement of the specificity
of the dosage [188]. Therefore, new methods were validated for aflatoxin quantification in grains
(AOAC 990.33), cattle feed (ISO 14718:1998), and AFMI1 in milk (ISO/FDIS 14501) [189-191].
These methods are based on the use of a fluorescence detector allowing the quantification of low
levels of aflatoxins. The sensitivity can be increased by the treatment of extracts with trifluoric acid
to catalyze the hydratation of aflatoxins M1, Bl, and Gl into their highly fluorescent M2a, B2a,
and G2a derivatives.

ELISA has been developed for both total aflatoxins [192,193] and AFB1 detection in feeds
and grains [194-197] and for AFMI in milk [198]. These methods have limits of quantification in
accordance with international regulations. Therefore, some commercially available kits have been
validated by the AOAC, as for example the one referenced as AOAC 989.86, devoted to AFBI dosage
in animal feed. However, in spite of the development of ELISA methods for AFM1 detection [199],
no ELISA kit has been validated following the harmonized protocol of ISO/AOAC/International
Union of Pure and Applied Chemistry (IUPAC) for AFM1 quantification in milk. The AOAC has
edited rules for characterization of antibodies used in immunochemical methods [200].

Detection limits in the low parts per trillion range can be achieved by these classical LC-
fluorescence methods. Therefore, methods such as LC-MS may represent only a minor alternative or
confirmation technique for already well-established methodologies [45]. It may however be useful to
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confirm positive results of TLC or ELISA-based screening analysis [201]. At the present time, few
quantitative methods have been published for aflatoxin determination in food and milk [202-205].

4.2.5 Ochratoxin A
4.2.5.1 Origin and Nature

Ochratoxins A, B, and C are secondary metabolites produced by several Aspergillus and Penicillium
species. According to its prevalence and toxicity, only OTA will be treated in this section. This
molecule can be produced by Aspergillus species such as A. ochraceus [206], A. carbonarius
[207,208], A. alliaceus [209], and A. niger [210], although the frequency of toxigenic strains in
this species appears moderate [211-213]. OTA can also be synthesized by Penicillium species,
mainly P. verrucosum (previously named P. virridicatum) [214-215].

The ability of both Aspergillus and Penicillium species to produce OTA makes it a worldwide
contaminant of numerous foodstuffs. Indeed, Aspergillus is usually found in tropical or subtropical
regions, whereas Penicillium is a very common contaminant in temperate and cold climate areas
[216-219]. Many surveys revealed the contamination of a large variety of vegetal products such as
cereals [220,221], grapefruit [222,223], and coffee [221,224]. For cereals, OTA contamination gen-
erally occurs during storage of raw materials, especially when moisture and temperature are abnor-
mally high, whereas for coffee and wine, contamination occurs in the field or during the drying step
[219,225-227]. When ingested by animals, OTA can be found at residue level in several edible organs
(see 23.3.5). Therefore, the consumption of meat contaminated with OTA has also been suspected to
represent a source of exposure for humans [228]. Recent surveys done in European countries demon-
strated that the role of meat products in human exposure to OTA can be considered low [6,229].

Kidney is the primary target of OTA. This molecule is nephrotoxic in all animal species studied.
For example, OTA is considered responsible for a porcine nephropathy that has been studied
intensively in the Scandinavian countries [230,231]. This disease is endemic in Denmark, where
rates of porcine nephropathy and ochratoxin contamination of pig feed are highly correlated [232].
Because the renal lesions observed in pig kidneys after exposure to OTA are quite similar to those
observed in kidneys of patients suffering from BEN, OTA is suspected to play a role in this human
syndrome [233-235]. BEN is a progressive chronic nephropathy that occurs in populations living
in areas bordering the Danube River in Romania, Bulgaria, Serbia, and Croatia [236,237].

4.2.5.2 Physicochemical Properties

The structure of OTA is presented in Table 4.1. OTA has a molecular weight of 403.8 g/mol. It
is a weak organic acid with a pKa of 7.1. At an acidic or neutral pH, it is soluble in polar organic
solvents and weakly soluble in water. At a basic pH, it is soluble and stable in an aqueous solution
of sodium bicarbonate (0.1 M; pH: 7.4), as well as in alkaline aqueous solutions in general.

OTA is fluorescent after excitation at 340 nm, and emits at 428 nm when nonionized and at
467 nm when ionized.

4.2.5.3 Methods of Analysis

Extraction of OTA is often achieved by using a mixture of acidified water and organic solvents. An
ITUPAC/AOC method validated for OTA determination in barley uses a chloroform—phosphoric
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acid mixture [238]. For coffee or wine, chloroform is successfully used [239,240]. Mixtures of
methanol-water or acetonitrile—water have also been reported [241,242]. Ters-butylmethylether
has been used for OTA extraction from baby food, and may represent an alternative to the use of
chlorinated solvents [243].

Several efficient cleanup procedures based on IAC and SPE using C8, C18, and C-N stationary
phases were developed to replace, when possible, conventional LLE [244]. Stationary phases based
on the principle of MIP are emerging [245,246]. The specificity of such methods is comparable
to that of IAC. Although their applicability in real matrixes has not been established, they may
represent alternatives to IAC and SPE methods in the future.

Many methods have been developed for separation and detection of OTA. TLC methods
have been published [247-249]. However, both specificity and sensitivity of TLC are limited, and
interferences with the sample matrix often occur [250]. These drawbacks may be overcome by two-
dimensional TLC [251]. However, HPLC is the most commonly used method for determination
of OTA [244,252].

Most described HPLC methods use a reverse-phase C18 column and an acidic mobile phase
composed of acetonitrile or methanol with acetic, formic, or phosphoric acid [242,253-255]. The
property of OTA to form an ion-pair on addition of a counter ion to the mobile phase has been used
[256]. This led to a shift in OTA fluorescence from 330 to 380 nm and allowed an improvement
of the signal. Ion-pair chromatography was also used for detection of OTA in plasma and human
and cows’ milk, with detection levels of 0.02 and 10 ng/mL for plasma and milk, respectively
[257,258]. The major limit of the method is that small changes in composition of mobile phase
may change retention time of OTA.

HPLC methods using fluorescence detection are applicable to OTA detection in barley, wheat,
and rye at concentrations of about 10 pg/kg [259]. For baby foods, a quantification limit of 8 ng/
kg has been reached by postcolumn derivatization with ammoniac [240,243].

Today, several validated methods have been published for OTA detection in cereals and derived
products [260], in barley and coffee [261-263], and in wine and beer [264].

Immunoassays such as ELISA and radioimmunoassays have been developed [265-268], and
may be regarded as qualitative or semiquantitative methods, useful for rapid screening.

Owing to its toxicity and regulatory values, OTA analysis has to be performed down to the
ppb range in foods and feeds. In addition, plasma and urine samples are analyzed to monitor
OTA exposure in humans and animals. In this context, methods using LC-MS may be used to
confirm OTA-positive results obtained by ELISA or HPLC-FL. They may also be powerful tools
to elucidate structure of 77 vivo metabolites and OTA adducts in biological fluids. Many studies
have described LC-MS methods for OTA determination [47].

4.2.6 Other Toxins
4.2.6.1 Citrinin
4.2.6.1.1 Origin and Nature

Citrinin is produced by different Aspergillus (A. terreus, A. carneus, A. niveus) and Penicillium species
(P. citrinum, P. verrucosum, P. expansum) [269]. It may also be produced by fungi belonging to
the Monascus genus [270]. It has been found at levels ranging from few micrograms per kilogram
to several milligrams per kilogram in barley, wheat, and maize, and also in rice, nuts, dry fruits,
and apple juice [1,271-273].
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Citrinin is nephrotoxic in all animal species where it has been studied, leading to a time-
and dose-dependent necrosis of renal tubules [274-276]. This is mainly due to citrinin-mediated
oxidative stress [277].

4.2.6.1.2 Physicochemical Properties

Citrinin is an acidic phenolic benzopyrane with a molecular weight of 250 g/mol (Table 4.1).
This molecule is insoluble in water but very soluble in most of organic solvents, such as methanol,
ethanol, and acetonitrile [38]. Citrinin is heat labile in acidic or alkaline solution. It easily links
to proteins.

4.2.6.1.3 Analytical Methods

Several methods have been used for citrinin determination in foods and feeds. A rapid TLC
method allows the detection of 15-20 pg/kg in fruits [278]. Immunological methods such as
ELISA have also been developed, and present good sensitivity [272]. HPLC allows the detection
of citrinin in cereals, biological fluids (urine and bile), and fermentation media [272]. It has to be
noted that efficiency of HPLC methods greatly depends on the extraction step, which must not
degrade the toxin. Detection is made in UV at 254 or 366 nm [38]. The detection limits in cereals
are usually about 10 pg/kg. A semiquantitiative fluorimetric method has also been set up to detect
citrinin in fungal culture isolated from cheeses [279].

4.2.6.2 Cyclopiazonic Acid
4.2.6.21 Origin and Nature

Cylopiazonic acid (CPA) was first isolated from culture of P. cyclopium, but has also been shown
to be produced by several species of Aspergillus and Penicillium, such as A. flavus, A. tamarii, or
P. camemberti [280,281]. Therefore, CPA has been detected in many foods, especially cheeses
[282], although few cases of intoxication have been described. However, retrospective analysis
of “Turkey X disease” performed in 1986 by Cole suggested that clinical signs were not all
typical of aflatoxicosis. He thus tried to demonstrate a possible role for cyclopiazonic acid in this
affection. For instance, opisthotonos originally described in “Turkey X disease” can be reproduced
by administration of a high dose of cyclopiazonic acid but not by ingestion of aflatoxin [283].
Cyclopiazonic acid is a specific inhibitor of the Ca2+ ATPase pump of the endoplasmic reticulum
[284], which plays a key role in muscular contraction and relaxation. Principal target organs of
cyclopiazonic acid in mammals are the gastrointestinal tract, liver, and kidneys [285,286]. Main
symptoms observed after acute intoxication with CPA are nervous signs, including eyelid ptosis,
ataxia with hypothermia, tremors, and convulsions [287].

4.2.6.2.2 Physicochemical Properties

CPA is a tetramic indole acid with a molecular weight of 336 g/mol (Table 4.1). It is produced
by the amino acid pathway and derived from tryptophane, mevalonate, and two acetate molecules.
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4.2.6.2.3 Methods of Analysis

TLC is still used to quantify CPA in cereals and milk products [280]. For milk products, several
methods were developed: inverse phase LC [288] and LC-ion trap electrospray MS-MS [289]
allowing a detection limit of 5 ng/mL. Methods using LC with UV detection were also developed
for quantification in cheese [290] and cereals and derived products [291].

Immunoenzymatic methods allow detection of CPA in maize and animal organs (muscles and
plasma) [292], and also in peanuts and mixed feed [293]. Detection limits of such methods range
from 1 to 20 ng/g.

4.3 Mycotoxin Analysis and Prevalence in Poultry

If many methods have been developed and validated for vegetal matrix, due to the absence of
regulation, few data are available on techniques that may be used for animal-derived foods. With
the exception of the detection of Aflatoxin M1 in milk and milk products [294], no official method
is available for such products.

Taking into account the great structural differences that exist between mycotoxins and their
distinct metabolism after absorption in animal digestive tracts, no multidetection method can be
carried out; methods have to be developed specifically for each toxin and metabolite.

In this section will be presented the analytical methods used for mycotoxin quantification in
poultry organs, as well as the available data concerning the metabolism of these toxic compounds
in avian species and the persistence of a residual contamination after dietary exposure. These
data are helpful to evaluate the real risk of mycotoxin contamination of poultry products and the
subsequent possible need for development of analytical methods.

4.3.1 Trichothecenes
4.3.1.1 Methods of Analysis

Few methods have been developed for trichothecenes analysis in poultry tissues. Indeed, first
experiments on the pharmacokinetics and distribution of these mycotoxins were performed using
radiolabeled toxins [295-299]. Because these experiments revealed that trichothecenes were
rapidly excreted and carryover of the toxins in edible parts of poultries was minimal (see 24.3.1.2),
few studies were carried out to evaluate trichothecene presence in muscle and other tissues of
animals after exposure to unlabeled toxins. The methods used in these works are summarized in

Table 4.3 [300-309].

4.3.1.2 Behavior and Residual Contamination of Poultry Tissues

Oral absorption of trichothecenes is limited (<10% at 6 h) in poultry, at least for DON and T-2
toxin. For example, in laying hens, after oral administration of 0.25 mg DON/kg BW/, the mean
plasmatic peak was reached after 2.25 h, and average bioavailability was 0.64%, with marked
individual variations [297,310,311].

As is true for other animal species, distribution of trichothecenes is wide and rapid. Maximal
tissue concentrations of DON, T-2 toxin, and their metabolites were observed after 3 h in liver
and kidneys, and 4-6 h in muscle, fat, and the oviduct. Higher concentrations were found in



Table 4.3

Methods for Mycotoxin Analysis in Poultry Muscle and Tissues

Derivatisation—
Toxin Organ (Species) Extraction and Clean Up Quantification LOD* Reference
T2 Liver, kidney, heart Acetonitrile TFAA — tri-Sil TBT — 300
(chicken) . .
Amberlite XAD-2 resin GC-MS
column
DON Liver, kidney, muscle Acetonitrile-water Heptafluorobutyryl 10 ng/g 301
(hens) imidazole
Alumina-charcoal column Gas-iquid chromatography
ZEA Muscle Overnight treatment with HPLC fluorescence 1ng/g 302
(laying hens) 2/0.9U b-glucuronidase/
arylsulfatase
Ethyl acetate
IAC
ZEA Muscle Acetone-water HPLC 4 ng/g 303
(chicken) ] .
Basic alumina and phosphate | UV
exchange AGMP-1 resin
column
FB1 Muscle, kidney, liver Acetonitrile-mehanol HPLC fluorescence 25 ng/g 304
(mule ducks) -
Fat removal with n-hexane
Immunoaffinity column
AFB1 Liver, kidney, heart, Column chromatography 2D TLC fluorodensitometry <0.1 ng/g** 305
muscle (Chicken)
(continued)
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Table 4.3 (continued)

Methods for Mycotoxin Analysis in Poultry Muscle and Tissues

Derivatisation—
Toxin Organ (Species) Extraction and Clean Up Quantification LOD* Reference
AFB1 Liver (Chicken) Immunoaffinity columns ELISA optical density 1 ng/g** 306
AFB1 Liver (Chicken) Immunoaffinity columns HPLC fluorescence 0.008 ng/g** 307
OTA Muscle (Turkey, Chloroform-orthophosphoric | HPLC fluorescence 0.04 ng/g** 308
chicken) acid

Immunoaffinity columns

OTA Muscle (broiler chicks) | 0.1 M Phosphoric HPLC fluorescence 0.05 ng/g 309
acid-chloroform

Diatomaceous hearth column

OTA Muscle (broiler chicks) | Dichloromethane-citric acid ELISA optical density 0.042 ng/g 309

Note: “*”, detection limit; and “**”, quantification limit.
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the anterior digestive tract, kidney, liver, gall bladder, and spleen. Plasmatic distribution profiles
did not show a secondary peak correlated with the enterohepatic cycle [297,310,311]. When
administration was prolonged, maximal DON values in tissues were reached rapidly and remained
relatively constant throughout the exposure period. The highest concentrations were detected in
the same organs as described above after a single administration [311]. Residual persistence of
T-2 toxin and DON, as well as of their metabolites, in muscle, liver, and kidney, in the case
of single or repeated administration, is summarized in Table 4.4 [296,297,311,312]. Detected
levels of contamination were on the scale of micrograms per kilogram. Prolonged administration
of trichothecenes led to a higher level of contamination than a single one, indicating an accumula-
tion of toxins or metabolites. The decrease in the residual contamination was slower.

4.3.2 Zearalenone
4.3.2.1 Methods of Analysis

Owing to metabolism of the native molecule and the very weak carryover of ZEA in edible parts of
farm animals (see Section 4.3.2.2), few “classical” physicochemical or immunological methods have
been developed for ZEA detection in edible parts of poultry species (Table 4.3) [302,313-315].
HPLC-UV or HPLC-FL are used for quantification and display detection limits near 1ng/g.

4.3.2.2 Behavior and Residual Contamination of Poultry Tissues

Although metabolism is a key point of ZEA toxicity [316], few studies are available concerning
poultry. An intracellular partitioning of reduction activity of ZEA in liver has been described, the
extent varying depending on the species and on the isomer produced. Ex vivo, hens almost exclu-
sively produced a-zearalenol with a microsomal fraction and B-zearalenol with a cytosolic fraction
[317]. Hen hepatocytes are said to produce mainly B-zearalenol; only traces of a-zearalenol
have been found [318]. These results are not in agreement with those obtained i vivo. In chick-
ens, administration of a diet containing 100 mg/kg ZEA for 8 days, followed by exposure to
10? dpm/kg [PH] ZEA, revealed that the kinetics of the toxin is rapid, with tissue half-life ranging
from 24 to 48 h [319]. In addition to the digestive tracts and excreta (bile), most of the radioactivity
was found in the liver and kidneys, and a concentration peak was reached 30 min after adminis-
tration. The residue profile found in liver (GC-MS), in nanograms per gram, was the following:
zearalenone 681, a-zearalenol 1200, B-zearalenol 662. After 24 h, total quantities found in liver,
gizzard (without mucosa), muscle, plasma, skin, and fat were respectively 651, 297, 111, 91, 70, and
53 ng/g. These results are similar to those obtained by Maryamma et al. [320] after 20 days’ admin-
istration of 10 mg/kg body weight (BW) of zearalenone to broilers. Hepatic and muscular concen-
trations of 207 and 170 ng/g were found 24 h after the last administration. Likewise, in turkeys,
administration of feed containing 800 mg ZEA/kg for 2 weeks resulted in plasmatic concentrations
of 66 ng/mL ZEA and 194 ng/mL a-zearalenol at the end of the experiment. Only traces of
[-zearalenol were found [303]. All these studies were performed using very high doses of the toxin.
A recent experiment in chickens using a 1.58 mg ZEA/kg feed for 16 weeks appears to confirm
these results for low concentrations. Hepatic concentrations obtained at the end of the experiment
were 2.1 ng/g ZEA and 3.7 ng/g a-zearalenol, mainly in conjugated forms, whereas -zearalenol
was below the detection limit (<3 ng/g) [321]. No trace of zearalenone or of its metabolites was
found in muscles, fat, or eggs.



Table 4.4 Residues of Trichothecenes in Poultry Tissues (Expressed as Equivalent-Toxin)

After a Single Administration

Dose Residues (ng/kg)

Toxin Species Route | (mg/kg b.w.) | Tissues 6h 12h 24 h 2j | 4j | Half-life | Reference

DON | Hen VO 13-1.7 Muscle 8.46 6.6 4.3 21 | ND 311
Liver 74 56 30 13 | ND 15.7 h
Kidney 165 123 44 19 2 8.2h

T-2 Chicken VO 0.126-1.895 | Muscle 17/220 296
Liver 32/416
Kidney 24/327

Chicken/duck VO 5 Muscle 30 30 <10 <10 297

Liver 130/90 | 30/40 | 10/<10 | <10
Kidney 30 20 <10 <10
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After a Repeated Administration

Residues (ug’kg)
Toxin | Species Route Length Dose Tissue 2j 4j | 6§ 8j | 10j | 12 | Reference
DON | Hen VO 6j 1.3-1.7 mg/ Muscle 16 17 | 10 11 7 3 311
kg b.w. )
Liver 37 41 39 25 15 9
Kidney 60 51 55 21 15 9
Chicken VO 28-190j | 5 mg/kg Muscle <10 312
feed -
Liver
Kidney

Note: ND, not detectable.
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4.3.3 Fumonisins
4.3.3.1 Methods of Analysis

Measurement of FB1 in poultry is poorly documented. Moreover, most of the data concern its
toxicokinetic effect in animals and were obtained by using labeled molecules [322]. Finally, only
one method was described concerning the determination of nonradiolabeled FBI in duck tissues.
It is based on the use of immunoaflinity columns for the extraction of the mycotoxin and quan-
tification of derivatized FB1 by fluorescence detection after its separation by HPLC [304]. This
method allowed fumonisin Bl detection in liver, kidney, and muscle, with a limit of quantification

of 25 nglg (Table 4.3).

4.3.3.2 Behavior and Prevalence in Poultry Tissues

No data are available on a possible metabolism of FB1 in poultry, and few data are available
concerning its toxicokinetics.

Absorption after oral administration is reported to be very limited in laying hens (<1%),
but higher in growing ducks (2.5-3.5%), close to values already described in rodents, pigs, and
nonhuman primates [322,323]. Concentrations in the muscles were about 10-fold lower than in
plasma, and no transfer to eggs has been reported.

4.3.4 Aflatoxins
4.3.4.1 Methods of Analysis

Techniques described for aflatoxin analysis in poultry tissues mainly use native fluorescence of these
compounds after purification and separation of extract with chromatographic methods (TLC,
HPLC) (Table 4.3). Since the 1980s, few studies and surveys have been carried out to characterize
aflatoxin presence in poultry products [306,307]. Indeed, risk management is based on the con-
trol of animal feed quality, which may guarantee the absence of toxin residues in animal-derived
products. These few surveys all demonstrated that muscle foods were not an important source of
aflatoxin exposure in humans. It is, however, likely that recent alerts for unusual aflatoxin con-
tamination of cereals produced in temperate climates and the possible consequent animal exposure
may strengthen the interest of aflatoxin testing in animal-derived foods. That is why some authors
investigated the possible use of ELISA for determination of aflatoxin residue in chicken livers [306].

4.3.4.2 Behavior and Prevalence in Poultry Tissues

Few data are available on aflatoxin behavior in poultry. Oral absorption seems to be comparable to
that occurring in other monogastric species, and could represent 90% of the administrated dose
[324]. This absorption could be decreased by several adsorbants [325]. Aluminosilicates and clays
are among the most effective, and a protective effect has been demonstrated in numerous studies.
These studies, the first of which was performed by Phillips in the 1980s, certainly help explain the
interest in these kinds of compounds in animal feed [326]. Many studies are done each year to
confirm the benefit of these molecules in the case of exposure to aflatoxin.

As is true in other animal species, in poultry metabolization and liver bioactivation in
AFBI-8,9-epoxyde and in aflatoxicol could play a key role in the appearance of hepatic lesions.
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Bioactivation could explain the greater sensitivity of ducks to aflatoxins, whereas quails could be
more resistant due to their lower metabolic capacities [327].

Persistence of aflatoxin Bl and its metabolites at the residual level appears to vary depending
on the species and the study. These differences cannot all be explained by differences in metaboli-
zation processes between species; differences in the procedures used for detection, extraction, and
purification of the toxin and its metabolites from the tissues are more likely to be responsible. The
most conclusive results are listed in Table 4.5 [328—333]. Liver and kidney contain more toxin
and metabolites than muscles, with the exception of the gizzard, which is directly exposed. Quail
appears to be a more important vector for residues than the other species. Hens could be a more
important vector than chickens, because excretion in the eggs is also possible, at least after expo-
sure to high concentrations of toxins.

4.3.5 Ochratoxin A
4.3.5.1 Methods of Analysis

All previously described methods were used to analyze OTA content of animal tissues and
animal-derived products. The aim of such studies was to characterize the potential carryover
of the mycotoxin in animal tissues and to assess human exposure. Most studies have been set
up in pigs and pig tissues, because this species appears to be the most sensitive and exposed to
OTA. For poultry meat samples, the solvent extraction step cannot be avoided, and precedes
the purification step. Typical procedures include extraction with acidic chloroform or acidic
ethyl acetate, followed by back extraction into NaHCO; before cleanup on IAC or C18 columns
[308,309].

It appears that detection limits exhibited by HPLC-FL are sufficient to control meat products
according to existing regulations. The use of IAC for cleanup allows the reduction of the limit of
quantification (LOQ) below 1 ng/g [308].

By contrast, the use of HPLC-MS does not strongly increase the sensitivity of detection, but
may be used as a confirmatory method in the case of a positive result.

ELISA tests usually display LOQ higher than other methods. Nevertheless, due to their sim-
plicity and rapidity, these tests could be useful as screening methods in slaughterhouses [309].

4.3.5.2 Behavior and Prevalence in Poultry Tissues

In poultry, oral absorption of OTA appears to occur in the same way as in other monogastric
species (passive diffusion of the nonionized lipophilic form), but absorption is apparently lower:
about 40% in broilers and only 6.2% in quails. The concentration peak is more rapidly reached in
broilers, after 0.33 h [334].

During circulation, OTA fixes to plasmatic proteins, its affinity constant for serum albumin being
of about 5.1 x 10* mol/L, which is very close to the value observed in humans [335]. Distribution of
OTA in chicken tissue appears to be higher than in other avian species (above 2 L/kg). The highest
tissue concentrations were observed in the following organs: kidney > liver > muscles. No residue was
found in fat or skin. Transfer to eggs is minimal or nil [334].

To our knowledge, no data are available on OTA metabolism in poultry. Plasmatic half-life of
OTA after oral administration ranges from 4.1 h in chicken to 6.7 h in quail. This halflife is well
below that reported in most mammalian species [336].



Table 4.5 Residues of Aflatoxin in Animal Tissues (Only the Most Demonstrative Studies are Reported)
Animal Dose and Duration of
Species Exposure Tissues Residues (pg/kg) Metabolites Reference
Poultry
Turkey 50 and 150 pg/kg feed for Liver 0.02-0.009 and 0.11-0.23 AFBT + AFM1 328
1T weeks Kidney | 0.02-0.04 and 0.11-0-21 AFB1 + AFM1
Gizzard 0.04-0.16 and 0.01-0.12 AFB1 (AFM1 <0.01)
Turkey 50 and 150 pg/kg feed for Liver <0.01 AFBT + AFM1
11 weeks and 1 week with -
toxin free feed Kidney <0.01 AFB1 + AFM1
Gizzard 0.04-1.9 and 0.09-0.24 AFB1 (AFM1 <0.01)
Quail 3000 pg/kg feed for 8 days Liver 7.83 £0.49 and 5.31 + 0.22 Free and conjugated AFB1 329
22.34 + 2.4 and 10.54 + 0.42 | Free and conjugated metabolites
Muscle 0.38 + 0.03 and <0.03 Free and conjugated AFB1
0.82 + 0.05 and 0.32 + 0.08 Free and conjugated metabolites
Duck 3000 pg/kg feed for 8 days Liver 0.52 +0.04 and 0.44 + 0.16 Free and conjugated AFBT
2.74 £0.15and 3.81 £ 0.25 Free and conjugated metabolites
Muscle <0.03 and <0.03 Free and conjugated AFBT

0.21 + 0.09 and 0.14 + 0.05

Free and conjugated metabolites
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Chicken 3000 pg/kg feed for 8 days Liver 0.15 £ 0.09 and 0.10 + 0.01 Free and conjugated AFB1
1.54 + 0.36 and 0.93 + 0.04 Free and conjugated metabolites
Muscle <0.03 and <0.03 Free and conjugated AFB1
0.11 £ 0.02 and 0.08 + 0.05 Free and conjugated metabolites
Hen 3000 pg/kg feed for 8 days Liver 0.34 £ 0.03 and 0.23 + 0.08 Free and conjugated AFB1
2.38 £ 0.36 and 4.04 + 0.1 Free and conjugated metabolites
Muscle <0.03 and <0.03 Free and conjugated AFB1
0.14 £ 0.04 and 0.11 + 0.04 Free and conjugated metabolites
Laying hen | 10000 pg/kg feed for 7 days | Eggs 0.28 + 0.1 and 0.38 = 0.11 AFB1 and total Aflatoxicol 330
Laying hen | 8000 pg/kg feed for 7 days Liver 0.49 +£0.28 and 0.2 + 0.09 AFBT1 and total Aflatoxicol 331
Kidney 0.32+0.18 and 0.1 + 0.04 AFB1 and total Aflatoxicol
Muscle 0.08 + 0.03 Aflatoxicol
Eggs 0.24 + 0.07 and 0.25 + 0.09 | AFBT and total Aflatoxicol
Laying hen | 2500 pg/kg feed for 4 weeks | Liver 413 +£1.95 AFB1 332
Eggs <0.5 and <0.01 AFBT and AFM1
Chicken 55 pg/kg feed for 9 days Liver 0.26 and 0.02 AFBT and AFM1 333
Chicken 4448 pg/kg feed for 9 days Liver 1.52 and <0.1 AFBT and AFM1
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4.3.6 Other Toxins
4.3.6.1 Citrinin

If several studies evaluating citrinin toxicity in avian species, no method was specially set up for
the determination of residual contamination of edible organs with this toxin, although poul-
try appeared sensitive to citrinin toxicity. Indeed, administration of 125-250 ppm citrinin to
young chicken leads to acute toxicity with diarrhea and increase in water consumption without
any mortality [337,338]. Lesions were mainly digestive hemorrhages, lipidic infiltrations in liver,
kidney, and pancreas, and an increase in kidney weight for birds treated with 250 ppm [338].

Administration of labeled toxin demonstrated that citrinin is only weakly absorbed after oral
administration and quickly eliminated in urine and feces, at least in rodents [339]. In poultry, the
administration of a contaminated diet containing 440 ppm of citrinin did not allow the detection
of residual contamination in muscles, whereas only weak amounts of the toxin were found in liver
of exposed animals. Lower doses (110-330 ppm) did not led to residual contamination of tissues
[340]. Therefore, due to the natural contamination levels observed in poultry feeds [341], the risk
of contamination of poultry tissues seems very low.

4.3.6.2 Cyclopiazonic Acid

Only one HPLC method was developed for CPA analysis in poultry tissues. Extraction is achieved
with chloroform—methanol. Then partition into 0.1 N sodium hydroxide is done before acidifica-
tion and dichloromethane extraction. The existence of an interfering compound requires cleanup
with silica gel column. Mean recovery of CPA from meat samples spiked with pure toxin at levels
ranging from 0.016 to 16.6 mg/kg is about 70% [342].

Tissue transfer in muscle was characterized after oral administration of 0.5, 5, and 10 mg/kg
BW using this HPLC quantification. The highest levels of contamination were found in muscle
3 h after administration. For birds fed 0.5 and 5 mg/kg BW, the toxin was rapidly eliminated from
meat in 24—48 h [343]. In laying hens, two studies on egg transfer were done after administration
of cylopiazonic acid at 0, 2.5, 5, and 10 mg/kg BW/day for 9 days and 0, 1.25, and 2.5 mg/kg
BW/day for 4 weeks. Whatever the group of animals concerned, all eggs contained cyclopiazonic
acid from the first day of exposure. The concentration of toxin was higher in albumen than in yolk
(average of 100 ng/g and 10 ng/g, respectively). All birds fed 10 mg/kg BW and four of the five
treated with 5 mg/kg BW died after a decrease in feed intake, in body weight, and in egg produc-
tion. Other authors have reported a reduction in egg production and shell quality [344,345].

4.4 Mycotoxin Analysis and Prevalence in Processed Meats

Several studies have shown that mold species belonging to the genera Penicillium and Aspergillus
could be isolated from meat products such as ripened sausages or dry-cured ham [346-348]. This
mycoflora actively participates in the acquisition or improvement of organoleptic qualities of these
products. However, fungal development also raises the question of a possible mycotoxin synthesis
in these products, leading to the contamination of final products. Usually, fungal ferments used are
selected for their lack of toxigenic potential (P. nalgiovenses for instance). However, many studies
have demonstrated that fungal mycoflora of dry-cured meat products is usually complex and made
of many fungal species, from which several may be toxinogenic, at least iz vitro. Indeed, some of
these strains were found to be able to produce aflatoxins [349,350], ochratoxins [351], citrinin, or
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cyclopiazonic acid on culture medium [348,352]. Nevertheless, few studies have demonstrated
the presence of mycotoxins in such processed meat. It can be linked to the lack of production of
mycotoxins in this kind of substrate, to the rapid degradation of the toxins, or to both.

In chis section, we will present the few available data on mycotoxin analysis in processed meat.
We will focus on mycotoxins that may be produced during the ripening period. The analytical
methods that may be used to evaluate the residual contamination of meat as a raw material in food
making have already been presented elsewhere [353]. Therefore, fusariotoxins (trichothecenes,
ZEA, and fumonisines) will not be presented. Indeed, production of these molecules cannot be
observed in processed meats due to environmental conditions required for Fusarium development
and toxinogenesis (mainly water activity) [12].

4.4.1 Aflatoxin B1

Several studies have indicated that processed meats can be contaminated with toxigenic Aspergillus
Sflavus strains, especially when products are processed in countries with a hot climate [349,350,
354-356]. Moreover, it has been demonstrated that the processing conditions during aging of
hams may allow aflatoxin synthesis [357]. Therefore, it is of public health importance to evaluate
the possible production of aflatoxin Bl during meat processing and aging. Few studies have been
carried out, but all demonstrated that the frequency of contamination of processed meat with
aflatoxin B1 was low, and that the level of toxin within meat was usually below 10 ng/g [354,356].
However, it is not clear whether aflatoxin Bl was produced during meat processing or was present
before at the residual level in muscles. It seems there is no relationship between the presence of
toxigenic strains of A. flavus and aflatoxin contamination of meat samples [354]. Moreover, the
frequent contamination of spices and additives used in such meat processing may also repre-
sent a source of mycotoxin [356,358]. All these studies were performed using classic methods for
aflatoxin Bl analysis (see 4.2.4.3), and no special treatment was applied to samples according to
their composition or process-induced changes.

4.4.2 Ochratoxin A

Many methods were devoted to the OTA analysis in processed meat; the most recent ones are sum-
marized in Table 4.6 (Refs 359-363). They have essentially been set up in pig products because
this species appears to be the most sensitive and exposed to OTA. It appears that detection limits
exhibited by HPLC-FL are sufficient to control meat products according to existing regulations. The
use of IAC for cleanup allows the reduction of the LOQ below 1 ng/g. However, a 10-fold OTA fluo-
rescence enhancement obtained by using the alkaline eluent in HPLC permitted the determination
of a very low level of OTA in muscle without any column purification or a concentration step [363].

However, all of these surveys essentially demonstrated the possible carryover of OTA in proc-
essed meat. Indeed, even if ochratoxigenic molds have been isolated from such foods [348,364,365],
it appears that ripening and aging conditions are not favorable to toxin production [9,351].

4.4.3 Citrinin

Although citrinin-producing fungal strains have been isolated from dry-cured meat products
[349,366], and it has been demonstrated that citrinin production may occur on dry-cured meat
[9,367], no data are available on citrinin content in meat products, despite that this toxin has been



Table 4.6 Recent Methods for OTA Determination in Processed Meat

pH 8.5
Addition of chloroform until
90:10 ratio

LOQ
Quantification Tissue Extraction Clean Up (ng/g) Reference
Fluorimetry Ham Methanol-1% sodium IAC 0.7 359
HPLC-FL bicarbonate (70:30) 0.042
HPLC-FL Ham Chloroform-orthophsphoric acid | Back extraction with NaHCO,, 0.03 360
Centrifugation pH7.51AC
HPLC-FL Salami Ethyl acetate (0.5 mol Back extraction with NaHCO,, 0.2 361
NaCl)-phosphoric acid pH 8.0 IAC
HPLC-FL Pig liver derived paté | Acidified acetonitrile-water C8 columns 0.84 362
HPLC-FLb Dry cured pork meat | Chloroform-phosphoric acid Back extraction with Tris-HCI 0.06 363

Note: a, limits of detection; b, mobile phase: NH;/NH,CI:CH;-CN (85:15), pH 9.8 instead of acetonitrile-water-acetic acid (99:99:2) in

others.
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suspected to play a role in BEN [368] and is mutagenic [369]. However, stability studies have
demonstrated that this mycotoxin is only partially stable in cured ham, as already demonstrated
in other animal derived foods [9,370]. Nevertheless, it may be of interest to develop methods able
to quantify a possible contamination of processed meat with citrinin.

4.4.4 Cyclopiazonic Acid

As for citrinin, no survey is available concerning CPA contamination of meat products. It has been
demonstrated that CPA-producing strains could be isolated from processed meats [348,352,371].
Moreover, it has been shown that toxigenic strains of Penicillium were able to produce the toxin
on meat products, and that the toxin was stable on that substrate, with more than 80% of the
initial contamination still recoverable after 8 days of incubation [9]. These results suggest that an
accumulation of a relatively high level of CPA could be observed on cured meat after contamination
and development of toxigenic strains. Owing to cyclopiazonic toxicity and its suspected role in
“Kodua poisoning” in humans [372,373], fungal strains used in meat processing should be tested
for their ability to produce cyclopiazonic acid before use in commercial products. This recom-
mendation is in agreement with previous one concerning the use of fungal starters in cheese [374].
The development of micellar capillary electrophoresis for the detection of toxigenic mold strains
may represent a useful alternative to classical analysis [375]. It has already been applied to fungal
strains isolated from cured meat and allowed multidetection of mycotoxins such as CPA and also
aflatoxin B1 [376]. It appears also important to develop or adapt existing analytical methods to
allow the final control of processed meats.

4.5 Conclusion

Mycotoxins are widely found contaminants of cereals and other vegetal products. When contami-
nated feeds are distributed to farm animals, mycotoxin may be found as residues in edible parts of
the animals. Owing to their breeding and feeding conditions, poultry may often be exposed to such
contamination, which has consequences for the safety of edible organs. For the most important tox-
ins, the available data on absorption, distribution within animal organism, and metabolism revealed
that mainly aflatoxins and OTA may be found at significant levels in muscles and muscle foods. For
these molecules, sensitive and specific methods are required to allow safety control of poultry and
processed meats, because levels of contamination are usually in the low ppb range. Most commonly
used methodologies are based on HPLC-FL detection of molecules. Mycotoxin contamination of
meat may also result from toxigenic mold development during ripening and aging. It may lead
to production and accumulation of toxins such as citrinin or cyclopiazonic acid, for which few if
any methods have been established for meat control. Even if the toxicity of such molecules appears
less important than the previous ones, their possible implications in human diseases or syndromes
should lead to the implementation of methods able to control contamination of processed meat.
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5.1 Introduction
5.1.1 Genetically Modified Organism Production for Food and Feed

The advancement of biotechnologies applied to the agro-food industry has resulted, during
the past few years, in an increasing number of genetically modified organisms (GMOs) being
introduced into the food chain at various levels. Although the regulatory approach to this mat-
ter differs depending on the attitudes of different legislative bodies, to inform final consumers
correctly and to be able to guarantee the safety of food production chains, the traceability of
genetically modified products or ingredients coming from genetically modified products must
be guaranteed.

GMOs can be defined as organisms in which the genetic material has been altered by recom-
binant deoxyribonucleic acid (DNA) technologies, in a way that does not occur naturally by
mating or natural recombination. Recombinant DNA techniques allow the direct transfer of
one or a few genes between either closely or distantly related organisms; in this way, only the
desired characteristic should be safely transferred from one organism to another, speeding up
the process of improving the characteristics of target organisms and facilitating the tracking of
the genetic changes and of their effects.

The first transgenic plants obtained by recombinant DNA technologies were produced in
1984, and since then more than 100 plant varieties, many of which are economically important
crop species, have been genetically modified. The majority of these GMOs have been approved,
albeit with differences according to the various legislations worldwide, for use in livestock feed and
human nutrition.!

Whereas only a few crops have been modified so far to improve their nutritional value, most
of the first generation of genetically modified (GM) crops (i.e., those currently in, or close to,
commercialization) aim to increase yields, and to facilitate crop management. This is achieved
through the introduction of resistance to viral, fungal, and bacterial diseases, or insect pests, or
through herbicide tolerance. So far the majority of GM crops can be clustered according to three
main characteristics:

B [nsect-protected plants. The majority of the commercialized products belonging to this
category are engineered to express a gene derived from the soil bacterium Bacillus
thuringiensis (Bt) that encodes for the production of a protein, the delta endotoxin,
with insecticidal activity. Other genes that are used in developing this category of crops
encode inhibitors of digestive enzymes of pest organisms, such as insect-specific pro-
teinases and amylases, or direct chemically mediated plant defense by plant secondary
metabolites.

B Herbicide-tolerant planss. A variety of products have been genetically engineered to create
crops in which the synthesis of essential amino acids is not inhibited by the action of broad-
spectrum herbicides like glufosinate, as happens for conventional plants.

B Disease-resistant plants. Using gene manipulation technology, specific disease resistance
genes can be transferred from other plants that would not interbreed with the crops of
interest, or from other organisms; this allows the transformed crops to express proteins or
enzymes that interfere with bacterial or fungal growth. GM virus-resistant crops have also
been developed using “pathogen-derived resistance,” in which plants expressing genes for
particular viral proteins are “immunized” to resist subsequent infection.
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Other phenotypic characteristics, less common than those mentioned eatlier, include: modified
fatty acid composition, fertility restoration, male sterility, modified color, and delayed ripening.

According to the latest statistics available, GMO crop cultivation has been continuously
growing, since its introduction in the agricultural practice, in both industrial and developing
countries. “Although the first commercial GM crop (tomato) was planted in 1994, it has been
in the last few years that a dramatic increase in planting has been observed, bringing the esti-
mated global area of GM crops in 2007 to around 114, 3 million hectares, involving 12 million
farmers in 23 countries worldwide, and with a global market value for biotech crops estimated
to be around $6.9 billion. As for the kinds of cultivated crops, four GM crops represent at pres-
ent almost 100% of the market: GM soybean accounts for the largest share, 51.3%, followed
by maize with 30.8%, cotton, 13.1%, and canola, 4.8%. These figures confirm how globally
widespread GM cultivation is and how important the numbers are becoming compared to tradi-
tional crops: in particular, in 2007, GM soybean accounted for 64% of total soybean-plantings
worldwide, whereas maize, cotton, and canola represented 23, 43, and 20% of their respective
global plantings.?

A new wave of genetically modified products, the second generation of GM-derived food and
feed, is now at the end of its developing stage or already under evaluation from the competent
authorities for approval. These products mainly respond with similar approaches to the same issues
addressed by the first generation (herbicide resistance, pest protection, and disease resistance).
However, an increasing number of products are trying to respond to various new problems, such
as removing detrimental substances, enhancing health-promoting substances, enhancing vitamin
and micronutrient content, altering fatty acids and starch composition, reducing susceptibility to
adverse environmental conditions, and improving carbon and nitrogen utilization. This second
generation of GMOs should constitute a new class of products in an attempt to respond to the
needs of consumers and of industries in the near future.

5.1.2 Legislative Framework for Genetically
Modified Organism Traceability

The need for monitoring the presence of GM plants in a wide variety of food and feed matrices
has become an important issue both for countries with specific regulations on mandatory labeling
of food products containing GM ingredients or products derived from GMOs, and for countries
without mandatory labeling on food products but that are required to test for the presence of
unapproved GM varieties in food products.

Among the countries with mandatory labeling, the European Union (EU) has devised an
articulated regulatory framework on GMOs to guarantee an efficient control on food safety-related
issues and to ensure correct information to European consumers; the use and commercialization
of GM products and their derivatives have been strictly regulated in both food and feedstuffs,
and compulsory labeling applies to all products containing more than 0.9% genetically modi-
fied ingredients (an adventitious presence threshold of 0.5% applies for GMOs that have already
received a favorable risk evaluation but have not yet been approved). Other mandatory schemes for
labeling are present worldwide in various countries, including Australia and New Zealand, Brazil,
Cameroon, Chile, China, Costa Rica, Ecuador, India, Japan, Malaysia, Mali, Mauritius, Mexico,
Norway, the Philippines, Russia, Saudi Arabia, South Africa, South Korea, Switzerland, Taiwan,
Thailand, and Vietnam. Most of these countries have established mandatory labeling thresholds
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ranging from 0 to 5% of GMO content.> In other countries in which labeling is voluntary, such
as the United States, Canada, and Argentina among the most important, being able to detect GM
varieties is however of great importance, e.g., to prevent unauthorized transgenes from entering
the food productions chains.

5.1.3 Analytical Methods for Genetically
Modified Organism Traceability

One of the main challenges related to the use of GMOs is their traceability all along the food
chain. In general, to be able to correctly identify the presence of transgenic material, a three-stage
approach is needed:’

B Detection. A preliminary screening is performed to detect characteristic transgenic con-
structs used to develop GMOs (e.g., promoter and terminator sequences in the case of DNA
analysis) and to gain initial insight into the composition of the sample analyzed.

B dentification. This stage allows researchers to gain information on the presence of specific
transgenic events in the sample analyzed. According to the specific regulation framework in
which the analysis is performed, the presence of authorized GMOs should then be quanti-
fied, and the presence of unauthorized GMOs should be reported to competent authorities
and the product prevented from entering the food chain.

B Quantitation. Transgene-specific quantification methods should be used at this stage to
determine the amount of one or more authorized GMOs in the sample, and to assess compli-
ance with the labeling thresholds set in the context of the applicable regulative framework.

All along this analytical scheme for the detection of GMOs, particular actention should be paid
to the evaluation of the degradation of the target DNA/protein during sampling and processing
and to the robustness of the analytical methods. Thorough knowledge and understanding of the
problems associated with both the sample to be analyzed and the method for the analysis are fun-
damental prerequisites to obtaining reliable results.

The first two stages of this scheme of analysis can essentially be accomplished by qualitative
methods, whereas semiquantitative or quantitative methods need to be used to accomplish the
third stage of analysis.

At present the two most important approaches for the detection of GMOs are (i) immu-
nological assays based on the use of antibodies that bind to the novel proteins expressed, and
(ii) polymerase chain reaction (PCR)-based methods using primer oligonucleotides that selectively
recognize DNA sequences unique to the transgene.

The two most common immunological assays are enzyme-linked immunosorbent assay (ELISA)
based methods and immunochromatographic assays (e.g., lateral flow strip tests). Whereas the for-
mer can produce qualitative, semiquantitative, and quantitative results according to the method
employed, the latter, although fast and easy to perform, produces mainly qualitative results. How-
ever, both techniques require a sufficient protein concentration to be detected by specific antibod-
ies, and thus their efficiency is strictly related to the plant environment, tissue-specific protein
expression, and, not least, protein degradation during sampling and processing.

The most powerful and versatile methods for tracking transgenes are, however, based on the
detection of specific DNA sequences by means of PCR methods. These methods are reported to
be highly specific, and have detection limits close to a few copies of the target DNA sequence.
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Qualitative and semiquantitative detection of GMOs can easily be achieved via end-point PCR
combined with gel electrophoresis, whereas quantitative detection can only be obtained by apply-
ing specific real-time PCR protocols, which rely on the quantification of fluorescent reporter
molecules that increase during the analysis with the amount of PCR product.

In addition to the aforementioned methods, other detection methods based on chromatogra-
phy, mass spectrometry, and near-infrared (NIR) spectroscopy have been developed® and found to
be suitable for specific applications, in particular when the genetic modifications create significant
changes in the chemical composition of the host organism.

5.1.4 Transgenic Material in Processed Meats and Poultry

The significant increase of GM productions since the commercialization of the first genetically
modified crop has generated interest and concern regarding the fate of transgenic material along
the food chain. Questions have been posed both at public and at scientific levels about the poten-
tial appearance of novel proteins and recombinant DNA in products for human consumption,
driven by animal products potentially containing GMOs. Considering the fact that livestock con-
sume large amounts of plant material and that high-protein feeds are among the most common
GM crops, it has become necessary to evaluate the fate of GMOs in the animals’ diet and the pos-
sible consequences on human health. From a legislative point of view, however, countries that have
implemented labeling regulation concerning GM feed have at present no mandatory regulations
on products derived from livestock fed transgenic feed.

Although in the past few years several attempts to investigate the fate of transgenic proteins
and DNA within the gastrointestinal tract of livestock fed GMOs and the incorporation of trans-
genic material into tissues have been reported,’ to date very few results support the feasibility of
detecting traces of transgenic material in animal tissues outside the gastrointestinal tract. Indeed
several factors could influence the presence and hamper the detectabilicy of DNA and protein tat-
gets in animal tissues as a result of GM crops feeding: (i) the kind of genetic modification and the
type of plant tissue in which the protein is expressed, together with environmental conditions of
growth of the GM crop, could cause the content of transgenic protein to vary greatly; (ii) posthar-
vest feed processing, such as ensiling, steeping, wet-milling, and heating, often degrade DNA and
protein to an undetectable level; (iii) the rapid degradation observed in the gastrointestinal tract
dramatically reduces the absorption across the epithelial tissues of protein and DNA fragments
suitable for analytical detection; and (iv) although the passage of dietary DNA fragments has been
suggested by several researchers, currently available PCR techniques have only allowed detection
of “high copy number genes” (e.g., plant endogenous genes such as rubisco and chloroplast-specific
sequences), whereas transgenes are often the result of a single insertion event.

Considering the detectable presence of GM-derived materials outside the gastrointestinal
tract in livestock as an extremely rare event, the main route for the presence of transgenic material
in processed meat and poultry could be an external event, such as an adventitious contamina-
tion (e.g., during slaughtering, the gastrointestinal content could come in contact with other
animals’ parts) or the intentional addition of GM-derived additives intended to enhance meat
products properties. In particular, apart from additives produced via the use of genetically modi-
fied microorganisms (GMMs) such as antioxidants (e.g., ascorbic acid), flavor enhancer (e.g.,
glutamate), and enzymes (e.g., proteases to be used as tenderizer), which do not require labeling
because GMMs are not directly associated with the final purified product, several additives used
during meat processing are produced from GMOs and mainly from GM soybean and maize. Soy



130 m  Safety Analysis of Foods of Animal Origin

proteins (in the form of soy flour, texturized vegetable protein [TVP], soy concentrates, and soy
isolates) are by far the most commonly employed vegetal protein in the meat industry on account
of their excellent water-binding properties, fat emulsification activity, and high biological value.
Maize starches are often used on account of their water-binding properties, and the products
obtained by their hydrolysis or thermal treatment, in the form of maltodextrin, are often used
as filler or stabilizer. Soybean is also a source of lecithin and mono- and diglycerides commonly
employed as emulsifiers in meat products to reduce the risk of fat and water separation, to lower
cooking loss, and to improve the texture and firmness of the product.

5.2 Detection of Genetically Modified Organisms

Approved transgenes and detection methods are continuously updated, and official detection
methods are validated and reported by the different national control agencies.® Online databases
of protein and DNA-based methods that have been validated by different research agencies are
also available for consultation.”

5.2.1 DNA-Based Methods

GMOs currently available are the result of transformation events that provide the stable insertion
of an exogenous DNA fragment into a host’s genome, by means of DNA recombinant technol-
ogy. The insert contains at least three elements: the gene coding for a specific desired feature and
the transcriptional regulatory elements, typically a promoter and a terminator. Several additional
elements could be present, depending on the transformation system employed: selection markers
such as antibiotic resistance, introns, or sequences coding for signaling peptides are commonly
used.®

A wide spectrum of analytical methods based on PCR have been developed during the past
decade, and PCR-based assays are generally considered the method of choice for regulatory com-
pliance purposes. The general procedure for performing PCR analysis includes four subsequent
phases: sample collection, DNA isolation, DNA amplification, and detection of products. The
latter two steps may occur simultaneously in certain PCR applications, such as real-time PCR.

Sampling, DNA extraction, and purification are crucial steps in GMO detection. Sampling
plans have to be carefully designed to meet important statistical requirements involving the level of
heterogeneity, the type of material (raw material, ingredients, or processed food), and the thresh-
old limit for acceptance.” DNA quality and purity are also parameters that dramatically affect
the PCR efliciency.!® DNA quality is strictly dependent on degradation caused by temperature,
the presence of nucleases, and low pH, and determines the minimum length of DNA-amplifiable
fragments. Moreover, the presence of contaminants from the food matrix or chemicals from the
method used for DNA isolation can severely affect DNA purity and could cause the inhibition of
PCR reactions.

The PCR scheme involves subsequent steps at different temperatures during which: (i) the
DNA is heated to separate the two complementary strands of the DNA template (denaturation,
95°C), (ii) the oligonucleotide primers anneal to their complementary sequences on the single
strand target DNA (annealing step, 50—60°C), and (iii) the double-strand DNA region formed by
the annealing is extended by the enzymatic activity of a thermostable DNA polymerase (extension
step, 72°C). All these cycles are automatically repeated in a thermal cycler for a certain number of
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cycles, and at the end of the process the original target sequence results in an exponential increase

in the number of copies.

Several authors have classified PCR-based GMO assays according to a “level of specificity”
criterion.>!!

1. Methods for screening purposes are usually focused on target sequences commonly present
in several GMOs. The most commonly targeted sequences pursuing this strategy are two
genetic control elements, the cauliflower mosaic virus (CaMV) 35S promoter (P-35S) and
the nopaline synthase gene terminator (T-NOS) from Agrobacterium tumefaciens.

2. Gene-specific methods target a portion of DNA sequence of the inserted gene. These methods

amplify a gene tract directly involved in the genetic modification event, typically structural
genes such as Cry 1A(b) coding for endotoxin B, from B, or the 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) gene, coding for an enzyme conferring herbicide tolerance to
the GM crop.
Both the screening and the gene-specific approach are useful to investigate the presence
of GMOs, but fail to reveal the GMO identity. Moreover, these methods are based on the
detection of sequences naturally occurring in the environment, and this fact could lead to a
significant increase of false-positive results.

3. Junction regions between two artificial construct elements such as the promoter and the
functional gene are targeted by construct-specific methods; these reduce the risks of false-
positive appearances and increase the chances of identifying the GM source of DNA.
However, more than one GMO could share the same gene construct, preventing their
unambiguous identification.

4. The highest level of specificity is obtained using event-specific methods that target the inte-
gration locus at the junction between the inserted DNA and the recipient genome.

An overview of validated PCR methods for the different strategies of GMO detection is pro-
vided in Section 5.2.1.2.

PCR assays can be followed by confirmation methods suitable to discriminate specific from
unspecific amplicons. Gel electrophoresis is the simplest method to confirm the expected size of
PCR products, but fails to identify the presence of unspecific amplicons having the same size of
the expected PCR product. Sequencing the amplicons is the most reliable method of confirming
the identity of PCR products, but it is an expensive approach and requires specific instrumentation
not frequently available in control laboratories. Nested PCR is commonly used both in optimiza-
tion steps and in routine analyses; it is based on a second PCR reaction in which a PCR product is
reamplified using primers specifically designed for an inner region of the original target sequence.
Since nested PCR consists of two PCR reactions in tandem, increased sensitivity is obtained. At
the same time, however, it increases the risk of false positives by carryover or cross-contamination.
Southern blot assays are another reliable confirmation method; after gel electrophoresis, DNA
samples are fixed onto nitrocellulose or nylon membranes and hybridized to a specific DNA probe.
Southern blot is time-consuming and quite labor-intensive, and its implementation in routine
analysis is limited.

5.2.1.1 DNA Extraction Methods

Isolation of nucleic acids is one of the most crucial steps in genetic studies. The presence of a
great variety of extraction and purification methods arises from the numerous parameters that
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analysts have to take into account (source organism, specific matrix to be analyzed, downstream
application, etc.). Regardless of the specific extraction method, the overall aim of this part of the
detection process is to obtain an adequate yield of recovered DNA of high quality and purity to
be used in the subsequent steps of the PCR analysis. DNA quality essentially refers to the degree
of degradation of the nucleic acids recovered; the presence of DNA fragments long enough to
be amplifiable is a key factor to be taken into account when designing and performing a PCR
test. DNA purity mainly refers to the possible presence of PCR inhibitors in the extracted solu-
tion; the presence of proteins, bivalent cations, polyphenols, polysaccharides, and other secondary
metabolites can interfere with the enzyme activity and dramatically reduce the efficiency of PCR
amplification.

The extraction of nucleic acids from biological material essentially requires the following basic
steps: cell lysis/sample homogenization, inactivation of nucleases, separation of the nucleic acid
from other matrix components, and recovery of the purified nucleic acids.!?

Because food matrices in general and meat samples in particular can vary greatly in their
physical and chemical properties, it is difficult to devise an all-purpose extraction procedure suit-
able for the different matrices and meeting all the necessary criteria. For this reason, customized
DNA extraction methods need to be developed or adapted from more general methods, to respond
to the particular problem of the specific matrix to be analyzed and to optimize the extraction effi-
ciency. Common extraction and purification methods for the recovery of nucleic acids reported in
the literature are fundamentally based in one of the following:

B Combination of phenol and chloroform for proteins removal followed by selective precipita-
tion of nucleic acids with isopropanol or ethanol

B Use of the ionic detergent cetyltrimethylammonium bromide (CTAB) to lysate cells and
selectively insolubilize nucleic acids in a low-salt environment, followed by solubilization
and precipitation with isopropanol or ethanol

B Use of detergents and chaotropic agents followed by DNA binding on silica supports (e.g.,
spin column or magnetic silica particles) and elution in a low-salt buffer

Several commercial methods are currently available that employ combination of the strategies
mentioned eatlier to perform fast and reliable extractions for specific food and feed matrices.

An overview of customized DNA extraction procedures available in the literature, clustered
according to the different meat and poultry samples to be analyzed and the different processing
they underwent, is reported in Table 5.1, together with the corresponding bibliographic references.

5.2.1.2 PCR-Based Assay Formats
5.2.1.21 Qualitative PCR-Based Methods

Conventional end-point PCR has been extensively used as a qualitative method to detect the
presence of transgenic plants as raw materials and in processed foods. PCR products are usually
separated and visualized using agarose gel electrophoresis in combination with DNA staining.

The main advantages of this technique are the cost effectiveness and the simplicity. Conven-
tional PCR is carried out using instrumentation commonly available in control laboratories. The
amplification and the detection steps, occurring separately, extend the analysis time, increase the
risk of contamination, and reduce the automation possibilities. Despite these potential limitations,
several authors have developed methods for the sensitive detection of GM crops.
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Table 5.1 Customized DNA Extraction Procedures for Different Meat Samples

Deoxyribonucleic Acid
Samples Type Processing Extraction/Purification Reference
Beef muscle Unprocessed CTAB extraction method 13

followed by CTAB
precipitation or
chloroform extraction

Chicken muscle

Pork muscle

Broiler muscle Unprocessed In-house method based on 14
ammonium acetate
extraction followed by
isopropanol precipitation

Pork muscle Unprocessed In-house method based on 15
phenol/chloroform/
isoamyl alcohol and
ammonium acetate
extraction followed by
isopropanol precipitation

Beef meat Mincing CTAB extraction method 16
followed by purification

Chicken meat Freezing through a silicon spin
Lamb meat Corned column (Qiagen)
Pork meat Steak Pie

Turkey meat

Beef meat Curing CTAB extraction method 17
followed by QIAquick PCR

Chicken meat Cooking Purification Kit (Qiagen)
Pork meat Smoking
Sheep meat Heating
Turkey meat Sterilization
Beef meat Canning under CTAB extraction method 18
; different conditions followed by QIAquick PCR
Chicken meat (home, industrial, Purification Kit (Qiagen)
Duck meat tropical conditions,
ultra high heat)
Goat meat
Lamb meat
Pork meat

Turkey meat

(continued)
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Table 5.1 (continued) Customized DNA Extraction Procedures for Different Meat
Samples

Deoxyribonucleic Acid
Samples Type Processing Extraction/Purification Reference
Poultry meat Light boiling Wizard DNA extraction Kit 19
(Promega)
Heavy boiling
Light baking
Heavy baking
Canning
Autoclaving
Turkey-based meat Smoking Wizard DNA clean-up 20
products (sausages, ) system (Promega)
canned liver, Cooking
ready-to-eat Sterilization
hamburgers)
Frying
Roasting

Conventional PCR assays have been improved, performing simultaneous amplification of
several GMOs in the same reaction, and using more than one primer pair; this multiplex PCR
format often requires longer optimization procedures, but results in more rapid and inexpensive
assays. Several multiplex PCR methods have been developed that allow simultaneous screening of
different GM events in the same reaction tube.?!-24

5.2.1.2.2 Quantitative PCR-Based Methods

The threshold for compulsory labeling of products containing GMOs set in many countries
greatly accelerated the development of quantitative PCR-based GMO assays to comply with
legislative requirements. Usually, the efficiency of quantitative methods is described using at
least two fundamental parameters: the limit of detection (LOD) and the limit of quantification
(LOQ). One of the main drawbacks is that these values are usually determined using standard
reference material with high-quality DNA, and their value dramatically decreases when faced
with complex matrices or processed products. The availability of reference material containing
known amounts of GMOs is another problematic aspect in calibrating and standardizing quan-
titative assays, because certified reference materials (CRMs) are commercially available only for
a limited number of GMOs (e.g., JRC-IRMM in Europe®). To overcome problems related to
CRMs, alternative strategies have been proposed, such as the use of plasmid constructs carry-
ing the sequence to be quantified, which seems to represent a promising alternative strategy.2%-%”

5.21.2.21 Quantitative Competitive PCR In quantitative competitive polymerase chain
reaction (QC-PCR), the target amplification is coupled with coamplification of quantified internal
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controls that compete with target DNA for the same primers. The assay is carried out by amplifying
samples with varying amounts of a previously calibrated competitor, finding the point that gives the
same quantity of amplification products: the equivalence point. The end-point quantitation is then
usually performed on agarose gel electrophoresis. QC-PCR methods for Roundup Ready (RR) soy-
bean and Maximizer maize have been developed?® and tested in an interlaboratory trial at the EU
level.? A screening method targeting the 35S promoter and the NOS terminator has also been
reported.’® Even if the QC-PCR method potentially allows GMO detection with low limits of
quantification, some drawbacks have limited the diffusion of this technique. The use of pipet-
ting on a large scale increases the risk of cross-contamination and makes automation procedures
difficult. Moreover, QC-PCR is time-consuming and often needs long optimization procedures.

5.2.1.2.2.2 Real-Time PCR Real-time PCR-based methods have become more and more
often recognized in the past few years as the method of choice for GMO quantitation. The
most distinctive feature of this technique is that the amplicon can be monitored and quantified
during each cycle of the PCR reaction: the increase in amplicon amount is indirectly measured
as fluorescence signal variation during amplification. Quantitation by real-time PCR relies on
the setting of two parameters: (i) the threshold fluorescence signal, defined as the value statisti-
cally significant above the noise; and (ii) the threshold cycle (C), which is the cycle number at
which the fluorescence value is above the set threshold. Quantitation can be calculated directly
comparing C, values of the GM-specific targeted gene with a reference gene. To obtain reliable
measures, it is essential to perform the reactions starting with the same concentration of DNA
template. Moreover, this quantitation method relies on the assumption that both amplicons
are amplified with the same efficiency. As an alternative to overcome this limitation, quanti-
tation can be done building a standard curve with a series of PCR reactions using different
known initial amounts of reference material. This method allows only C, values of the same
amplicons to be compared, reducing errors in measurements.

Several chemical strategies are currently available for real-time PCR analysis. Nonspecific
methods use DNA intercalating agents such as SYBR Green, and others.’ These assays have good
sensitivity, but often require postanalysis confirmation methods to distinguish the amplicons’ iden-
tity and avoid false positives. This purpose is achieved by some commercial instruments, which
allow analysis of the thermal denaturation curve to define the amplicons’ identity.*?

Specific methods, however, allow the simultaneous detection and confirmation of target
sequences using specific probes or primers labeled with fluorescent dyes. The most widely adopted
technology in real-time PCR analysis of GMOs is the TagMan approach: a DNA oligonucleotide
probe containing both a fluorophore and a quencher conjugated at each side of the molecule. During
the extension step, the probe is degraded by the 5°-3* exonuclease activity of the DNA polymerase,
and the quenching molecule is consequently physically separated from the fluorophore reporter,
allowing the reporter to emit a detectable fluorescence that increases at each amplification cycle.
A further improvement compared to TagMan assays has been achieved through the use of minor
groove binding (MGB) probes, in which a minor groove binder group increases the melting tem-
perature of the duplex, improving the probe’s selectivity and sensitivity. Alternatives, based on the
same principle of physical separation between fluorophore and quencher, have been developed in
scorpion primers and in molecular beacons. In these approaches a conformational change induced
by the specific annealing, instead of a degradation event, drives the mechanism of fluorescence
emission (a passage from a hairpin-shaped structure in solution to an unfolded conformation upon
target hybridization). Other alternative technologies such as fluorescence resonance energy transfer
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(FRET) probes and light up probes could be promising tools also for the detection of GMOs.?!
Comparison of the different chemistries currently available for GMO detection has been recently
reported.?>34

Compared to the other PCR-based methods, real-time PCR offers several advantages: (i) by
performing both reaction and detection in a closed tube format, the risk of cross-contamination is
greatly reduced; (ii) the high degree of automation makes real-time PCR less labor-intensive and
time-consuming; and (iii) due to the possibility of setting multiplex assays and simultaneously
performing several tests, the sample throughput result is increased compared with other PCR
quantitation methods.

Real-time PCR has been successfully employed for quantitative analysis of genetically modi-
fied maize, soybean, rapeseed, cotton, potato, rice, tomato, and sugar beet (see Table 5.2). Several
composite feed diets such as silage, commercial feed, and pellet mixed diet have been also investi-
gated for their possible GMO content using real-time PCR.?3¢

5.2.1.2.2.3 PCR Enzyme-Linked Immunosorbent Assay An alternative method to per-
form end-point quantitation is coupling a conventional PCR with an enzymatic assay. In PCR-
ELISA, a capture probe specific for the PCR amplicon is used to capture the amplicon in a well
plate. PCR products, labeled during amplification, are then quantified by a conventional ELISA
assay targeting the labeled amplicon. The main advantage of PCR-ELISA is that it offers a cheaper
alternative to real-time PCR assays and requires less expensive instruments. Some PCR-ELISA
applications have been developed for GMOs detection and quantitation.’”*® However, this tech-
nique does not seem to be widely adopted for accurate GMO quantitation.

5.2.1.3 Applications in Meat and Poultry Analysis

Because of the recent interest in the fate of transgenic DNA after consumption by human and
animals, several studies have attempted to detect DNA fragments, related to both endogenous
genes and transgenes, using PCR-based technologies, in livestock and in the processed meat and
poultry obtained.

The fate of chloroplast-specific gene fragments of different lengths (199 and 532 bp) and a
Bt176—specific fragment has been evaluated in cattle and chicken fed a diet containing conven-
tional or GM maize.” Only the short DNA amplicon from chloroplast was detected in blood
lymphocytes of cows, but no plant DNA was detectable in muscle, liver, spleen, or kidney. In
contrast, in all chicken tissues (muscle, liver, spleen, and kidney) the short maize chloroplast gene
fragment was amplified. However, a Cry 1A(b)—specific sequence was not detectable in any of the
analyzed sample.

An optimized DNA extraction protocol combined with PCR has been used to detect fed-
derived plant DNA in muscle meat from chickens, swine, and beef steers fed MON 810 maize."?
Short fragments (173 bp) amplified from the high copy number chloroplast-encoded maize rubisco
gene (rbcL) were detected in 5, 15, and 53% of the muscle samples from beef steers, broiler chick-
ens, and swine, respectively. Only one pork sample out of 118 tested positive for the screening
of P-35S; however, further analysis performed with a specific MON 810 PCR method generated
indeterminate results, suggesting that the number of target copies in the sample, where present,
were below the detection limit of the method.

PCR has also been used to investigate the fate of feed-ingested foreign DNA in pigs fed Bt
maize.”® Fragments of transgenic DNA were detected in the gastrointestinal tract of pigs up to
48 h after the last feeding with transgenic maize. Chloroplast DNA was detected in blood, liver,



Table 5.2 Validated PCR Methods for the Different Strategies of GMO Detection

TagMan Probe if Real-Time

Target Primer Sequences (5"-FAM 3"-TAMRA) Reference
Animal mtDNA 16S 5-GGTTTACGACCTCGATGTT-3’ 39
rRNA gene 5" CCGGTCTGAACTCAGATCAC-3’
Myostatin gene of 5-TTGTGCAAATCCTGAGACTCAT-3’ 5-CCCATGAAAGACGGTACAAGGTATACTG-3’ 17
mammals and
poultry species 5-ATACCAGTGCCTGGGTTCAT-3’
Cattle 5-ACTCCTACCCATCATGCAGAT-3’ 5-AACATCAGGATTTTTGCTGCATTTGC-3’ 18
5-TTTTTAAATATTTCAGCTAAGAAAAAAAG-3’
Chicken 5-TGTTACCTGGGAGAAGTGGTTACT-3’ 5. TGAAGAAAGAAACTGAAGATGACACT 18
5-TTTTCGATATTTTGAATAGCAGTTACAA-3’ GAAATTAAAG-3’
Lamb 5-ACCCGTCAAGCAGACTCTAACG-3’ 5-CAGGATTTTTGCCGCATTCGCTT-3’ 18
5-TAAATATTTCAGCTAAGGAAAAAAAAGAAG-3’
Pig 5-CCCCACCTCAAGTGCCT-3’ 5-CACAGCAAGCCCCTTAGCCC-3’ 18
5-CACAGACTTTATTTCTCCACTGC-3’
Turkey 5-TGTATTTCAGTAGCACTGCTTATGACTACT-3’ 5-TTATGGAGCATCGCTATCACCAGAAAA-3’ 18
5-TTTATTAATGCTGGAAGAATTTCCAA-3’
Chloroplast gene 5-CGAAATCGGTAGACGCTACG-3’ 40

for vegetal species

5-GGGGATAGAGGGACTTGAAC-3’

Canola

5-GGCCAGGGTTTCCGTGAT-3’

5-AGTCCTTATGTGCTCCACTTTCTGGTGCA-3’

5-CCGTCGTTGTAGAACCATTGG-3’

(5”-VIC)

41

(continued)
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Table 5.2 (continued) Validated PCR Methods for the Different Strategies of GMO Detection

TagMan Probe if Real-Time

3 | Coat protein gene
from potato
potyvirus'Y (PVY)

5’-CATCCGCACTGCCTCATACC-3’

P Target Primer Sequences (5’-FAM 3-TAMRA) Reference

2 | Cotton 5-AGTTTGTAGGTTTTGATGTTACATTGAG-3’ 5-AAACATAAAATAATGGGAACAACCAT 42
5-GCATCTTTGAACCGCCTACTG-3’ GACATGT-3'

2 | Maize 5-CTCCCAATCCTTTGACATCTGC-3’ 5-AGCAAAGTCAGAGCGCTGCAATGCA-3’ 43
5-TCGATTTCTCTCTTGGTGACAGG-3’

2 | Potato 5-GGACATGTGAAGAGACGGAGC-3’ 5’-CTACCACCATTACCTCGCACCTCCTCA-3’ 44
5’-CCTACCTCTACCCCTCCGC-3’

2 | Rice 5-TGGTGAGCGTTTTGCAGTCT-3’ 5 TGTTGTGCTGCCAATGTGGCCTG-3’ 45
5’-CTGATCCACTAGCAGGAGGTCC-3’

2 | Soybean 5-TCCACCCCCATCCACATTT-3’ 5-AACCGGTAGCGTTGCCAGCTTCG-3’ 46
5-GGCATAGAAGGTGAAGTTGAAGGA-3’

2 | Sugarbeet 5-GACCTCCATATTACTGAAAGGAAG-3’ 5’-CTACGAAGTTTAAAGTATGTGCCGCTC-3’ 47
5-GAGTAATTGCTCCATCCTGTTCA-3’

2 | Tomato 5-GGATCCTTAGAAGCATCTAGT-3’ 48
5-CGTTGGTGCATCCCTGCATGG-3’

3 | CaMV 35S promoter | 5-CCACGTCTTCAAAGCAAGTGG-3’ 49
5-TCCTCTCCAAATGAAATGAACTTCC-3’
5-GAATCAAGGCTATCACGTCC-3’ 50
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CP4 EPSPS 5-GCGTCGCCGATGAAGGTGCTGTC-3' 15
5'-CGGTCCTTCATGTTCGGCGGTCTC-3/
CrylA(b) 5'-CCGCACCCTGAGCAGCAC-3’ 46
5-GGTGGCACGTTGTTGTTCTGA-3'
Figwort mosaic virus | 5-GCCAAAAGCTACAGGAGATCAATG-3’ 51
(P-EMV) promoter -, - 1GCTCGATGTTGACAAGATTAC-
Hygromycin 5'-CGCCGATGGTTTCTACAA-3' 52
phosphotransferase |, - - - rcGGTTTCCACTATS
(hph) gene
Neomycin 5-GGATCTCCTGTCATCT-3' 53
phosphotransferase |7, - e xrccTGATCGACS
Il (nptll) gene
Nopaline synthase 5-GCATGACGTTATTTATGAGATGGG-3’ 49
(NOS) terminator "5, ACACCGCGCGCGATAATTTATCC3'
Canola 5'-CCATATTGACCATCATACTCATTGCT-3' 5 TTCCCGGACATGAAGATCATCCTCCTT-3' 54
G173 5'-GCTTATACGAAGGCAAGAAAAGGA-3’
Canola 5-GTTAGAAAAAGTAAACAATTAATATAGCCGG-3 | 5'-AATATAATCGACGGATCCCCGGGAATTC-3’ 55
Ms8 5-GGAGGGTGTTTTTGGTTATC-3’
Canola 5'-AGCATTTAGCATGTACCATCAGACA-3’ 5'-CGCACGCTTATCGACCATAAGCCCA-3’ 56
Rf3 3'-CATAAAGGAAGATGGAGACTTGAG-3’
Canola 5'-CAATGGACACATGAATTATGC-3’ 5 TAGAGGACCTAACAGAACTCGCCGT-3’ 41
T45 (HCN28) 5-GACTCTGTATGAACTGTTCGC-3'
(continued)
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Table 5.2 (continued) Validated PCR Methods for the Different Strategies of GMO Detection

TagMan Probe if Real-Time

P Target Primer Sequences (5-FAM 3’-TAMRA) Reference

4 | Cotton 5-GGAGTAAGACGATTCAGATCAAACAC-3’ 5’-ATCAGATTGTCGTTTCCCGCCTTCAGTTT-3’ 57
MON 1445 5’-ATCGACCTGCAGCCCAAGCT-3’

4 | Cotton 5’-CTCATTGCTGATCCATGTAGATTTC-3’ 5-TTGGGTTAATAAAGTCAGATTAGAGGG 42
281-24-236 5-GGACAATGCTGGGCTTTGTG-3’ AGACAAS

4 | Cotton 5-AAATATTAACAATGCATTGAGTATGATG-3’ 5-TACTCATTGCTGATCCATGTAGATTTCCCG-3’ 42
3006-210-23 5-ACTCTTTCTTTTTCTCCATATTGACC-3’

4 | Cotton 5-TCCCATTCGAGTTTCTCACGT-3’ 5-TTGTCCCTCCACTTCTTCTC-3’ 58
MON 531 5’-AACCAATGCCACCCCACTGA-3’

4 | Cotton 5-CAGATTTTTGTGGGATTGGAATTC-3’ 5’-CTTAACAGTACTCGGCCGTCGACCGC-3’ 59
LLCotton25 5-CAAGGAACTATTCAACTGAG-3’

4 | Maize 5-CACACAGGAGATTATTATAGGG-3’ 60
Bt10 5-GGGAATAAGGGCGACACGG-3’

4 | Maize 5-AAAAGACCACAACAAGCCGC-3’ 5’-CGACCATGGACAACAACCCAAACATCA-3’ 43
Bt11 5-CAATGCGTTCTCCACCAAGTACT-3’

4 | Maize 5’-CCTTCGCAAGACCCTTCCTCTATA-3’ 21
CBH-351 5-GTAGCTGTCGGTGTAGTCCTCGT-3’
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Maize

5-GGGATAAGCAAGTAAAAGCGCTC-3’

5-TTTAAACTGAAGGCGGGAAACGACAA-3’

61

DAS-59122-7 5-CCTTAATTCTCCGCTCATGATCAG-3’

Maize 5-TGTTCACCAGCAGCAACCAG-3’ 5-CCGACGTGACCGACTACCACATCGA-3’ 43
Event 176 5-ACTCCACTTTGTGCAGAACAGATCT-3’

Maize 5-GAAGCCTCGGCAACGTCA-3’ 5-AAGGATCCGGTGCATGGCCG-3’ 43
GA21 5-ATCCGGTTGGAAAGCGACTT-3’

Maize 5-GCGCACGCAATTCAACAG-3’ 5-AGGCGGGAAACGACAATCTGATCATG-3’ 62
MIR604 5-GGTCATAACGTGACTCCCTTAATTCT-3’

Maize 5-GATGCCTTCTCCCTAGTGTTGA-3’ 5-AGATACCAAGCGGCCATGGACAACAA-3’ 43
MON 810 5-GGATGCACTCGTTGATGTTTG-3’

Maize 5-GTAGGATCGGAAAGCTTGGTAC-3’ 5-TGAACACCCATCCGAACAAGTAGGGTCA-3’ 63
MON 863 5-TGTTACGGCCTAAATGCTGAACT-3’

Maize 5-ATGAATGACCTCGAGTAAGCTTGTTAA-3’ 5-TGGTACCA CGCGACACACTTCCACTC-3’ 64
NK603 5-AGAGATAACAGGATCCACTCAAACACT-3’

Maize 5-GCCAGTTAGGCCAGTTACCCA-3’ 5-TGCAGGCATGCCCGCTGAAATC-3’ 43
T25 5-TGAGCGAAACCCTATAAGAACCCT-3’

(continued)
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Table 5.2 (continued) Validated PCR Methods for the Different Strategies of GMO Detection

TagMan Probe if Real-Time

P Target Primer Sequences (5’-FAM 3-TAMRA) Reference

4 | Maize 5-TAGTCTTCGGCCAGAATGG-3’ 5-TAACTCAAGGCCCTCACTCCG-3’ 65
TC1507 5’-CTTTGCCAAGATCAAGCG-3’

4 | Potato 5-GTGTCAAAACACAATTTACAGCA-3’ 5-AGATTGTCGTTTCCCGCCTTCAGTT-3’ 44
EH92-527-1 5-TCCCTTAATTCTCCGCTCATGA-3’

4 | Rice 5-TCTAGGATCCGAAGCAGATCGT-3’ 5’-CCACCTCCCAACAATAAAAGCGCCTG-3’ 66
LLRICE601 5-GGAGGGCGCGGAGTGT-3’

4 | Rice 5-AGCTGGCGTAATAGCGAAGAGG-3’ 5’-CGCACCGATTATTTATACTTTTAGTCCACCT-3’ 45
LLRICE62 5-TGCTAACGGGTGCATCGTCTA-3’

4 | Soybean 5’-GCAAAAAAGCGGTTAGCTCCT-3’ 5’-CGGTCCTCCGATCGCCCTTCC-3’ 67
A2704-12 5’-ATTCAGGCTGCGCAACTGTT-3’

4 | Soybean 5’-CCGGAAAGGCCAGAGGAT-3’ 5’-CCGGCTGCTTGCACCGTGAAG-3’ 68
GTS 40-3-2 5’-GGATTTCAGCATCAGTGGCTACA-3’

4 | Sugarbeet 5" TGGGATCTGGGTGGCTCTAACT-3’ 5-AAGGCGGGAAACGACAATCT-3 47
H7-1 5’-AATGCTGCTAAATCCTGAG-3’

4 | Tomato 5’-GGATCCTTAGAAGCATCTAGT-3' 48
Nema 282F 5’-CATCGCAAGACCGGCAACAG-3’

Note: P, purpose of the analysis; 1, presence of animal amplifiable material/identification of animal species; 2, presence of vegetal amplifiable

material/identification of vegetal species; 3, identification of transgenic constructs; 4, identification of transgenic events.
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spleen, kidney, lymphatic glands, ovary, musculus longissimus dorsi, musculus trapezius, and gluteus
maximus. In contrast, the Bt maize Cry 1A(b) gene was never detected in tissue samples.

The persistence of plant-derived recombinant DNA in sheep and pigs fed genetically modified
(RR) canola has been assessed by PCR and Southern hybridization analysis of DNA extracted
from digesta, gastrointestinal tract tissues, and visceral organs.”! The study confirmed that feed-
ingested DNA fragments (endogenous and transgenic) do survive to the terminal gastrointestinal
tract, and that uptake into gut epithelial tissues does occur; furthermore, a very low frequency of
transmittance to visceral tissue was confirmed in pigs, but not in sheep.

A study was performed to assess whether processing and thermal treatments influence the
detection of genetically modified DNA in different kinds of processed meat products (sausages,
canned liver, ready-to-eat hamburgers) prepared with soybean meal spiked with a known amount
of RR soybean.?’ The products were tested for the presence of specific 35S promoter and NOS
terminator sequences, at different stages of processing, by PCR. The lowest contamination level
(0.5%) was successfully detected in all raw and processed meat products at the different degrees
of processing evaluated.

In a recent work, the detection of transgenic soybean was performed using a nested PCR
protocol applied to several meat additives (blends, spices, taste enhancers), soy protein—based
ingredients for meat products (soy protein and texturized soy protein), and processed meat sam-
ples (chicken mortadella, hot dog, cooked ham, hamburger, chicken-fried steaks) present on the
Brazilian market.”? The reported results indicated that RR soybean was detectable in 3 out of
18 of the meat additives, 12 out of 14 of the soy protein ingredients, and 3 out of 8 processed
meats tested.

5.2.2 Protein-Based Methods

Apart from transformation events bearing an antisense sequence, GM plants usually undergo
the insertion of transgenes coding for novel proteins. These proteins represent in most cases
suitable targets for GMO detection. A wide spectrum of immunoassay-based technologies has
been developed in the past decades, covering an enormous range of purposes and scientific
disciplines.

5.2.2.1 Antibody-Based Assay Formats
5.2.2.1.1 Enzyme-Linked Immunosorbent Assay

ELISA is the most commonly employed technique among immunoassay strategies. ELISA assays
allow the detection, and often the quantitation, of several classes of molecules such as proteins,
peptides, antibodies, hormones, and other small molecules able to elicit immune response (hap-
tens). A standard 96-well (or 384-well) polystyrene plate is the most common format used to
perform ELISAs. The first step of the assay usually involves the target protein (antigen) absorption
to a solid surface (direct ELISA) or the bounding of the antigen to a specific antibody, fixed at the
bottom of a plate well (sandwich ELISA). The antigen is then bound by an antibody coupled with
an enzyme (typically horseradish peroxidase [HRP] or alkaline phosphatase [AP]). After the for-
mation of the complex, a substrate that produces a detectable product is added. Several substrates
and instruments (luminometers, spectrophotometers, fluorometers) are available to meet the dif-
ferent technical needs.
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Variants of ELISA assay with improved sensitivity have been developed using signal
amplification strategies. The most common approach is based on the addiction of a second-
ary enzyme-labeled antibody that binds a primary antibody specifically linked to the antigen.
The binding of several secondary antibodies to a single primary immunoglobulin results in a
strong signal enhancement. Another strategy consists of forming a biotin/streptavidin—derived
complex linking more copy numbers of the enzyme to the same antibody.

Competitive ELISA formats have also been developed. These assays are particularly suitable
for molecules that have only one epitope or when only one specific antibody is available. Several
applications of this format are available. One of the most common uses an enzyme-conjugated
antigen as standard: unlabeled antigen (from sample) competes with known amounts of labeled
antigens for a limited number of specific binding sites of a capture antibody fixed on the well
plate.

The main advantages of ELISA assay are that it provides quantitative information using an
economical, high-throughput, and non-labor-intensive approach.

5.2.2.1.2 Lateral Flow Assays

Lateral flow assay technology commonly consists of a nitrocellulose strip containing specific anti-
bodies conjugated to a color reactant. One end of the strip is placed in a tube containing the
protein extract, which then starts to flow to the other end of the strip. When the target protein
is present, a complex with color reagent—conjugated antibodies is formed and passes through
two capture zones containing respectively a second antigen-specific antibody (test line) and an
antibody for the labeled immunoglobulin excess (control line). When both lines give a positive
signal, the test indicates a positive sample. When only the control line is positive, the test gives
a negative sample. Lateral flow strip tests are very inexpensive, take a short time to analyze, and
do not require a high degree of technical skills to be performed. All these reasons make this assay
particularly suitable for field tests.

Several drawbacks have so far limited the application of antibody-based assay formats in
GMO detection: (i) the presence of other substances in complex matrices (other proteins, phenolic
compounds, surfactants, fatty acids) can interfere with the assay; (ii) GM protein can be expressed
in a very low amount, and the amount of the target protein expressed could be highly variable in
different plant tissues or development stages; and (iii) matrices that undergo industrial processing,
e.g., heating, could change the conformational structure of active epitopes, resulting in nonre-
active proteins. This problem should be carefully evaluated for each sample when choosing the
appropriate assay format.

Although protein-based methods have not found wide application in GMO detection if com-
pared to PCR, several works report their use in this field, and innovative applications have also
been developed and tested.”7>74

5.2.2.2 Applications in Meat and Poultry Analysis

The potential presence in food products of novel proteins as a consequence of GMOs enter-
ing the food chain has become, in the last few years, a relevant issue at national and interna-
tional policy levels, also raising concern among citizens. On account of this, several attempts
to investigate the fate of transgenic proteins have been performed on livestock and derived
productions.
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The possible transfer of the Cry 9C protein to blood, liver, and muscle in broiler chicks fed
with StarLink corn has been investigated.”” The determination of Cry 9C protein in the analytical
materials was performed using a commercial GMO Bt9 maize test kit, and no positive samples
were detected in the examined tissues.

A study was conducted to determine the content of GM protein from RR soybeans in tissues
and eggs of laying hens.”® A commercial double antibody sandwich incorporated in a lateral flow
strip format, specific for the CP4 EPSPS protein, has been used. Whole egg, egg albumen, liver,
and feces were all negative for GM protein.

The attempt to detect the Cry 1A(b) protein in chicken breast muscle samples from animals
fed YieldGard Corn Borer Corn event MON 810 has been published.'* Analyses were performed
using an in-house developed competitive ELISA with an LOD of approximately 60 ng of protein
per gram of chicken muscle. Neither the Cry 1A(b) protein nor the immunoreactive peptide frag-
ments were detectable in the breast muscle samples.

Using a similar strategy, the same author also investigated the presence of CP4 EPSPS protein
in the muscle of pigs fed a diet containing RR soybean.’ A competitive immunoassay, with an
LOD of approximately 94 ng of CP4 EPSPS protein per gram of pork muscle, was developed by
the authors and used to test samples; neither the CP4 EPSPS protein nor immunoreactive peptide
fragments were detected in any samples.

In another work, three different assays to detect Cry 1A(b) protein in the gastrointestinal
contents of pigs fed genetically modified corn Btll were employed.”” Two commercial kits (a con-
ventional microplate-format ELISA and a test strip format immunochromatographic assay) and
immunoblotting were used to test pig samples. The Cry 1A(b) protein was detected in the contents
of stomach, duodenum, ileum, cecum, and rectum.

5.2.3 Alternative Techniques for GMO Detection

With the number of GMOs developed by biotech companies constantly increasing and expected
to have an even higher impact on worldwide cultivations and markets in the coming years,?
new technologies and instruments will be needed to face the challenges of high throughput and
affordable detection of an increasing number of transgenes. For both qualitative and quantitative
analysis, routine procedures such as PCR and immunodetection methods appear to be inadequate
when confronted with the future demand to screen very large numbers of different GMOs. Sev-
eral analytical approaches have been used to develop new detection systems able to implement
the currently available methodologies in terms of sensitivity, specificity, robustness, and sample
throughput.

Although most of the work on the development of new detection methods cited in the litera-
ture mainly focuses on analytical systems for the detection of GMOs in grains or plant products,
several approaches also seem to be suitable for performing analysis on more complex matrices,
such as meat products.

NIR spectroscopy, usually employed for the nondestructive analysis of grains for the pre-
diction of moisture, protein, oil, fiber, and starch, has been described as a tool to discriminate
between sample sets of RR soybean and nontransgenic soybeans.”® More recently, visible/NIR
(vis/NIR) spectroscopy combined with multivariate analysis was used to analyze tomato leaves and
successfully discriminate between genetically modified and conventional tomatoes.”” Although
NIR techniques combine rapidity, ease of use, and cost effectiveness, their ability to resolve small
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quantities of GM varieties is assumed to be low: in fact the technique discriminates according
to structural changes that are larger than those produced by single gene modifications. Further
advancement in the development of the technique still needs to be accomplished before it could be
evaluated for use in complex matrices.

Some authors have proposed chromatographic techniques for the detection of GMOs.
Conventional chromatographic methods combined with efficient detection systems such as mass
spectrometry could be applicable when significant changes occur in the composition of GM
plants or derived products. This approach has been used to investigate the triglyceride patterns
of oil derived from GM canola, showing that increased triacylglycerol content characterizes the
transgenic canola variety.3 Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) and nanoelectrospray ionization quadrupole time-of-flight (nano ESI-QTOF) were suc-
cessfully applied to the detection of the transgenic protein CP4 EPSPS in 0.9% GM soybean
after fractionation by gel filtration, anion-exchange chromatography, and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).®!

Again these methodologies, although very sensitive, appear at present only to be suitable for
differentiating between GM and conventional varieties, but they lack the specificity needed for
detection in composite food matrices.

A recent application has been described that uses anion exchange liquid chromatography cou-
pled with a fluorescent detector in combination with peptide nucleic acid (PNA) probes to detect
and univocally identify PCR amplicons of RR soybean or Bt176 maize both on CRM and in

commercial samples.®?

5.2.3.1 DNA Microarray Technology

With the number of genetic targets to be monitored constantly increasing, the detection of
GMOs in the near future appears to be moving toward the need for higher throughput analysis
that can simultaneously detect a high number of targets of interest and lower the cost of detect-
ing an increased variety of genetic targets. In this context, one of the more promising technolo-
gies available appears to be microarray systems. In their general form, microarray systems are
oligonucleotide probe—based platforms on which a high number of nucleic acid targets can be
simultaneously detected with high specificity. This would imply, in the case of GMO detection,
the potential for rapid and efficient screening of a large number of control, gene-specific, and
transgene-specific nucleic acid targets.

The main advantages of DNA microarray technology are miniaturization, high sensitivity,
and screening throughput. Its main limitation is at present the strict dependence on PCR or other
amplification techniques to amplify and label DNA or mRNA target sequences before performing
the microarray analysis of a sample. The presence of this PCR step, at present still not likely to be
overcome, imposes on this technology all the limitations discussed in the previous PCR section.
Moreover, the possibility of quantifying GMO content in the sample is lost, because amplification
and labeling are performed using end-point PCR, which is strictly qualitative. Different DNA
microarray approaches, at both the research and the commercial stage, have been described for the
detection of GMOs in food and feed systems, and their approach could be valuable also for the
specific analysis of meat products.

A recent paper describes the development of a method for screening GMOs using multiplex-
PCR coupled with oligonucleotide microarray.®> The authors developed an array of 20 oligo-
nucleotide probes for the detection of the majority of the genetic construct, covering 95% of
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commercially available transgenes (soybean, maize, cotton, and canola), with a detection limit of
0.5 and 1.0% for transgenic soybean and maize, respectively.

A multiplex DNA microarray chip was developed for simultaneous identification of nine
GMOs, five plant species, and three GMO screening elements.?* The targets were labeled with
biotin during amplification, and the arrays could be detected using a colorimetric analysis with a
detection limit below 0.3%.

A commercial microarray system for the qualitative detection of EU-approved GMOs has been
recently commercialized in Europe.® The system combines the identification of GMOs by charac-
terization of their genetic elements with a colorimetric detection based on silver.

A multiplex quantitative DNA array—based PCR (MQDA-PCR) method has been described
for the quantification of seven different transgenic maize types in food and feed samples.®® The
authors were able to correctly characterize the presence of transgenic maize in the range 0.1-2.0%
using a two-step PCR, which used opportunely labeled primers, and a DNA array spotted on a
nylon membrane.

Ligation detection reaction (LDR), in combination with multiplex PCR and a universal array,
has been described as a sensitive tool for GMO detection.?” The authors were able to detect trace
amounts of five transgenic events (maize and soybean) in heterogeneous samples both in reference
materials and in commercial samples.

A class of synthetic oligonucleotide analogs with increased hybridization sensitivity and speci-
ficity has been described in a recent paper,® in which the authors used PNAs as capture probes
for the detection of five GM maize and soybean products amplified by a multiplex PCR with a
LOD of 0.25%.

5.2.3.2 Biosensors

Although only at research stage, several biosensor-based methods have been developed and
tested for the detection of GMOs. Their main advantage is the fact that detection is based on
physical principles, resulting in the possibility of performing the analysis in a faster and more
economical way than conventional techniques. Their major drawback is that, as do the previ-
ously described techniques, they rely on PCR, because their sensitivity is not high enough for
standalone analysis. As research on biosensors has continuously improved over the past few years,
innovative techniques and detection systems are likely to be developed, which could in the near
future adequately fulfill the requirements of GMO detection.

A biosensor based on quartz crystal microbalance (QCM) has been described for the detec-
tion of sequences of the 35S promoter and NOS terminator.® PCR products obtained from
CRM and real samples were correctly identified in a label-free hybridization reaction showing
how this approach could be a sensitive and specific method for the detection of GMOs in food
samples.

An electrochemical biosensor based on disposable screen-printed gold electrodes has been
recently described for the detection of characteristic sequences of soybean and the 35S promoter.”®
The applied detection scheme, based on the enzymatic amplification of hybridization signals by a
streptavidin-AP conjugate, led to a highly sensitive detection of the target sequences without the
need for chemical or physical treatment of the electrode surfaces.

A biosensor based on surface plasmon resonance (SPR) has been reported to allow for the
discrimination between samples containing 0.5 and 2.0% Bt176 maize reference material.”!
The PCR products amplified by multiplex PCR were immobilized on the surface of the sensor,
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and oligonucleotide probes were flowed through the cell and hybridized to their specific target,
generating a quantifiable signal.
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6.1 Reasons for the Addition of Foreign Proteins
in Processed Meats

The addition of foreign proteins to processed meats is a very common practice. The main aims
of such addition are to assist in the management and production of these products, especially to
improve the water-binding capacity of meat, resulting in less water exudation upon sterilization,
and, in the case of comminuted meats, to assist in the emulsion of fat particles. Other reasons are
to obtain less-fatty meat products, to exploit low-quality meat pieces, and, in the case of soybean
proteins, to obtain health benefits.

6.1.1 Stabilization and Sensory Improvement of Processed Meats

Comminuted meat products are complex food systems in which water absorption, gelation, and
emulsion formation influence stability and sensory characteristics of the cooked product. During
comminution of fine sausage emulsions, a relatively large amount of small fat or oil droplets are
liberated from the fat cells. All this fat needs sufficient protein coating to prevent it from flowing
back together during heating. This task is performed by the soluble myofibrillar proteins present
in the meat, which also act to bind meat water. Nevertheless, frequently the meat protein content
in processed meats is insufficient to support an emulsion, and foreign proteins are usually added
to stabilize it. Different sources of foreign proteins have been added to meat emulsions and
numerous studies have reported the benefits of these additions.'~*

Foreign proteins are also added for the improvement of organoleptic characteristics such as
texture,”™ color,*!® flavor,'" and, in general, the quality of the final product.'”'> Fermented sau-
sages are another kind of processed meats (not heat treated) to which the addition of foreign
proteins is standard. The reason for such addition is to improve water-binding and textural prop-
erties that are damaged during vacuum packaging. For example, the addition of 2.5% of soybean
protein isolate (SPI) prevents drip loss without introducing any change in the flavor, aroma, or
juiciness characteristics of the product.!%

6.1.2 Reduction of Meat Fat Content

Processed meats normally contain higher fat content than whole-muscle products. Fat provides
flavor, texture, juiciness, and water entrapment. Therefore, lowering the fat content in emulsified
products has been reported to increase toughness and significantly alter the texture, flavor, and
color of the resulting low-fat product.!®"”

The replacement of fat by water is an alternative, but resulting products have been reported to
increase cooking and purge losses. Another challenge is the formulation of low-salt meat products,
since the use of low sodium chloride content affects the water-holding capacity and emulsifying
properties of meat. The addition of foreign proteins, especially soybean and milk proteins, to com-
minuted meats can balance these negative effects.!®%’ In fact, added proteins are capable of forming
gels upon heating entrapping liquid and moisture. This gelling action in a low-fat/high-added-water
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formulation has the potential to return some of the texture often lost when levels of water addition
are high.?

Another approach to the reduction of fat content is the direct addition of foreign proteins as
fat replacers (protein-based fat replacers or substitutes).!”?>=%

6.1.3 Exploitation of Low-Quality Meats

The meat industry is constantly looking for ways to enable the efficient utilization of meat from
spent or aged animals. Spent animal meat is tougher and less juicy due to high collagen content
and a high degree of crosslinkages. Quality attributes of spent animal meat can be improved by
the addition of foreign proteins, especially milk proteins.!*28-3!

Another approach to the exploitation of low-quality meat is the manufacture of restructured
meats. Restructuration of meat uses less-valuable meat pieces to produce palatable meat prod-
ucts at reduced cost. Binding of these meat pieces and texture of the final product are the main
characteristics that influence the acceprability of these products. Cohesion among meat pieces
in structured meat products is accomplished by the formation of a protein matrix after extrac-
tion of muscle proteins, which requires the addition of salts and tumbling. The process brings
salt-soluble meat proteins to the meat surface, forming a tacky exudate that coagulates upon
cooking to bond the meat pieces into a continuous body. Nevertheless, due to damage to muscle
texture produced during the tumbling and to the increasing concern of consumers over the sodium
content of food, nonmeat proteins have been in demand as binders in restructured meats.?>-3

6.1.4 Health Benefits

The consumption of soybean protein is related to health benefits. New food-based recommen-
dations issued by the American Heart Association with the objective of reducing risk for cardio-
vascular disease promoted the inclusion in the diet of specific foods with cardioprotective effects,
including soybean. The available evidence indicates that the daily consumption of 25 g of soybean
protein could decrease total and low-density lipoprotein (LDL)-cholesterol levels in hypercholes-
terolemic individuals.?*-4!

6.2 Kinds of Foreign Proteins Added to Processed Meats

The foreign proteins most frequently added to processed meats are soybean proteins, wheat glu-
ten, and milk proteins. Other proteins used to a lesser extent are corn gluten, blood plasma, pea
proteins, and egg proteins.?

Soybean proteins can be added to meat products as textured soybean (50% protein), soybean
protein concentrate (70% proteins), or SPI (90% proteins).> Water solubility of soybean proteins
significantly contributes to improve functional properties of soybean-containing products, includ-
ing water-holding capacity, foaming properties, appearance, and texture. Moreover, modification
of soybean proteins by ultracentrifugation, low-dose irradiation, or treatment with various chemi-
cals (e.g., proteolytic enzymes) contributes to the improvement of soybean protein functional-
ity.#44 An even greater improvement of soybean protein functionality can be achieved by the
heating of these proteins before their addition to meat. In fact, the high denaturation temperatures
of the major soybean proteins (75-90°C) prevent the protein from undergoing sufficient structural
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changes under common meat heating conditions (65-73°C), thereby limiting their interaction
with meat proteins and not contributing to meat gelling properties.*®

Other vegetable proteins have also been added to processed meats (especially sausages), but
their use is far less common than the industry applications of soybean proteins. For example,
the addition of wheat gluten is advantageous due to its functionality and low cost buc is limited
due to its poor solubility. Chemical (acid deamidation), enzymatical, or physical modification of
wheat gluten can result in a product with enhanced functional properties.“4” The case of corn
gluten meal is similar, since it is not suitable for use in the food industry due to its low functional-
ity, poor solubility, etc. Nevertheless, a simple hydrolysis of native corn gluten meal or increasing
the pH of the native corn gluten meal results in an improvement of functional properties.*®

Various milk products (nonfat dry milk, whey proteins, sodium caseinate, etc.) have been
added to meat products. Skim milk powder (35% protein), which is widely used as filler in
comminuted meat products, has good water-binding properties, but lactose may cause discolor-
ation of meat products because of Maillard reactions. Whey proteins act as binders and extenders,
gelling when they are heated. Sodium caseinate (90% protein) is completely soluble in water and
in solutions with pH lower than 9, emulsifying up to 188 mL of oil/g of protein.”” Nevertheless,
in comparison with SPI, the incorporation of sodium caseinate results in high moisture loss.”®

6.3 Methods Used for the Detection of Foreign
Proteins in Processed Meats

There is an extensive literature dealing with the detection of foreign proteins, especially soybean
proteins, in processed meat products. Methods can be divided in two groups—methods deter-
mining soybean proteins based on the presence of substances accompanying these proteins and
methods based on the determination of proteins themselves.

Chemical methods have been employed for the determination of certain compounds or tracers
that could reveal the presence of certain foreign proteins. The compounds analyzed were oligosac-
charides, amino acids, phytate or phytic acid, metals, etc. The main drawback of these methods
is their low specificity.’! Microscopic methods enable the visualization of characteristic structural
forms of the soybean such as palisade and hourglass cells present in the bean hull and calcium oxalate
crystals from the cotyledon cells. In the case of soybeans, histological methods based on the selective
stain of certain compounds present in the bean, normally carbohydrate-containing cells, have also
been employed. These methods proved useful when soybean flour and textured soybean were added,
but their application was limited when soybean protein concentrates or isolates were employed.’>~>*

Currently, the most common methods employed for the determination of foreign proteins in
meat products are based on electrophoresis, immunological reactions, and chromatography.

6.4 Electrophoretic Methods for the Detection
of Foreign Proteins in Processed Meats

The use of electrophoretic techniques for the determination of foreign proteins in meat products
requires the prior solubilization of these proteins. Protein solubilization is more difficult, with the
most severely heated samples necessitating the use of detergents or concentrated solutions of urea
containing mercaptoethanol to disrupt disulfide crosslinks. Regarding the support material, most
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electrophoretic methods use polyacrylamide gels (polyacrylamide gel electrophoresis [PAGE]),
although starch gels and cellulose acetate membranes have also been employed. Most PAGE
methods employ sodium dodecyl sulfate (SDS). SDS not only solubilizes the proteins but also
confers a negative charge in proportion to their mass. Since the mass-to-charge ratio is uniform for
most proteins, all proteins migrating to the cathode will cross the gel matrix and will separate as a
function of their molecular weights. Table 6.1 groups the electrophoretic methods developed for the
determination of foreign proteins in processed meats, most of them devoted to soybean proteins.

Olsman® and Thorson et al.>® reported the first methods using electrophoresis for the detection
of soybean proteins and caseins in heated meats. In both cases, urea was employed for the solubili-
zation of foreign proteins, although Olsman mixed it with mercaptoethanol. The main difference
between them was the supporting material and the electrophoretic mode employed, a starch gel in
slab in the case of Olsman and a polyacrylamide gel in tube in the case of Thorson and coworkers.
Olsman obtained significantly better detection limits than Thorson and coworkers, who, in addi-
tion, had difficulties in the detection of soybean proteins due to co-elution of meat bands with the
main soybean protein bands. Nevertheless, Olsman’s method was not adequate for routine analysis
due to the lengthy time required for a single analysis (24 h). Detection of soybean proteins by PAGE
was improved by Freimuth and Krause’” (in the slab mode) and by Fischer and Belitz’® (in tube).
While Freimuth and Krause extracted soybean proteins with a urea-lactate buffer and separated
them at pH 3.1, Fischer and Belitz employed a tris-glycine buffer and the separation was carried out
at basic pH. Fischer and Belitz’s method was valid for highly cooked sausages, yielding results
within 12 h.

Hofmann and Penny®®° developed another approach based on the use of SDS-PAGE in
slab and a tris-boric acid buffer for the extraction of proteins. The method enabled the detec-
tion of soybean proteins in meat products heated up to 100°C, whereas those heated to higher
temperatures (121°C) showed less clearly defined bands. Hofmann®"®? also applied the method
to the identification of foreign proteins other than soybean (egg white, egg yolk, milk, and wheat
proteins) in meat products. Every protein showed a characteristic pattern that enabled its identi-
fication, with the exceptions of egg yolk proteins and wheat proteins, which could not be identi-
fied because their protein pattern was very complex (in the case of egg yolk) or was not stained
properly (in the case of wheat proteins).®¢? Other authors tried to improve Hofmann and Penny’s
method. Mattey® and Smith®¢ used a 6% acrylamide gel and Bergen and Bosch®” employed 10%
instead of the 8% used by Hofmann and Penny. Moreover, Smith®® and Endean®® also cooled the
front of the gel to avoid band distortions. Parsons and Lawrie® also applied an electrophoretic
method similar to Hofmann and Penny’s. In this case, proteins were extracted with a buffered
solution containing 10 M urea and the acrylamide concentration was varied from 3 to 8%. The
method enabled the quantification of soybean proteins in meat products heated up to 100°C,
while at sterility temperatures (127°C for 24 min) only qualitative identification was possible,
with no interference observed from field beans or egg albumin.®® A further investigation on the
reliability of this method was performed by Tateo.®

Spell® and Frouin et al.®® focused their efforts on the improvement of sensitivity in the
determination of soybean and milk proteins by PAGE in sterilized meats. Frouin et al.®> proposed
a first fractionation of proteins to eliminate those high molecular-weight interfering proteins.
Detection limits obtained by this method were better than those yielded by the PAGE method
of Spell.* Lee et al.®® proposed the use of a preconcentration technique based on SDS-PAGE
to detect soybean proteins in cooked meat-soybean blends. This preconcentration step yielded
high-resolution separations and accurate determinations of soybean proteins in the presence of
milk proteins and egg white proteins.
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Table 6.1 Electrophoretic Methods for the Determination of Foreign Proteins in Processed Meats
Sample Foreign Proteins Technique Detection Limit References
Luncheon meat heated at 115°C and liver Soybean proteins and caseins Urea-starch gel 0.50% for soybean 55
paste heated at 105°C electrophoresis proteins and
0.25% for caseins
Heated meat products (110°C) Soybean proteins and caseins PAGE (in tube) 3% for caseins 56
Cooked sausages Soybean proteins PAGE — 57
Sausages (116°C) Soybean proteins PAGE (in tube) — 58
Heated meats (pork and beef) (100°C) and | Soybean, egg, milk, and wheat SDS-PAGE 5% for soybean 59-62
sausages proteins proteins
Heated meats (sausages, pies, and Soybean proteins, field bean SDS-PAGE — 63
beefburgers) (100°C) proteins, and egg albumin
Heated meats (sausages) (120°C) Soybean and milk proteins PAGE 2% for soybean 64
and milk proteins
Meat products (pate, ham, and sausages) Soybean and milk proteins SDS-PAGE (in 1% for soybean 65
sterilized at 117°C for 1 h 15 min tube) and milk proteins
Cooked model meats Soybean, milk, and egg white Stacking — 66
proteins SDS-PAGE
Beef burgers, sausages, pies, and canned Soybean proteins PAGE — 67,68
meat autoclaved at 110-115°C
Cooked meats (paté, corned beef, Soybean proteins, wheat gluten, Urea-PAGE (in 1% for soybean 69
bolognaise sauce, ravioli, and sausages) and milk proteins tube) proteins
Soybean proteins Isoelectric- — 70-72
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Heated pork and beef (74°C for 150 min) Soybean proteins and caseins PAGE (in tube) 1% for soybean 73
proteins and
caseins
Cooked sausages Soybean proteins and caseins PAGE (in tube) — 74
Pasteurized meats (sausages and ham; Soybean proteins SDS-PAGE 0.5% for soybean 75
70°C) proteins
Model products consisting of roe and deer | Soybean proteins, caseins, and egg | PAGE (in tube) — 76
meats heated up to 70°C white proteins
Model cooked beef and pork meats Soybean proteins SDS-PAGE — 77
Frankfurters Soybean proteins PoroPAGE — 78
Frankfurters Soybean proteins SDS-PAGE 3% for soybean 79
proteins
Model pork and beef meats autoclaved Soybean proteins, sunflower SDS-PAGE — 80
to 118°C for 20 min proteins, and field bean proteins
Model beef frankfurters Soybean proteins SDS-PAGE <1% for soybean 81
proteins
Cooked pork meat products (ham) Soybean proteins, whey proteins, SDS-PAGE 0.5% for soybean 82
and caseins proteins and
caseins and 1% for
whey proteins
Model meat samples cooked to 100°C for Soybean proteins, wheat gluten, SDS-PAGE — 83,84

15 min, hamburgers, and sausages

milk proteins, and egg proteins
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A comparative study of two different methods (extraction of proteins with a solution
containing 8 M urea and 1% 2-mercaptoethanol at 18-20°C for 16 h (method 1, based on
Olsman’s® approach) and extraction of proteins with 10 M urea and 4% 2-mercaptoethanol at
100°C for 30 min (method 2, based on Parsons and Lawrie’s®® approach)) for the extraction of
soybean proteins in meat products) was published by Guy et al.*” Figure 6.1 shows the densito-
grams obtained for different soybean protein sources and for meatloaf with and without 5% SPI
using both methods. The three soybean protein sources showed characteristic peaks that could be
observed in the pattern corresponding to the meatloaf containing soybean proteins (peaks 1, 2,
and 3 by method 1 and peaks 4 and 5 by method 2). From these results, the authors concluded
that method 1 provided a better separation of soybean proteins in cooked meats than method 2.
Moreover, this method was reproducible and free from interference from other nonmeat proteins
(milk proteins, egg proteins, and wheat gluten).%

Soybean protein sources Meat loaf with and without soybean proteins
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Figure 6.1 Densitograms corresponding to the SDS-PAGE separation of different soybean pro-
tein sources (textured soybean [—], SPI [- - -], and soybean flour [. . .]) and a meat loaf with (- - -)
and without (—) SPI by method 1 (based on Olsman’s>® approach) (a,b) and method 2 (based
on Parsons and Lawrie’s®” approach) (c,d). Labeled bands 1, 2, 3, 4, and 5 were from soybean
proteins. (From Guy, R.C.E. et al., J. Sci. Food. Agric., 24, 1551, 1973. With permission.)
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Homayounfar® took up again Freimuth and Krause’s” idea of developing the protein
separation in an acid environment instead of the neutral or slightly alkaline conditions normally
used. Four bands pertaining to soybean proteins were observed when the concentration of soybean
proteins in the meat was higher than 5%, two of them disappearing at lower proportions. This
method was used by Baylac et al. for the determination of various foreign proteins (soybean pro-
teins, caseins, whey proteins, egg white proteins, wheat gluten, and blood plasma) in model fresh,
pasteurized, or canned meat products.”

Isoelectric focusing in polyacrylamide gels enables higher resolution than conventional elec-
trophoresis and has been applied to the determination of soybean proteins in cooked meats.”?~72
Although patterns observed by isoelectric focusing were more complex than those obtained by
conventional electrophoresis, they could be simplified since meat bands disappeared when
applying limited heating. The technique proved adequate for raw meats but failed with severely
heated meat products since denaturation of soybean proteins made them insoluble in the extract-
ing solution (urea-mercaptoethanol). A similar conclusion was drawn by Villas-Gellei,”> who
observed that samples heated to 74°C for 150 min yielded weaker meat bands due to the high
sensitivity of meat proteins to thermal denaturation, while soybean protein and casein bands
remained unchanged or even stronger.

Other approaches have been developed to improve different aspects of the application of
electrophoresis to the determination of foreign proteins in processed meats. Richardson reduced
the whole analysis time from the 2-3 days usually required in the slab mode to a single working
day. Armstrong et al.”> proposed the use of an internal standard protein (hemocyanin) to compen-
sate for variations in the meat pattern and obtained accurate determination of soybean proteins in
meats. Ring et al.”® developed a unique separation method enabling the simultaneous differentia-
tion between closely related meat species and the identification of added nonmeat proteins (caseins,
egg white albumin, and soybean proteins) in cooked meat products. Molander’” compared standard
curves obtained by SDS-PAGE for the determination of soybean proteins in meat products sub-
jected to different degrees of heat treatment. Although the method was accurate for raw or slightly
heated meats, it failed with severely heated meats. In any case, the presence of other ingredients
(milk powder, potato flour, bread-crumbs, caseins, and whole blood) did not seem to affect the
determination of soybean proteins. Heinert and Baumann’® proposed the use of a porosity gradi-
ent in PAGE in the presence of SDS and urea to obtain two soybean protein bands separated from
those of meat proteins, which proved adequate for the detection of soybean proteins in sausages.
Feigl”® proposed an SDS-PAGE method using commercially available gel plates for its application
as a routine procedure for the determination of soybean proteins in meat products.

Lacourt et al.,*® Woychik et al.,%! and Lépez et al.3? applied essentially the Laemmli”!
SDS-PAGE procedure using a tris-glycine buffer for the detection of soybean proteins in heated
meats. This stacked buffer system provided a resolution above that obtained without stacking.
Lacourt et al.?* studied model beef and pork meats sterilized at 118°C for 20 min that con-
tained soybean, sunflower, or field bean proteins. Despite the high resolution power of the method,
they observed that, especially at low concentrations, differentiation among these three foreign
proteins was not feasible. Woychik et al.®! applied the Laemmli procedure to quantitate soybean
proteins in pasteurized frankfurters based on the a-conglycinin/actin peak height ratios. Lépez
et al.?? applied the method to the determination of soybean proteins in cooked ham, and was
able to quantitate down to 0.5% of soybean proteins and caseins and 1% of whey proteins.

Olivera Carrién and Valencia® developed a PAGE method in the slab mode enabling the
identification of soybean proteins in various model and commercial processed meats heated to
100°C. Quantification was performed from the area ratio corresponding to the bands appearing
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at 19,500 and 52,000 Da. No interferences from meat proteins or other extrinsic proteins (egg
proteins, wheat gluten, milk casein, and whey) were observed.34

6.5 Immunological Methods for the Detection
of Foreign Proteins in Processed Meats

Many immunological methods have been developed for the determination of foreign proteins in
processed meat, soybean proteins being those most extensively determined. The determination of
soybean proteins, and foreign proteins in general, in meats is limited by the low extraction efficiency
observed, a result of the mild extracting conditions used to avoid the loss of protein antigenicity.
In fact, the use of extracting solutions containing urea or SDS, despite being very efficient, could
destroy the immunogenic properties of proteins. In this respect, Hyslop” suggested the possibility
of using a 2% SDS solution for the extraction of soybean proteins with the posterior removal of
SDS to regain protein immunogenicity. Moreover, in the case of processed meats there is an addi-
tional limitation related to the structural changes occurring in foreign proteins due to the process-
ing. The subjection of soybean proteins to heat treatment improves their nutritional value by
denaturing various antinutritional factors. Nevertheless, the susceptibility of the major soybean
proteins to heat processing has been well documented.”> Moreover, in the case of soybean proteins,
their antigenic properties depend on the source of the added soybean protein (soybean flour, tex-
tured soybean, soybean protein concentrate, or SPI).>>

Table 6.2 groups the immunological methods that have been developed and applied to the anal-
ysis of foreign proteins in processed meat products. Immunological methods have been grouped
in five categories: serology, immunodiffusion, indirect hemagglutination, methods involving an
electrophoretic separation and an immunological reaction, and immunoassays.

6.5.1 Serology

Early immunological methods consisted of serological reactions applied to the determination
of soybean proteins. Serological methods are based on the specific interaction between an anti-
gen and an antibody. Major limitations were observed in their application to meats heated to
extremes.'*? In 1939, Glynn published a serological method enabling the detection of soybean
flour in sausages.”* Other research refined this method (by the optimization of the time and
temperature of incubation of the serum with the soybean proteins) for application in quantitative
analysis.”>¢ Degenkolb and Hingerle””?® developed a screening method for the detection of for-
eign proteins in meats. Samples yielding a positive precipitation reaction were later subjected to a
volumetric assay. This assay proved useful with products heated up to 110-115°C, using antibod-
ies different from those employed with products heated up to 70°C. Kriiger and Grossklaus,”
using this method for the determination of soybean proteins in canned meats heated at 100°C,
obtained a detection limit of 0.2%. Moreover, quantitative determination of added soybean pro-
teins was possible in scalded meat products (heated to 75°C).

6.5.2 Immunodiffusion

In immunodiffusion, antigen—antibody reactions take place in an agar or agarose gel medium.
Single immunodiffusion involves the antigen diffusing into a gel containing the corresponding



Table 6.2 Immunological Methods for the Determination of Foreign Proteins in Processed Meats
Sample Foreign Proteins Detection Limit References
Serology
Sausages Soybean proteins — 94-96
Sausages and canned meats heated to 120°C Soybean proteins 0.2% 97-99
Immunodiffusion
Canned meat Soybean proteins — 100
Model sausages Soybean proteins — 101
Sausages Soybean proteins, hydrolyzed milk proteins, 0.3 mg/mL for soybean proteins 102,103
and ovalbumin and 0.5 mg/mL for hydrolyzed
milk proteins and ovalbumin
Heated meats Soybean proteins — 104
Heated and unheated model meats (60 min at | Soybean proteins 1% 105
121°C) and commercial beefburgers, meat
balls, sausages, and canned stewed steak
Canned meat heated to 120°C for 50 min Soybean proteins — 106
Indirect Hemagglutination
Sausages Soybean proteins, milk proteins, and — 107,108
ovalbumin
Model frankfurters (75-120°C) Soybean proteins — 109
Sausages Soybean proteins, hydrolyzed milk proteins, 1.0 mg/mL for soybean and 102
and ovalbumin hydrolyzed milk proteins and 5.0
mg/mL for ovalbumin
Heated meats (121°C) Soybean proteins — 110
(continued)
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Table 6.2 (continued)

Immunological Methods for the Determination of Foreign Proteins in Processed Meats

Sample Foreign Proteins Detection Limit References
Electrophoresis + Immunological Methods
Heated meats Milk proteins — 111
Luncheon meat Soybean proteins and caseins — 112
Model heated meats (65-125°C) Soybean proteins — 113
Model frankfurters (75-120°C) Soybean proteins 109
Model cooked sausages (78 and 114°C) and Caseins — 114,115
commercial meat products (sausages,
luncheon meat, meatballs, ham, and roast
turkey)
Model sausages Soybean and mustard proteins — 116
Model cooked meats (71°C) Soybean proteins — 117
Model cooked meats (60-125°C) Soybean proteins 2.5% 118
Model heated sausages (121°C for 45 min) Soybean proteins 0.1% 119
Model heated meats (100°C) Soybean proteins 0.02% 120
Model heated meats (100°C) Soybean proteins, caseins, whey proteins, 0.1% for each protein 121,122
ovalbumin, and wheat gluten (modified and
nonmodified)
Model heated meats (60-100°C) Soybean proteins 0.5% 123
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Sausages Egg proteins — 124

Sausages Milk proteins — 125

Immunoassays

Model heated meats Soybean proteins — 126,127

Pasteurized hamburger and canned luncheon | Soybean proteins 0.1% 128
meats sterilized at 120°C for 30 min

Meat balls, beef croquettes, fried chicken, Soybean proteins — 129
and hamburger

Commercial hamburger Soybean proteins 2 ppm (0.0002%) 130

Commercial hamburger Soybean proteins — 131

Autoclaved model meats (121°C for 20 min), Soybean proteins — 132,133
sausages, ham, paté, and hamburger

Model and commercial sausages Soybean proteins — 134

Model pork sausages (80°C for 20 min) Soybean proteins — 135

Fermented sausage (chorizo) Soybean proteins 1% 136

Model heated meats Wheat gluten — 137,138

Model heated meats (100°C for 5 min) and Wheat gluten 0.2% 139,140
commercial sausages

Sausages Soybean proteins, pea proteins, and wheat 0.05-0.1% for soybean and pea 141

gluten

proteins and 0.025-0.5% for
wheat gluten
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antibodies. Peter'® found this technique to be adequate for the screening of soybean proteins
in meats. In this respect, Hauser et al.'’! prepared ready-to-use agar layers for the routine
application of this technique to the determination of soybean proteins in meats. They con-
cluded that the successful application of this technique required knowing the soybean protein
source added.

Double immunodiffusion, or Ouchterlony immunodiffusion, involves both antigen and
antiserum to diffuse from different wells in an agarose or agar gel. This technique has been applied
for the screening of various foreign proteins (soybean proteins, hydrolyzed milk proteins, and
ovalbumin) in sausages. After 2 h incubation the method enabled the detection of up to 0.3 mg/
mL of soybean proteins and 0.5 mg/mL of hydrolyzed milk proteins and ovalbumin.!”? Appelqvist
et al.!% also applied this method to the determination of soybean and milk proteins in meat
products. Giinther and Baudner'® found that the use of cellulose acetate membranes was also
suitable for the qualitative detection of soybean proteins in processed meats, though agar gels were
more adequate for quantitation.

Several approaches have been developed to improve the antisera performance. The use of a
commercial soybean protein antiserum proved useful with raw meats but did not solve the prob-
lem of decreasing sensitivity observed when meats are severely heated.’>!¥* Hammond et al.!®®
prepared an antiserum against both heated (121°C) and unheated SPI. Nevertheless, the lack of
specificity due to cross-reactivity with certain spices, onion, and hydrolyzed vegetable proteins,
combined with the inability of the method to respond to severely processed products, limited its
application. Another proposal was suggested by Baudner et al.,' who proved the suitability of an
antiserum against a soybean protein fragment stable at 120°C and conjugated with a carrier for
the detection of soybean proteins in meats.

The double immunodiffusion method proposed by Ouchterlony and the starch gel electro-
phoretic method proposed by Olsman® were evaluated in a collaborative study for the detection
of caseins and soybean proteins in meat products. In general, results were more successful by
immunodiffusion, since electrophoretic patterns were difficult to interpret. Nevertheless, and as
expected, soybean proteins could not be detected in meats heated to temperatures higher than
100°C. In the case of caseins, false positives were obtained due to the presence of undenatured

bovine blood proteins with similar immunogenic properties.!*4

6.5.3 Indirect Hemagglutination

Indirect hemagglutination uses erythrocytes coated with antigenic molecules. When these
aggregates are added to a solution containing the corresponding antibodies, the cells agglutinate
and, due to their large size, their detection is possible even in low concentrations. Kotter et al.!?”108
applied this technique to the determination of different foreign proteins in meats, concluding that
the high labor intensity and time requirements limited its application. Regarding feasibility and
reliability, conclusions published by various authors have been contradictory.””*%4> Kriiger and
Grossklaus'” obtained quantitative results for products heated at 75°C, but the technique failed
with more severely heated products, even when using antiserum against soybean proteins heated at
110°C. Kraack'*? used this technique for the confirmation of results obtained by a screening sero-
logical test. He observed detection limits much higher than that obtained by immunodiffusion.
Herrmann and Wagenstaller'® could quantify soybean proteins in meat products heated up to
115°C, and found it possible to detect soybean proteins in products heated up to 121°C.
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6.5.4 Immunological Methods Comprising
Electrophoretical Separations

In this section, all immunological methods consisting of a first electrophoretical separation have been
grouped. Among these methods are immunoelectrophoresis and Western blot (immunoblotting).

Immunoelectrophoretical methods combine electrophoresis and immunodiffusion. Proteins sepa-
rated by electrophoresis are transferred onto a membrane and detected by radio- or enzyme-labeled ani-
bodies.!*¢ The development of electroimmunodiffusion, also known as Laurell immunoelectrophoresis,
constituted a significant advance. Since the electrophoretic separation takes place on a gel contain-
ing a uniform concentration of the antiserum, no transference of proteins is required. The antigenic
proteins present in the sample form complexes with antibodies, which migrate as well, resulting in
rocket-shaped precipitation lines (rocket electrophoresis). The length of these lines is proportional
to the concentration of antigen in the sample. Laurell immunoelectrophoresis is rapid compared to
immunodiffiusion methods and can be applied for quantitative analysis.

Early applications of immunoelectrophoresis were devoted to the qualitative analysis of soy-
bean and milk proteins in meat products."!!''? Kamm!'"®> was the first to propose the immu-
nochemical quantitation of soybean proteins in cooked meats by immunoelectrophoresis. He
prepared an antiserum against crude soybean globulin that contained three antigenic species.
One of these species disappeared after heating at 65°C, others after heating at 100°C, and the
most stable one was removed at commercial sterility temperature (125°C for 25-30 min), meaning
the method was not adequate for severely cooked products. Kriiger and Grossklaus'®? studied the
effect of temperature on the immunoelectrophoretical signal. They applied the method to model
canned frankfurters heated to temperatures ranging from 75 to 120°C and containing from 0.1 to
0.4% of soybean proteins. The method yielded quantitative results for products subjected to scald-
ing temperatures (75°C), but inadequate when products were subjected to higher temperatures.
Sinell and Mentz"'4!"> used Laurell’s technique to quantitate milk proteins in sausages with
antibodies against a- and B-caseins. The quantitative determination of this part of milk proteins
enabled the measurement of the whole.

Various efforts have been made for the improvement of these results. Merkl''® avoided cross-
reactivity in the determination of soybean proteins in meat products containing mustard by pH

1116

adjustment of the agarose gel. Koh!"” prepared antibodies against renatured soybean proteins by
extracting soybean proteins under denaturing conditions with urea and mercaptoethanol and
removing them by dialyzing. The renatured proteins surprisingly kept their antigenic proper-
ties, making the method suitable for the identification and quantification of soybean proteins
in heated (71°C) beef mixtures. Poli et al.""® developed a rapid and sensitive method combin-
ing electrophoretic separation with an indirect immunofluorescence detection. The method
enabled the detection down to 2.5% of soybean proteins in meat products, even when they were
sterilized. A further reduction of detection limits (0.1% of soybean proteins) was obtained by
Heitmann,'” who also used immunofluorescence detection. Janssen et al.'? proposed the use of
a Western blot method for the sensitive determination of soybean proteins in processed meats.
In this case, proteins separated by SDS-PAGE are transferred to a nitrocellulose membrane
and immunostained with peroxidase. Under these conditions meat proteins did not stain and
soybean proteins were detected at a level of 0.02%. The method was also valid for the detec-
tion of other nonmeat proteins (ovalbumin, wheat gluten, caseins, and whey proteins) added at a
level down to 0.1% in meats heated up to 100°C."*! Moreover, the elimination of the separation
step enabled the rapid screening of samples by a dot blot procedure.!?” This rapid method using
immunoperoxidase staining was compared with an immunoglod-silver staining method. Though



170 ®m Safety Analysis of Foods of Animal Origin

the immunoglod-silver procedure proved to be more sensitive, it was much more expensive than
the immunoperoxidase method.'”” In any case, it was recommended that positive samples be
re-examined using the whole procedure, including the electrophoretic separation. Kérs'*® could
improve the proposed method by the substitution of SDS by a less denaturing detergent (CTAB,
N-cetyl-N,N, N-trimethylammonium bromide). He concluded that the intensity of the soybean
protein bands depended only on the heating temperature at low additions (0.5-1%), independent
of temperature at higher proportions.

Although the use of wheat gluten as meat extender has not been as extensive as the use of
soybean proteins, the modification of wheat gluten to obtain a more readily soluble product has
opened new possibilities for its application in the meat industry. Janssen et al.'** proved that their
proposed Western blot method!?! was capable of detecting this modified gluten and could also
discriminate between modified and nonmodified wheat gluten.

Brehmer et al. focused their efforts on the determination of foreign proteins present in cooked
meats other than soybean proteins and wheat gluten. They developed immunoelectrophoretical
methods sensitive to egg proteins'?* and milk proteins (based on the detection of the a-casein
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fraction)'® in cooked meats.

6.5.5 Immunoassays

A number of immunoassays have been developed for the detection of foreign proteins, especially
soybean proteins, in cooked meats. The most commonly used immunoassay, the enzyme-linked
immunosorbent assay (ELISA), has shown certain advantages compared to previous immuno-
logical techniques, such as their suitability for routine analysis and easy semi-automation. Unlike
the classical immunochemical methods, ELISA does not rely on the precipitation of the antigen—
antibody complex since the presence of the complex is monitored by colorimetric measurement of
an enzyme linked to it.

Based on the idea of Koh!V for the extraction of proteins, Hitchcock et al.'® developed an
ELISA method working with sterilized meat products for the detection of soybean proteins. The
sample extract, prepared in a hot concentrated solution of urea, was cooled, diluted for the rena-
turation of soybean proteins, and treated with a known excess of soybean protein antiserum. The
soybean protein in the sample (the antigen) interacted with the antibody while the unreacted anti-
body was trapped on an immunosorbent that contained an immobilized standard of soybean
protein antigen. The captured antibody was determined after adding a second antibody to which
an enzyme had been covalently attached (conjugate). The captured enzyme (alkaline phosphatase)
was determined by adding p-nitrophenyl phosphate as a chromogenic substrate. Finally, the opti-
cal density after incubation was measured at 405-410 nm. Olsman et al.'*” organized a collaborative
trial in which various meat products heated at 80°C, containing soybean proteins from different
sources, were analyzed using an SDS-PAGE method’® and the ELISA method of Hitchcock et
al.1? Both methods were suitable for qualitative purposes, with SDS-PAGE being more precise and
ELISA more accurate. In 1985 this method was adopted as the AOAC official first action.

Although this method was considered one of the best methods for high specificity and
sensitivity, reliable quantitative analysis could be obtained only if the source of soybean
proteins was known and when meats were not subjected to severe heating processing. Moreover,
the long time needed for completion of an analysis (several days were needed to prepare samples)
also limited its routine application. Several approaches have been developed to overcome these
limitations:
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1. Improvement of antibody performance: Menzel and Hagemeister'4®

against formaldehyde-treated soybean proteins reacted with both native and heated soy-
bean proteins (125°C). The author suggested the applicability of these antibodies for soy-
bean protein determination in processed meats, but no corroborative data demonstrated it.
Ravestein and Driedonks'?® prepared antibodies against soybean proteins denatured with
SDS instead of the urea used by Hitchcock. This modification made the method feasible
for heated meats, independent of the soybean variety and soybean protein source. Moreo-
ver, this method was demonstrated to have no interference from meat proteins and other
non-soybean vegetable proteins, making possible the quantitation and detection down to
0.5% and 0.1%, respectively, of soybean proteins. Monoclonal and polyclonal antibodies
against different fractions of soybean proteins, rather than against all soybean proteins, have
been proposed and used in ELISA systems for the detection of soybean proteins in proc-
essed meat products. Tsuji et al.'* prepared two monoclonal antibodies against the major
soybean allergen (Gly m Bd 30K) and used them in an ELISA method for the measure-
ment of this allergen in different meat products. Yeung and Collins'*® developed polyclonal
antibodies specific to soybean proteins with no demonstrated cross-reactivity with any nuts,
legumes, or other ingredients in hamburgers. Macedo-Silva et al."*' proposed the use of
the 7S fraction of soybean proteins to prepare a polyclonal antibody since it yielded higher
immunogenicity than the 118 fraction.

2. Reduction of analysis time: Grifhiths et al.'® modified the ELISA method of Hitchock, using
commercial immunoreagents (antisera and labeled antiglobulin) and commercial microtiter
plates. This method was subjected to a collaborative trial involving 23 U.K. laboratories.”
Rittenburg et al.!? developed a ready-to-use kit containing standardized reagents that enabled
the complete analysis of a meat sample in a working day. The performance of this kit was
evaluated in another collaborative trial, which concluded that using a single arbitrary soybean
standard as a reference enabled the reliable estimation of the level of soybean proteins in a
pasteurized meat product of entirely unknown composition. Moreover, suitable repeatability
and reproducibility (RSD values of 1 and 2%, respectively) and recoveries ranging from 80 to
100% were obtained.!* Another improvement was introduced by Medina,'** who reduced
the analysis time and complexity of the ELISA procedure by the use of a simple and rapid
sample preparation based on the direct extraction of soybean proteins in a carbonate buffer.
Results reported for the analysis of various model and commercial sausages demonstrated the
validity of the proposed method. On the other hand, Koppelman'! demonstrated that the
use of an extremely high pH (pH 12) for the extraction of soybean proteins yielded higher
recoveries than those observed in other (native) conditions (Tris buffer, pH 8.2) or commer-
cially available test conditions (urea and dithiothreitol); it was possible to detect down to 1
ppm of soybean proteins. Although this extraction procedure was suggested as a solid alterna-
tive to other preparation procedures used for the determination of soybean proteins by ELISA
in meats, no corroborative data in meats was shown.

3. Improvement of sensitivity and accuracy: The denaturation of soybean proteins by heating made
their determination by immunological methods limited in sensitivity and accuracy. Since
protein denaturation rarely affects its primary structure, Yasumoto et al.'* proposed the
detection of the presence of soybean proteins by the identification of characteristic peptides.
For that purpose, they prepared antibodies against a peptide fragment of the 11S soybean
globulin, the major soybean protein exhibiting the most heat-stable antigenicity. Quantita-
tive results obtained in model sausages demonstrated agreement between the added and the
determined soybean protein content.

reported that antibodies
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The application of the ELISA procedure has extended to the determination of soybean proteins
in meat products with processing other than heating. Gonzdlez-Cérdova et al.'*¢ developed an
ELISA method for use in the determination of soybean proteins in fermented sausages (chorizo).
The method proved specific and accurate, and the total time needed for the completion of an
analysis was just 4 hours.

Although most methods were focused on the analysis of soybean proteins, there are some
examples in which other nonmeat proteins have been analyzed in processed meats. Skerritt and
Hill'¥” developed an immunological method based on the detection of w-gliadins for the deter-
mination of wheat gluten. Since w-gliadins are heat-stable proteins, this test seemed suitable for
the detection of wheat gluten in heat-processed meats. The main limitation of this test was the
dependence of the response on the wheat gluten standard used. This method was subjected to a
collaborative study in 15 laboratories. In the case of processed meats, the method proved semi-
quantitative.'’ The use of antibodies allowing the recognition of total gliadins instead of only a
part of them yielded more accurate determinations they were more affected by heating.’®> Marcin
et al.?¥14% proposed a dot EIA (enzyme immunoassay) test that enabled the detection despite
down to 0.2% of wheat gluten in sausages.

Finally, Brehmer et al."! have applied the ELISA method to quantitate various foreign pro-
teins (soybean proteins, pea proteins, and wheat gluten) in sausages, observing very low detection
limits.

6.6 Chromatographic Methods for the Detection
of Foreign Proteins in Processed Meats

The analysis of amino acids, peptides, or whole proteins by chromatography has been an alter-
native to electrophoretic and immunological methods for the detection of foreign proteins in
processed meats. This section is devoted to a discussion of chromatographic methods, grouped in
Table 6.3, applied to the determination of foreign proteins in processed meats.

6.6.1 Analysis of Amino Acids

The chromatographic analysis of amino acids consists of three steps: hydrolysis of the sample,
chromatographic analysis of the hydrolyzed sample, and comparison of the amino acid pattern
with a collection of amino acid patterns from different proteins. This comparison is assisted by
a computer program based on a regression method, which can determine the types of proteins
present in a sample. The main advantage is that this strategy works equally well for mixcures of
native or denatured proteins since the amino acids are less prone to undergoing changes during
processing than are proteins. The principal difficulties observed are due to the fact that all proteins
contain all the major 17 amino acids, though in varying amounts. An additional problem in the
case of soybean and meat proteins is that soybean and muscle proteins present a similar amino
acid composition.’!

Lindqvist et al.'> published the first application of this mathematical approach to the determi-
nation of proteins in mixtures. They used a stepwise multiregression analysis adapted to perform
the comparison of the amino acid pattern corresponding to a composite sample with those of
simple substances arranged in a data bank. This program selected from the bank those proteins
whose amino acid patterns best matched that of the sample and calculated the proportion of
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Table 6.3 Chromatographic Methods for the Determination of Foreign Proteins in

Processed Meats

to spread)

meats (dry-fermented
(Spanish chorizo) and

Chromatographic | Detection
Sample Foreign Proteins Mode Limit References
Analysis of Amino Acids
Pasteurized meat Soybean proteins, lon exchange — 51
samples egg white proteins,
wheat proteins,
caseins, potato
proteins, and
sinew proteins
Model heated meats Soybean proteins, RP — 153
caseins, and whey
proteins
Model heated meats Soybean and wheat | RP — 154
proteins
Analysis of Peptides
Model heated meats Soybean proteins lon exchange 5-10% 155-157
(120°C for 3 h)
Model heated meats Soybean proteins lon exchange — 158
(100°C for 30 min)
Model heated meats Soybean proteins lon exchange 2% 72,159
(120°C for 3 h)
Analysis of Whole Proteins
Commercial loaf meats | Soybean proteins RP 0.19% 160
Model heated meats Soybean proteins, RP (perfusion) 0.07% for 161-163
(pork, turkey, caseins, and whey soybean
chicken, and beef), proteins proteins
sausages, and
meatloaf
Commercial cured Soybean proteins RP (perfusion) 0.04% 164

every protein in the mixture. They applied the method to two model mixtures containing soybean
and milk proteins but in no case used meat proteins.

Olsman®" applied, for the first time, a similar multiregression procedure to identify foreign
proteins (soybean proteins, egg white protein, wheat proteins, caseins, potato proteins, and sinew
proteins) in pasteurized meat products. Lindberg et al."®® applied partial least-squares regression
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analysis to determine various proteins in model heated meat products containing ground beef
mixed with some common meat extenders (collagen, soybean proteins, and milk proteins).
Samples were totally hydrolyzed, derivatized with dansyl chloride, and analyzed by reversed-
phase (RP-) high-performance liquid chromatography (HPLC). Separation was carried out with
a binary gradient acetonitrile-phosphate buffer water in 25 min. The method seemed to be very
lictle affected by heating, with observing accuracies of 94% for heated meats. Zhi-Ling et al.!>
employed a similar procedure to determine muscle, collagen, shrimp, wheat, and soybean proteins
in heated simulated mixtures. Chromatographic separation was performed in a column similar
to that used previously, with an analysis time of 12 min, using a binary gradient acetonitrile—
acetate buffer water. The accuracy in the determination of soybean proteins was not as good as
that observed for wheat gluten and collagen since soybean proteins presented a similar amino acid
profile to shrimp and muscle proteins.

6.6.2 Analysis of Peptides

Another approach to the determination of foreign proteins in meat samples has been the deter-
mination of characteristic peptides of the searched proteins. This proposal involves the partial
hydrolysis, normally by enzymatic digestion, of proteins and the separation of soluble peptides
by HPLC. Special care is needed in the case of heated samples in order to avoid aggregation of
individual proteins, which could be difficult to dissolve. The studies published using this idea
were focused on the analysis of soybean proteins and used ion-exchange chromatography for the
separation of characteristic peptides.

Bailey et al. applied this approach for the first time to the determination of soybean proteins in
heated meats.”>1>7 They isolated a characteristic peptide from soybean proteins (Ser-Gln-Gln-Ala-Arg
from 118 globulin) by ion-exchange chromatography of the extracts obtained by trypsin digestion.
The method was valid for heated samples but was not as sensitive as other methods. Moreover, the
analysis time was extremely long (180 min), and this characteristic peak was badly resolved from
meat. Llewellyn et al.’®® improved Bailey’s method by the introduction of a filtration step before
separation, the use of a larger column, and the reduction of flow rate by half.’®® Two charac-
teristic peptides from soybean were selected for the determination of soybean proteins. Despite
these efforts, the method continued to be inaccurate since these two soybean peptides proved to
overlap with some minor peaks from meat. A further development of the method using an even
longer column could improve the resolution of the target peaks and yield lower detection limits
for soybean proteins. Nevertheless, the method presented limitations for quantitative purposes
and it was not adequate for routine analysis since the total time required for a single analysis
was 5—6 days.”>!>

6.6.3 Analysis of Whole Proteins

The determination of whole soybean proteins in cooked meats has also been approached by
HPLC. Various methods enabling the determination of soybean proteins in raw meats have
appeared, the group of Marina et al. being the first to focus its efforts on the determination
of soybean proteins in heat-processed meats by the analysis of whole proteins by HPLC. They
developed conventional and perfusion HPLC methods in the RP mode, applying them to the
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Figure 6.2 Chromatograms obtained by perfusion HPLC from a heat-processed chicken meat
with and without SPI and an SPI. The arrow shows the selected soybean protein peak. (From
Castro, F. et al., Food Chem., 100, 468, 2007. With permission.)

determination of soybean proteins in commercial heated meats. Moreover, they could also
identify additions of caseins and whey proteins in the meats by perfusion HPLC. As exam-
ples, Figure 6.2 shows the chromatograms corresponding to a heat-processed chicken product
with and without soybean proteins and an SPI using the perfusion method; the separations
obtained by conventional HPLC for a commercial heat-processed meat (containing turkey and
pork) and an SPI are presented in Figure 6.3. As expected, perfusion chromatography enabled
a much shorter separation than conventional HPLC. Nevertheless, in both cases it was possible
to obtain a soybean protein peak totally isolated from meat bands, which was used for quantita-
tion. Both methods enabled detection limits significantly lower than those obtained with any
previous technique. Quantitative results obtained by both methods were very similar, with the
soybean protein content in commercial meats between 0.60 and 1.54%. Moreover, the results
obtained by perfusion HPLC were compared with those observed applying the official ELISA
method, with the conclusion that the proposed method could be a serious alternative to the offi-
cial ELISA method, enabling a significant reduction of analysis time, price, and the complexity
of the method itself.160-163

The same group has also extended its interest to the analysis of other processed meats, such
as cured meat products also containing soybean proteins. They have proposed a new perfusion
HPLC method that enabled the isolation of a soybean protein peak that proved adequate for the
detection and determination of soybean proteins. Figure 6.4 shows the separations obtained for an
SPI and for various cured meat products with and without soybean proteins.!*4
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Figure 6.3 Chromatograms obtained from a heat-processed meat product and an SPI by
conventional HPLC. (From Garcia, M.C. et al., Anal. Chim. Acta, 559, 215, 2006. With permission.)
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Figure 6.4 Separations corresponding to an SPI (), a cured meat product to spread spiked with
SPI (b), a cured meat product to spread without soybean proteins (c), and a cured meat product
(dry-fermented sausage) with soybean proteins (d) in its composition obtained by perfusion
HPLC. The arrow shows the selected soybean protein peak. (From Criado, M. et al., J. Sep. Sci.,
28, 987, 2005. With permission.)

6.7 Other Methods for the Detection of Foreign Proteins
in Processed Meats
Deoxyribonucleic acid (DNA) analysis has also been applied to the detection of foreign food

constituents. The stability of DNA made these methods appropriate for the analysis of heated
products where antibody based methods fail. Moreover, the unique specificity of the target in
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these methods ensures the discrimination and avoids cross-reactivity. The main disadvantage of
these methods is that they are qualitative or semiquantitative (by the incorporation of internal
standards). Superior quantification could be achieved by using real-time polymerase-chain reac-
tion (PCR) or a PCR-ELISA.!">1%¢ Meyer et al.!” designed a PCR protocol for the amplification
of 414 and 118 bp fragments of the Lectin gene Lel and compared its performance with the
commercial ELISA test (based on polyclonal antibodies against renatured soybean proteins) for
the detection of soybean proteins in both fresh and processed meats (hamburgers, frankfurters,
and heat processed mixtures of soybean and beef meat). The ELISA kit yielded higher recover-
ies and could quantify soybean proteins in meat products. However, sample preparation using a
denaturation—renaturation step was very time consuming. In contrast, the oligonucleotides used
in PCR were synthesized rapidly and could be stored for several years. They concluded that PCR
could be an interesting method to confirm ELISA results.

Boutten et al.! combined immunohistochemistry and video image analysis and applied the
method to the detection of soybean proteins in processed meats. They used the visual images
provided by histochemical techniques and the specificity of antibodies. Polyclonal antibodies
against both raw and heated SPI and soybean protein concentrate were employed. No interfer-
ence was observed when other proteins were added. Moreover, the labeled soybean surface was
proportional to the percentage of soybean proteins added, making this method adequate for the
estimation of soybean proteins.
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7.1 Introduction

Species substitution during food production results from economic fraud or negligence. It may not
only lead to unwanted disrespect of religious rules, but can also have harmful health effects. For
these reasons several methods have been developed for the identification of the species origin of
meat samples. In addition, the same methodology can be applied to the control of poaching and
illegal trade in animal products.

Earlier reviews described the state of the art in species identification in 2001 [1] and 2003 [2],
more general aspects of food forensics [3,4], or traceability at the level of the subspecies or breed
[5]. In this chapter we review the considerable progress during recent years. The almost complete
dominance of deoxyribonucleic acid (DNA)-based methods has not led to the abandonment of
other techniques. However, most reports describe wider applications or refinement of polymerase
chain reaction (PCR)-based species identification. There is now a growing emphasis on convenient
real-time PCR assays, which allow a quantitative interpretation of the results.

In addition to the published work, the Web site www.molspec.org offers a detailed description
of the detection of several food species.

7.2 Alternatives to Polymerase Chain Reaction

Immunochemical methods require no expensive equipment or elaborate protocols and are still in
use. Species-specific proteins, or epitopes, have been developed for most animals used for meat
production, including pig, cattle, sheep, and poultry, but threshold values have yet to be deter-
mined empirically [6]. Although heating decreases the sensitivity and specificity of the antisera,
adequate performance of a species-specific enzyme-linked immunosorbent assay (ELISA) with
commercial antisera [6] and of a pork-specific indirect ELISA [7] has been reported. However,
ELISA procedures are not yet adequate for a sensitive detection of ruminant material in feed [8].

Capillary electrophoresis has been described as a flexible tool for the analysis of species-specific
proteins in unheated meat product [9].

7.3 Deoxyribonucleic Acid Methods

7.3.1 Deoxyribonucleic Acid Extraction

For most applications, DNA is now purified by using one of several commercially available kits,
which are based on the adsorption of DNA to special resins. Apart from convenience and speed, the
major advantage of these procedures is the effective removal of various inhibitors of the PCR reac-
tion that often are present in food samples. However, the relative performance of the kits depends
on the food commodity [10,11], and for large-scale applications different kits should be compared.

Heating for prolonged periods destroys DNA, which especially hinders the DNA-based spe-
cies identification of extremely heated meat and bone meal. However, bovine DNA could be
amplified from meat subjected to the most common cooking procedures with the exception of
panfrying for 80 min [12].

A promising approach is the binding and subsequent sequence analysis of highly fragmented
DNA to beads, followed by emulsion PCR and high-throughput sequencing. This advanced tech-
nology has been used for the partial sequence analysis of Neanderthal DNA extracted from fossil
remains [13].
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7.3.2 Polymerase Chain Reaction
7.3.2.1 Design of Polymerase Chain Reaction

Any PCR reaction critically depends on the design of the primers. With only a few exceptions,
primers for animal species identification target variable regions in the mitochondrial DNA
(mtDNA). Mitochondrial DNA is more variable than nuclear DNA, but its high copy number
increases the sensitivity relative to the PCR of single-copy nuclear sequences. However, because of
its maternal origin, mtDNA may not be representative if samples originate from hybrids between
species [2].

Remarkably, eatlier species identification methods [1,2] were based on hybridization to
species-specific repetitive elements, which combine a high copy number with often absolute spec-
ificity for a species, suborder, order, or higher taxon. In general, a centromeric satellite DNA
sequence is confined to one species, whereas homologous satellites from related species can be
differentiated by a restriction fragment length polymorphism (RFLP) assay [1,2]. Further, the dis-
persed short interspersed nuclear elements (SINE) are specific for mammalian order or suborder,
which is useful, for instance, in detection of ruminant DNA [14,15]. However, repetitive elements
must be characterized for each species, which is not practical for exotic animals. Furthermore,
standardization of the PCR across species with several nonhomologous repetitive elements will be
more difficult than for mitochondrial DNA.

Several different strategies for the PCR-based species detection are being adopted.

1. One strategy relies on the design of universal primers in conserved regions that amplify a
DNA fragment from all species to be detected (Section 7.3.2.2). Subsequent analysis of the
PCR product then allows the determination of the species origin (Section 7.3.2.3).

2. In another strategy, PCR primers match the sequence of a single species. Species identifi-
cation follows from the presence or absence of an amplification product (Section 7.3.2.4).
If different components have to be detected, primers can be combined in a multiplex reaction,
often with one common forward primer and for each species a specific reverse primer
(Section 7.3.2.5).

3. Several methods are available for the generation of fingerprints by PCR. The resulting pat-
terns depend on the species and thus allow their detection (Section 7.3.2.6).

4. The latest development is real-time quantitative PCR, which often is able to differentiate low
levels of target DNA from insignificant background signals (Section 7.3.2.7).

7.3.2.2 Universal Primers

A seminal paper in 1989 [16] described a number of universal mtDNA primers. These or similar
primers often allow the sequencing or detection of various mtDNA segments from known or
unknown species [2,17]. However, with species not previously tested, the matching of the primers
and the amplification should be checked. Further, even for the most common meat species [16],
matching to the mtDNA target sequences is incomplete [2]. This may necessitate a low annealing
temperature, but then invites nonspecific amplification of, for example, nuclear mtDNA copies.
In addition, it is likely to cause uneven amplification of different targets with samples of mixed-
species composition.

For purposes of detecting all animal DNA in foodstuffs, primers specific for the 16S mtDNA
gene were designed that (with two ambiguities) matched completely to species from all mamma-
lian orders [18,19]. In the same gene, other primers were designed to generate a short amplicon
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from mammalian and avian species for real-time PCR [20]. Primers in the mtDNA ATP8 gene
were designed to be specific for nonhuman mammalian DNA [21] or ruminant DNA. However,
as can be checked by a Genbank search, these mammalian primers match completely only to
bovine DNA, whereas the ruminant primers match only four ruminant species. As a consequence,
it is not likely that DNA from all targeted species will be amplified with the same efficiency, if
at all. Similarly, other universal primers [22,23] match most completely to ruminant DNA and
indeed appeared to amplify only ruminants and horse [22].

Different primer pairs in the mtDNA 725 rRNA gene designed to match the cattle, sheep, and
pig sequences [24] also matched to several other mammals. Curiously, the 3" end of the reverse
primer [24] does not match any mammalian mtDNA sequence, including the Genbank sequences
used for the design of the primer. Other primers with cross-species specificity in the same gene
were used for PCR-RFLP of several ruminants [25,26] or for quantitation of mammalian DNA
[27]. However, the amplicon of 425 bp [27] is rather long for this purpose.

Trading sensitivity for broad specificity, universal primers may be derived from nuclear genes.
Primers specific for an intron in an actin gene were found to be suitable for species identification
by sequence analysis in a wide range of species [17]. Mammalian primers have also been based
on the myostatin [28] or growth hormone [29] genes. Truly universal eukaryotic primers have
been derived from the nuclear 185 rRNA gene to serve as positive control of species-specific PCR
reactions [30,31].

The nucleotide database now contains mitochondrial and genomic DNA sequences of most,
if not all, species that are used for meat production. However, more often than not, allegedly
universal primers have not been aligned with all relevant homologous sequences to check their
taxonomic range. Further, the implicit assumption that in a sample of mixed-species origin the
primers target the different components with the same efficiency has in most cases not been
validated.

7.3.2.3 Determination of Polymerase Chain Reaction Products

For samples with single-species origin, sequencing of the PCR product is the most straightforward
way of species identification. It is especially useful if it is not known beforehand which species is
to be expected, for instance with game species. For this, the mtDNA cytochrome &4 gene is the
most popular target [32-35], since this gene has been used frequently for phylogenetic studies. If
the sample is derived from an exotic species for which no sequence data are available, a basic local
alignment search tool (BLAST) search in the nucleotide database will turn up a number of related
species. Other genes suitable for species identification are the mtDNA 125 »RNA [36], 16S rRNA,
and VD4 genes [17], or the nuclear actin genes [17].

A simple way to determine the species origin of PCR products is digestion by a restriction enzyme
that cleaves at a species-specific (diagnostic) site. Although RFLP for restriction enzyme length poly-
morphism formally refers to a genetic polymorphism within a species, the term “PCR-RFLP” is now
commonly used to denote the procedure to detect the species-specific restriction sites. The method
requires only simple equipment and is most practical if few samples have to be tested. In general,
admixtures of 1% can be detected. Table 7.1 summarizes a number of PCR-RFLP assays, most of
which use the original universal primers [16]. Most of these reports confirm or add other species to
the report of Meyer et al. [37]. Maede [38] gives the most complete list of species and restriction pat-
terns and also describes a number of species-specific primers.

Apart from preferential amplification by the use of the original universal primers, another
caveat is that the diagnostic site can be polymorphic with the consequence that the assay does not
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Table 7.1 PCR-RFLP Systems for Species Identification
References Target Gene Primers Detected Species Remarks
39 mt cytB Universal [16] Cattle, sheep, goat, roe-,
red deer
40 mt cytB Universal [16] Cattle, fallow, roe-, red
deer, pig, chicken,
turkey, quail, Muscovy
duck
41,42 cytB Universal [16] | Pig
38 mt cytB Universal [16] | 24 mammalian and avian | Several enzymes
species
Horse-specific | Horse, donkey
Poultry- Chicken turkey, mallard
specific duck, Muscovy duck,
goose
Deer-specific Red-, roe-, fallow deer,
elk
38 Growth Cattle-specific | Cattle, water buffalo, Amplification of
hormone etc. other related
species not
Sheep/goat Sheep, goat, etc. excluded
specific
43 mt cytB, CO2 Bovine- Cattle, zebu, gayal, Several enzymes
specific banteng
Satellite IV
Satellite 1.711b
26 mt 725 rRNA Ruminants Cattle, sheep, goat, red-,
roe-, fallow deer
44 mt 725 rRNA Ruminants Chamois, ibex, mouflon
mt D-loop Sheep, Sheep, mouflon
mouflon
45 mt 725 rRNA Universal [16] Cattle, water buffalo,
sheep, goat
46 mt cytB Dog-, Dog, cat
cat-specific
47 mt cytB Universal [16] | Two ostrich species,

chicken, turkey

(continued)
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Table 7.1 (continued) PCR-RFLP Systems for Species Identification

References Target Gene Primers Detected Species Remarks

48 mt 725 rRNA Universal [16] | Chicken, mallard duck,
turkey, guinea fowl,
quail

49 mt 725 rRNA Universal [16] Peacock, chicken, Two enzymes
turkey

50 mt cytB Turtle-specific | Ten turtle species

51 mt 725 rRNA, Snail-specific | Two snail species

16S rRNA

Note: ATPase6, gene for ATPase subunit 6; ATPase8, gene for ATPase subunit 8; CO7, gene for
cytochrome oxidase subunit I; CO2, gene for cytochrome oxidase subunit II; cytB, cyto-
chrome b gene; mt, mitochondrial; ND5, gene for NADH dehydrogenase subunit 5; t-Glu,
tRNACN gene; t-Lys, tRNAYS gene; t-Phe, tRNAPPe gene; and t-Val, tRNAV? gene.

detect all individuals from a species [2]. This can be circumvented by testing for more than one
diagnostic site. Further, the taxonomic range of the diagnostic site should be checked in align-
ment with homologous sequences of closely related species. For instance, it is relevant to know if a
bovine pattern is the same in zebu, bison, and water buffalo and which of the several deer species
share a diagnostic site.

Alternatively, species can be detected by hybridization of PCR products to immobilized
species-specific probes. For analysis of feed, mtDNA cytochrome & fragments generated by
ruminant-specific primers were spotted on polyester cloth and hybridized to probes specific
for cattle, sheep, goat, elk, and deer [23]. Using newly developed cytochrome & primers, PCR
products were hybridized to microarrays containing probes for cattle, sheep, goat, pig, chicken,
and turkey [52]. The commercially available kit CarnoCheck (http://www.jainbiologicals.com/
PDF/carno_cryo.pdf) has been developed for use with the original universal cytochrome 4
primers [16]. Hybridization of amplicons to an array of probes targeted to the detection of
cattle, sheep, goat, pig, horse, donkey, chicken, and turkey allows the detection of admixtures
of 1% or less.

7.3.2.4 Species-Specific Amplification

Although most universal primers are a compromise of specificity and taxonomic range, primers
targeted at a single species potentially offer better selectivity, that is, a more sensitive and specific
detection in the presence of a complex and dominating background of other components in the
sample. Several of these methods have been developed for the detection of bovine or ruminant
material in feed to prevent a further spread of transmissible spongiform encephalopathy, but are
equally applicable for analysis of processed meat products.

Specific primers have been described in several publications (Table 7.2). Although the design
of these primers for any species-variable sequence on the basis of an alignment of homologous
sequences is straightforward, published data will lend credibility to test results in the event of
prosecution.
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Table 7.2 Species-Specific PCR Amplifications

References Target Gene Detected Species Detection Limit (w/w)
53 Lactoferrin Cattle 0.02% in foodstuff
54 mt COT Cattle 0.5% in water buffalo cheese
55 mt cytB Cattle 0.025%
56 mt ATPase8 [57] Cattle, sheep, pig 0.1% in animal feed, ring trial
58 mt ATPase8 [56] Cattle 0.006-0.03% in feed
59 mt 725 rRNA Cattle 0.1% in sheep or goat cheese
60 mt 725 rRNA Goat 1% goat milk in sheep milk
21 mt ATPase8 Ruminants, cattle, sheep, | 0.1-0.01% meat and bone meal
goat in vegetable meal
61 mt cytB Pig
mt APTase8 [57] Cattle 0.1%
62 mt 725 rRNA Ruminants, pig, poultry 0.125-0.5% in fish meal
63 mt 725 rRNA Cattle, sheep, goat 0.1% in feedstuff
64 mt t-Lys, ATPase8, | Cattle, sheep, pig, 0.01% meat and bone meal in
ATPase6 chicken grain concentrates
65 mt 7125 rRNA, 16S | Cattle, sheep, goat, deer, | 0.05% in vegetable meal
rRNA ruminant
66 mt D-loop Chamois, ibex, mouflon 0.1% in pork after sterilization
25 mt 725 rRNA Red-, roe-, fallow deer
67 mt cytB [68] Pig
69 mt D-loop Dog 0.05%
70 cytB Tiger
71 cytB Chicken, turkey
72 mt 725 rRNA Chicken, turkey, mule 0.1% in oats
duck, goose
73 mt 725 rRNA Four duck species 0.1-1% in goose meat
Muscovy duck 0.1-1% in goose meat
74 o-Actin Mule duck, goose 1% duck in goose foie gras
75 mt cytB Goose
76 mt cytB Ostrich, emu
77 mt cytB Chinese alligator
78,79 mt cytB Basking shark

Note: For abbreviations, see Table 7.1. Different primers were developed for each species or
taxon listed in the third column.
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7.3.2.5 Multiplex Polymerase Chain Reaction

Often, only a limited number of species is to be expected in a sample. This obviously applies to
dairy products, but also to meat products if possible adulterations likely originate from the avail-
able livestock species. Further, with game species, the number of species that can be present in a
sample is in practice limited by their geographical distribution.

To detect these species, species-specific primers can be combined in one multiplex reaction
(Table 7.3). However, increasing the number of primers also increases the chance of nonspecific
amplification. This can be reduced by combining one common forward primer with a specific
primer for each species to be detected [80]. Amplification products can be differentiated either by
gel electrophoresis (see the various references in Table 7.3) or by their melting temperature [81,82].

7.3.2.6 Fingerprinting

PCR amplification with random primers [17,94], or primers specific for an ancient mammalian
repetitive element [95], generate a fingerprint pattern that is specific for the species. Although
this would allow the detection of several different species with one protocol, these methods suf-
fer the disadvantages of problematic reproducibility and exchange of patterns between institutes.
Further, the methods are not very well suited for the detection of a species against a background
of other species. However, a qualitative PCR with species- or taxon-specific primers will not target
all DNA components in a mixture and will not always differentiate trace amounts or contami-
nation from a complete species substitution. In this case, a species-specific pattern would yield
additional evidence for the species origin of a sample.

7.3.2.7 Real-Time Polymerase Chain Reaction

Quantification of species composition is mainly relevant if low but significant levels of a spe-
cies must be differentiated from an insignificant signal, which, for instance, may originate from
nonspecific side reactions or from contaminations of the reagents. For instance, qualitative PCR
reactions described earlier would not be suitable for a sensitive yet specific detection of potentially
pathogenic ruminant material in animal feed or for traces of porcine material in food for Jew-
ish or Islamic consumers. For these applications, quantification has already been accomplished
by competitive PCR [96-98]. However, much more accurate and convenient is real-time PCR
that can be based on the binding of the fluorescent reporter SYBR Green to double-stranded
probe, on relieving the quenching of fluorescence by the 5 nuclease degradation of an internal
probe (the TagMan procedure), or on fluorescence resonance energy transfer (FRET) between two
internal probes (often performed in a Lightcycler apparatus). In fact, because of its closed-tube
format without post-PCR steps, real-time PCR is now becoming the method of choice for species
identification.

As for the qualitative PCR methods, most published real-time PCR protocols (Table 7.4)
exploit the high copy number of mtDNA or DNA repetitive elements [14,15,99,100]. Short ampli-
cons (150 bp or shorter) are most suitable [101,102]. Hird et al. [103] give a few hints for deriving
species-specific real-time PCR primers from alignments of homologous sequences. However, for
most assays of common livestock species, no information is available about results with closely
related species, either in the wild or kept locally as domesticates.

Detection limits (Table 7.4) are variable, but most assays appear adequate to detect significant
adulterations or potentially harmful trace amounts.
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Table 7.3 Multiplex PCR Amplifications for Species Identification

Reference

Target Gene

Detected Species

Detection Limit (w/w)

Two Primers per Species

62 mt 725 rRNA Ruminants, pig, 0.25%
poultry
83 mt cytB Cattle, water
buffalo
84 mt 76S rRNA Cattle 0.002-0.004% in maize
mt 725 rRNA—t-Val Pig
mt 725 rRNA Fish, poultry
81 mt t-Glu—cytB Cattle, horse 1% cattle, 5% horse by melting
temperature analysis
Cattle, wallaroo 5% cattle, 5% wallaroo by
melting temperature analysis
Pig, horse 5% pig, 1% horse by melting
temperature analysis
Pig, wallaroo 60% pig, 1% wallaroo by
melting temperature analysis
One Primer per Species and One Common Primer
80 mt cytB Cattle, sheep, goat, ca. 10%
pig, horse, chicken
85 mt 725 rRNA, 165 rRNA | Cattle, sheep 0.1% bovine milk in ovine
cheese
86 mt 725 rRNA, 165 rRNA | Cattle, goat 0.1% bovine milk in goat
cheese
87 mt 725 rRNA, 165 rRNA | Cattle, sheep, goat 0.5% in cheese
88 mt cytB Cattle, water 1% in cheese
buffalo
89 mt cytB [80] Pig, horse
90 mt 725 rRNA Cattle, sheep, goat, | 1% for monoplex reactions
pig
68 o-Actin Chicken, pork 0.1% in goose and mule duck
foie gras
91 55 rDNA Mule duck, goose

(continued)
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Table 7.3 (continued) Multiplex PCR Amplifications for Species Identification

Reference Target Gene Detected Species Detection Limit (w/w)
92 mt 72S rRNA Pig, chicken, turkey, | 1% in foie gras
mule duck, goose
93 Pig, goose
82 mt t-Phe—12S rRNA Six Tasmanian
carnivores

Note: For abbreviations, see Table 7.1. One or two primers were developed for each species or
taxon listed in the third column.

Table 7.4 Real-Time PCR Amplifications for Species Identification

References Target Gene Detected Species Detection Limit (w/w)
SYBR Green Detection
15 Bov-B SINE Ruminants 0.1% ruminant material in
processed chicken feed
samples
81 mt t-Glu—cytB Cattle, pig, horse, 0.04 pg pig, wallaroo DNA,
wallaroo 0.4 pg cattle, horse DNA
99 Satellite DNA Cattle 0.005%
PRE-1 SINE Pig 0.0005%
Bov-tA2 SINE Ruminants
Cr1 SINE Chicken 0.05%
100 SINE and LINE Birds, rodents, horse, dog, | 0.1-100 pg
elements cat, rat, hamster, guinea
pig, rabbit
104 mt cytB Tiger 0.5%
TagMan Detection
105 mt ATPase8 Cattle 0.0001% bovine material in
meat and bone meal
106 mt 725 rRNA Goat 0.6% goat milk in sheep milk
107 mt 725 rRNA Cattle 0.6% cow milk in sheep milk
14 Bov-A2 SINE Ruminants 10 fg bovine DNA
108 mt 765 rRNA Ruminants
29 Growth hormone Cattle

Mammals
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Real-Time PCR Amplifications for Species Identification

References Target Gene Detected Species Detection Limit (w/w)
101 mt t-Lys—ATPase8 | Cattle, pig 0.1% in compound feeds
109 mt cytB Cattle, sheep, chicken 35 pg bovine DNA
110 mt t-Lys, ATPase8, Cattle, sheep, pig, 0.01% in grain concentrates
ATPase6 chicken
111 mt cytB Cattle, sheep, pig, 0.5%
chicken, turkey
112 Prion protein Cattle + sheep + goat, 10 pg DNA after heating
pig, chicken
30 mt t-Glu—cytB Cattle, sheep, pig 1% pig, 5% cattle, lamb in
binary mixtures
mt ND5 Chicken, ostrich, turkey 1% chicken, turkey
18S rRNA Eukaryotes
28,113,114 Phosphodiesterase | Cattle, sheep, goat 0.1% in processed food
Ryanodin Pig
Interleukin-2 Chicken, turkey, duck
precursor
Myostatin Several mammals and
birds
27 mt 725 rRNA Pig, mammals 0.5% pig in beef
115 mt cytB Horse, donkey 1 pg donkey DNA, 25 pg
horse DNA
116 MCI1R Dog
117 mt cytB Mallard duck, Muscovy
duck
118 mt 725 rRNA Mule duck, mule duck + 1% duck in goose foie gras
goose
FRET (Lightcycler)
119 mt ATPase§ [21] Cattle 0.001% bovine gelatin in
gelatin
120 mt cytB Cattle 0.001% bovine material in
cattle feed

(continued)
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Table 7.4 (continued) Real-Time PCR Amplifications for Species Identification

References Target Gene Detected Species Detection Limit (w/w)
121 mt cytB Cattle, sheep 0.05% cattle MBM, 0.1%
sheep MBM in feed
Chloroplast rpof Plants (positive control)
20 mt 76S rRNA Mammals + birds
mt D-loop Cattle (scorpion reverse 0.1%
primer)

Note: For abbreviations, see Table 7.1. Separate assays were developed for each species,
combination of species, or taxon listed in the third column.

7.4 Conclusion

The technical progress of the methodology of species identification mirrors the fast and continuing
progress in DNA technology. As a consequence, several methods have been replaced before being
put in practice and validated by routine testing. Quite often, the same authors successively publish
various methods for the detection of the same species without an explicit evaluation of the relative
merits of the different approaches.

Quantitative real-time PCR is now accessible to most laboratories and is likely to dominate
the field during the coming years. Future progress is likely to come from bead-based technolo-
gies, which are now being established in single nucleotide polymorphism (SNP) typing, microbial
typing, and high-throughput sequencing.
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8.1 Introduction to Food Irradiation

Food irradiation is a process by which food is exposed to ionizing radiation in a controlled man-
ner, cither using gamma rays (produced mostly from cobalt 60) or by electron beams or x-rays
(generated electrically). These are high-energy sources, which act in the same way to bring about
changes to the foodstuff. When food is irradiated, energy is absorbed, and it is this absorbed
energy that leads to the ionization or excitation of the atoms and molecules of the food, which in
turn results in chemical changes. These changes may result from “direct” or “indirect” action. In
“direct” action, a sensitive target such as the deoxyribonucleic acid (DNA) of a living organism is
damaged directly by an ionizing particle or ray, whereas “indirect” action is caused mostly by the
products of water radiolysis, which disappear quickly by reacting with each other or with other
food components [1].

The use of ionizing radiation as a preservation method for foodstuffs is not new. In 1896
H. Minsch, Germany, published a proposal to use ionizing radiation for the preservation of food
by destroying spoilage microorganisms. Thus, there is a long history of research on the radiation
processing of foodstuffs, including extensive safety studies on irradiated food [2]. In 1980, the
Joint FAO/TAEA/WHO Expert Committee on the Wholesomeness of Irradiated Food (JECFI)
met in Geneva, and their landmark report published in 1981 concluded that the “irradiation of
any food commodity up to an overall average dose of 10 kGy presents no toxicological hazard.”
The Committee also concluded that irradiation up to 10 kGy “introduces no special nutritional or
microbiological problems” [3].

As a result of the JECFI report [3], in 1983 the Codex Alimentarius Commission (CAC)
adopted the Codex General Standard for Irradiated Foods and the Recommended Code of Prac-
tice for the Operation of Radiation Facilities Used for the Treatment of Foods. Irradiated food in
international trade should therefore conform to the provisions of the Codex General Standard and
recommended Code of Practice. In an effort to harmonize the law of the Member States on food
irradiation, the European Union (EU) adopted framework Directive 1999/2/EC and implement-
ing Directive 1999/3/EC [4]. The framework directive sets out the general and technical aspects
for carrying out food irradiation, labeling of irradiated foods, and the conditions for authorizing
the process, whereas the implementing directive established an initial “positive list” specifying
food categories that may be irradiated and freely traded in the EU. The list is still under discussion
and currently includes only dried aromatic herbs, spices, and vegetable seasonings. Until this list
is complete, EU Member States may continue to apply their own existing national authorizations
of irradiated foodstuffs not included in the initial “positive list.”

The two main drivers for treating foods with ionizing radiation are the enhancement of food
safety and of trade in agricultural products [5]. The process should not be used as a substitute
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for good manufacturing practices, but rather as a means of reducing risk. As food poisoning
bacteria are highly sensitive to ionizing radiation, food irradiation has a proven eflicacy for
destroying microorganisms of public health importance, for example, Escherichia coli O157:H7
and Salmonella spp., as well as controlling parasitic organisms, such as Trichinella spiralis.
According to Molins et al. [6], irradiation could be a critical control point in ensuring the
microbiological safety of raw foods such as poultry, meat, meat products, fish, seafood, fruits,
and vegetables.

Food irradiation can be used to extend the shelf life of perishable foods such as fruits, veg-
etables, meat, and meat products. As an example, spoilage bacteria such as Pseudomonas putida
found in poultry meat are highly sensitive to irradiation, thus treatment with doses of 2-3 kGy
can extend shelf life by as much as 2 weeks when combined with refrigeration.

Another beneficial use of the process is the prevention of food losses by inhibition of sprouting
in bulb and tuber crops. Irradiation of potatoes to prevent sprout inhibition is carried out in Japan
with approximately 16,000 t of irradiated potato per annum being distributed on the domestic
market [7].

Irradiation is a “cold process,” and thus is suitable for reducing the microbial load in herbs,
spices, and seasonings. It is an effective alternative to using chemical fumigants such as ethylene
oxide, which are now banned for use in Europe and the United States. One of the benefits of using
ionizing radiation is that it does not cause any adverse changes to the important quality character-
istics of herbs and spices such as color, aroma, or flavor.

Quarantine security is required to protect the ecology and agriculture of importing regions
from pests that may be present on imported goods, while facilitating trade between different
regions [5]. Research has demonstrated the suitability of ionizing radiation for the disinfection
of cereals, grains, and certain fruits, such as mango and papaya [8], thus the process could play a
significant role in fulfilling quarantine needs.

The use of ionizing radiation is, however, not suitable for all food products. Its use for the
treatment of foods with a high fat content may lead to off-odors and tastes, as ionizing radiation is
known to accelerate rancidity, and food with a high amount of protein can have changes in flavor
and odor. It is therefore important that the suitability of a foodstuff is rigorously assessed before
treatment and the irradiation conditions optimized to ensure a product of highest quality.

8.2 Can Irradiated Foodstuffs Be Identified in the Marketplace?

Irradiated food on sale in the marketplace should be clearly labeled so that consumers can choose
whether or not to buy it. Under EU regulations, and those of other countries, irradiated food must
be clearly labeled as “irradiated” or “treated with ionizing radiation.” Such labeling should allow
consumers to make informed choices about their food purchases. Thus, if a food is being marketed
as irradiated or if irradiated goods are being sold without the appropriate labeling, then detection
tests should be able to prove the authenticity of the product.

The reasons for the development of detection methods for irradiated foods can be summarized
as follows:

B To control any legislative prohibitions regarding irradiation of specific foods, for example,
reirradiation

B To control limitations imposed on the irradiation process

B To control the labeling of irradiated foodstuffs
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B To enhance consumer confidence in the correct application of the radiation process and its
proper control by the inspection authorities

B To protect the consumers’ freedom of choice between irradiated and nonirradiated food
products [9,10]

Before the 1980s, little progress was made in the development of detection methods for irradiated
foods. The lack of emphasis was partly due to the fact that detection methods were considered
unnecessary, because it was believed that food products would be irradiated in licensed facilities
and that appropriate documentation would accompany the irradiated food throughout the food
chain. However, because of the individual efforts of research teams in many countries and the
noteworthy international cooperation in this field, between the years 1985 and 1995 consider-
able progress was made in the development of reliable methods to identify irradiated foods. The
European Community (EC), through its Community Bureau of Reference (BCR), set up a col-
laborative program to develop methods to identify irradiated food while, on a worldwide basis, the
Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture set up a co-ordination
program on Analytical Detection Methods in Irradiation Treatment of food (ADMIT), which
promoted cooperation in this area.

Although it would have been ideal to have developed one method to detect all irradiated
foodstufls, this was not feasible, mainly due to differences in the nature of the foodstuffs being
irradiated and the diverse range of changes produced in foods by ionizing radiation. The develop-
ment of these methods also proved difficult due to the fact that the radiolytic changes that occur in
food upon irradiation are minimal and often similar to those produced by other food-processing
technologies, such as cooking. The methods that were developed are in fact based on particular
physical, chemical, biological, and microbiological changes induced in foods during the irradia-
tion process.

Under EU legislation it also states that Member States shall ensure that the analytical methods
used to detect irradiated foods are validated or standardized. In 1993, the European Commis-
sion (EC) gave a mandate to the European Committee for Standardization (CEN) to standardize
these methods. Consequently, CEN created within its Technical Committee 275 “Food Analysis—
Horizontal Methods” (CEN/TC 275) Working Group 8 “Irradiated Foodstuffs” (CEN/TC275/
WGS8), which had its first meeting in November 1993. As a result of the efforts of this Working
Group,10 European Standards are now available from national standardization institutes [11].
These European Standards have also been adopted by the CAC as General Methods and are
referred toin the Codex General Standard for Irradiated Foods in Section 6.4 on “Postirradiation
Verification.” Table 8.1 lists the 10 methods that are now available and used worldwide for the
detection of irradiated foodstuffs. The rest of this chapter will outline these methods and demon-
strate how they have been used to detect irradiated foodstuffs on sale in the marketplace and not
labeled correctly.

8.2.1 Gas Chromatographic Analysis of Hydrocarbons (EN1784)

European Standard EN1784 was developed for the identification of irradiated food containing
fat. As for all the standard methods, EN1784 was validated by a series of interlaboratory trials as a
reliable test for the detection of irradiated products such as chicken meat, pork, beef, camembert,
papaya, and mango [12]. It is based on the gas chromatography (GC) detection of radiation-
induced hydrocarbons.
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Table 8.1 European Standards for the Detection of Irradiated Foodstuffs [11]

EN1784:2003

Foodstuffs—detection of irradiated food containing fat—gas
chromatographic analysis of hydrocarbons

Validated with raw chicken, pork, liquid whole egg, salmon, Camembert

EN1785:2003

Foodstuffs—detection of irradiated food containing fat—gas
chromatographic/mass spectrometric analysis of 2-alkylcyclobutanones

Validated with raw meat, Camembert, fresh avocado, papaya, mango

EN1786:1996

Foodstuffs —detection of irradiated food containing bone—method by ESR
spectroscopy

Validated with beef bones, trout bones, chicken bones—expected that
method can be applied to all meat and fish species containing bone

EN1787:2000

Foodstuffs—detection of irradiated food containing cellulose, method by
ESR spectroscopy

Validated with pistachio nut shells, paprika powder, fresh strawberries

EN1788:2001

Foodstuffs—detection of irradiated food from which silicate minerals can be
isolated, method by thermoluminescence

Validated with herbs and spices as well as their mixtures, shellfish including
shrimps and prawns, both fresh and dehydrated fruits and vegetables,
potatoes

EN13708:2001

Foodstuffs—detection of irradiated food containing crystalline sugar by ESR
spectroscopy

Validated with dried figs, dried mangoes, dried papayas, raisins

EN13751:2002

Detection of irradiated food using photostimulated luminescence

Validated with shellfish, herbs, spices, seasonings

EN13783:2001

Detection of irradiated food using Direct Epifluorescent Filter Technique/
Aerobic Plate Count (DEFT/APC)—Screening method

Validated with herbs and spices

EN13784:2001

DNA comet assay for the detection of irradiated foodstuffs—Screening
method

Validated with chicken bone marrow, chicken muscle, pork muscle, almonds,
figs, lentils, linseed, rosé pepper, sesame seeds, soyabeans, sunflower seeds

EN14569:2004

Microbiological screening for irradiated foodstuffs—Screening method
(LAL/GNB)

Validated for chilled or frozen chicken fillets (boneless) with or without skin

Source: European Commission, Food irradiation—analytical methods. http://ec.europa.eu/food/
food/biosafety/irradiation/ anal_methods_en.htm.
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As most of the volatile products formed in food by irradiation originate from the fat or lipid
content, in 1988 Nawar [13] proposed that measurement of radiolytic products from food lipids
could form the basis for a method to identify irradiated foods. Research showed that both the
quantitative and qualitative patterns of the radiolytic products depend largely on the fatty acid
composition of the fat. Thus, if the fatty acid composition of the fat is known, the composition of
the products formed by irradiation of a fat, or fat-containing food, can be predicted to a certain
degree [14].

Upon irradiation of foods containing fat, two hydrocarbons are formed in relatively large
quantities [15]. In the fatty acid moieties of triglycerides, breaks in chemical bonds occur mainly
in the alpha and beta positions with respect to the carbonyl groups. Thus, one hydrocarbon has a
carbon atom less than the parent fatty acid, resulting from cleavage at the carbon—carbon bond
alpha to the carbonyl group (C, ), whereas the other has two carbons less and one extra double
bond resulting from cleavage beta to the carbonyl (C, ,.).

In 1970, Nawar and Balboni [15] reported on the feasibility of detecting irradiation in pork meat
at doses between 1 and 60 kGy by analysis of the six “key hydrocarbons.” Tetradecene (C,4,;) and
pentadecane (Cjs,) are produced from palmitic acid (C,4,) upon irradiation, hexadecene (C,(,) and
heptadecane (C,,,) from stearic acid (C,g,), whereas hexadecadiene (C,,,) and heptadecene (C,,)
are typically produced from oleic acid (C,g,). Nawar and Balboni [15] demonstrated a linear relation-
ship between irradiation dose and each of these compounds, with neither of them, nor water, hav-
ing a significant effect on the quantitative pattern. Work on irradiated chicken reported by Nawar
et al. [16] in 1990 considered tetradecene, hexadecadiene, and heptadecene to be the most promising
hydrocarbons for reliable detection of irradiation treatment in meat, because they were found in the
highest concentrations and were absent or present at a low level in nonirradiated samples.

For detection of irradiated hydrocarbons, the fat is isolated from the sample by melting it out
or by solvent extraction. The hydrocarbon fraction is obtained by adsorption chromatography
before separation using GC and detection with a flame ionization detector or a mass spectrometer
(MS) [12].

Alternatively, the hydrocarbons may be detected using liquid chromatography-GC (LC-GC)
coupling [17]. Horvatovich et al. [18] showed how supercritical carbon dioxide can be used to carry
out a selective and fast extraction (30 min) of volatile hydrocarbons and 2-alkylcyclobutanones
contained in irradiated foods. The supercritical fluid extraction (SFE) method was successfully
applied to freeze-dried samples (1 g or less) of cheese, chicken, avocados, and various ingredients
(chocolate, liquid whole eggs) included in nonirradiated cookies. The method proved to be 4-5
h faster than the standardized hydrocarbon (EN1784) [12] and 2-alkylcyclobutanone (EN1785)
[19] methods, which take 1.5 days each to determine if a food has been irradiated. In addition,
the minimal dose detectable by this method was slightly lower than those of the standardized
methods.

8.2.2 Gas Chromatography: Mass Spectrometric Analysis
of 2-Alkylcyclobutanones (EN1785)

European Standard EN1785, along with EN1784, can be used for the identification of irradiated
food containing fat. This method is based on the mass spectrometric detection of 2-alkylcyclobu-
tanones after gas chromatographic separation [19]. It has been proposed that the formation of
the 2-alkylcyclobutanones in irradiated foods results from cleavage at the acyl-oxygen bond in
triglycerides, with the pathway involving a six-membered ring intermediate. The cyclobutanones
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so formed contain the same number of carbon atoms as the parent fatty acid, and the alkyl group
is located in ring position 2 [10,14]. To date, the cyclobutanones are the only cyclic compounds
reported in the radiolytic products of saturated triglycerides. As for the hydrocarbons, if the fatty
acid composition of a lipid is known, then the products formed upon irradiation can be predicted
to a certain degree. Thus, for example, if the fatty acids palmitic, stearic, oleic, and linoleic acid are
exposed to ionizing radiation, then the respective 2-dodecyl-, 2-tetradecyl-, 2-tetradecenyl-, and
2-tetradecadienyl-cyclobutanones will be formed [20].

The method is based on the detection of 2-dodecylcyclobutanone (2-DCB) and 2-tetradecyl-
cyclobutanone (2-TCB), these being the two markers most commonly used for identification pur-
poses. These cyclobutanones have been identified in irradiated foods treated with irradiation doses
as low as 0.1 kGy, and to date have not been detected in nonirradiated foods or microbiologically
spoiled products. The specificity of the compounds as irradiation markers has been demonstrated
in extensive experimental work, which has shown that they are not produced by cooking, by pack-
aging in air, vacuum, or carbon dioxide, or during storage [21].

The 2-alkylcyclobutanones are extracted from the sample using either hexane or pentane along
with the fat. The extract is then fractionated using adsorption chromatography before separation
by GC and detection using a mass spectrometer [19]. As most foods contain some fat, the method
is applicable to a wide range of products, and interlaboratory trials have successfully validated
EN1785 for the identification of irradiated raw chicken, pork, liquid whole egg, salmon, and cam-
embert. 2-DCB and 2-TCB have been detected postcooking in such products as irradiated meat,
poultry, and egg [22,23]. Detection of irradiated ingredients such as irradiated liquid whole egg in
cakes is also possible [10,22,23].

2-Tetradecenylcyclobutanone (2-TDCB) has been detected in irradiated chicken meat, papaya,
and mango [24,25]. However, as this cyclobutanone is more difficult to detect and quantify in
comparison with 2-DCB and 2-TCB, it is not used routinely for detection of irradiation treatment.

Since the initial development of the 2-alkylcyclobutanone method, alternative procedures have
been developed for the extraction and purification of these radiation markers. Studies published
by Stewart et al. [23], Gadgil et al. [26], and Horvatovich et al. [27] demonstrated that SFE could
be used for the selective and rapid extraction of the cyclobutanones from irradiated foodstuffs
without prior extraction of the fat. Obana et al. [22] used an accelerated solvent extraction (ASE)
system for extraction of the cyclobutanones. Work by Ndiaye et al. [28] showed that inclusion of a
purification step by silver ion chromatography in the EN1785 protocol considerably improved the
quality of the chromatograms obtained, thereby allowing the detection of food samples irradiated
at doses as low as 0.1 kGy. In addition, Horvatovich et al. [29] used a column containing 60 g
silica gel for cleanup and the use of isobutane as a reactant for chemical ionization—mass spectro-
metric analysis of saturated and monounsaturated alkyl side-chains of 2-alkylcyclobutanones to
improve both the sensitivity and selectivity of the method. However, it should be noted that these
procedures have not been validated by interlaboratory trials.

8.2.3 Electron Spin Resonance Spectroscopy

Three of the European Standards for detection of irradiated foodstuffs use the technique of electron
spin resonance (ESR) spectroscopy, also known as electron paramagnetic resonance (EPR) spec-
troscopy. ESR spectroscopy is a physical technique that detects species with unpaired electrons.
Electrons are almost invariably paired. However, some molecules do contain an odd number of
electrons, and the one that is unpaired is referred to as a free radical. Free radicals are highly reac-
tive and consequently are short-lived. Some do exist in a stable state for some time, and it is these
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that are examined by ESR spectroscopy. Ionizing radiation produces free radicals in food, and
because ESR spectroscopy detects free radicals, it can be used to determine whether certain foods
have been irradiated. In foodstuffs with a relatively high moisture content, such as vegetables and
meat, the induced radicals disappear rapidly. On the other hand, if food contains components
with a relatively large proportion of dry matter, such as bones, seeds, or shells, the radicals may
be trapped and be sufficiently stable to be detected by ESR [30]. The three ESR methods stan-
dardized by CEN are used for the detection of irradiated food containing bone (EN1786) [31],
cellulose (EN1787) [32], and crystalline sugar (EN13708) [33].

8.2.3.1 Detection of Irradiated Food Containing Bone by
Electron Spin Resonance Spectroscopy (EN1786)

When bone is subjected to ionizing radiation, free radicals are trapped in the crystal lactice of
the bone, and these can be detected by ESR spectroscopy. The use of ESR to detect the presence
of radiation-induced free radicals in bone dates back to the mid-1950s, being used to date
archeological specimens, and also as an iz vivo dosimeter for human to assess their exposure to
radiation [34]. Nonirradiated bone gives a weak, broad ESR signal that increases in magnitude
if the bone is ground into a powder. The signal derived from irradiated bone (Figure 8.1) is a
large axially asymmetrical singlet, and can easily be distinguished from the endogenous signal
[10,34]. Two prevailing types of paramagnetic species have been observed after the irradiation of
bone tissue. One species is derived from bone collagen, and the other is attributed to the mineral
constituent of bone, the hydroxyapatite. It is surmised that the characteristic signal produced
on irradiation of the bone is due to either the CO*- or the CO3" radical trapped in the hydroxy-
apatite matrix.

Significant work has been carried out on chicken bone [30,35,36], with the bones from
duck, turkey, goose, beef, pork, lamb, and frog legs also being studied to a more limited extent
[37—40]. The signal produced from all sources of bone is essentially the same, thus it is evident
that ESR can be used for the qualitative detection of irradiation in a wide range of meats con-
taining bone. Interlaboratory trials have validated the method for beef bones, trout bones, and
chicken bones [31].

Gray and Stevenson [41] also demonstrated that the method could be used for the iden-
tification of irradiated mechanically recovered meat (MRM), a secondary food product from

Figure 8.1 ESR spectra derived from irradiated (top spectrum) and nonirradiated (bottom spec-
trum) bone from frog legs.
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which small bone fragments can be extracted. It has also been shown by Stevenson et al. [42]
that ESR could be used to detect irradiated MRM as an ingredient in a food product, for
example, burgers, at inclusion levels as low as 3 g/100 g. Work published by Marchioni et al.
[43,44] also proved that ESR can be used for the detection of irradiated mechanically recovered
poultry meat at very low inclusion levels in tertiary food products such as poultry quenelles and
precooked meals.

An ESR signal similar to that of bone has also been derived from irradiated eggshell, as dem-
onstrated by Onori and Pantaloni [45]. When tested by an interlaboratory trial [46], samples of
irradiated eggshell were identified with a 100% success rate, even when treated at doses as low as

0.3 kGy.

8.2.3.2 Detection of Irradiated Food Containing Cellulose
by Electron Spin Resonance Spectroscopy (EN1787)

European Standard EN1787 specifies a method for the detection of foods containing cellulose that
have been treated with ionizing radiation [32]. It was Raffi [47] who first examined the ESR signal
derived from the seeds of strawberries and derived a multicomponent signal that is typical of that
from foodstuffs containing cellulose. A central single line is present in both irradiated and nonir-
radiated samples (Figure 8.2) that is thought to arise from a semiquinone radical. This single line
increases with increasing irradiation dose, but will vary to a large extent with the water content of
the sample. For irradiated samples (Figure 8.2), a pair of outlying lines occurs to the left and right
of the central signal, the left one of which is most easily detected. It was proposed that these lines
originate from cellulose and, as they are not present in nonirradiated samples, they can be used to
detect irradiation treatment.

The method has been validated by interlaboratory trials for pistachio nut shells, paprika pow-
der, and fresh strawberries [32].

This method could be used for a wide range of fruits, and has been employed for the detection
of irradiated nuts, some aromatic herbs and spices, and for certain packaging materials, containing
a high percentage of cellulose [48-50].

Figure 8.2 ESR spectra derived from irradiated (top spectrum) and nonirradiated (bottom
spectrum) paper containing cellulose.



216 m  Safety Analysis of Foods of Animal Origin

J\\T

Figure 8.3 ESR spectra derived from irradiated (top spectrum) and nonirradiated (bottom
spectrum) samples of dried fruits containing crystalline sugars.

8.2.3.3 Detection of Irradiated Food Containing Crystalline Sugar
by Electron Spin Resonance Spectroscopy (EN13708)

EN13708 [33] uses ESR spectroscopy for the detection of irradiated food containing crystalline
sugar. A multicomponent ESR signal is derived from irradiated dried fruits such as dates, grapes,
mango, papaya, and pineapple, being easily distinguishable from the single line obtained from
nonirradiated samples (Figure 8.3). It was proposed that the complex signal induced by ionizing
radiation arises from sugar radicals [51], as the overall sugar content of fruits is high, varying from
60 to 75%, the main components being D-fructose, D-glucose, and p-saccharose. These radiation-
induced signals are, in general, sufficiently stable for the identification of irradiated samples, even
when they are stored for several months.

Interlaboratory trials have successfully demonstrated that the method can be used to identify
irradiated dried figs, dried mangoes, dried papayas, and raisins [33]. The lower detection limit will
mainly depend on the crystallinity of the sugar in the sample. The presence of sufficient amounts
of crystalline sugar in the sample at all stages of handling between irradiation and testing will
determine the applicability of the method.

8.2.4 Luminescence Methods: Detection of Irradiated Food
from Which Silicate Minerals Can Be Isolated

The luminescence methods are probably the most sensitive means by which irradiated products
such as herbs, spices, and seasonings can be identified. The methods involve either the thermolu-
minescence (TL) or photostimulated luminescence (PSL) analysis of contaminating silicate miner-
als. Mineral debris, typically silicates or bioinorganic materials such as calcite that originate from
shells or exoskeletons, or hydroxyapatite from bones or teeth, can be found on most foods [52].
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These materials store energy in charge carriers trapped at structural, interstitial, or impurity sites,
when exposed to ionizing radiation. Luminescence is the emission of light when this trapped
energy is liberated by the addition of cither heat (TL) or light (PSL). Two European Standards
have been developed based on the use of TL (EN1788) and PSL (EN13751) for the detection of
irradiated foodstuffs containing silicate minerals.

8.2.4.1 Thermoluminescence Detection of Irradiated Food from
Which Silicate Minerals Can Be Isolated (EN1788)

European Standard EN1788 is applicable to those foodstuffs from which silicate minerals can be
isolated [53]. The energy stored within the silicate minerals is released by controlled heating of
isolated silicate minerals so that light is emitted, the intensity of the emitted light being measured
as a function of temperature, resulting in a so-called glow curve.

It was first thought that the TL arose from the organic component of the samples, but research
[54,55] has clearly shown that the signals from herbs and spices actually originated from adhering
mineral grains, although they accounted for less than 1% of the sample weight. In this method,
the silicate minerals are separated from the food matrix, mostly by a density separation step. The
isolated minerals should be as free from organic constituents as possible, so as not to obscure
the TL. A first glow of the separated mineral extracts is recorded (glow 1). However, as various
amounts and types of minerals exhibit variable integrated TL intensities, a second glow (glow 2)
of the sample is measured after exposure to a fixed dose of ionizing radiation. The latter step is
necessary to normalize the TL response. Thus, a ratio of glow 1 to glow 2 is obtained and used to
indicate irradiation treatment of the food, as irradiated samples normally yield higher TL glow
ratios than nonirradiated samples. Glow shape parameters can also be used as additional evidence
for the identification of irradiated foods. As the method relies solely on the separated silicate min-
erals, it is not on principle influenced by the kind of food product.

Interlaboratory trials have validated the TL method for a wide range of herbs and spices as well
as their mixtures, shellfish including shrimps and prawns, fresh fruits and vegetables (strawber-
ries, avocados, mushrooms, papayas, mangoes, potatoes), dehydrated fruits and vegetables (sliced
apples, carrots, leeks, onions, powdered asparagus). In the case of shrimps and prawns, the mineral
grains present in the intestinal gut are isolated and analyzed [53].

8.2.4.2 Detection of Irradiated Food Using Photostimulated
Luminescence (EN13751)

The PSL standard method (EN13751) uses excitation spectroscopy for optical stimulation of min-
erals to release stored energy [56]. It has been shown that the same spectra can be obtained from
whole herbs and spices and other foods using photostimulation. PSL measurements do not destroy
the sample, thus whole samples, or other mixtures of organic and inorganic material, can be mea-
sured repeatedly. The PSL signals obtained do, however, decrease if the same sample is measured
repeatedly.

The method has overcome the need for full mineral separation, and a low-cost instrument is
now commercially available for high-sensitivity PSL measurements from food samples using the
highly radiation-specific ultraviolet—visible (UV-Vis) luminescence signals, which can be stimu-
lated using infrared sources [57,58]. The SURRC pulsed photostimulated luminescence system
(SURRC Pulsed PSL System) was designed and developed at the Scottish Universities Research
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and Reactor Centre (SURRC). The system is commercially available from the Scottish Universities
Environmental Research Centre (SUERC), and has been supplied to more than 80 laboratories
in the United Kingdom, Europe, and United States for routine commercial quality testing, and
in support of labeling requirements. Originally developed for rapid screening of irradiated herbs,
spices, and seasonings, it has been validated for a wider range of foodstuffs, and is finding other sci-
entific applications in assessment of fire-damaged structures and in environmental dosimetry [59].

Two modes of operation can be employed; the screening mode, where the luminescence inten-
sity detected from the samples is used for preliminary classification into negative, intermediate,
or positive bands, and calibrated PSL (CalPSL), which can distinguish between low- and high-
sensitivity samples, thus resolving ambiguous or low-sensitivity cases. It is necessary to confirm a
positive screening result using CalPSL or another standardized method such as EN1788.

The method has been validated by interlaboratory trials [56] for shellfish, herbs, spices,
and seasonings. For shellfish, the signals from intestinally trapped silicates can be stimulated
through the membranes of dissected guts, and in some cases through the whole body of the
creature. From the results of other studies, it has been concluded that PSL is applicable to a large
variety of foods [60,61].

8.2.5 DNA Comet Assay

The DNA Comet Assay EN13784 [62] is a rapid and inexpensive screening test to identify irradi-
ated food [63]. As the DNA molecule is an easy target for ionizing radiation, it was logical to inves-
tigate whether radiation damage to DNA in food could be used as a means of detecting irradiation
treatment. The irradiation of DNA has been shown to induce three major classes of lesions—
double-strand breaks, single-strand breaks, and base damage [64]. A sensitive technique to detect
this fragmentation is microgel electrophoresis. The technique analyzes the leakage of DNA from
single cells or nuclei extracted from food material and embedded in agarose gel on microscopic
slides. In irradiated samples (Figure 8.4), the fragmented DNA leaks from the nuclei during elec-
trophoresis, forming a tail in the direction of the anode and giving the appearance of a “comet”
when the gel is stained with a fluorescent dye and viewed with a microscope. The head of the comet
is formed by the remaining nucleus, whereas the tail is dominated by the fragments. The extension
of the tail is closely related to the damage intensity. Cells from nonirradiated samples will appear as
nuclei with no or only slight tails (Figure 8.4). The method is restricted to foods that have not been
subjected to heat or other treatments, which would induce DNA fragmentation, resulting in com-
ets similar to those of samples treated with ionizing radiation [65]. It is also necessary to establish

background DNA damage in nonirradiated samples for each new type of food under investigation.

Figure 8.4 Typical DNA comets from (a) irradiated (at 7.5 kGy) and (b) nonirradiated tissues.
(Haine, H., Cerda, H., and Jones, L., Food Sci. Technol. Today, 9(3), 139, 1995. Copyright IFST.)



Detection of Irradiated Ingredients ® 219

As the DNA Comet Assay is not radiation-specific, positive results must be confirmed using
specific standardized methods such as EN1784 or EN1785. The method has been validated by
interlaboratory trials for identification of irradiated chicken bone marrow, chicken, and pork
muscle tissue given irradiation doses of 1, 3, or 5 kGy and plant foods (almonds, figs, lentils,
linseed, rosé pepper, sesame seeds, soybeans, and sunflower seeds) given 0.2, 1, or 5 kGy [62].
Research has shown that the method can be applied to a wide range of products, but the limita-
tions outlined previously apply [63,66—68], with further development of the method also being
reported to allow for more rapid detection and dose estimation [69].

8.2.6 Measurement of Microbiological Changes

Any kind of processing will destroy the microbial flora in food or change the flora present so that
the vegetative cells are killed off, whereas the bacterial spores survive. Such microbial reduction
and change is to be expected in all kinds of food processing, including irradiation. Thus, it was
presumed that simple detection tests for foods could be developed comparing the microbiologi-
cal quality of nonirradiated and irradiated foods to determine if irradiation treatment has been
applied [70]. Consequently, two screening methods were successfully developed, validated, and
standardized for the identification of irradiated foods based on modification of the microbiologi-
cal flora of samples.

8.2.6.1 Direct Epifluorescent Filter Technique/Aerobic
Plate Count (DEFT/APC) (EN13783)

One microbiological method that has been developed, validated, and standardized as a screening
method for irradiated foods is the DEFT/APC test (EN13783) [71]. The DEFT/APC method can
be used for the detection of irradiation treatment of herbs and spices, using the combined direct
epifluorescent filter technique (DEFT) and aerobic plate count (APC). The method is based on
comparison of the APC with the count obtained using the DEFT. The APC gives the number
of viable microorganisms in the sample after irradiation, whereas the DEFT count determines
the total number of microorganisms present in the sample, including cells rendered nonviable by
irradiation. For a nonirradiated sample, the counts by DEFT are in close agreement with those
by APC, because nearly all the cells present are alive. However, when the APC of an irradiated
sample is compared with the DEFT count on the same sample, the APC is found to be consider-
ably less than that obtained by DEFT, and the difference indicates that the samples could have
been irradiated [72].

The difference between the DEFT and the APC counts in spices treated with doses of 5-10 kGy
is generally about or above 3—4 log units. Similar differences between DEFT and APC counts can
be induced by other treatments of the foods that lead to death of microorganisms, for example,
heat or fumigation treatment. Thus, as the method is not radiation-specific, positive results should
be confirmed by another suitable standardized method, such as TL (EN1788) or PSL (EN13751).
It has been shown that some spices such as cloves, cinnamon, garlic, and mustards can contain
inhibitory components with antimicrobial activity, which may lead to decreasing APC, thereby
giving false-positive results.

The DEFT/APC method has been successfully validated for herbs and spices (including whole
allspice, whole and powdered black pepper, whole white pepper, paprika powder, cut basil, cut
marjoram, and crushed cardamom) by interlaboratory trials [71].
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8.2.6.2 Limulus Amebocyte Lysate/Gram-Negative Bacteria Test (EN14569)

The Limulus amebocyte lysate/Gram-negative bacteria (LAL/GNB) test, European Standard
EN14569 [73], is another microbiological screening method comprising two procedures carried
out in parallel to detect an abnormal microbiological profile of foods typically contaminated with
predominantly Gram-negative bacteria. It is based on the principle that relatively low doses of
irradiation can render large numbers of bacteria nonviable.

The two procedures to be carried out are (i) enumeration of total resuscitated GNB in the test
samples and (ii) determination of lipopolysaccharide (bacterial endotoxin) concentration in the
test sample using the LAL test. The level of endotoxin (measured in endotoxin units) is directly
related to the number of GNB, although it is not species-specific. Thus the test determines the
number of viable GNB present in a sample, and the concentration of bacterial endotoxin serves
as a measure for the estimation of the amount of total GNB, both viable and dead. If a high LAL
value is obtained in the absence of significant numbers of viable GNB, this indicates the presence
of a large population of dead bacteria. In the absence of any visible processing of the sample, for
example cooking, this profile is indicative of some other processing, such as treatment with ion-
izing radiation [73,74].

This method is not radiation-specific, as a high amount of dead bacteria in comparison with
numbers of viable microorganisms can be due to other reasons, such as cooking or some form of
chemical preservation. Freezing after irradiation can also influence the ratio of GNB to endotoxin
units due to loss of the viability of microorganisms. On the other hand, regrowth of bacterial flora
can occur in irradiated samples that are stored unfrozen.

This screening method was validated by interlaboratory trials [73,74] using boneless chicken
breasts with skin and boneless chicken breast fillets. The method is generally applicable to whole
parts of poultry, such as breast, legs, and wings of fresh, chilled, or frozen carcasses with or with-
out skin. In addition, it can also provide useful information about the microbiological quality of
a product before irradiation.

8.2.7 Other Methods Explored

The methods presented up to this point are those that have been validated and standardized.
However, it is worthy of note that other methods have been explored, but for one reason or
another have not been standardized. For example, the use of ESR spectroscopy was investigated
for the identification of irradiated crustacea. It was found that the ESR signal derived from the
shell of prawns or shrimp is species-dependent, with the geographical origin also being shown to
influence ESR signal shape. Thus, while detection of irradiation treatment is possible, it is not
without its problems, as demonstrated by a number of interlaboratory blind trials [75,76], where
the identification rate of certain species was extremely poor. More research would certainly need
to be undertaken before the method could be standardized. ESR can also be employed to detect
irradiation treacment of shellfish such as mussels, oysters, and scallops [77] and other crustaceans
such as crab [78].

Other physical methods investigated included measurement of changes in the viscosity of
products, such as suspensions of herbs, spices, and seasonings [79,80], and the electrical imped-
ance of potatoes [81,82]. Studies on chemical methods also explored the potential use of orthoty-
rosine, formed from phenylalanine, as a radiation marker [83,84]. However, studies showed that
this compound can also be found in nonirradiated products, thus it is not radiation-specific. But
it was concluded that if the difference in the amounts present in nonirradiated and irradiated
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samples was sufficiently large, the compound could still have potential as a radiation marker.
Significant work on using gas evolution to detect irradiated foods was undertaken by workers such
as Furuta et al. [85], Delincée [86], and Hitchcock [87]. The method was based on the detection
of evolved gases such as carbon monoxide, hydrogen, hydrogen sulfide, and ammonia.

The use of agarose electrophoresis of mitochondrial DNA (mtDNA) for identification of irra-
diated foods was studied by Marchioni et al. [88,89]. This method is potentially applicable to
foods, particularly meat products, treated with ionizing radiation at doses of 1 kGy or greater, as
long as mtDNA can be extracted. The use of immunoassays for the detection of irradiated prod-
ucts has also been explored. Work published by Tyreman et al. [90] described the development
of a competitive enzyme-linked immunoassay (ELISA) to detect irradiated prawns. The ELISA
described uses a monoclonal antibody against dihydrothymidine, a modified DNA base. It has
been successfully applied for the detection of irradiated North Atlantic prawn (Pandalus borealis)
and Tiger prawn (Penaeus monodon), having a working range of 0.5-2 kGy, with detection of
irradiation treatment being possible for prawns stored up to 12 months at -20°C. Potentially this
method could be applied to a range of foodstuffs, as most food contains DNA, and it is also simple
and inexpensive to carry out.

The half-embryo test to measure inhibition of seed germination was also studied as a simple
detection method for products such as irradiated apples, cherries, grapefruits, lemons, and oranges
[91-93]. The embryos are taken out of the seed shells for germination so that irradiation treatment
can be detected within 2—4 days at dose levels as low as 0.15 kGy. The test is simple and inexpen-
sive to perform, not requiring any specialized equipment.

8.2.8 Application of Detection Methods in the Marketplace

Currently with the EU, 10 Member States have facilities approved in accordance with Article
7(2) of Directive 1999/2/EC for the irradiation of food. In 2005, as only eight Member States
forwarded to the Commission the results of checks carried out in irradiation facilities, the precise
amount of foodstuffs irradiated in the Union could not be determined [94]. During 2005 the
main products treated by ionizing radiation within the EU were dried herbs and spices, frog legs,
poultry, and dried vegetables.

Within the EU, to ensure that current labeling regulations are being complied with, analyti-
cal checks are carried out on foods placed on the market. In 2005 a total of 16 Member States
reported checks on foods placed on the market, with a total of 7011 food samples being tested.
About 4% of products tested from the marketplace were found to be illegally irradiated or not
labeled [94]. Table 8.2 is a summary of the numbers of samples analyzed and the results obtained
for the EU as a whole in 2005.

It was found that the infringements were unevenly distributed over product categories. Prod-
ucts from Asia, especially Asian-type noodles and food supplements, represented a significant
proportion of the samples that were irradiated and not labeled as such. Only six of the 287 samples
found to be irradiated complied with the regulations. It was noted that in 2005, there were no
irradiation facilities in Asia approved by the EC. Such incorrectly labeled Asian products were
found in Germany, the Republic of Ireland, and the United Kingdom. Incorrectly labeled food
supplements were also detected in the same countries as well as in Finland and the Netherlands.
In Germany, 47 samples out of 96 soups and sauces tested were found to be treated with ioniz-
ing radiation, with irradiation being unauthorized or samples not being correctly labeled. Other
products found to be irradiated within the EU and not labeled correctly included dried herbs,
spices, vegetable seasonings, fish and fisheries products, frogs legs, dried mushrooms, and tea
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Table 8.2 Summary of Samples Analyzed for Irradiation Treatment and Results
Obtained for the EU as a Whole in 2005

Percentage of

No. of Samples | No. of Samples Samples Irradiated,
Member State Nonirradiated Irradiated Not Labeled Correctly
Austria 115 0 0
Belgium 148 0 0
Cyprus NAC NAC NAC
Czech Republic 70 8 10
Germany 3798 1432 3.6
Denmark NAC NAC NAC
Estonia NAC NAC NAC
Greece 54 0 0
Spain NI NI NI
Finland 264 13 5
France 80 6 7
Hungary 134 72 2
Ireland (Republic) 439 20 4
Italy 107 5 5
Latvia NAC NAC NAC
Lithuania 12 0 0
Luxembourg 40 0 0
Malta NAC NAC NAC
The Netherlands 761 31 4
Poland 116 6 4
Portugal NAC NAC NAC
Sweden 6 0 0
Slovakia 56 0 0
Slovenia 10 0 0
The United Kingdom 514b 42
Total 6724 281 4.0

Source: European Union, Off. J. Eur. Union, 2007/C122/03, 2 June 2007.

Note: NI=no information forwarded by the Member State, NAC = no analytical checks
performed in 2005.

@ Germany and Hungary found respectively 2 and 4 samples that were legally irradi-
ated and correctly labeled.
b The United Kingdom classified 101 samples as inconclusive.
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and tealike products. TL (EN1788) and PSL (EN13751) were the most commonly used methods
within the Member States for detection purposes, with PSL being used for screening purposes,
and confirmation of positive results being undertaken using TL. The results of these tests within
the EU is indicative of the successful detection of irradiated products using standardized analyti-
cal methods.

8.3 Conclusions

This chapter has briefly summarized the main methods currently available for the detection of
irradiated foodstuffs, whether they are whole products or ingredients within a foodstuff. As noted,
the methods have been successfully applied for the detection of irradiated foodstuffs in the mar-
ketplace, thereby giving assurance to retailers and consumers alike that irradiated foods on sale
and incorrectly labeled can be identified. The availability and regular use of these methods could
even help to facilitate international trade in irradiated food [95]. A number of reviews have been
written on methods for the detection of irradiated foods; for further reference the author suggests
reading McMurray et al. [96], which contains the proceedings of an International Meeting on
Analytical Detection Methods for Irradiation Treatments of Foods held in June 1994, as well as
reviews by Delincée [95,97], Stewart [10], and Marchioni [98].
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9.1 Introduction

Growth promoters include a wide range of substances that are generally used in farm animals
for therapeutic and prophylactic purposes. These substances can be administered through the
feed or the drinking water. In some cases, the residues may proceed from contaminated animal
feedstuffs.! Anabolic promoters have been administered in the United States to meat-producing
animals where estradiol, progesterone, and testosterone are some of the allowed substances. The
regulations in 21 Code of Federal Regulations (CFR) Part 556 provide the acceptable concen-
trations of residues of approved new animal drugs that may remain in edible tissues of treated
animals.? Other countries allowing the use of certain growth promoters are Canada, Mexico,
Australia, and New Zealand. However, the use of growth promoters is officially banned in the
European Union since 1988 due to concerns about harmful effects on consumers.?

Growth promoters increase growth rate and improve efficiency of feed utilization and thus, con-
tribute to the increase in protein deposition that is usually linked to fat utilization, which means a
reduction in the fat content in the carcass and an increase in meat leanness.* In addition, some fraud-
ulent practices consist in the use of low amounts of several substances such as B-agonists (clenbuterol)
and corticosteroids (dexamethasone) and anabolic steroids, mixtures known as “cocktails,” that have
a synergistic effect and exert growth promotion but make their analytical detection more difficult.

The presence of residues of growth promoters or their metabolites in meat and their associ-
ated harmful health effects on humans make necessary the continuous improvement of analytical
methodologies to guarantee consumer protection. The use of veterinary drugs in food animal
species is strictly regulated in the European Union and, in fact, only some of them can be permit-
ted for specific therapeutic purposes under strict control and administration by a veterinarian.’

Sanitary authorities in different countries are concerned about the presence of residues of veteri-
nary drugs or their metabolites in meat because they may exert some adverse toxic effects on consum-
ers’ health. The European Food Safety Authority has recently issued an opinion about substances
with hormonal activity, specifically testosterone and progesterone, as well as trenbolone acetate,
zeranol, and melengestrol acetate. The exposure to residues of the hormones used as growth pro-
moters could not be quantified. Although epidemiological data in the literature provided evidence
for an association between some forms of hormone-dependent cancers and red meat consumption,
the contribution of residues of hormones in meat could not be assessed.® Other substances such as
B-agonists have shown adverse effects on consumers. This was evident in the case of intoxications in
Italy, with symptoms described as gross tremors of the extremities, tachycardia, nausea, headaches,
and dizziness, after consumption of lamb and bovine meat containing residues of clenbuterol.”

Meat quality is also affected by the use of substances used as growth promoters.* The connec-
tive tissue production is increased and collagen cross links at a higher rate giving a tougher meat,?1
whereas muscle proteases responsible for protein breakdown in postmortem meat are inhibited.®!! The
lipolysis rate and the breakdown of triacylglycerols are accelerated.!*!* The use of anabolic steroids
reduces marbling and tenderness and may have a negative effect on palatabilicy.!* The “aggressive” use
of anabolic implants may compromise the quality grades of beef carcasses and increase the incidence of
dark cutting carcasses.'* When cocktails of clenbuterol and dexamethasone are used, the meat quality
is also affected; but it has been reported to be less tough than when using clenbuterol alone.”

Meat must be monitored for the presence of residues of veterinary drugs. Control strategies
also include sampling at farm, which helps in prevention before animals reach the slaughterhouse.
The samples include hair and urine as well as feed and water. This chapter reports the important
strategies for the control of growth promoters as part of the wide range of residues of veterinary
drugs in meat. The analysis of antibiotic residues is discussed in Chapter 10.
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9.2 Control of Growth Promoters

The monitoring of residues of substances having hormonal or thyreostatic action as well as
B-agonists is regulated in the European Union through the Council Directive 96/23/EC!®
on measures to monitor certain substances and residues in live animals and animal products.
The European Union Member States have set up national monitoring programs and sampling
procedures following this directive.

The major veterinary drugs and substances with anabolic effect are listed in Table 9.1, where
group A includes unauthorized substances that have anabolic effect and group B includes veteri-
nary drugs some of which have established maximum residue limits (MRLs). Commission Deci-
sions 93/256/ECY and 93/257/EC' gave criteria for the analytical methodology regarding the

Table 9.1 Lists of Substances Having Anabolic
Effect Belonging to Groups A and B According
to Council Directive 96/23/EC'®

Group A: Substances having anabolic effect

1. Stilbenes

2. Antithyroid agents

3. Steroids

Androgens

Gestagens

Estrogens

4. Resorcyclic acid lactones

5. Beta-agonists

6. Other compounds

Group B: Veterinary drugs

1. Antibacterial substances

Sulfonamides and quinolones

2. Other veterinary drugs

a. Antihelmintics

b. Anticoccidials, including nitroimidazoles

c. Carbamates and pyrethroids

d.Sedatives

e.Nonsteroidal antiinflammatory drugs

f. Other pharmacologically active
substances
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screening, identification, and confirmation of these residues. Council Directive 96/23/EC!® was
implemented by the Commission Decision 2002/657/EC," which is in force since September 1,
2002. This directive provides rules for the analytical methods to be used in testing of official sam-
ples and specific criteria for the interpretation of analytical results of official control laboratories
for such samples. This means that when using mass spectrometric detection, substances in group A
would require four identification points whereas those in group B would only require a minimum
of three. The relative retention of the analyte must correspond to that of the calibration solution
at a tolerance of +0.5% for gas chromatography (GC) and +2.5% for liquid chromatography (LC).
The guidelines given in this new directive also imply new concepts such as the decision limit
(CCa) or the detection capability (CCP) that are briefly defined in Table 9.2. Both limits permit
the daily control of the performance of a specific method qualified when used with a specific

Table 9.2 Definitions of Main Performance Criteria and Other Requirements
for Analytical Methods™

Term Definition

Decision limit (CCo) It is defined as the limit at and above which it can be concluded
with an error probability of a that a sample is noncompliant

Detection capability (CCB) | Itis the smallest content of the substance that may be
detected, identified, and quantified in a sample with an error
probability of B

Minimum required It means the minimum content of an analyte in a sample, which
performance limit (MRPL) | at least has to be detected and confirmed

Precision The closeness of agreement between independent test results
obtained under stipulated conditions

Recovery The percentage of the true concentration of a substance
recovered during the analytical procedure

Reproducibility Conditions where test results are obtained within the same
method on identical test items in different laboratories with
different operators using different equipment

Specificity Ability of a method to distinguish between the analyte being
measured and other substances

Ruggedness Susceptibility of an analytical method to changes in
experimental conditions that can be expressed as a list of the
sample materials, analytes, storage conditions, environmental,
and sample preparation conditions under which the method
can be applied as presented or with specified minor
conditions

Interlaboratory study Organization, performance, and evaluation of tests on the
same sample by two or more laboratories in accordance with
predetermined conditions to determine testing performance

Within-laboratory Precision obtained in the same laboratory under stipulated
reproducibility conditions




Growth Promoters m 233

instrument and under specific laboratory conditions, and thus contribute to the determination of
the level of confidence in the routine analyrtical result.

9.3 Sampling and Sample Preparation

9.3.1 Samples from Animal Farms
9.3.1.1 Water

It is the easiest sample because it requires no general treatment. It does not require homogeniza-
tion, just mild centrifugation to remove any suspended particle before further analysis.

9.3.1.2 Feed

The sample must be representative, especially taking into account the heterogeneous nature
of most feeds. Thus, feeds must be milled and well homogenized before sampling. Adequate
liquid extraction and solid-phase extraction (SPE) are performed for sample cleanup and
concentration.

9.3.1.3 Urine

As a fluid, it does not require homogenization and, after centrifugation, an aliquot is diluted with
the buffer and pH adjusted to correct values. Many analytes form conjugates such as sulfates and
glucuronides and must be hydrolyzed to release the free analyte. Enzymatic hydrolysis with the
juice of Helix pomatia, which has sulfatase and B-glucuronidase, is a milder treatment that usually
gives good results. Special caution must be taken if other types of hydrolysis are performed (i.e., an
acidic or alkaline hydrolysis) because they might affect and degrade the analyte.

9.3.1.4 Hair

The possibility of using hair to detect the illegal addition of clenbuterol even after 3 weeks of
withdrawal, which is undetectable in urine and tissues, has been reported.?’ The amount of clenb-
uterol increased up to 20 days in the washout period and then slightly decreased even though still
detectable after 40 days.?! It must be pointed out that black hairs accumulate more clenbuterol
and steroids than colored hairs;?*?® the residue has been detected at 23 weeks after treatment
with clenbuterol.?* The hair, previously cleaned with detergents (sodium dodecyl sulfate [SDS])),
is extracted with methanol and evaporated to dryness. The residue is dissolved in phosphate buf-
fer and immunoextracted by affinity chromatography using monoclonal antisalbutamol immu-
noglobulin (IgG) that displays cross-reactivity (75%) with clenbuterol.?> The residue is purified
with SPE and silyl derivatized for its analysis by GC-MS (mass spectrometry). Other residues
such as 17B-estradiol-3-benzoate have also been detected in hair up to 2 weeks after administra-
tion. However, 170-methyltestosterone and medroxyprogesterone acetate could not be detected
in hair.”> The confirmation was possible above 5 ng/g by using liquid chromatography with mass
spectrometry (LC-MS/MS) detection.?® The analysis of a wide range of steroid residues such as
estrogens, resorcylic acid lactones, and stilbens has been recently reported. The hair was extracted
with methanol before the acid hydrolysis followed by specific liquid-liquid extraction and SPE to
get four different fractions that were analyzed separately.?’
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9.3.2 Meat Samples

Preparation procedures and handling of meat samples are very important to improve the sensi-
tivity of the screening tests.?® Typical procedures include cutting, blending, and homogeniza-
tion of the meat in an appropriate buffer. Enzymatic digestion with proteases such as subtilisin
may be alternatively performed. The homogenate is extracted with an organic solvent usually
followed by an SPE for sample cleanup and concentration. Previously, the residues may be
bound or conjugated (i.e., as sulfates or glucuronides) and need further cleavage by treatment
with the juice of the snail H. pomatia, which has sulfatase and B-glucuronidase, to release the
free analytes. Some authors prefer enzymatic digestion with subrtilisin to release steroids as they
state that using enzymatic hydrolysis with the juice of H. pomatia may not reflect the conjugated
fraction of steroids.”’

9.4 Methods for Cleanup of Growth Promoters
and Their Residues

9.4.1 Extraction Procedures

Extraction is primarily performed to remove interfering substances while retaining most of the
analyte. Extraction solvents must be carefully chosen for each analyte as determined by pH,
polarity, and solubility in different solvents. For instance, polar extraction methods for the
determination of anabolic steroids of beef are used because they avoid some cleanup problems
when following nonpolar extraction, but they are insufficient. It has been reported that polar
extraction followed by nonpolar extraction gives better results. Supercritical fluid extraction
of meat with unmodified supercritical CO, has also been used for certain residues such as
steroids.’!

Matrix solid-phase dispersion consists in the mechanical blending of the sample with a solid
sorbent that progressively retains the analyte by hydrophobic and hydrophilic interactions. The
solid matrix is then packed into a column and eluted with an adequate solvent.

SPE is extensively used for the isolation of a group or class of analytes. The type of extractant
and cartridge depends on the target analyte.’” Small cartridges (C18, C8, NH,) are commercially
available at reasonable prices and have low affinity and specificity but have high capacity. Further-
more, they can be performed in parallel and thus, they allow the simultaneous extraction of a large
number of samples.

9.4.2 Immunoaffinity Chromatography

This type of chromatography is based on the antigen—antibody interaction, which is very specific
for a particular residue. The columns are packaged with a specific antibody that is bound to the
solid matrix, usually a gel. When the extract is injected, the analyte (antigen) is retained. These
chromatographic columns are highly specific and are only limited by potential interferences (i.e.,
substances that may cross-react with the antibody) that must be checked. These columns are rather
expensive and can only be reused a certain number of times. In any case, due to the nature of the
specific antibody when preparing the immunosorbent material, an in-depth assessment is neces-
sary before considering its use in a routine analytical method.*
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9.4.3 Molecular Recognition

There are several methods based on molecular recognition mechanisms for cleanup. Molecular
imprinted polymers (MIPs) have shown promising results for the isolation of low amounts of resi-
dues such as those found in meat. These are cross-linked polymers prepared in the presence of a
template molecule like a B-agonist. When this template is removed, the polymer offers a binding
site complementary to the template structure. MIPs have better stability than antibodies because
they can support high temperatures, larger pH ranges, and a wide range of organic solvents.
The choice of the appropriate molecule as template is the critical factor for a reliable analysis.>*
The extracted residues are then analyzed by LC-MS and have shown good quantitative results
for cimaterol, ractopamine, clenproperol, clenbuterol, brombuterol, mabuterol, mapenterol, and
isoxsurine but not for salbutamol and terbutaline.”

9.5 Screening Methods

The wide range of veterinary drugs and residues potentially present in a meat sample necessitates
the use of screening procedures for routine monitoring. Screening methods are used to detect the
presence of the suspect analyte in the sample at the level of interest. If the searched residue has a
MRL, then the screening method can detect the residue below this limit. These controls are based
on the screening of a large number of samples and thus must have a large throughput, low cost,
and enough sensitivity to detect the analyte with a minimum of false negatives.***” Compliant
samples are accepted whereas the suspected noncompliant samples would be further analyzed
using confirmatory methods. According to the Commission Decision 2002/657/EC," the screen-
ing methods must be validated and have a detection capability (CCP) with an error probability
(B) less than 5%.

9.5.1 Immunological Techniques

Immunological techniques are specific for a given residue because they are based on the antigen—
antibody interaction. The most well-known and extensively used technique is the enzyme-linked
immunosorbent assay (ELISA). A wide range of assay kits with measurement based on color devel-
opment are commercially available. The possibility of interferences by cross-reactions with other
substances must be taken into account. Other immunological techniques are radioimmunoassay
(RIA), based on the measurement of the radioactivity of the immunological complex;*® dipsticks,
based on membrane strips with the receptor ligands and measurement of the developed color;** or

the use of luminiscence or fluorescence detectors.°

9.5.2 Biosensors

The need to screen a large number of meat samples in relatively short time has prompted the devel-
opment of biosensors that are based on an immobilized antibody that interacts with the analyte in
the sample and the optical or electronic detection of the resulting signal.*!*> Biosensors can simul-
taneously detect residues of multiple veterinary drugs in a sample at a time*>#4 without the need
for sample cleanup.®> There are different types of biosensors, such as the surface plasmon resonance
(SPR) that measures variations in the refractive index of the solution close to the sensor*® and
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has been successfully applied to the detection of residues of different veterinary drugs,”*® or the

biosensors based on the use of biochip arrays that are specific for a certain number of residues®
and are also applied to the detection of residues.”®

9.5.3 Chromatographic Techniques

High-performance thin-layer chromatography (HPTLC) has been successfully used for multi-
residue screening purposes in meat. Samples are injected onto the plates and the residues eluted
from the plate with the appropriate eluent. Once eluted, residues can be viewed under UV
or fluorescent lights or visualized by spraying with a chromogenic reagent. HPTLC has been
applied to meat to screen different residues in meat such as agonists,”">? nitroimidazol,”> and
thyreostatic drugs.’*>

GC and high-performance liquid chromatography (HPLC) are powerful separation tech-
niques capable of separating the analyte from most of the interfering substances by varying the
type of column and elution conditions.’” In some cases, the analyte can be detected after appro-
priate derivatization.’® In addition, these techniques can be used for multiresidue screening. The
recent development of ultraperformance liquid chromatography systems and new types of col-
umns with packagings of reduced size offer valuable improvements for residue detection such as
a considerable reduction in elution times and the possibility of a larger number of samples per
day.’”%7 This procedure has been applied to meat for detection of residues of a wide range of vet-
erinary drugs,sg’62 anabolic steroids,®3¢4 quinolone,® and corticosteroids.®®-% Additional advan-
tages of GC and HPLC are automation and the possibility to couple the chromatograph to mass
spectrometry detectors for further confirmatory analysis. Recently, a rapid, specific, and highly
sensitive multiresidue method has been reported for the determination of anabolic steroid residues
in bovine, pork, and poultry meat.”” The methodology involves enzymatic digestion, methanol
extraction, and SPE for final purification. The detection is carried out with LC-MS/MS in both
ESI* and ESI- with a CCa and CCP below 0.5 ng/g, but the method shows good performance for
qualitative screening but not for quantitation.”

9.6 Confirmatory Analytical Methods

Confirmatory methods are preferentially based on mass spectrometry because they provide direct
information on the molecular structure of the suspect compound and thus an unambiguous
identification and confirmation of the residue in meat. However, these methods are costly in
terms of time, equipment, and chemicals. When the target analyte is clearly identified and quanti-
fied above the decision limit for a forbidden substance (i.c., substances of group A) or exceeding
the MRL in the case of substances having an MRL, the sample is considered as noncompliant
(unfit for human consumption). A suitable internal standard must be added to the test portion at
the beginning of the extraction procedure. If no suitable internal standard is available, the iden-
tification of the analyte can be done by cochromatography. This consists in dividing the sample
extract into two parts. The first part is injected into the chromatograph as such. The second part
is mixed with the standard analyte to be detected and injected into the chromatograph. The
amount of added standard analyte must be similar to the estimated amount of the analyte in the
extract. Identification is easier for a limited number of target analytes and matrices of constant
composition.”’
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GC with mass spectrometry detection has been used for many years even though derivatiza-
tion (i.e., silyl or boronate derivatives) was required for some nonvolatile residues such as agonists.
An example of some agonists such as boronate derivatives giving good identification ions is shown
in Figure 9.1. But derivatization entails a serious limitation adding to time and cost of the analysis.

In recent years, the rapid development of mass spectrometry coupled to LC has expanded
its applications in this field, especially for nonvolatile or thermolabile compounds. Tandem
mass spectrometry (MS/MS) has shown high selectivity and sensitivity and thus allows the
analysis of more complex matrices such as meat with easier sample preparation procedures.
LC-MS/MS allows the selection of a precursor m/z that is performed first. This eliminates any
uncertainty on the origin of the observed fragment ions, eliminates potential interferences
from the meat sample or from the mobile phase, reduces the chemical noise, and increases the
sensitivity.”!

The interface technology has been rapidly developed. Electrospray ionization (ESI) and atmo-
spheric pressure chemical ionization (APCI) interfaces are preferred depending on the polarity and
molecular mass of analytes.”! ESI ionization technique facilitates the analysis of small to relatively
large and hydrophobic to hydrophilic molecules.’®’?7®> An important limitation of LC-MS/MS
quantitative analysis is its susceptibility to matrix effect that is dependent on the ionization type,
type of sample, and sample preparation. APCI ionization has been reported to be less sensitive
than ESI to matrix effects.”*~"7 ESI is preferred for the MS analysis of nonsteroidal antiinflamma-
tory drugs (NSAIDs) due to their polar nature; however, some interfering substances of the matrix
such as fat may lead to ion suppression problems.”® The extraction of the analyte must be more
selective and further purified and cleaned up.

A rapid qualitative method using online column-switching LC-MS/MS has been developed
and validated for screening 13 target veterinary drugs in different animal muscles.”” This system
may reduce the cost and time for confirmatory analysis. A list of recent performance reports of the
analysis of veterinary drug residues is shown in Table 9.3.

The ion suppression phenomenon in LC-MS must be taken into account because of matrix
effect problems and the presence of interfering compounds that affect the analyte detection. A
number of reviews about ion suppression phenomenon and its consequences for residue analysis
has been recently published.® The major mechanism for ion suppression corresponds to the pres-
ence of matrix-interfering compounds that reduce the evaporation efficiency leading to reduced
detection capability and repeatability. The ion ratios, linearity, and quantification are also affected.
It could even lead to the lack of detection of an analyte or the underestimation of its concentration
or the nonfulfilment of the identification criteria.’* The prevention of this phenomenon includes
an improved purification and cleanup of the sample as well as the use of an appropriate internal
standard. Another strategy is to modify the elution conditions for the analytes to elute in an area
nonaffected by ion suppression.®*

According to the Commission Decision 2002/657/EC," a system of identification points is
used for confirmatory purposes with a minimum of 4 points required for the substances of group
A and a minimum of 3 for group B substances. So, 1 identification point can be earned for the
precursor ion with a triple quadrupole spectrometer and 1.5 points for each product ion. A high-
resolution mass spectrometer acquires 2 identification points for the precursor ion and 2.5 for
each product ion. Variable window ranges for MS peak abundances are also established in the new
decision (EC 2002). So, the relative ion intensities must be >50, >20-50, >10-20, and <10%. In
the case of electron impact-GC-MS (EI-GC-MS), the maximum permitted tolerances are £10,
£15, £20, and £50%, respectively, whereas in the case of collision-induced GC-MS (CI-GC-MS),
GC-MS", LC-MS, and LC-MS$" are 20, 25, +30, and +50%, respectively.
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Figure 9.1 Selected ion monitoring (SIM) GC-MS chromatogram of bovine urine fortified
with 0.5 ng/mL for clenbuterol, 0.5 ng/mL for mabuterol, 0.75 ng/mL for salbutamol, and
1 ng/mL for d6-clenbuterol as IS. (Reproduced from Reig, M. et al., Anal. Chim. Acta, 529, 293,
2005. With permission.)



Table 9.3 Performance of Some Recent Methods of Analysis of Growth Promoters in Antemortem (Farm Samples) and Postmortem

(Meat) Samples

System/ CCa CcCB Recovery
Analyte Matrix Extraction Column Detector (ng/g) (ng/g) (%) Reference
17B-Estradiol- Bovine Methanol Nucleosil LC-MS/MS, | LOD 4.1 LOI 5.0 — 23
3-benzoate hair extraction, SPE NH, C18AB, 5 um ESI*
Zeranol Bovine Methanol OV-1, 0.25 um GC-MS/MS | LOD 2,66 | LOI4.48 — 27
hair extraction, acid
hydrolysis, SPE
170-Trenbolone Bovine Methanol OV-1, 0.25 um GC-MS/MS | LOD0.76 | LOI1.99 — 27
hair extraction, acid
hydrolysis, SPE
Methyltestosterone | Bovine Methanol OV-1,0.25 um GC-MS/MS | LOD1.02 | LOI1.74 — 27
hair extraction, acid
hydrolysis, SPE
17-Estradiol Bovine Methanol OV-1,0.25 um GC-MS/MS | LOD0.12 | LOI10.19 — 27
hair extraction, acid
hydrolysis, SPE
170-Testosterone Bovine Methanol OV-1, 0.25 um GC-MS/MS | LOD0.29 | LOI0.85 — 27
hair extraction, acid
hydrolysis, SPE
Melengestrol Bovine Methanol OV-1, 0.25 um GC-MS/MS | LOD1.12 | LOI1.97 — 27
hair extraction, acid
hydrolysis, SPE
Hexestrol Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.2 — 84.6 80
meat SPE C18 0.25 um
(continued)
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Table 9.3 (continued)

Performance of Some Recent Methods of Analysis of Growth Promoters in Antemortem (Farm Samples) and
Postmortem (Meat) Samples

filtration, SPE C8

System/ CCa CcCp Recovery
Analyte Matrix Extraction Column Detector (ng/g) (ng/g) (%) Reference
Diethylestilbestrol Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.1 — 80.1 80
meat SPE C18 0.25 um
Androsterone Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.2 — 91.0 80
meat SPE C18 0.25 um
Estradiol Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.1 — 95.8 80
meat SPE C18 0.25 um
Zeranol Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.1 — 95.3 80
meat SPE C18 0.25 um
o-Zearalenol Pork Liquid extraction, DB-5, 30 m, GC-MS/MS | LOD 0.1 — 94.6 80
meat SPE C18 0.25 um
170-Hydroxyl- Pork Liquid extraction, DB-5,30 m, GC-MS/MS | LOD 0.4 — 102.4 80
progesterone meat SPE C18 0.25 um
Diethylestilbestrol Beef Solvent extraction, DB-1MS, 30 m, GC-MS/MS | LOD 0.3 — 91.0 81
muscle freezing-lipid 0.25 um
filtration, SPE C8
17B-Estradiol Beef Solvent extraction, DB-1MS, 30 m, GC-MS/MS | LOD 0.2 — 85.0 81
muscle freezing-lipid 0.25 um
filtration, SPE C8
Testosterone Beef Solvent extraction, DB-1MS, 30 m, GC-MS/MS | LOD 0.1 — 100.0 81
muscle freezing-lipid 0.25 um
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Zeranol Beef Solvent extraction, DB-1MS, 30 m, GC-MS/MS | LOD 0.2 — 83.0 81
muscle freezing-lipid 0.25 pm
filtration, SPE C8
Progesterone Beef Solvent extraction, DB-1MS, 30 m, GC-MS/MS | LOD 0.3 — 80.0 81
muscle freezing-lipid 0.25 um
filtration, SPE C8
Dexamethasone Feed Liquid extraction, Sinergy MAX-RP | LC-DAD 190 217 108.9 69
SPE NH, 80A, 4 um
Dexamethasone Drinking | Centrifugation 26 30 105.1 69
water
B-Boldenone Urine Extraction, SPE Nucleosil C18, LC-MS/ 0.40 0.55 75.0 82
glucuronide 5um MS, API-
B-Boldenone Urine Extraction, SPE Nucleosil C18, LC-MS/ 0.75 0.99 72.0 82
sulfates 5um MS, API-
B-Boldenone Urine Extraction, SPE Nucleosil C18, LC-MS/ 0.52 0.70 76.0 82
5um MS, API-
a-Boldenone Urine Extraction, SPE Nucleosil C18, LC-MS/ 0.70 0.93 71.0 82
5um MS, API-
5B-Androst-1en- Urine Extraction, SPE Nucleosil C18, LC-MS/ 0.42 0.56 79.0 82
170l-3one 5um MS, API-
Trenbolone Poultry Matrix solid-phase Alltima C18, LC-MS/MS, 0.13 99 83
muscle dispersion 5um APCI*
Testosterone Poultry Matrix solid-phase Alltima C18, LC-MS/MS, | 0.03 0.21 97 83
muscle dispersion 5um APCI*
(continued)
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Table 9.3 (continued) Performance of Some Recent Methods of Analysis of Growth Promoters in Antemortem (Farm Samples) and
Postmortem (Meat) Samples

System/ CCa ccp Recovery
Analyte Matrix Extraction Column Detector (ng/g) (ng/g) (%) Reference
Melengestrol Poultry Matrix solid-phase Alltima C18, LC-MS/MS, | 0.03 0.26 90 83
acetate muscle dispersion 5um APCI*

Progesterone Poultry Matrix solid-phase Alltima C18, LC-MS/MS, | 0.21 0.16 96 83
muscle dispersion 5um APCI*

o-Zeranol Poultry Matrix solid-phase Alltima C18, LC-MS/ 0.08 0.87 90 83
muscle dispersion 5um MS, TIS-

o-Estradiol Poultry Matrix solid-phase Alltima C18, LC-MS/ 0.11 0.85 100 83
muscle dispersion 5um MS, TIS-

Diethylestilbestrol | Poultry Matrix solid-phase Alltima C18, LC-MS/ 0.04 0.33 80 83
muscle dispersion 5um MS, TIS-

Note: ESI, electrospray ionization; LOD, limit of detection; LOI, limit of identification; APCI, atmospheric pressure chemical ionization; TIS, turbo
ion spray.

uISLO Jewiuy Jo SPoo4 JO sisAjeuy A1ojes m  THT



Growth Promoters m 243

DADI1 A, Sig = 242.8 Ref = 500.80 (B2F-DEXA\6-04-05\004-0101.D)
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Figure 9.2 Example of detection of dexamethasone, a substance in group B 2f, and closely
related substances in feed through LC-DAD. Retention times 10.14, 10.78, and 11.60 min
corresponded to betamethasone (BTM), dexamethasone (DXM), and flumethasone (IS), respec-
tively. (Reproduced from Reig, M. et al., Meat Sci., 74, 676, 2006. With permission.)

Other methods are allowed for group B substances.” So, liquid chromatography-full scan
diode array detection (LC-DAD) can be used as a confirmatory method if specific requirements
for absorption in UV spectrometry are met. This means that the absorption maxima of the spec-
trum of the analyte shall be at the same wavelengths of the calibration standard within a margin of
+2 nm for diode array detection. Furthermore, the spectrum of the analyte above 220 nm will not
be visibly different (at no point greater than 10%) from the spectrum of the calibration standard.
An example of identification of dexamethasone, a substance in group B 2f, in feed through LC-
DAD is shown in Figure 9.2.
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10.1 Introduction

10.1.1 Antibiotics and Antibacterials in Veterinary Practice

Antibiotics are considered as the most important class of drugs. They play a key role in control-
ling bacterial infections in both human and animals. The need of food for human consumption is
growing and expansion of intensive livestock farming is of major concern. Antibiotics contribute,
for a large part, to this industrialization of the farming practice (treatment and prevention of
animal diseases and growth-promoting feed additives, even though the latter is being reassessed
in some countries such as in the European Union [EU]). Their use in animal husbandry requires
them to be on the top of the veterinary drug production for the pharmaceutical industry. Both the
rational usage of these substances and the monitoring of their residual concentrations in animal
products for human consumption would contribute to prevent their excessive content in human
food, reducing the risks for human health. Analytical methods dedicated to monitor these sub-
stances in food-producing animal products for human consumption are one of the tools for food
safety control. However, it is the mutual concern of all the actors involved in the human food
supply—farmers, veterinarians, feed manufacturers, food industry, and regulatory agencies. They
should create the conditions congenial to human food safety.

For a better understanding of the terms “antibiotics” and “antibacterials,” it is essential to clarify
their meaning and usage. Today, the term “antibiotic” is often wrongly used in the place of “anti-
bacterial” or “antimicrobial” because not only antibiotics possess an antibacterial activity. In fact,
according to an internationally recognized classification, the term “antibiotic” should strictly apply
to a range of compounds that are of biological origin; some are produced metabolically from molds
of filamentous fungi such as from Penicillium species (i.e., benzylpenicillin, 6-aminopenicillenic
acid [6-APA], cephalosporin C, 7-aminocephalosporanic acid [7-ACA]), others are extracted from
cultures of specific bacteria such as from several Strepromyces species (i.e., streptomycin, gentami-
cin, tetracycline, spiramycin), and many others are semisynthetic substances that are additionally
modified by chemical synthesis (i.c., florfenicol, amoxycillin, cephalexin). The terms “antibacterial”
or “antimicrobial” apply to a broader set of compounds including not only the natural and semi-
synthetic antibiotics, but also several other classes of molecules having an antibacterial property,
besides those that are produced by chemical synthesis; quinolones, nitrofurans, nitroimidazoles, sul-
fonamides belong to this category. The compounds covered by the term “antibiotics” fall into seven
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categories: aminoglycosides, amphenicols, cephalosporins, macrolides, penicillins, polypeptides, and
tetracyclines. The penicillins and the cephalosporins are frequently merged into the wider family
called beta-lactams. According to the recognized classification, the synthetic compounds from the
four families of nitrofurans, nitroimidazoles, quinolones, and sulfonamides can only be considered
as antibacterials or antimicrobials but do not belong to the antibiotic class. Finally, there are several
other compounds that are included in this chapter dedicated to antibiotics. Some of them are con-
sidered as subfamilies or quasifamilies to those described in the preceding discussion: lincosamides
and cephamycins fall into this category. Other compounds are from less important veterinary drug
families that also present some antibacterial activities: carbadox, dapsone, malachite green, olaquin-
dox, novobiocin, and virginiamycin. In chemical terms, the collections of substances that exhibit
antibiotic properties feature diverse groups characterized by very different molecular structures and
bearing widely divergent functionalities and mode of operation. This diversity poses a tremendous
challenge to the analyst when subtle structural variations in closely related antibiotic compounds
can lead to large variations in the chemical toxicity and biological activity of the antibiotic.

10.1.2 Veterinary Drug Residue Regulatory Control for Food Safety

The administration of licensed veterinary antimicrobials to food-producing animals may lead to the
occurrence of residues in the food, primarily in the meat produced for human consumption. With
the increasing concern for the safety of human food supply, monitoring for animal drug residues has
become an important regulatory issue. To safeguard human health, safe tolerance levels or maxi-
mum residue limits (MRLs) in food products from animal origin have been established in various
countries around the world. In the EU, the establishment of MRLs is governed by Council Regula-
tion 2377/90/EEC [1]. These limits account as part of the regulation for controlling the safety of
food with regard to residues of veterinary drugs in tissues and fluids of animals entering the human
food chain. To ensure that human food is entirely free from potentially harmful concentrations of
residues, MRLs are calculated from toxicological data and with a safety margin ranging from a fac-
tor of 10 to 100, depending on the drug considered. The Regulation 2377/90/EEC establishes the
lists of compounds that have a fixed MRL (Annex 1) or that need no MRL (Annex 2). Provisional
MRL can be supported for a limited period in certain cases (Annex 3); other substances including
some antibiotics (chloramphenicol) and some antibacterials (nitrofurans, nitroimidazoles), which
are excluded from Annexes 1, 2, or 3, are enlisted in the Annex 4 of the Regulation. This enlisting in
Annex 4 has the consequence of prohibiting their use in livestock production. The Council Regula-
tion 2377/90/EEC is amended continuously since 1990 for the implementation of new MRLs while
authorizing new veterinary substances. Therefore, the surveillance of veterinary drug residues in
food products is an issue for each country subjected to the EU legislation. In essence, there are two
types of regulatory residue programs. One deals with the direct-targeted control where the animal
or the product is under consignment pending the result of the analysis. The other is built through
the implementation of a National Residue Monitoring Plan (NRMP) that is used to monitor the
residue status of food from animal origin, without systematic rejection of the specific product from
the food market. The regulatory NRMP is established under EU Council Directive 96/23/EC [2],
and more recently, also included into Regulation 882/2004/EC [3]. This Directive describes the
quantity of samples to be tested for each species of food-producing animals (i.e., bovine species,
etc.) or of animal products (milk, etc.) and the different groups of residual compounds to be moni-
tored (i.e., antimicrobials, anabolics, antiparasitics, etc.). In both cases, suspected samples should be
efficiently separated from the bulk of negative samples.
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The criteria establishing the performance expected from the analytical methods for the screen-
ing and for the confirmatory control of residues have been established in the EU by Commission
Decision 2002/657/EC [4] replacing in 2002 the former EU Commission Decision 93/256/EEC
[5]. Efforts have been made to develop analytical tools capable of supporting the surveillance of
the residues in food products from animal origin according to this set of laws.

10.1.3 Strategies for Screening and Confirmation
of Antimicrobial Residues in Meat

There is a need to develop rapid analytical methods for controlling drug residues in food prod-
ucts of animal origin, particularly antimicrobials. While developing or selecting analytical proce-
dures for residue control programs, certain aspects have to be taken into account, some of which
are governed by external economical/political factors or internal organizational constraints. These
factors/constraints are important to build the strategy that must be, at the same time, in line
with the national, the European community, and the international food safety legislations as it is
described in a relevant paper dedicated to the control of chloramphenicol [6]. Various method-
ological options for the screening and confirmation of veterinary drug residues, particularly the
antimicrobials, can be implemented. Traditionally, the microbiological assays involving bacterial
inhibition of a probe microorganism on a medium containing the antibiotic are the basis of anti-
microbial residue control in food. But these methods are time-consuming and labor-intensive. In
addition, microbiological assays often cannot differentiate univocally among the various forms and
derivatives of a given antibiotic family. The quantitative information offered by such an approach
reflects a lack of selectivity with the total amount of all forms of a given antibiotic, rather than
providing distinct information related to quantitation and identification on the different analogs.
These drawbacks are counterbalanced by the cost-effective and high sample throughput imple-
mentation of these techniques. In contrast to microbiological methods, chemical chromatographic
approaches such as gas chromatography (GC) and liquid chromatography (LC) with various
detectors (gas chromatography—electron capture detector [GC-ECD], gas chromatography—flame
ionization detector [GC-FID], gas chromatography—nitrogen-phosphorus detector [GC-NPD],
liquid chromatography—ultraviolet detector [LC-UV], liquid chromatography—visible detector
[LC-Vis], liquid chromatography—fluorescence detector [LC-FLD]) can provide a more selective
response with both high sensitivity and good separation efliciencies for most of them. Thus, chro-
matographic methods hold a real potential to display many of the characteristics necessary for
systematic screening of antimicrobial residues in food products. However, the extremely diverse
chemical nature of antibiotic substances requires that a variety of separation modes, detection
strategies, and sample preparation procedures be used to achieve the goals outlined previously as
necessary for rapid and sensitive screening. Moreover, the changes in the regulations, enforced
during the past 20 years, highlighted the need to monitor drug residues in food, starting from
a single rapid cost-effective screening to now achieving a univocal confirmation of the residual
substance(s) primarily suspected in the food products. The analytical strategies, applied then by
the networks of control laboratories involved in the food safety legislation, now require at least
a two-step analytical monitoring; sometimes, to adjust the cover of regulatory needs, a strategy
involving three or more steps may be required. Fortunately, in the time legislation strengthened
during the past 20 years, the introduction of versatile and highly sensitive detectors built from
different modes of mass spectrometric analyzers (single-quadrupole, triple-quadrupole, also called
tandem-quadrupole, ion-trap, time-of-flight [ToF], quadrupole ToF, and quadrupole ion-trap)
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improved and sometimes simplified the strategies in the veterinary residue control. These rather
expensive instruments introduced into the residue control laboratories gave the opportunity to
readily modify the strategies, improving the quality and enhancing the efficiency of the control.

10.1.4 Analytical Methods for Control of Antimicrobials in Meat

Trends in analytical method development for drug residue control, particularly for antimicro-
bial residue control in meat products, changed significantly during the 1990s and early 2000s,
with the increasing reliability of high-performance liquid chromatographic (HPLC) instruments.
During the past 20 years, there have been a number of reviews covering the analysis of residual
antimicrobials in food [7-21], which indicate that comparatively few analytical methods capable
of measuring residual concentrations of many antimicrobials, at or near their MRL, existed in
the 1980s. For example, developing procedures to extract and concentrate their residues from
biological matrices became difficult due to low solubility of some antimicrobials in organic sol-
vents. The other antimicrobials are either insufficiently volatile or thermally unstable (or both) to
permit their analysis using GC or GC coupled to mass spectrometry (GC-MS). As a consequence,
many methods for measuring antimicrobial residues have been developed by using HPLC. Liquid
chromatographic technologies received more and more attention in the late 1980s, and much
innovations and reliability occurred in the 1990s [22-25]. However, HPLC with UV detection is
not considered sufficiently specific for use as a reliable confirmatory technique, at least in the pres-
ent 2000’s EU legislation. A spectral recognition of the compound (by means of multiwavelength
UV-visible detectors such as diode array detector [DAD] and photodiode array [PDA]) or a more
specific signal such as with fluorescence detection is mandatory. The development of LC coupled
to mass spectrometry (LC-MS) instruments has significantly increased the range of antimicrobials
for which reliable and identificative assays based on molecular spectrometry can be developed.

Today, the strategy of surveillance for the presence of antimicrobial residues in meat can be
divided into two main categories of analytical methods. The biological methods (inhibitory plate
tests, receptor test kits, immunoenzymological kits, and immunochemical biosensors) are gener-
ally aimed at wide range of antimicrobial screening, sometimes proposing a reduced monitoring to
only one antimicrobial family or even to a single substance. The chromatographic methods (GC,
GC-MS, LC, and LC-MYS) often bring a higher degree of selectivity, sensitivity, and chemical
structure recognition. These physicochemical methods are dedicated to a more specialized control
of single substances with monoresidue methods. However, they are also able to cover the control of
a family or of a set of substances and hence considered as multiresidue methods. The trends with
the brand-new versatile technologies provided by LC-tandem-MS and LC-hybrid-MS lead to even
wider ranges of antimicrobials and families of antimicrobials potentially analyzed altogether, and
in the near future, even possibly together with other veterinary drugs (antiparasitics, anticoccidi-
als, and antiinflammatories).

10.2 Screening Analysis by Means of Biological Methods
10.2.1 Microbiological Methods for Antimicrobial Residues

Ideally, a screening method should allow to establish the presence or absence of veterinary drugs
by detecting all suspect samples (avoiding false negatives), preferably using a simple, routinely
applicable procedure. Microbiological methods able to control the inhibitory activity of a majority
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of antimicrobials are of premium interest in this regard. Yet, it may sometimes be rather complex
in analyzing inhibitory data that result due to the variety of antimicrobials of interest or also
due to the desired limit of detection. In certain cases of inhibitory tests, postscreening orienta-
tive information is needed before confirming with adequate identification/quantification. Most
of the developed microbiological tests dedicated to the control of meat products focus on muscle
or kidney as a target tissue. The obvious advantage of analyzing muscle tissue lies in the fact that
this is the edible part of the animal for which MRLs have primarily been established. Another
advantage is that false positives due to naturally inhibiting substances are not likely to occur or are
at least considerably reduced compared to other potential target matrices (kidney, liver). A disad-
vantage is that a variety of microorganisms have to be used to meet the MRLs for the commonly
used antimicrobials. The major advantage of using kidney is the highest factor of concentration
of many antimicrobial veterinary drugs in that kind of tissue compared to muscle [26]. This is an
advantage of first interest when the analytical technologies for residue testing seriously lack sensi-
tivity. The major drawback is the false-positive samples that are likely to occur due, in part, to the
inhomogeneity of this offal and also due to the lack of stability of this tissue and to the difficulties
in extracting several of the protein-bound antimicrobial compounds.

Most of the microbiological methods for tissues detect inhibitory substances diffusing from
a piece of tissue [27-37], or from a paper disk soaked with tissue fluid [26,38—40], into an agar
layer seeded with a susceptible bacterial strain. These tests are multiresidue screening methods
and use either only one plate [41,42] or different plates, different combinations of pH, media, and
different test microorganisms to try to improve the detection of different families of drugs [29,
33-35,37,43]. Some of these methods have also been modified to perform a postscreening analysis
[34,35,37] often proposed in antibiotic residue control strategy to orientate toward the appropriate
antimicrobial family before more sophisticated chemical identification and quantification.

10.2.2 Other Biological Methods

Several other biologically derived analytical methods were recently or are still in use in some control
laboratories: the radioimmunological Charm II Test® applied to muscle tissue and derived from
milk control [44—46], the high voltage gel electrophoresis [47-50], or the TLC-bioautography
[51-56].

Owing to the fact that the microbiological methods with wide-range antimicrobial residue
screening are considered time-consuming incubation procedures with regard to the fast process-
ing in agrifood industrial practice, several other microbiological or immunological receptor test
technologies have been developed for residue control. The analytical strategy for meat control is
very similar and can be compared to that built for antimicrobial residue control in milk. The most
common tools used for time-saving strategies are rapid microbiological tube test assays such as
the Charm Farm Test® [46,57,58], the more recently developed Premi Test® [59—61], rapid recep-
tor tests such as the Tetrasensor® for tetracyclines [62], or solid-phase fluorescence immunoassays
(SPFIA) for gentamicin, several antibiotics, and sulfonamides [63—-65], or enzyme-linked immu-
nosorbent assays (ELISA kits) based on monoclonal or polyclonal antibodies. These tools generally
focus on an immunoenzymatic action for one or two specific antimicrobial families or, even in some
cases, on only one very specific antimicrobial compound. For example, ELISA kits were developed
not only for chloramphenicol, enrofloxacin, gentamicin, halofuginone, nicarbazin, specific nitro-
furan metabolites, streptomycin, tylosin but also for beta-lactams, fluoroquinolones, macrolides,
nitroimidazoles, and tetracyclines [6,36,66—84]. A new immunological technology developed in
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the 1990s, the surface plasmon resonance-based biosensor immunoassay (SPR-BIA), based on both
immunological receptors and signal reading by a specific light-scattering property, has been of great
interest in the 2000s. It has been applied first as screening/postscreening strategy in milk products
for residues of sulfonamide compounds such as sulfamethazine and sulfadiazine [85-90] and then
also extended in milk and in tissues to several other antimicrobial compounds or families of anti-
microbials such as streptomycin, dihydrostreptomycin, nicarbazin metabolite dinitrocarbanilamide
(DNC), and a range of penicillins and fluoroquinolones [83,91-96]. However, lack of wide-range
screening for antimicrobials generally put these methodologies in the position to be prescribed for
prescreening strategies or for very specific and selective control. In certain conditions, they might be
useful when the regulatory residue control enforces a ban on antimicrobial substances such as chlor-
amphenicol, nitrofurans, and nitroimidazoles. They are also available for some screening strategies
when the microbiological wide-range screening methods lack sensitivity with regard to the requested
MRL for specific families or substances (sulfonamides, aminoglocosides). A survey of screening
methodologies implemented in the EU by the reference laboratories in the period 2000-2003 for
monitoring authorized antimicrobials in meat is shown in Figure 10.1. The same survey is displayed
in Figure 10.2 but for the screening in meat of the residues of a prohibited drug: chloramphenicol.
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Figure 10.1 Screening strategy for meat control: methodologies used for screening in meat
products considering 15 national reference laboratories from the European Union Member
States (2003).
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Figure 10.2 Screening strategy for meat control—chloramphenicol: methodologies used for
screening in meat products for chloramphenicol residues considering 15 national reference
laboratories from the European Union Member States (2003).



256 ®m Safety Analysis of Foods of Animal Origin

10.3 Confirmatory Analysis by Means of
Chromatographic Methods

10.3.1 Chromatographic Methodologies for Antimicrobial Residues

The widely used methods in residue analysis are those based on chromatographic procedures.
Their efficiency comes, for a large part, from their separative properties making them selective
to the compounds to be analyzed with regard to the complex endogenous interfering substances
extracted from the biological tissues. A part of their efficiency also derives from the sensitivity of
their detectors, often enabling them to monitor traces of antimicrobials at low parts per billion
equivalent to g of residue/kg of tissue (ppb) level. Today they are the preferred methodologies for
the confirmatory step in most of the analytical strategies. Ideally, a method set for drug residue
confirmation should unequivocally establish the identity of the residue. During the regulatory
control of nonprohibited drug residues, reliable quantification should be additionally carried out
at an appropriate stage. Quantification is a mandatory procedure of the analytical residue method
when the control has to reliably establish whether the residue concentration exceeds the MRL. On
the contrary, for the regulatory control of residues of prohibited drugs, the unequivocal identifica-
tion of the drug is necessary; its reliable quantification lies only at the second level even though,
for chemical analytical methods, the quality of the identification is often correlated to the quality
of the quantification. Among the chromatographic procedures, one can quote TLC as an efficient
method when used for screening/identifying within a single assay several compounds from the
same family of antimicrobials [97-104]. In its use of screening, this technique displays an accept-
able resolutive property compared to microbiological methods, especially when these nonselective
wide-range inhibitory methods significantly lack sensitivity as it is for the sulfonamides [103].
GC [105] has also been used for a long time since the 1970s for analyzing a large number of com-
pounds in a variety of matrices but with complicated development and variable success for antimi-
crobial substances [106-110]. Antibiotics are, for most of them, nonvolatile, polar-to-very polar,
and thermally unstable compounds precluding their correct analysis by GC. Chloramphenicol is
the most often cited antibiotic to be analyzed by GC or GC-MS techniques [6,78,111-117].
HPLC is by far the most suitable and widely used technique for antimicrobial analysis [22—
25]. It can be applied to the measurement of almost all the antimicrobial compounds. Consider-
ing its high resolutive properties, it is an appropriate technology for both the separation and the
simultaneous quantification of closely related residues (parent drug and its possible metabolites).
High precision in the measurement can easily be achieved with relative standard deviation (RSD)
lower than any other technologies ever used for analyzing traces of antimicrobials in muscle tissue
(1% < RSD < 15%). A wide choice in acidic—basic aqueous solvents combined with several organic
ones (generally acetonitrile [ACN] or methanol [MeOH]) leads to numerous mobile phases
enabling the control of the elution of antimicrobials on an extended library of column packings
(normal phase, reverse phase, ion exchange phase, and mixed phases) and column geometries
(conventional, narrow-bore, and micro-bore) [118]. Multiantimicrobial residue methods are then
to be considered readily achievable in such a choice of analytical parameters. Still, some disadvan-
tages need to be mentioned. The low sample throughput as compared to microbiological methods
is probably the major drawback. The limited number of compounds to be separated within the
same run should also be considered. Additionally, not all antimicrobials bear chromophore or flu-
orophore properties, making them undetectable by conventional HPLC detectors. Derivatization
procedures before detection are generally employed at precolumn or postcolumn stage to recover
the detectability by UV-visible or fluorescence detectors [119-122]. Another limitation derives
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from the implementation of mass spectrometers for which not all compositions of mobile phase
can be applied to LC-MS instruments (phosphate buffers, etc.). Nevertheless, the LC-MS tech-
nology is readily becoming one of the most powerful LC techniques in the field of drug residue
analysis. Research in new technologies in MS, notably LC-MS, with new quadrupolar MS detec-
tors in the 1990s (LC-tandem MS, also called LC-triple quadrupolar MS), with ion-trap and
hybrid-trap technologies (LC-ion trap MS and LC-quadrupolar ion trap MS), or with ToF and
hybrid ToF technologies in the 2000s (LC-ToF-MS and LC-quadrupolar ToF-MS), has greatly
benefited from the international need of protecting food quality. Monitoring nonvolatile and polar
antimicrobials with a high degree of sensitivity and specificity is now possible, thanks to the large
variety of interfaces developed for mass analyzers during the past 20 years: thermospray ion-
ization (TSP), particle beam (PB), electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric pressure photochemical ionization (APPI). Several interest-
ing review articles have been published recently, some of them dedicated to the advances in mass
spectrometry analysis coupled to LC and GC separative systems [123—134], and others dealing
with LC-MS analysis of drug residues in food [8,11,13,14,135-137].

10.3.2 Other Modes of Chemical Analysis

The other technologies potentially dedicated to polar nonvolatile compounds, such as many anti-
microbials, were also investigated in the past 15 years. At the end of the 1990s, supercritical fluid
chromatography (SFC) was reported to be a potentially innovative concept of separation evaluated
on sulfonamide antimicrobials extracted from swine tissues [138—141]. Electrokinetic technolo-
gies with their major component, the capillary zone electrophoresis (CZE or CE), have focused
on the high separation efficiencies possible with this separative mode [142—154]. Its three major
variants are the micellar electrokinetic capillary chromatography (MEKC), the capillary isotacho-
phoresis, and the electrochromatography (CEC) [155-161]. But none of these innovating analyti-
cal technologies reached a sufficient degree of reliability to trigger their implementation in the field
of drug residue control in food. The capillary zone electrophoresis coupled to a mass spectrometer
(CZE-MS or CE-MS) can become a potentially interesting technique as soon as the major techni-
cal problems related to the hyphenation between the electrophoretic nanocapillary tube and the
atmospheric source of the mass spectrometer are reliably stabilized [162-169].

10.3.3 Sample Preparation for Liquid Chromatography

The sample preparation procedures developed for the antimicrobial residue analysis in muscle
tissues by means of chromatographic instruments are all described with a similar process. The
very first step always involves the extraction of the compounds of interest from the tissue by
deproteinizing the sample using organic solvents such as ACN acidic or buffer aqueous solutions
ethyl acetate (EtOAC), or through such as hydrochloric acid (HCI) or trichloroacetic acid (TCA)
or phosphate buffer solutions (PBS) mixed with miscible organic solvents such as ACN or dichlo-
romethane (DCM). The efficiency of the deproteinization depends on the degree and strength of
the binding of the residues to the tissue proteins and on the adequateness of the deproteinizing
solvent or mixture of solvents to be used. A centrifugation is often applied at this stage to separate
the liquid phase containing the residues from the solid phase principally made of the precipitated
proteins and other remaining substrates. The following step in sample preparation is the proper
extraction from the biological liquid into a suitable solvent by partitioning process or liquid—liquid
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extraction (LLE). The choice of the solvent(s) depends on the polarity of the residue(s) of inter-
est and must be adjusted (pH, volume, ionic strength, salt saturation, homogenization process,
salting-out process, breaking emulsions) to give a maximum recovery of the residue(s). An acidic
antimicrobial compound must be extracted by nonpolar solvents at low pH values where its acidic
function is suppressed. A basic antimicrobial substance must be extracted by nonpolar solvents at
high pH values where its basic function is neutralized. A neutral antimicrobial analyte is extracted
whatever the pH of the sample/solvent is. An amphoteric antimicrobial molecule is extracted
by nonpolar solvents at its specific pH of neutralization. Protein-bound antimicrobials can be
released more efficiently by a stronger solvent at high acidic pH such as sulfuric acid (H,SO,),
HCI, phosphoric acid (H;PO,) or at basic pH such as trisaminomethane (TRIS) and dithioeryth-
reitol (DTE), enabling to cut the bind between the attached residue and the protein. Release of
the residue is either as a neutral substance or more generally as an ionic species that can be neu-
tralized by using an ion-pair extraction mode. The counterionic species neutralizes the ionicity
of the residue and forms a neutral ion pair easily transferred into the organic phase. Further to
this extraction step is carried out another possible centrifugation where separate liquid phases
can be obtained leading to discard one phase and to retain of the other for further sample extract
purification. Rather than neutralizing the antimicrobial residue by the ion pairing mode, it is also
possible to make it react with a labeling substance to enhance the detectability of the residual
antimicrobial by UV-visible or fluorescence detectors, in case it lacks chromophoric or fluorogenic
properties. The last step in the sample preparation is generally the cleanup process. Purification is
often necessary in biological matrices when too much endogenous substances still remain in the
extract, leading to problems of chromatographic separation (column plugging or retention time
variation) or interference in the detection. The liquid-liquid partition between immiscible sol-
vents was the most common procedure. But now liquid—solid extraction with pouring the sample
extract through sorbing material packed in a short column, also called the solid-phase extraction
(SPE), is very often performed in residue analysis and the preferred cleanup for routine control.
Most of the sorbents employed are derived from the different classes of chromatographic packings
such as pure silica normal-phase sorbents, or alkyl-bonded silica such as 8-carbon-alkyl bonded
silica stationary phase (C8), 18-carbon-alkyl bonded silica stationary phase (C18), and phenyl
reverse-phase sorbents or ion-exchange material such as strong anionic or cationic exchange sor-
bents (SAX, SCX) or now mixed hydrophilic-lipophilic balanced cartridge (HLB), medium
anion exchange cartridge (MAX), or medium cation exchange cartridge (MCX) mixed sorbents
balanced with reverse-phase and ionic exchange properties. A number of reviews deal with this
interesting SPE approach [170—175]. Further to the cleanup procedure is sometimes added another
step to remove the last fat content from the extract by a liquid-liquid partition with apolar organic
solvent (nz-hexane or iso-octane). The very last sample preparation step is the transfer of the purified
extract into the correct mixture of solvents, which should be closely similar to the mobile phase
employed for the separative chromatography. Very often, this step requires a partial evaporation
by rotary evaporator or a complete evaporation to dryness under gentle heating (40-50°C) com-
bined with a gentle nitrogen flow. Direct extract is finally reconstituted in the mobile phase or in
a closely related mixture of solvents before injection in the chromatograph.

10.3.4 Modes of Separation in Liquid Chromatography

Several modes of separation are applicable in liquid chromatography; the three major ones are the
normal-phase mode (adsorption on silica stationary phases and elution driven by a mobile phase
composed of mixtures of organic solvents), the reverse-phase mode (liquid partitioning between
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carbon-bonded stationary phases and a mobile phase mixing an aqueous buffer with an organic
modifier), and the ion-exchange mode (cationic or anionic exchange with specific ion-bonded sta-
tionary phases). Because the heterogeneity in the chemical behavior of the antimicrobial substances
is governed by their polarity or their weaker or stronger ionizability, different modes of separa-
tion can be considered depending on the compounds to be analyzed. Polar and highly ionizable
antimicrobials can be successfully and specifically separated in the ion-exchange mode. Less polar
antimicrobials can be separated in the normal-phase mode. Nonpolar antimicrobials or neutral-
ized ionic antimicrobials are generally separated in the reverse-phase mode. Because it is easier to
neutralize ionic compounds to chromatograph them together with the nonpolar ones, the reverse-
phase mode has often been considered the preferred mode of separation for antimicrobial residues
in food. Different techniques of neutralization have been investigated from the buffered pH dis-
placement of the mobile phase for weak acidic and alkaline antimicrobials (penicillins, quinolones)
to the use of ion-pairing agents for the more polar and ionic antimicrobials (aminoglycosides). All
these strategies are generally employed to adjust the resolution and to improve the efficiency of
the separation. It is convenient for chromatographing several compounds not only selected in the
same family of antimicrobials, such as different neutral and amphoteric penicillins [176], but also
for several families within the same runs, such as penicillins, cephalosporins, sulfonamides, and
macrolides or aminoglycosides, quinolones, and tetracyclines [177]. The analytical parameters for
the analyst to control the LC in the reverse-phase mode are numerous ranging from the chemistry
of the mobile phase (pH, buffering, organic modifiers) to the chemistry of the stationary phase,
including controlling the physical parameters of the pumping device by working in isocratic or
gradient mode. The choice in the reverse stationary phase (C4, C8, C18, phenyl, etc.) can be rel-
evant to resolve certain analytes even though C18-bonded silica stationary phase is actually the
most common one. Polymeric reverse stationary phases (PLRP-S) are also sometimes useful when
the ionic or highly polarizable antimicrobials may react with the silica of the column packing or
with impurities contained in it. Some new brands of stationary phases appeared in the recent years
such as the mixing of reverse-phase mode and weak ion-exchange mode or as the HLB station-
ary phase. A promising stationary phase for chromatographing highly polar antimicrobials is the
hydrophilic liquid chromatography (HILIC) pseudonormal phase. Depending on the quality of
detection mode, the separation can receive more or less attention. The science of chromatographic
separation recently received less interest as soon as highly selective and sensitive detectors, such as
new-generation mass spectrometers, have replaced the conventional UV-visible or diode array or
fluorescence detectors.

10.3.5 Modes of Detection in Liquid Chromatography

The three commonly used detectors for analyzing antimicrobials are UV-visible detectors in a
monowavelength version or now, since the 1990s, in a multiwavelength version, such as the DAD
or the PDA detector; fluorescence detectors with a higher degree of specificity compared to the
UV-visible ones while considering possible coextractive substances from the food matrix; and
mass spectrometers with a large variety of combinations from single quadrupolar (SQ-MS) or
triple quadrupolar (TQ-MS or tandem MS) instruments to ion-trap (IT-MS) devices and now
to ToF-MS instruments, the most attractive and reliable instrument being the LC-TQ-MS with
its high degree of reliability in identifying and quantifying drug residues in food matrix. Several
hybrid instruments are now also commercially available, such as LC-Q/IT-MS or LC-Q/ToF-
MS or LC-Q/Trap/Orbitrap-MS. To bring some antimicrobials to a more selective and sensitive
analysis, derivatization by tagging the compounds of interest either with a chromogenic or with
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a fluorogenic labeling agent is also a useful alternative to extend the field of detection for some
undetectable compounds such as for the aminoglycosides. Derivatization can also be proposed for
some antimicrobials to enhance their signal in mass spectrometry by adjusting the antimicrobial(s)
of interest to a correctly detectable range of mass and/or by improving its (their) capacity of ioniza-
tion in the source of the mass spectrometer.

10.4 Applications of Chromatographic Methods
to Antimicrobial Residues

Considering the wide range of antimicrobials potentially found as their residues in meat and
particularly in muscle tissues of food-producing animals, a large number of methods have been
developed during the last decades to monitor these compounds in accordance with the regulations
enforced in various countries interested in food safety and food-producing animal husbandry.

The following paragraphs present some relevant methodological developments proposed in the
field of antimicrobial residue analysis in the past 20 years. They are sorted according to the differ-
ent families in an alphabetic order, although the more recent selective LC methods now open the
field of multiresidue antimicrobial analysis, including more than 50 compounds and up to 100
compounds at once in some cases of LC-MS approaches.

10.4.1 Aminoglycosides

The aminoglycosides are broad-spectrum antibiotics produced by members of two types of bacte-
rial genii, either Strepromyces sp. (streptomycin, neomycin) or Micromonospora sp. (gentamicin,
amikacin). With the first streptomycin compound reported in 1944, this family of antibiotics
is the second one discovered following the penicillins. Structurally, they belong to the chemi-
cal family of carbohydrates with two or more amino-sugars linked via a glycosidic bond to an
aglycone moiety called the “aminocyclitol” ring (Figure 10.3). The aminoglycosides are divided
into two subgroups: one small subgroup containing a streptamine moiety and the other larger
one containing a 2-deoxystreptamine moiety. Streptomycin and dihydrostreptomycin belong to
the streptamine subgroup. Neomycins, paromomycins, gentamicins, kanamycins, and apramycin
belong to the deoxystreptamine subgroup. The deoxystreptamine subgroup is further structured
in subclasses depending on the substituents attached to the deoxystreptamine moiety, leading to
classes such as neomycins (neomycin A, neomycin B, neomycin C), or gentamicins (gentamicin
C1, gentamicin C2, gentamicin Cla, gentamicin C2a). Useful reviews have been published on this
family of antibiotics [18,19].

In food animal production the most commonly used aminoglycosides are gentamicin, neo-
mycin, dihydrostreptomycin, and streptomycin. The aminoglycosides are not metabolized in the
body but rather are bound to proteins (generally <30%) and excreted as the parent compound.
Residues concentrate in the kidney (cortex) for more than 40% and in cochlear tissues, mak-
ing these drugs both nephrotoxic and ototoxic. Muscle tissues are less subjected to aminoglyco-
side residue concentrations—more than 150 times lesser than in kidney tissues. Aminoglycosides
are watet-soluble, polar, and weakly basic compounds. They are stable at both high and low pH
levels, and are heat resistant. A number of methods can be quoted for aminoglycoside residue
analysis in tissues. For a screening strategy based on the antibacterial property of aminoglyco-
sides, several bioassays have been developed such as microbiological inhibitory plate tests with
different strains (Bacillus subtilis, B. stearothermophilus, B. megaterium, and B. aureus) [27-30,
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32-35,37,39,40,42,43]. Several microbiological tube test kits such as the Charm Farm Test Kit
[57,58] or the Premi Test Kit [60,61] are also available. Some immunological bioassays are also
dedicated to specific aminoglycosides: a fluorescence polarization immunoassay test (FPIA) for
gentamicin [63]; and for streptomycin and dihydrostreptomycin, either the radioimmunological
Charm IT test [45-46], an ELISA test kit [71], or a SPR-BIA immunoassay [93]. TLC methods
have also been proposed for some aminoglycosides in tissues and urines of swine and calves [178] or
in the form of TLC-bioautography [46,55,56]. For their detection by analytical physicochemistry
(Table 10.1), aminoglycosides lack chromophores and fluorophores; thus, derivatization is usually
required. Because of their nonvolatility, HPLC procedures with fluorescent labeling are preferred;
several of them were developed in the 1980s and 1990s [179-192]. Very few HPLC-UV methods
have been proposed [193]. In addition, the ionicity of the aminoglycosides induces active use of
the ion-pairing technique to achieve sufficient separation in the reverse-phase mode. Recently, in
the 2000s, mass spectrometry (LC-MS techniques) has also become a convenient alternative to
detecting and identifying these antibiotics [194-196]. But eflicient and reliable extraction from
animal tissue matrix still remains an issue in the analytical chemistry of aminoglycoside residues.

10.4.2 Amphenicols

The amphenicols are composed of three substances, namely chloramphenicol, thiamphenicol, and
forfenicol. They are broad-spectrum bacteriostatic antibiotics. Chloramphenicol was the first of
the family to be produced in 1947 from cultures of Streptomyces venezuelae and, due to its frequent
use in veterinary and human medicine, was further produced synthetically starting from dichloro-
acetic acid. This natural compound is rather unique in that it contains a nitrobenzene moiety. But,
following extensive reports of adverse reactions, primarily aplastic anemia, in humans and other
side effects after chloramphenicol treatment, the drug was found toxic enough to be banned world-
wide in the end of the 1980s and early 1990s in veterinary practice and also in most human medi-
cines. Thiamphenicol and, more recently, florfenicol, which have chemical structures similar to that
of chloramphenicol (Figure 10.4), have been permitted as substitutes but have been licensed with
effective tolerance limits at the 50-500 ppb level such as for the EU-MRL ones [1]. Because they
are chemically and thermally rather stable [74,197-199], they can be readily analyzed by GC tech-
niques and residues can be found in frozen stored meat for several months. The chromatographic
methods for the analysis of chloramphenicol in edible animal products were reviewed thoroughly
by Allen in 1985 [200]. But the ban of chloramphenicol changed significantly the strategy for the
analysis of this family of compounds. In the 1990s, chloramphenicol became an important issue
in residue monitoring because of the particular public health concern due to considerable levels of
drug residues that may occur in edible animal products from illegally treated animals. To replace
the conventional screening methods inefficient in detecting chloramphenicol residues at very low
ppb levels, such as microbiological inhibitory plate tests [201] and microbiological tube tests [58]
or TLC analysis [66,103,202] or TLC/bioautography [55], several sensitive and rapid immuno-
enzymological test kits (ELISA) were developed specifically for the detection of chloramphenicol
residues at <1.0 pg/kg in muscle tissues and other edible animal products [6,26,74,203,204].

At the confirmatory stage (Table 10.2) of the residue control strategy for chloramphenicol, it
became mandatory in the 1990s to change from conventional GC [107,112,114,115] and HPLC-UV
methods [6,77,197,199,205-208] to sensitive and unequivocally identifying techniques such as GC-
MSMS) [78,111,116] and LC-MS(MS) ones [78, 209-212]. Several mass spectrometric detection
methods were also developed for the three amphenicols within a single method [113,195,213,214]
and sometimes also including the major metabolite of florfenicol, the florfenicol amine [117,215].



Table 10.1

Summary of Literature Methods for Determination of Aminoglycoside Residues in Tissues Using Liquid Chromatography

Limit
LC Column Range Year
Tissue Analytes Sample Treatment | Derivatization Technique Detection (ppm) (Reference)
Kidney Gentamicin, kanamycin Buffer extn, cell Postcolumn: RPLC C18, Fluoresc. —a 1983 (179)
(cortex) lysis, ion OPA HPSA ion Ex:340 nm,
exchange SPE pairing Em:440 nm
Kidney, Neomycin, paromomycin | Buffer extn, heat Postcolumn: RPLC C18, Fluoresc. 0.5 1985 (180)
muscle deprot. OPA PSA ion Ex:340 nm,
pairing Em:455 nm
Kidney, Kanamycin TCA deprot. ether | Precolumn: RPLC C18, Fluoresc. 0.04 1986 (181)
muscle defat, ion OPA ion pairing | Ex:335 nm,
exchange SPE Em:440 nm
Kidney, Streptomycin PCA deprot., C8 Postcolumn: RPLC C18, Fluoresc. 0.5 1988 (182)
muscle SPE nihydrin OSAion Ex:400 nm,
pairing Em:495 nm
Muscle Gentamicin Buffer extn, Precolumn: RPLC C18, Fluoresc. 0.2 1989 (183)
H,SO, deprot., OPA HPSA ion Ex:340 nm,
ion exchange, pairing Em:418 nm
silica SPE
Muscle, liver, | Gentamicin TCA deprot., ion Postcolumn: RPLC C18, Fluoresc. 0.5 1993 (184)
kidney, fat exchange SPE OPA CPS ion Ex:340 nm,
pairing Em:418 nm
Muscle, liver, | Streptomycin, DHS PCA deprot., Postcolumn: RPLC C18, Fluoresc. 0.02 1994 (185)
kidney cation exchange NQS HSA ion Ex:347 nm,
SPE pairing Em:418 nm
(continued)
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Table 10.1 (continued)

Summary of Literature Methods for Determination of Aminoglycoside Residues in Tissues Using Liquid

Chromatography
Limit
LC Column Range Year

Tissue Analytes Sample Treatment | Derivatization | Technique Detection (ppm) (Reference)

Kidney, liver | Neomycin TCA deprot,, Postcolumn: RPLC C18, Fluoresc. 0.05 1995 (186)
cation exchange OPA CPS ion Ex:340 nm,
SPE pairing Em:440 nm

Kidney, Streptomycin, DHS TCA deprot., Postcolumn: RPLC C18, Fluoresc. 0.02 1997 (187)
muscle cation exchange NQS OSAion Ex:375 nm,
SPE pairing Em:420 nm

Kidney, DHS Acid deprot., ion Postcolumn: RPLC C18, Fluoresc. 0.015 1998 (188)
muscle exchange SPE, NQS HSA ion Ex:375 nm,
C8 SPE pairing Em:420 nm

Muscle, liver, | Spectinomycin TCA deprot., Postcolumn: RPLC C18, Fluoresc. 0.05 1998 (189)
kidney WCX SPE NQS ion pairing Ex:340 nm,
Em:460 nm

Feed Amikacin, kanamycin, HCl deprot. Postcolumn: RPLC C18, Fluoresc. 0.2 1998 (190)
gentamicin, neomycin OPA ion pairing Ex:355 nm,
Em:415 nm

Muscle, Neomycin PCA deprot., Postcolumn: RPLC C4, Fluoresc. 0.12 1999 (191)
kidney WCX SPE FMOCI ion pairing | Ex:260 nm,
Em:315 nm

Muscle, liver, | Gentamicin, neomycin Buffer extn, TCA Postcolumn: RPLC C18, Fluoresc. 0.05, 0.10 2001 (192)
kidney deprot., C18 SPE FMOCI HSA ion Ex:260 nm,
pairing Em:315 nm
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gentamicin, kanamycin,
paromomycin, amikacin,
tobramycin, sisomycin

Muscle, liver, | Gentamicin netilmicin(® Buffer extn, C18 Postcolumn: RPLC C18, UV:330 nm 1.0 1995 (193)
kidney, milk SPE OPA HSA ion
pairing
Muscle, Gentamicin, neomycin, Buffer extn, TCA — RPLC C18 LC-MS" esi+ —a 2000 (194)
injection spectinomycin deprot., C18 SPE
site tobramycint®
Muscle, liver, | Gentamicin, Deprot.,, WCX SPE — RPLC C18, LC-tandem 0.025 2003 (195)
kidney, fat tobramycin (9 PFPA ion MS esi+
pairing
Muscle, liver | Spectinomycin, TCA extn, SAX — RPLC C18, LC-tandem 0.015-0.040 | 2005 (196)
apramycin, streptomycin, | SPE, HLB SPE HFBA ion MS esi+
DHS, neomycin, pairing

Note: ppm: parts per million equivalent to mg of residue/kg of tissue; OPA: ortho-phthalaldehyde; RPLC: reverse-phase liquid chromatography;
HPSA: 1-heptanesulfonic acid; Fluoresc.: fluorescence; Ex: excitation; Em: emission; PSA: 1-pentane sulfonic acid; TCA: trichloroacetic
acid; SPE: solid-phase extraction; PCA: perchloric acid; OSA: octane sulfonic acid; CPS: dl-camphor-10-sulfonate; DHS: dihydrostreptomy-
cin; extn: extraction; NQS: beta-naphtoquinone-4-sulfonate; HSA: hexane-1-sulfonic acid; WCX: weak cation exchange; FMOCI:
9-fluorenylmethylchloroformate; MS™: ion trap; esi+: electrospray source in positive mode; PFPA: pentafluopropionic acid; MSMS: triple

quadrupole; MS: single quadrupole; SAX: strong anion exchange; HLB: hydrophilic lipophilic balance; HFBA: heptafluorobutyric acid.

2 Not reported.

(SInternal standard.
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Figure 10.4 Structures of amphenicols.

10.4.3 Beta-Lactams: Penicillins and Cephalosporins

The beta-lactams are antibiotics active against gram-positive bacteria. They consist, basically, of
two classes of thermally labile compounds: penicillins and cephalosporins. Most of the commonly
used beta-lactam antibiotics are produced semisynthetically either from the 6-APA for semisyn-
thetic penicillins or from the 7-ACA for semisynthetic cephalosporins. Only the benzylpenicillin
(or penicillin G), the 6-APA, and the phenoxymethylpenicillin (or penicillin V) are three naturally
occurring penicillins extracted directly from molds of Penicillium chrysogenum and Penicillium
notatum. Cephalosporin C and 7-ACA are the naturally occurring cephalosporins extracted from
the molds of Cephalosporium. All other beta-lactam compounds are derived semisynthetically from
these natural precursors. Penicillin G was the first among all antibiotics discovered accidentally
in 1928 by Alexander Fleming, revealed by inhibiting the growth of Staphylococcus aureus strains.



Table 10.2 Summary of Literature Methods for Determination of Amphenicol Residues in Tissues Using Gas or Liquid

Chromatography
Separation Limit Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) (Reference)
Muscle CAP, TAP TCA extn, ion exchange SPE Pyr, TMSA, GC FID 2.5-2.5 1992 (107)
TMSI, TMCS
Muscle, CAP ACN/NaCl extn, hexane defat., | Pyr, TMCS, GC ECD 0.2 1995 (112)
kidney, liver EtOAc purif., IAC cleanup HDMDS
Muscle CAP, metaCAP!$ Water extn, hexane defat., Pyr, HDMDS, GC ECD 1.0 2002 (114)
silica SPE TMCS
Fish flesh, CAP EtOAc extn, hexane defat. TMSA, TMCS GC Micro-ECD 0.1 2005 (115)
shrimp flesh
Muscle CAP H,O extn, silica SPE, toluene — RPLC UV-285 nm 1.5 1989 (205)
defat.
Muscle, CAP EtOAc extn, hexane/CHCI, — RPLC UV-278 nm 1.0 1991 (197)
kidney, liver defat.
Muscle CAP PCB®® H,O extn, silica SPE, toluene — RPLC DAD-240- 1.0 1992 (6)
defat. 320 nm
Muscle CAP MSPD, hexane defat. — RPLC UV-290 nm 6.0 1997 (206)
Muscle, CAP Various extn tested — RPLC UV-285 nm —2 1998 (207)
kidney, liver (glucuronidase digestion for
kidney), silica SPE, toluene
defat.
Muscle, kidney | CAP EtOACc/ACN extn, acidic purif., — RPLC UV-270 nm 0.5 2003 (77)
heat, neutral., C,;4 SPE
(continued)

$10NPO.4 [ewWiUY d]qIPT JO SANSSI| dJISNA Ul SONPISIY J1101qIIUY

97 m



Table 10.2 (continued)

Summary of Literature Methods for Determination of Amphenicol Residues in Tissues Using Gas or Liquid

partition., heptane defat.,
EtOAc purif.

Chromatography
Separation Limit Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Chicken CAP EtOAc/anh. Na,SO, extn, silica — RPLC UV-278 nm 2.0 2003 (199)
muscle SPE, DCM defat., ACN/EtOAc

partition., hexane/CHCI,
defat.

Fish feed CAP ACN/water extn, C,4 SPE — RPLC UV-225 nm 200 2005 (208)

Muscle CAP, metaCAPS EtOAc extn, NaCl partition., Pyr, HDMDS, GC MS nci 0.5 1994 (111)
C,, SPE TMCS

Shrimp flesh CAP, CAP-d; EtOAc extn, hexane defat., MSTFA GC MSMS nci 0.1 2003 (78)
C,4 SPE

Shrimp flesh, CAP, metaCAP(9), ACN/NaCl extn, hexane defat.,, | BSA, n-heptane GC MS nci 0.07 2006 (116)

crayfish flesh CAP-d,® EtOAc purif.,, C;4 SPE

Muscle CAP ACN extn, CHCI, defat., Cg — RPLC MS esi— 0.5 2001 (209)
SPE

Shrimp flesh CAP, CAP-d; ™ EtOAc extn, hexane defat., — RPLC MS" esi 0.1 2003 (78)
Cyy SPE

Muscle CAP EtOAc extn, NaCl partition., — RPLC MSMS apci- 0.02 2003 (210)
C,, SPE

Crab meat CAP EtOAc extn, MeOH/NaCl — RPLC MSMS esi— 0.25 2005 (211)
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Muscle, liver, CAP ACN extn, hexane defat. — RPLC MS esi- 0.2-0.6 2005 (212)
kidney
Fish flesh CAP, TAP, FLF EtOAcC extn, hexane defat., BSA GC MS esi 5 1996 (113)
EtOAc purif., silica SPE
Muscle, CAP, FLF —a — RPLC MS" esi+/esi— —a 2003 (195)
injection sites
Kidney CAP, TAP, FLF —a — RPLC MSMS esi— 0.3 2006 (213)
Muscle CAP, FLF ACN/MeOH extn, hexane — RPLC MSMS esi+ 3and2 2006 (214)
defat.
Shrimp flesh CAP, TAP, FLF, FFA EtOAC/ACN extn, hexane - RPLC MS" esi+ 0.5 2003 (215)
defat., C,4 SPE, cation
exchange SPE
Fish flesh, FLF, FFA EtOAc extn, hexane defat., — GC micro-ECD 0.5and 1.0 2006 (117)
shrimp flesh EtOAc purif., MCX SPE
muscle

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; CAP: chloramphenicol; TAP: thiamphenicol; TCA: trichloroacetic acid; Extn:
extraction; SPE: solid-phase extraction; Pyr: pyridine; TMSA: N,O-bis(trimethylsilyl)acetamide; TMSI: N-trimethylsilylimidazole; TMCS:
trimethylchlorosilane; GC: gas chromatography; FID: flamme ionization detector; ACN: acetonitrile; defat.: defattening; EtOAc: ethyl
acetate; purif.: purification; IAC: immunoaffinity column; ECD: electron capture detector; HDMDS: hexadimethyldisilazane; RPLC:
reverse-phase liquid chromatography; MSPD: matrix solid-phase dispersion; Neutral.: NaOH neutralization; DCM: dichloromethane;
MS:single quadrupole; nci: negative ion chemical ionization; MSTFA: N-methyl-N-(trimethylsilyl)trifluoroacetamide; MSMS: triple quad-
rupole; BSA: N,O-Bis(trimethylsilyl)acetamide; esi-: electrospray source in negative mode;. MS": ion trap; MeOH: methanol; partition.:
aqueous partitioning; FLF: florfenicol; esi+: electrospray source in positive mode; FFA: florfenicol amine; MCX: medium cation exchange;

HLB: hydrophilic-lipophilic balance.

2 Not reported.

US9nternal standard.
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Both classes of beta-lactams contain bulky side chain attached, respectively, to 6-APA or 7-ACA
nuclei (Figure 10.5). The penicillin nucleus is a reactive unstable beta-lactam (four-membered)
ring coupled to a thiazolidine (five-membered) ring to form the penam ring system. The cephalo-
sporin nucleus differs from the penicillin nucleus by having a dihydrothiazine (six-membered) ring
coupled to the beta-lactam ring to form the 3-cephem ring system and conferring a better stability
to the molecule compared to the penam ring.

Several other beta-lactam antibiotic subfamilies have been discovered and synthetically
modified, such as the cephamycins (extracted from Actinomycetes) or the clavulanic acid (a beta-
lactamase inhibitor). The beta-lactam antibiotics act on bacteria by binding to peptidoglycan
transpeptidase and inhibiting its normal cross-linking role in completing the cell wall synthesis
in bacteria, causing the bacterial cell to undergo lysis and death. Beta-lactams are used at thera-
peutic levels in veterinary practice primarily to treat disease and prevent infection. Used at sub-
therapeutic levels, they increase feed efficiency and promote growth of food-producing animals
besides preventing spread of disease from the herd or flock of animals kept at a level of optimum
productivity.

Penicillins are medium acidic polar drugs (pK, oo ranging from 2.4 to 2.7) and are rela-
tively unstable in aqueous solutions. Their degradation is catalyzed by both acids and bases. They
are also extremely susceptible to nucleophilic reactions in aqueous solutions. The optimum stabil-
ity for the amphoteric penicillins (ampicillin, amoxicillin) with their second pX, ., ranging from
7.2 to 7.4, occurs at a pH that coincides with their respective isoelectric point; for the monobasic
penicillins (penicillin G, cloxacillin, etc.), all of which have measured acid dissociation constants
PK, (_coom less than 3, this generally occurs at a pH between 6 and 7. The presence of an unstable
four-term ring in the beta-lactam moiety makes these compounds prone to degradation by heat
and/or in the presence of alcohols. Penicillins are also readily isomerized in an acidic solution.
The chemical instability of the beta-lactams, particularly of the penicillins, has important conse-
quences for extraction and chromatography conditions. The relative stability of incurred penicillin
G, amoxicillin and ampicillin residues in animal muscle tissues under various storage conditions
has also been studied [216-223], demonstrating fairly good stability incurred in muscle tissues
stored at =70 to —80°C (more than one year) compared to a lower stability at —20 to —30°C
(less than 3 months [216,222]). Cephalosporins are somewhat more resistant to breakdown than
many other beta-lactam compounds. But, as with the penicillins, they can be subjected to enzy-
matic degradation by specific beta-lactamases (cephalosporinases). New highly stable third genera-
tion of cephalosporins such as cefquinome and ceftiofur are available in veterinary practice since
the 1990s.

Several useful reviews including methods for residue analysis in meat have been published on
this family of antibiotics [9,11,13,14,16,20]. For screening the beta-lactams as residues in meat,
many biological methods have been proposed. Most of them are based on the inhibitory properties
of these antibiotics related to bacterial growth. They are readily detected in the presence of highly
reactive specific strains such as B. subrilis [38,42,56,198], B. stearothermophilus [58,59,70,222,224],
B. megaterium [39,40], or Escherichia coli [36]. The comparison of different screening methodolo-
gies has been published [32,42,60,61,225,226]. Often, these inhibitory screening methods, devel-
oped for beta-lactam at first, have been extended to large-scale multifamily methods, often called
the “plate test methods.” The first of these large screening tests, still officially in use in many coun-
tries in the 2000s, was the four-plate test method first described by Bogaerts and Wolf in 1980 [27]
and revisited by Currie in 1998 [31]. Several other three-plate [227], five-plate [33,35], six-plate
[34,37], seven-plate [29], and other multicombination/multistrain plate test [216,43] inhibitory
methods have additionally been proposed either to extend the number of antimicrobials or to
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improve the sensitivity for some of them. TLC-bioautography was a method employed also for
penicillins in the 1980s and 1990s [46,51,53—56]. A TLC method with fluorescence detection was
published for ampicillin in milk and muscle tissue [104]. Beta-lactam antibiotics are also easily
detected by means of rapid biological test kits such as the Charm Farm Test [46, 57,58] or the
more recently developed European Premi Test [59-61]. Very few immunological ELISA test kits
have been developed for beta-lactams [70,76,228]. The radioimmunological Charm II Test kit is
also adapted to screen beta-lactam residues in animal tissues [46]. Finally, a SPR-BIA immuno-
logical method for penicillins was proposed in 2001, but for detection in milk matrix [20, 229].

For the confirmation of the presence of beta-lactams in meat, several chromatographic meth-
odologies have been investigated (Table 10.3). But, due to the unstable behavior of the beta-lactam
ring and the thermal lability of these compounds, very few GC methods were developed in the
1990s [106,107], and fewer GC-MS methods [109]. Most of the developments required a lig-
uid chromatographic separation. The UV detection was also quite problematic when considering
extraction of the nonfluorescent and low chromophoric beta-lactams from biological matrices.
Two key options were proposed: the first one was to improve the sample preparation by purifying
as much as possible the biological extracts before detection at low UV wavelength (200-230 nm),
where most of the beta-lactams display a good UV absorption [230-240]; the other option was to
shift the UV detection by means of derivatizing reagents to higher UV wavelengths (>300 nm),
where very few biological endogenous substances absorbed UV photons [176, 218,221,241-249],
or, when possible, to move to fluorescent conditions by means of appropriate reagents as it was
proposed for the two amphoteric penicillins: amoxycillin and ampicillin [236,250-252]. In the
2000s, most of the developments for beta-lactam residues in meat received the benefit of the mass
spectrometry advances. From the methods with LC-MS thermospray (TSP) or PB sources and SQ
detector employed in the 1990s [253—256], to those, in 2000s, with LC coupled to a tandem mass
spectrometer (LC-MSMS) atmospheric pressure ionization (API) sources such as electrospray
(ESI) or APCI and TQ detector (LC-tandem MS) [223,257-261] or ion-trap detector (LC-MS")
[195,262], the confirmation of penicillin and cephalosporin residues became more easily achiev-
able at the ppb levels requested by the regulations. However, because of the chemical behavior of
beta-lactams, analytical chemistry poses a challenge for these substances present as residues in
food from animal origin.

10.4.4 Macrolides and Lincosamides

The macrolide antibiotics are mostly produced by Strepromyces genera, characterized by a large
macrocyclic lactone ring structure of 12-16-carbon-lactone ring to which several amino groups
and neutral sugars are bound (Figure 10.6). Erythromycin was the first macrolide to be isolated in
1952 from Saccharopolyspora erythraea. It is active against gram-positive bacteria and mycoplasmas
and is widely available in animal veterinary practice to treat respiratory diseases. Some macrolides
(tylosin, spiramycin) have also been used as feed additives to promote growth. Other examples
of macrolides include oleandomycin, tilmicosin, josamycin, and more recently, isovaleryltylosin.
They are easily absorbed after oral administration and distribute extensively to tissues, especially
the lungs, liver, and kidneys. They are weak bases slightly soluble in water but readily soluble in
common organic solvents. Most of them are multicomponent systems containing lesser amounts
of related compounds. For example, tylosin A, which is a commercialized compound, also contains
small amounts of desmycosin (tylosin B), macrocin (tylosin C), and relomycin (tylosin D) [263].
In following the same principle, erythromycin A is commercialized with small but quantifiable



Table 10.3 Summary of Literature Methods for Determination of Beta-Lactam Residues in Tissues Using Gas or

Liquid Chromatography
GCand LC Limit
Columns Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) | (Reference)
Muscle PenG, PenV, PBS/ACN extn, water removal, Diazomethane GC NPD 3.0 1991 (106)
MTH, OXA, ether/PBS partition., buffer/DEE
CLX, DCX, NAF partition., buffer/ CH,Cl,
partition., H,PO,/CH,ClI,
partition., SCX SPE, buffer/
CH,Cl, partition., cyclohexane
drying
Muscle PenG, PenV, CLX, | TCA extn, ion exchange SPE Pyr, TMSA, GC FID 5.0- 1992 (107)
DCX, AMP, TMSI, TMCS 10.0
AMOX
Muscle PengG, PBS/ACN extn, water removal, Diazomethane GC MS ei 3.0 1998 (109)
C,PenG9), ether/PBS partition., buffer/
PenV(9 DEE partition., buffer/CH,Cl,
partition., H,PO,/CH,ClI,
partition., SCX SPE, buffer/
CH,ClI, partition., cyclohexane
drying
Muscle, liver, | PenG NawO,/H,SO, extn-deprot., — RPLC-C18 UV, 210 nm 5.0 1985 (230)
kidney Al,O, SPE, C18 SPE
Muscle PenG, CEP MSPD/MeOH extn, PBS extn — RPLC-C18 UV, 230 nm 1989 (231)
AMP(IS)
Muscle PenG, PenV, CLX ACN extn, H,PO,/CH,CI, — PLRP-S UV, 210 nm 5.0 1992 (232)
partition., ACN extn, hexane
defat., PBS extn
(continued)
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Table 10.3 (continued) Summary of Literature Methods for Determination of Beta-Lactam Residues in Tissues Using Gas or

Liquid Chromatography
GCandLC Limit
Columns Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) | (Reference)
Muscle CEFT, DFCC DTE extn, C18 SPE, SAX SPE, SCX | lodoacetamide | RPLC-C18 UV, 266 nm 100 1995 (233)
SPE
Muscle, PenG Et,NCI/ACN extn, LC fract. — RPLC-C18 UV, 215 nm 5.0 1998 (234)
kidney cleanup
Muscle, liver, | DFCC Et,NCI/ACN extn, LC fract. — RPLC-C18, ion | UV, 270 nm —a 1998 (235)
kidney cleanup pairing DSF,
DDSF
Muscle, AMOX, AMP, PBS extn, LC fract. cleanup — RPLC-C18 UV 210 nm, 5.0 1998 (236)
kidney, liver PenG, CLX, 270 nm
DFCC, DACEP
Muscle, PenG PBS extn, ultrafiltration — RPLC-C4 DAD, 211 nm 40 2001 (237)
kidney, liver
Muscle DACEP, CEP, Buffer extn, isooctane defat., — RPLC-C18 UV, 252 nm 12,12, 2002 (238)
CEFQ, CEPX C18 SPE 9, 45
Muscle, CEFT, DFCA DTE extn, C18 SPE, SAX SPE, SCX lodoacetamide RPLC-C18 UV, 266 nm 100 2003 (239)
kidney SPE
Muscle PenG, PenV, CLX, | ACN extn, hexane defat., C18 — RPLC-C18 DAD, 21 nm 40 2004 (240)
DCX, OXA, NAF, | SPE and 228 nm
AMP, AMOX, and 270 nm
CEP, CEFT
Muscle, PenG, PenV!® PBS extn, C18 SPE Triazole-HgCl, RPLC-C18,ion | UV, 325 nm 5.0 1991 (241)
kidney, liver and acetic pairing THS

anhydride
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Muscle, PenG, PenV!S PBS extn, C18 SPE Triazole-HgCl, RPLC-C18, ion | UV, 325 nm 5.0 1992 (218)
kidney, liver and acetic pairing THS
anhydride
Muscle AMOX, CFDX PBS extn, online dialysis, ion Postcolumn: RPLC-C18, ion | UV, 260 nm 50, 200 1994 (242)
pair C18 SPE NaOH pairing
HTACI
Muscle AMP PBS extn, hexane defat., C18 SPE | Triazole-HgCl, RPLC-C8, ion UV, 325 nm 5.0 1996 (243)
and acetic pairing THS/
anhydride TBA
Muscle, liver | AMOX, AMP NawO,/H,SO, extn-deprot., SCX | Triazole-HgCl, RPLC-C8, ion UV, 325 nm 5.0 1997 (244)
SPE, PGC SPE and acetic pairing THS
anhydride
Muscle, liver | PenG, PenV(® PBS extn, C18 SPE Triazole-HgCl, RPLC-C18, ion | UV, 325 nm 5.0 1997 (221)
and acetic pairing THS
anhydride
Muscle PenG, CLX, AMP, | PBS extn, t-C18 SPE Triazole-HgCl, RPLC-C18, ion | UV, 325 nm, 5.0 1998 (245)
AMOX, PenV(9 and acetic pairing THS 340 nm
anhydride
Muscle PenG, CLX, AMP, PBS extn, t-C18 SPE Triazole-HgCl, RPLC-C18, ion | UV, 325 nm, 5.0 1998 (246)
AMOX, PenV(9) and acetic pairing THS 340 nm
anhydride
Muscle PenG, CLX, DCX, | MSPD extn, hexane defat., C18 Triazole-HgCl, RPLC-C18 UV, 325 nm, 20.0 1998 (247)
AMP, AMOX SPE and acetic 340 nm
anhydride
Muscle PenG, NAF, CLX, PBS extn, isooctane defat., HLB Triazole-HgCl, RPLC-C18 UV, 325 nm, 8.0- 1999 (248)
DCX, OXA, SPE and benzoic 340 nm 11.0
AMP, AMOX anhydride
(continued)
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Table 10.3 (continued)

Summary of Literature Methods for Determination of Beta-Lactam Residues in Tissues Using Gas or

Liquid Chromatography
GCandLC Limit
Columns Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) | (Reference)
Muscle PenG, PenV, CLX, | PBS extn, isooctane defat., C18 Triazole-HgCl, RPLC-C8, UV, 325 nm, 3.0- 1999 (176)
DCX, OXA, NAF, SPE and benzoic ion pairing 340 nm 10.0
AMP, AMOX anhydride THS/TBA
Muscle AMP, AMOX, PBS extn, isooctane defat., C18 Triazole-HgCl, RPLC-C8, UV, 325 nm, 3.0- 2002 (249)
PenG, PenV, SPE and benzoic ion pairing 340 nm 10.0
CLX, DCX, OXA, anhydride THS/TBA
NAF
Muscle, AMOX, AMP, PBS extn, LC fract. cleanup Formaldehyde RPLC-C18 FLD, 5.0 1998 (236)
kidney, liver PenG, CLX, Exc 358 nm,
DFCC, DACEP Em 440 nm
Muscle AMOX PBS extn, C18 SPE Formaldehyde RPLC-C18 FLD, 5.0 2000 (250)
Exc 358 nm,
Em 440 nm
Muscle, AMOX TCA extn/ deprot. Salicylaldehyde | RPLC-C18 FLD, 6.0-16 2000 (251)
kidney, liver Exc 358 nm,
Em 440 nm
Feed AMOX, AMP Water/ACN extn, Formaldehyde RPLC-C18 FLD, 5000 2003 (252)
Exc 358 nm,

Em 440 nm
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Muscle PenG —2 RPLC-C18 MS pb-nci —2 1990 (253)
Muscle, PenG Water/ACN extn, o-H;PO, RPLC-C18; MS esi— 25 1994 (254)
kidne neutral., DCM purif. ion pairin
Y Nafcillin®® P P 8
Muscle OXA, CLX, DCX EtOAc acidic extn, C18 SPE TBARPLC-C18 | MS pb-nci 40-50 1994 (255)
Muscle, PenG, PenV, CLX, | TCA/Acetone extn, C18 SPE RPLC-C18 MS esi— 15 1998 (256)
kidney, liver DCX
Muscle, PenG, PenV, Extn, C18 SPE, QMA ion RPLC-C18; ion | MSMS esi— 20 2001 (257)
kidney, liver | DCX, OXA, NAF exchange SPE pairing
DBAA
Muscle, PenG, PenV, CLX, | Aqueous extn, C18 SPE RPLC-C18 MSMS esi- 6.0— 2003 (258)
kidney, liver DCX, AMP 15.0
Pheneticillin®
Muscle, AMOX —2 RPLC-C18 MSMS esi- —2 2003 (223)
kidney, liver
Muscle, PenG, PenV, CLX, | Extn, C18 SPE, QMA ion RPLC-C18 MSMS esi— 20 2003 (259)
kidney, liver DCX, OXA, NAF exchange SPE
Muscle, PenG, PenV, CLX, | NaCl aqueous extn, and NaWO,/ RPLC-C18 MSMS esi- 2.0- 2004 (260)
kidney, liver DCX, OXA, NAF, H,SO, deprot. for liver and 10.0
PenG-d51 kidney
Nafcillin-d6!%
(continued)
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Table 10.3 (continued)

Liquid Chromatography

Summary of Literature Methods for Determination of Beta-Lactam Residues in Tissues Using Gas or

GCandLC Limit
Columns Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) | (Reference)
Kidney PenG, AMOX, ACN extn, MSPD — RPLC-C18 MSMS esi+ 1.0 2005 (261)
CEP, DACEP,
DCCD, AMP,
CFZ, OXA, CLX,
NAF, DCX,
PenV(s)
Muscle, PenG MeOH extn, evap., water — RPLC-C18 MSresi+/esi— —a 2003 (195)
injection dilution, C18 SPE, Evap.,
sites reconst.
Fish flesh PenG, AMOX, ACN Extn; hexane defat.; water/ — RPLC-phenyl MSresi+/esi— 100- 2005 (262)
CEPX, AMP, ACN; hexane defat. 1000
OXA, CLX, DCX

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; PenG: benzylpenicillin or Penicillin G; PenV: phenoxymethylpenicillin or Penicillin

V; MTH: methicillin; OXA: oxacillin; CLX: cloxacillin, DCX: dicloxacillin; NAF: nafcillin; PBS: phosphate buffer solution; ACN: acetonitrile; SCX:
strong cation exchange; SPE: solid-phase extraction; NPD: nitrogen specific detector; TCA: trichloroacetic acid; TMSA: N,O-bis(trimethylsilyl)
acetamide; TMSI: N-trimethylsilylimidazole; TMCS: trimethylchlorosilane; UV: ultraviolet detection; AMP: ampicillin, RPLC: reverse phase liquid
chromatography; defat.: defattening; DSF: decanesulfonate; DDSF: dodecylsulfate; DFCC: desfuroylceftiofur cysteine; DACEP: desacetylcephapi-
rin; CEP: cephapirin; CEFQ: cefquinome; CEPX: cephalexin; AMX: amoxycillin; DCCD: desfuroylceftiofur cysteine disulfide; DFCA: desfuroylceft-
iofuracetamide; CEFT: ceftiofur; CFZ: cefazolin; CFDX: cefadroxil; Extn: extraction; MeOH: methanol; Et,NCI: tetraethylammonium chloride; DTE:
dithioerythritol; deprot.: deproteinisation; SAX: strong anion exchange; PGC: porous graphitic carbon; HLB: hydrophilic Lipophilic Balance;
MCX: medium cation exchange; LC Fract.: LC fractionation; MSPD: matrix solid phase dispersion; EtOAc: ethyl acetate; purif.: purification; parti-
tion.:aqueous partitioning; MSPD: matrix solid phase dispersion; Neutral.: NaOH neutralization; DCM: dichloromethane; DBAA: di-n-butylamine
acetate; Pyr.: pyridine; PLRP-S: copolymeric reverse phase column; HTACI: hexadecyltrimethylammonium chloride; THS: sodium thiosulfate; TBA:
tetrabutylammonium hydrogenosulfate; FID: flamme ionization detector; FLD: fluorescence detection; DAD: UV diode array detection; MS:single
quadrupole; ei: electron impact source; pb-nci: particle beam source in negative ion chemical ionization; MSMS: triple quadrupole; MS™: ion
trap; nci: negative ion chemical ionization; esi+: electrospray source in positive mode; esi—: electrospray source in negative mode.

2 Not reported.
SInternal standard.
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Figure 10.6 Structures of some macrolides and lincosamides.
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amounts of erythromycin B and C [264]. Spiramycin I is generally found with spiramycins I and
III [265]. Moreover, spiramycin can easily be degraded to neospiramycin under acidic conditions
and the sum of neospiramycin and of spiramycin should be taken into account for spiramycin
residue control in food as of regulation 1442/95/EC [266].

No comprehensive review specifically dedicated to macrolide residue analysis in food has been
addressed in the recent years but several reviews dealing with antibiotic residue analysis attributed
a part of their content to macrolide antibiotics [9,11,13-15,267].

For screening the macrolide antibiotics as their residues in meat, several biological methods
have been proposed. Most of them are based on the inhibitory properties of these antibiotics
related to bacterial growth. As for beta-lactam antibiotics, some of them (erythromycin, tylosin,
tilmicosin, spiramycin, and lincomycin) are readily detected by microbiological inhibitory tube
tests in the presence of specific strains such as B. stearothermophilus. It is the case of (the Charm
Farm Test [58], the Premi Test [59]), or by microbiological inhibitory plate tests in multiplate con-
figurations in the presence of specific strains such as Micrococcus luteus [29,37,43] or B. megaterium
[40]. The comparison of different screening methodologies has been published to evaluate among
several other antimicrobial families the response and detectability of macrolide residues in regard
to regulated limits as for EU-MRLs [32,42,60,61]. TLC methods have also been proposed for
some macrolides in the form of TLC-bioautography with B. subrilis as the revealing strain [46,55].
An ELISA test kit for macrolide was also investigated by Draisci et al. [72]. Because of the complex
structure and composition of macrolides and of their relatively weak UV absorption, the develop-
ment of chromatographic methods for their determination in foods and muscle tissues has been
rather limited in the 1980s [268]. Nevertheless, several HPLC-UV methods (Table 10.4), which
were able to cover at least two, tylosin and tilmicosin, and often more macrolides within the same
multiresidue run of analysis, were proposed in the past 15 years [240,269-272]. Few but poten-
tially interesting methods proposed HPLC with fluorescence detection after fluorescent labeling
derivatization of some macrolide compounds such as josamycin, erythromycin, and oleandomycin
[273,274]. Considering the mass spectrometric detector, it opens widely the field of macrolide
detection and identification. From the methods with LC-MS thermospray (TSP) or PB sources
and SQ detector employed in the 1990s [275,276], to those in 2000s with LC-MS API sources
such as electrospray (ESI), APCI, TQ detector (LC-tandemMS) [214,223,262,277-281], or LC-
MS* [195], the confirmation of macrolide residues became more easily achievable at the ppb levels
requested by the regulations.

10.4.5 Nitrofurans

Nitrofurans are synthetic compounds adapted from the 5-nitrofuran nucleus, all displaying a
broad-spectrum activity. They are bacteriostatic antimicrobials acting by inhibition of some micro-
bial enzymes involved in carbohydrate metabolism. They were widely used in veterinary medicine
against gastrointestinal infections in cattle, pigs, and poultry. The major members of this anti-
bacterial family are furazolidone, furaltadone, nitrofurazone, and nitrofurantoin (Figure 10.7).
Following evidence of mutagenicity and genotoxicity of furazolidone in the late 1980s and early
1990s, legislation changed regarding the 5-nitrofuran nucleus compounds, which were all pro-
hibited for use in food-producing animals in many countries. Listed in the Annex IV of EU
Council Regulation 2377/90/EC [1,266,282], a minimum required performance limit (MRPL)
for analytical methods developed for the residue control of nitrofurans in food has been set in
the EU at 1.0 ug/kg [283]. Besides, the detection of nitrofurans is difficult in tissue matrices



Table 10.4 Summary of Literature Methods for Determination of Macrolide and Lincosamide Residues in Tissues Using Gas
or Liquid Chromatography

LC Column Limit Range Year
Tissue Analytes Sample Treatment | Derivatization | Technique Detection (ppb) (Reference)
Muscle, Tylo ACN extn, CH,Cl, — RPLC-C18 UV, 278 nm 200 1982 (268)
kidney partition., ACN/ether
defat.
Muscle, Tylo, Tilmico ACN extn, C18 SPE — RPLC-C18 UV, 287 nm 20,10 1994 (269)
kidney
Muscle, Spira, Tylo, Josa, MPA/MeOH deprot., — RPLC-C18 UV, 232 nm and 50 1998 (270)
kidney, liver Kitasa, Mirosa SCX SPE 287 nm
Muscle Spira, Neospira, Tylo, ACN extn, C18 SPE — RPLC-C18 UV, 232 nm 30, 25,15, 15 1999 (271)
Tilmico (spira, neospir)
and 287nm (tylo,
tilmico)
Muscle Spira, Tilmico, Tylo, MPA/MeOH deprot., - RPLC-C18 UV, 232 nm and 6-33 (S,T,T,J,K) 2001 (271)
Josa, Kitasa, Erythro, SCX SPE 287 nm and 400 (E,O)
Oleando
Muscle Tylo, Spira, Neospira, ACN extn, hexane — RPLC-C18 UV, 210 nm, 40 2004 (240)
Tilmico, Josa, Kitasa, purif., HLB-SCX SPE 228 nm, and 287
Mirosa, Roxithro nm
Muscle, liver, Josa PBS/ACN Cyclohexane-1, RPLC-C18 FLD, Exc:375 nm, 100 1994 (273)
kidney 3-dione Em:450 nm
Muscle, liver, Erythro, Oleando ACN extn, hexane FMOC RPLC-C18 FLD, Exc:260 nm, 50-100 2002 (274)
kidney purif., SCX SPE, Em:305 nm
Roxithro!®
Muscle Tylo, Spira, Erythro CHCI, extn, Diol SPE — RPLC-C18 MS pb-nci 20 1994 (275)
Muscle Tylo, Spira, Erythro, CHCI, extn, Diol SPE - RPLC-C18 MS pb-pci and 50 1996 (276)
Josa, Tilmico pb-nci
(continued)
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Table 10.4 (continued)

Gas or Liquid Chromatography

Summary of Literature Methods for Determination of Macrolide and Lincosamide Residues in Tissues Using

BC,-Erythro®

defat.

LC Column Limit Range Year
Tissue Analytes Sample Treatment | Derivatization | Technique Detection (ppb) (Reference)
Muscle Erythro, Tylo, Tilmico | CHCI, extn, Diol SPE — RPLC-C18 MSMS esi+ 25-40 2001 (277)
Muscle, liver, Spira, Tylo, Erythro, Tris buffer extn, acetic - RPLC-C18 MSMS esi+ 25-35 2001 (278)
kidney Timico, Josa acid/ NaWO,
deprot., HLB SPE
Roxithro!)
Muscle Erythro, Roxithro, — — RPLC-C18 MS esi+ 1.0-10 2002 (279)
Tylo, Tiamul
Muscle Tylo A —2 - RPLC-C18 MSMS esi —2 2003 (223)
Spiramycin(®
Feed Spira, Tylo MeOH/H,0O extn, HLB — RPLC-C18 MSMS esi+ <1000 2003 (280)
SPE, Dilut ACN/H,0,
Fish flesh Erythro, ACN extn, hexane — RPLC-C18 MSMS esi+ 20 2005 (281)
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injection site

Water dilution, C18
SPE, Evap., Reconst.

Fish flesh Tylo, Tilmico, Erythro, | ACN extn, hexane RPLC- MS" esi+/esi— 10 2005 (262)
Linco defat., water/ACN, phenyl
hexane defat.,
Muscle Erythro, Tylo, Tilmico, | ACN/MeOH extn, RPLC-C18 MSMS esi+ 0.2-2.0 2006 (214)
Josa, Kitasa, Linco, hexane/ACN defat.
Clinda, Oleando
Muscle, Tilmico, Linco MeOH extn, Evap., RPLC-C18 MS" esi+/esi— —2 2003 (195)

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; ACN: acetonitrile; Extn: extraction; defat.: defattening; RPLC: reverse phase
liquid chromatography; UV: ultraviolet detection; Tylo: tylosin; Tilmico: tilmicosin; MPA: metaphosphoric adic; MeOH: methanol; deprot.:
deproteinisation; SCX: strong cation exchange; HLB: hydrophilic Lipophilic Balance; SPE: solid-phase extraction; Spira: spiramycin; Josa:
josamycin; Kitasa; kitasamycin; Mirosa: mirosamycin; Neospira: neospiramycin; Roxithro: roxithromycin; Linco: lincomycin; Oleando:
oleandomycin; Tiamul: tiamulin (not a macrolide but a pleuromutiline); Clinda: clindamycin; purif.: purification; partition.: aqueous par-
titioning; Neutral.: NaOH neutralization; Tris: tris(hydroxymethyl)aminomethane; DCM: dichloromethane; EtOAc: ethyl acetate; PBS:
phosphate buffer solution; FMOC: 9-fluoromethylchloroformate; MSPD: matrix solid phase dispersion; PLRP-S: copolymeric reverse
phase column; FLD: fluorescence detection; MS:single quadrupole; pb: particle beam source; pci: positive ion chemical ionization; nci:
negative ion chemical ionization; MSMS: triple quadrupole; MS™: ion trap; esi*: electrospray source in positive mode; esi™: electrospray

source in negative mode.

2 Not reported.

US91nternal standard.
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Nitrofurans Metabolites Nitrophenyl derivatives

o}/\o) O}/o xO, o}:o)
O,N WN/ N \} NN

Furazolidone MW 225.16 AOZ MW 102.09 2NP-AOZ MW 249.21

s S S i o S
To" O @

(0]
Furaltadone MW 324.29 AMOZ MW 201.22 2NP-AMOZ MW 348.34

0] (0]
o) N\)=O N\)”to
o,N \@AN/Nf w NN

Nitrofurantoin MW 238.16 AHD MW 115.09 2NP-AHD MW 262.20
H NO,
o N NH, ~NH__NH, NH_ _NH
02N \@AN/ \H/ NH2 \H/ AN N/ \"/ 2
o] 0 0
Nitrofurazone MW 198.14 SEM MW 75.07 2NP-SEM MW 217.14

Figure 10.7 Structures of some nitrofurans and their metabolites and nitrophenyl derivatives.

because of extremely rapid metabolization 7 vivo (<1 day). But it was found in the late 1980s that
furazolidone was able to bind extensively to proteinaceous tissues, and that acidic treatment could
be efficiently applied to release a metabolized compound directly related to furazolidone, that is,
the 3-amino-2-oxazolidinone (AOZ) [284]. Following this finding, the corresponding metabo-
lites for the other nitrofurans were also extracted from tissues, confirming that parent compound
monitoring was actually ineffective in food-producing animal tissues. The 3-amino-5-morpholino
methyl-2-oxazolidinone (AMOZ) metabolite was extracted from protein-bound furaltadone, the
l-aminohydantoin (AHD) from nitrofurantoin, and the semicarbazide (SEM) from nitrofurazone
(Figure 10.7).

Several reviews over the past 15 years covered the analysis of nitrofurans and their metabolites
[11,13-15,267].

Owing to the aforesaid regulations and to the problematic issue in residue analysis of the rap-
idly metabolized nitrofurans, their monitoring in edible animal products has been, since the 2000,
focused essentially on the LC-MS technology, avoiding the screening by microbiological methods
or TLC [103, 202], which were found unadapted for nitrofuran compounds, and also disregarding
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the conventional GC or LC techniques that had been developed in the 1980s and 1990s [107, 206,
285-288]. Yet, in relation to the screening step, it can be mentioned an immunological screen-
ing of nitrofurans by means of two recent ELISA kits able to detect AOZ and AMOZ at very
low ppb level in different matrices including muscle tissues (<1 pg/kg) [79]. ELISA screening for
SEM and AHD is still under development. HPLC-UV methods have also been investigated in
the early 2000 (Table 10.5), considering the four major nitrofuran metabolites as target residues
in muscle tissue [289,290]. But, most of the recent developments on nitrofuran residue control in
meat has been extensively supported by the LC-MS technology, including seldom methods with
SQ detectors [291] and frequently with tandem MS or ion-trap MS detectors [214,284,292-297].
Apart from the four major nitrofurans, a fifth one, the nifursol, was employed as a feed additive
against histomoniosis poultry infections. As a consequence of its ban in 2002 under regulation
1756/2002/EC [298], LC-MSMS methods have been proposed to monitor the nifursol metabo-
lite, the 3,5-dinitrosalicylic acid hydrazide (DNSH), either specifically as a single metabolite mon-
itored in poultry muscle tissues [299,300] or as the fifth residue monitored in a multinitrofuran
metabolite analysis [301]. In addition, the problematic analysis of semicarbazide, which can be
found as a protein-bound, but also as unbound, compound in meat and in many other food prod-
ucts (e.g., baby food), should be cited. It is not generated by nitrofurazone metabolization after a
veterinary treatment, but produced by several external contaminations of meat products, one of
which being the flour coating of poultry meat. Cereal flours can be treated with legal concentra-
tions of azodicarbonamide (ADC)—a chemical substance easily transformed to biurea and finally
to free semicarbazide [302—-303].

10.4.6 Nitroimidazoles

Nitroimidazoles are antiprotozoals and bactericidal antimicrobials active against gram-negative
and also many gram-positive bacteria. They are obtained synthetically and their structure is based
on a 5-nitroimidazole ring while two protonic positions in N1 and C2 can be substituted by
several groups to give different members of the family. Two methyl substitutions lead to the dime-
tridazole compound. A methyl and an ethanolic substitution give the metronidazole (Figure 10.8).
The destructive action of nitroimidazoles takes place in the bacterial cell when the 5-nitro group is
reduced by nitro-reductase bacterial proteins of the anaerobic bacteria, leading to free radicals or
intermediate products, most of them cytotoxic for the bacteria.

Four major nitroimidazoles were commonly used in veterinary medicine or employed as feed
additives in poultry prophylactic treatments against histomoniosis and coccidiosis: the dimetrid-
azole, the metronidazole, the ronidazole, and the ipronidazole. The metronidazole is known to
be easily transformed iz vivo into both its alcoholic metabolite, the hydroxymetronidazole that is
even more active against anaerobic bacteria and into its acidic metabolite, the acetylmetronidazole
that bears no bactericidal activity anymore.

Dimetridazole can also experience an iz vivo metabolization to give the hydroxydimetridazole
metabolite, that is, the 2-hydroxymethyl-1-methyl-5-nitroimidazole (HMMNI). Ronidazole is
extensively and quite exclusively metabolized to compounds without the intact nitroimidazole
ring structure, also generating small amounts of the HMMNI too. Ipronidazole is also metabo-
lized in vivo to its specific hydroxylated counterpart. Owing to their mutagenic, carcinogenic,
and toxic properties toward eukaryotic cells, the nitroimidazoles have been prohibited for use in
food-producing animals in the mid-1990s as enforced in the EU by three regulations—3426/93/
EC, 1798/95/EC, and 613/98/EC [304-306].



Table 10.5 Summary of Literature Methods for Determination of Nitrofuran Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Derivati- Column Range Year
Tissue Analytes Sample Treatment zation Technique Detection (ppb) | (Reference)
Muscle, Nitrofurazone, CHCI, /EtOAc/DMSO Extn, - RPLC-C18 Electrochemical, 2.0-6.0 1989 (285)
liver furazolidone, nitromide, Alumina SPE reductive mode
sulfanitran
Muscle, Furazolidone, ACN/EtOAc/DCM Extn, hexane — RPLC-CN UV, 365 nm 1.0 1989 (286)
liver nitrofurazone, furaltadone, defat., PBS dilution
nitrofurantoin
Muscle Furazolidone, nitrofurazone | TCA extn, ion exchange SPE Pyr, TMSA, GC FID 100, 50 1992 (107)
TMS,
TMCS
Kidney Furazolidone, furaltadone, ACN extn, C18 SPE, Silica SPE — RPLC-C18 UV-DAD, 359 2.0-3.0 1995 (287)
nitrofurantoin nm, 370 nm
Muscle Furazolidone, ACN extn, Partition., Reconst. — RPLC-C18 UV-DAD, 365 nm 3.0 1995 (288)
nitrofurazone(
Muscle Furazolidone MSPD — RPLC-C18 UV-DAD, 365 nm 35 1997 (206)
Liver AOZ PED, HCI hydrol., 2-NBA deriv, 2-NBA RPLC-C18 UV, 275 nm —a 2002 (289)
neutral., MAX SPE, HLB SPE
Liver Protein-bound AOZ H,0,MeOH,EtOH, EtOAc 2-NBA RPLC-C18 UV, 275 nm 2.0, 2003 (290)
washings, HCI hydrol. extn, <1.0
MSMS esi+

2-NBA deriv, Neutral/PBS
dilution, EtOAc partition., Tris
dilution; MAX SPE; HLB SPE
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Muscle AOZ, AMOZ, AHD, SEM TCA extn, hexane defat., 2-NBA 2-NBA RPLC-C18 MS esi+ 0.5 2004 (291)
deriv, neutral./PBS dilut., C18
SPE, CHCl, extn, H,O dilut.
Muscle, Protein-bound AOZ MeOH, EtOH, EtOAc washings, 2-NBA RPLC-C18 MS TSP+ 0.5 1997 (284)
liver HCI hydrol. extn, 2-NBA deriy,
neutral/PBS dilution, EtOAc
partition., ACN/H,O reconst.
Muscle AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA, RPLC-C18 MSMS esi+ 0.5-5.0 2001 (292)
4NBA-SEM1® 2-NBA deriv, neutral, PBS 2-NBA-d4
dilution, C18 SPE
Muscle AOZ, AMOZ, AHD, SEM HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ 0.2-0.5 2003 (293)
2-NBA deriv, neutral/PBS
dilution, hexane defat., HLB SPE
Muscle AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ 0.1-0.5 2004 (294)
AOZd4"), AMOZd5!9) 2-NBA deriv, Neutral/ PBS
dilution, EtOAc partition.,
reconst. ACN/Acetic acid
Muscle AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA, RPLC-C18 MSMS esi+ 0.2 2005 (295)
AOZd4"9), AMOZd4"9) 2-NBA deriv, neutral/ PBS 2-NBA-d4
" " dilution, EtOAc partition.,
AHDd4'®, SEMd4 reconst. H,O, hexane defat.,
C18 SPE, reconst. H,O/ACN
Muscle, AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ 0.3 2005 (296)
Egg AOZd4", AMOZd5!9) 2-NBA deriv, Neutral/ PBS
; | dilution, EtOAc partition.,
FCBN,SEM reconst. H,O/ACN
(continued)
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Table 10.5 (continued)

Summary of Literature Methods for Determination of Nitrofuran Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Derivati- Column Range Year
Tissue Analytes Sample Treatment zation Technique Detection (ppb) | (Reference)
Shrimp AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ <0.5 2006 (297)
flesh AOZd419, AMOZd5!%) 2-NBA deriv, neutral/ PBS
dilution, EtOAc partition.,
reconst. acetic acid
Muscle Nifuroxazide ACN/MeOH extn, Hexane/ACN — RPLC-C18 MSMS esi+ 0.2 2006 (214)
defat.
Muscle, DNSH HCI hydrol. extn, 2-NBA deriv, 2-NBA RPLC-C18 MSMS esi- 0.05 2005 (299)
liver ammonia neutral., reconst. ACN
SHUS
Muscle, DNSH, HBH{S HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ 0.10, 2005 (300)
liver 2-NBA deriv, neutral/ PBS 0.06
dilution, EtOAc partition.,
reconst. ACN/NH,OH
Muscle AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ 0.08— 2007 (301)
DNSAH, AOZd4(9), 2-NBA deriv, Neutral/ PBS 0.20
AMOZd5", 13C3AHD!9), dilution, EtOAc partition.,
BCN,SEM TS, SH(IS) reconst. MeOH/CH,ONH,
Flour- AOZ, AMOZ, AHD, SEM, HCI hydrol. extn, 2-NBA RPLC-C18 MSMS esi+ —2 2004 (302)
coated AOZd4"), AMOZd5!9) 2-NBA deriv, EtOAc partition.,
meat reconst. ACN/H,O/acetic acid
ADC, Biurea
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Muscle,
liver,
hen eye

Nitrofurazone,
BCBN,NFZ1), total SEM,
bound SEM B3C'5N,SEM9

For muscle, liver:

Solvent washings, HCI hydrol.
extn, 2-NBA deriv, Neutral/ PBS
dilution, EtOAc partition.,
reconst. MeOH/H,O

For muscle:
2-NBA

For eye: EtOAc extn, reconst.
ACN, hexane defat., reconst.
MeOH/H,O

For eye
tissue: —

RPLC-C18

MSMS esi+

<0.5

2005 (303)

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; EtOAc: ethyl acetate; DMSO: dimethyl sulfoxyde; Extn: extraction; RPLC:
reverse phase liquid chromatography; SPE: solid-phase extraction; ACN: acetonitrile; DCM: dichloromethane; UV: ultraviolet detection;
Pyr.: pyridine; TMSA: N,O-bis(trimethylsilyl)acetamide; TMSI: N-trimethylsilylimidazole; TMCS: trimethylchlorosilane; FID: flame ioniza-
tion detection; MSPD: matrix solid phase dispersion; AOZ: 3-amino-2-oxazolidinone; PED: protease enzyme digestion; 2-NBA: 2-nitroben-
zaldehyde; Neutral.: NaOH neutralization; MAX: medium anion exchange; HLB: hydrophilic Lipophilic Balance; MeOH: methanol; EtOH:
ethanol; PBS: phosphate buffer solution; MSMS: triple quadrupole; esi+: electrospray source in positive mode; AMOZ: 3-amino-5-mor-
pholinomethyl-2-oxazolidinone; AHD: 1-aminohydantoin; SEM: semicarbazide; AOZd4: 4 times deuterated AOZ; AMOZd5: 5 times deu-
terated AMOZ; *C>N2SEMd4(%): 3C-N isotopic SEM; partition.: aqueous partitioning; Reconst.: aqueous solvent reconstitution; DNSH,
DNSAH: 3,5-dinitrosalicylic acid hydrazine; esi—: electrospray source in negative mode; SH: salicylic acid; HBH: 4-hydroxy-3 5-dinitroben-
zoic acid hydrazide; NFZ: nitrofurazone; ADC: azodicarbonamide; DAD: diode array detection; defat.: defattening; deprot.: deproteinisa-
tion; Hydrol.: hydrolytic extraction; MS: single quadrupole; MS™: ion trap; nci: negative ion chemical ionization; pci: positive ion chemical

ionization; purif.: purification; TSP: thermospray.

2 Not reported.
U9Internal standard.
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R
" N YR1
N

Compound R, R, MW
Dimetridazole CH, CH, 141.13
Ronidazole CH,00CNH, CH; 200.15
Ipronidazole CH(CH,), CH, 169.18
Metronidazole CHs C,H,OH 171.15
Hydrolylated metabolites
HMMNI CH,OH H 158.14
MNZOH CH,OH C,H,0OH 202.19
IPZOH C(CH;),0H H 186.19

Figure 10.8 Structures of some nitroimidazoles and their hydroxylated metabolites.

Several reviews have been published on nitroimidazole residues over the past 10 years [13-15].
Recently, an immunological method has been investigated with production of polyclonal antibod-
ies against a range of nitroimidazoles: metronidazole, ronidazole, dimetridazole, and ipronidazole,
and their hydroxy metabolites [75]. An ELISA test kit for the screening of several anticoccidials
including the nitroimidazoles in chicken muscle and eggs was further developed with analytical
limits ranging from 2 pg/kg (dimetridazole) to 40 ug/kg (ipronidazole) [84]. Not many HPLC
methods were published during the late 1990s and early 2000s for nitroimidazole monitoring
in animal food matrices (Table 10.6) [307-312] together with rare LC-MS methods [313-314].
More recently, several up-to-date GC-MS [110,315] and LC-MS(MS) methods [316—-320] were
proposed following the ban of nitroimidazoles and the request for higher level of sensitivity and
for unequivocal identification for the confirmatory methods employed in the residue control for
food safety. This request is legally stated in the EU Decision 657/2002/EC regarding the criteria
for performance of the official analytical methods for residue monitoring in food from animal
origin [4].

10.4.7 Quinolones

Quinolones are broad-spectrum synthetic antimicrobial compounds used in the treatment of
livestock and in aquaculture. They act against bacteria by inhibiting the DNA gyrase—a key
component in DNA replication. They are a relatively new family of antibacterials synthesized from
3-quinolonecarboxylic acid, the carboxylic group at position 3 providing them with acidic prop-
erties (Figure 10.9). Nalidixic acid, oxolinic acid, and flumequine represent the oldest subgroup
of compounds from the first generation of acidic quinolones, generally called the pyridonecar-
boxylic acid (PCA) antibacterials. Oxolinic acid is more restricted to treating fish diseases such



Table 10.6 Summary of Literature Methods for Determination of Nitroimidazole Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Column/ Range Year
Tissue Analytes Sample Treatment Derivatization | Technique | Detection (ppb) (Reference)
Muscle, | DMZ, HMMNI, MNZ, EtOAc extn, evap., HCI/EtOAc — RPLC-C18 UV-DAD — 1992 (307)
liver MNZOH dilution, hexane defat.,
aqueous neutral., C18 SPE,
evap., reconst.
Muscle, | DMZ, MNZ ACN extn, SPE cleanup — RPLC-C18 UV-DAD 2.0,5.0 1995 (308)
liver 450 nm
Muscle, DMZ ACN extn, SPE cleanup — RPLC-C18 UV-DAD 2.0 1996 (309)
liver 450 nm
Muscle, | DMZ, RNZ, HMMNI ACN extn, NaSO, deprot., — RPLC-C18 Uv3i5nm | 05 1998 (310)
liver acetic acid dilution, SCX MS apci+ 0.1-0.5
SPE, reconst. PBS
Muscle DMZ, HMMNI, RNZ ACN extn, EtOAc/hexane — RPLC-C18 uUv3it5nm | 0.5 1999 (311)
partition., silica SPE
Fish MNZ, MNZOH TNZ(19 ACN extn, C18 SPE — RPLC-C18 Uv 325 nm | 1.5-2.0 2000 (312)
flesh
Muscle, | DMZ, HMMNI, IPZ, EtOAc extn (DMZ-DMZOH), — RPLC-C18 | MS TSP+ 2.0 1992 (313)
liver IPZOH C18 SPE, reconst.
benzene extn (IPZ-IPZOH),
reconst.
(continued)
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Table 10.6 (continued) Summary of Literature Methods for Determination of Nitroimidazole Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Column/ Range Year
Tissue Analytes Sample Treatment Derivatization | Technique | Detection (ppb) (Reference)
Muscle, | DMZ, DCM extn, silica SPE, reconst. — RPLC-C18 MS TSP+ <5.0 1997 (314)
egg DMZ-d31 MeOH/H,0, hexane defat.
Muscle, | DMZ, MNZ, RNZ, Protease+PBS hydrolysis BSA-50 GC MS nci 0.6-2.8, 2001 (110)
liver HMMNI, extn, PBS partition., silica 5.2(IPPZOH)
SPE, deriv
MNZOH, IPZOH, TNZ,
IPZ-d31%), IPZOH-d3"9),
HMMNI-d3(9),
RNZ-d309, DMZ-d319)
Retina, DMZ, MNZ, RNZ, Protease+PBS hydrolysis BSA-50 GC MS nci 0.54.0 2002 (315)
plasma HMMNI, MNZOH, extn, PBS partition., hexane
IPZOH defat., silica SPE, deriv
Muscle DMZ, MNZ, RNZ, EtOAc extn, Hexane/CCl,/ — RPLC-C18 MS esi+ —a 2000 (316)
HMMNI Formic acid partition.,
Muscle, DMZ, RNZ, MNZ ACN extn, NaCl/DCM — RPLC-C18 MS esi+ 2.0-4.0 2001 (317)
liver partition., H,O dilut.,

hexane defat., silica SPE
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filtration

Muscle, | DMZ, RNZ, MNZ, IPZ, ACN extn, NaSO, deprot., RPLC-C18 MSMS esi+ | 2.0-5.0 2004 (318)
liver HMMNI, TNZ, acetic acid dilution, SCX
RNZ-d319), DMZ-d3) SPE, reconst. PBS/ACN
Muscle, DMZ, RNZ, MNZ, IPZ, —a RPLC-C18 MSMS —a 2004 (319)
liver HMMNI, MNZOH, apci+
IPZOH, 1PZ-d3(9),
IPZOH-d319, HMMNI-
d309), RNZ-d309),
DMZ-d319
Muscle, RNZ, DMZ, MNZ, 2xACN extn with NaCl RPLC-C8 MSMS esi+ | 0.1-0.3 2006 (320)
liver HMMNI partition., partial ACN evap.,

Note: DMZ: dimetridazole; MNZ: metronidazole; EtOAc: ethyl acetate; Extn: extraction; RPLC: reverse phase liquid chromatography; MNZOH:
hydroxymetronidazole; Reconst.: aqueous solvent reconstitution; Reconst: reconstitution prior to injection; ACN: acetonitrile; SPE: solid-
phase extraction; RNZ: ronidazole; deprot.: deproteinisation; SCX: strong cation exchange; PBS: phosphate buffer solution; partition.:
aqueous partitioning; TNZ: tinidazole; IPZ: ipronidazole; IPZOH: hydroxyipronidazole; BSA-50: N,O-bis(trimethylsilyl)acetamid; esi+:
electrospray source in positive mode; MSMS: triple quadrupole; DAD: diode array detection; DCM: dichloromethane; defat.: defatten-
ing; DMSO: dimethyl sulfoxyde; DMZOH: hydroxydimetridazole; esi™: electrospray source in negative mode; HLB: hydrophilic Lipophilic
Balance; MeOH: methanol; MS:single quadrupole; MS": ion trap; MSPD: matrix solid phase dispersion; nci: negative ion chemical ioniza-
tion; Neutral.: NaOH neutralization; ppb: parts per billion equivalent to pg of residue/kg of tissue; purif.: purification; TSP: thermospray;

UV: ultraviolet detection.

2 Not reported.
SInternal standard.
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Compound R, R,
Nalidixic acid -CH, -CH,CH;
H3C
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Enrofloxacin N N— {]
Pk,
Ciprofloxacin HN N— {I
7-piperazinyl-
quinolones / \
Sarafloxacin HN N— F
. . / \
Difloxacin HaC —N N— < > .
Danofloxacin \ H3C—N E N — 4@7 F
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232.24
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399.39

357.38

261.25

Figure 10.9 Structures of some quinolones and fluoroquinolones.
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as killing the bacteria causing furunculosis in salmon. Nalidixic acid is not used in veterinary
medicine. Representatives of the second generation are the fluoroquinolones, such as enrofloxacin,
ciprofloxacin, or sarafloxacin, with higher potency in regard to the first generation. They bear
a piperazinyl moiety in the C-7 position which gives these amino-quinolones some additional
basic properties, and depending on the chemical environment leads to zwitterionic, cationic, or
anionic behaviors in aqueous solution. At pH of 68, they hold poor water solubility due to their
amphoteric characteristics. However, they are readily soluble in polar organic solvents and also in
acidic or basic aqueous/organic solutions. Their extraction from biological matrices needs to be
considered taking into account their incell intranuclear accumulation. They all display a native
fluorescence, which is of particular interest when ppb residual quantities are detected from biologi-
cal tissues and fluids of food-producing animals. Other fluorescent fluoroquinolones employed in
veterinary medicine are the danofloxacin, the difloxacin, and the marbofloxacin. Several reviews
on quinolone residue analysis have been published over the past 10 years, most of them dealing
with LC methods [13-15]. Microbiological methods aimed at screening quinolones in meat have
also been reported. Several papers present relevant inhibitory methods using strains of B. subtilis
or E. coli [32,34,37,49,321]. Specific applications of microbiological inhibitory testing have also
been reported for quinolones using particular strains of bacteria such as Klebsellia pneumoniae
[322] or Yersinia ruckeri [323].

ELISA have also been recently developed [73,80,83]. A TLC method was proposed about 30
years ago for a very specific quinolonic substance, the decoquinate, for its monitoring in chicken
muscle with a fluorescent detection [324], and was followed by a HPLC-FLD method [325]. In the
1990s, many papers were published on quinolone residue analysis (Table 10.7), especially for poul-
try meat monitoring, and a large part of them focused on RPLC-FLD technique [73,326-335]. In
regard to potential multiresidue testing including quinolones from first and second generations,
some of these papers present comparative studies of different LC methods, either HPLC-FLD to
HPLC-UV/DAD [336] or HPLC-FLD to LC-MS methodologies [337-338] or even LC-UV to
LC-MS [339].

Recently, a multifamily analysis of both quinolones and tetracyclines in chicken muscle has
been proposed within the same HPLC-FLD method [340]. Few recent articles discuss the HPLC-
UV analysis of quinolones in muscle tissues [341]. This is probably due to the lack of sensitivity of
this type of detection with a reduced UV absorbance efficiency for most of the quinolones. Con-
sidering the chromatographic separation on reverse-phase mode, it is worth noting the ability of
the ampholytic quinolones to interact with silanols and metal impurities of the stationary phases,
causing peak tailing and reducing drastically the quality of the quantification in multiquinolone
analysis. To cope with this problem, polymeric phases (PLRP-S) have sometimes been preferred
to sustain reliable separative performance in LC methods [326,331]. Another alternative is to uti-
lize the ion-pairing properties of sulfonic acids [333] or to use phenyl stationary phases instead of
conventional C8 or C18 ones [337]. In the 2000s, investigations have been carried out for several
quinolones in chicken muscle tissues with the capillary zone electrophoretic techniques (CZE or
CE) with UV detector [342—343] or with laser-induced fluorescence detection (CZE-LIF) [344]
or even more recently, with MS detection [344]. Following first articles published in the 1990s
dealing with MS detection of quinolones in different tissues [346], the 2000s have been the period
for exploring the use of LC-MSMS techniques in the analysis of very large multiquinolone residues
in muscle and in other matrices (kidney, etc.) from animal origin [262,338,347-350]. Table 10.7
displays different techniques published for LC analysis of quinolones in muscle tissues of different
food-producing animal species.



Table 10.7 Summary of Literature Methods for Determination of Quinolone Residues in Tissues Using Gas or Liquid

Chromatography
Limit
LC Column Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Muscle, liver, | Decoquinate MeOH/CHCI, Extn, Acid/ — RPLC-Florisil FLD: Ex290 nm <100 1973 (325)
kidney CHCI, Partition. Em370 nm
Muscle, milk ENR, SAR(S) ACN/NH,OH Extn, EtOAc/ — PLRP-S FLD: Ex278 nm 5 1994 (326)
Hexane/NaCl partition., Em440 nm
H,PO, acidif.
Muscle, liver, | OXA, NLA, FLU, DAN, Fluoroquinos: ACN/Acetic — RPLC-C8 FLD: Ex278 nm 5;10; 50 1998 (327)
egg, honey ENR, CIP, SAR, MAR, acid/Na,SO, extn, SCX SPE, Em445 nm
NOR, ENO, LOM, OFL Drying, Reconst. Acidic
quinos: ACN/Na,SO, extn UV (MAR): 302
nm
Muscle MAR, DAN, ENR, CIP, Drying, PBS dilution, SAX — RPLC-C18 FLD: Ex278 nm —a 2000 (328)
DIF, SAR, NOR SPE, Evap., Reconst. Em440 nm
Muscle FLU, OXA DCM Extn, NaOH partition. — RPLC-C8 FLD: Ex328 nm <1 2000 (329)
Em365 nm
Fish muscle 70H-NLA, NLA, OXA, A: CHCI; Extn, Evap., — RPLC-C18 FLD: Ex260 nm <20 2000 (330)

CIN

Reconst.

B: NaOH Extn, CHCl,
partition., ChloroAcetic
acid partition., CHCI, extn,
Na,SO, drying, Evap.,
Reconst.

Em360 nm

FLD: Ex270 nm
Em440 nm
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Muscle CIPn Extn, PLRP-S FLD: Ex280 nm 0.5-35 2000 (331)
Evap., Tris buffer Em450 nm
Reconst,, FLD: Ex294
Hexane defat. EX nm
Em514 nm
FLD: Ex312 nm
Em366 nm
Fish muscle OXA, FLU ACN/NH,OH Extn, EtOAc/ PLRP-S FLD: Ex325 nm 20, 30 2001 (332)
Hexane/NaCl partition., Em360 nm
H;PO, acidif./Acetone
defat., H,O dilution
Muscle, liver ENR, CIP, SAR, DIF TCA/ACN Extn, comparison: RPLC-CS8; FLD: Ex278 nm —2 2001 (333)
C8,C18,NH,, BSA, SDB SPE ion-pairing Em440 nm
cleanups HSA
Muscle, liver ENR ACN Extn, Hexane defat., RPLC-C18 FLD: Ex290 nm <50 2002 (73)
Evap., Reconst,, Filtration Em455 nm
Muscle ENR, CIP, SAR, OXA, PBS Extn, C18 SPE RPLC-C18 FLD: Ex280 nm 5.0 2003 (334)
FLU Em450 nm
FLD: Ex312 nm 10 (SAR)
Em366 nm
Muscle, liver, | MAR, NOR, ENR, CIP, TCA extn, Filtration RPLC-C18 FLD: Ex294 nm 4-36 2005 (335)
kidney, fish DAN, SAR, DIF, OXA, Em514 nm
flesh, egg, NLA, FLU
. FLD: Ex328 nm
milk
Em425 nm
FLD: Ex312 nm
Em366 nm
(continued)
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Table 10.7 (continued)

Summary of Literature Methods for Determination of Quinolone Residues in Tissues Using Gas or Liquid

Chromatography
Limit
LC Column Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Feeds CIP, ENR, DAN, OXA, ASE extn ACN/MPA, HLB — RPLC-C5 DAD: 278 nm; 500-1500 2003 (336)
NLA, FLU, DIF, NOR, SPE, Evap. Reconst. FLD: Ex278 nm
OFL, ENO, RUF, PIP, Em446 nm
CIN
FLD: Ex324 nm
Em366 nm
Muscle, liver DESCIP, NOR, CIP, PBS extn, ACN/NaOH extn, — RPLC-Phenyl FLD: Ex278 nm 0.1-0.5 2002 (337)
DAN, ENR, ORB, SAR, Hexane/EtOAc/NaCl Em440 nm
DIF cleanup, Evap., Reconst.
Shrimp flesh DESCIP, NOR, CIP, PBS extn, ACN/ NH,OH — RPLC-Phenyl FLD: Ex278 nm 0.1-1.0 2005 (338)
DAN, ENR, ORB, SAR, partition., Hexane/EtOAc/ Em465 nm
DIF NaCl cleanup, Evap.,
Reconst.
Muscle ENR, CIP, DIF, DAN, ACN/ H,PO, Extn, — RPLC-C8 UV: 250 nm, 7-13 2006 (339)
MAR, AR, OXA, FLU, ENV+isolute SPE 280 nm,
NOR®
290 nm
Muscle DAN, CIP, ENR, DIF, SAR | ACN/Citrate buffer/MgCl, — RPLC-Phenyl | FLD: Ex275 nm 0.5-5.0 2007 (340)
extn, Evap., Reconst. in Em425 nm
Malonate/MgCl,
Muscle CIP, ENR, DAN, SAR, DCM extn, NaOH partition., — RPLC-C8 UV-DAD: 250 16-30 2004 (341)
DIF, OXA, FLU comparison HLB-MAX-SDB nm, 280 nm
SPEs
Muscle ENR, CIP MAR"S DCM extn, C18 SPE — CZE UV-DAD: 270 <25 2001 (342)

nm
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Muscle CIP, ENR, DAN, DIF, DCM extn, NaOH partition., CZE UV-DAD: 260 7-30 2004 (343)
MAR, OXA, FLU, PIR"S) comparison C18-SCX-SAX- nm
HLB-MAX-SDB SPEs
Muscle ENR, CIP DIF"® H,O homogen., Buffer extn, CZE LIF: 5; 20 2002 (344)
DCM partition., H;PO, HeCd Exc 325
Dilution, Evap., Hexane nm
defat., Filtration
Muscle, fish | DAN, ENR, FLU, OFL, CZE MS" esi+ 20 2006 (345)
flesh PIP
Muscle ENR, CIP, DAN, MAR, RPLC-C18 MS apci+ 7.5 1998 (346)
SAR, DIF
Muscle, ENR, CIP, DAN, SAR, ACN/Formic acid extn, C18 RPLC-C18 MSMS esi+ 1.0-2.0 2004 (347)
milk, prawn LOM, ENO, OFL SPE, Dilution IPCC-MS3
flesh,
Eel flesh
Muscle ENR, CIP, DAN, SAR, ACN extn, Hexane defat., RPLC-C18 MSMS esi+/esi— 10 2005 (262)
DIF, OXA, FLU Evap. H,O/ACN extn,
Hexane defat.
Kidney NOR, MAR, ENR, CIP, ACN extn, Evap., Reconct,, RPLC-C8 MSMS esi+ 0.3-2.0 2005 (348)
DAN, OXA, NLA, FLU, SDB SPE, Dilution
CIN, OFL, ENO,
LOMS), CINGS)
Kidney NOR, MAR, ENR, CIP, ACN extn, Evap., Reconct., RPLC-C8 MSMS esi+ 0.3-2.0 2005 (349)
DAN, OXA, NLA, FLU, SDB SPE, Dilution
CIN, OFL, ENO,
LOMUS), CIN(S)
Muscle DESCIP, NOR, CIP, ACN/NH,OH Extn, EtOAc/ RPLC-Phenyl | MSMS apci+ 0.1-1.0 2005 (338)
DAN, ENR, ORB, SAR, Hexane/NaCl partition.,
DIF Evap., PBS dilution
(continued)
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Table 10.7 (continued)

Summary of Literature Methods for Determination of Quinolone Residues in Tissues Using Gas or Liquid

Chromatography
Limit
LC Column Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Muscle ENR, CIP, DIF, NOR, ACN/MeOH extn, Hexane/ — RPLC-C18 MSMS esi+ 0.3-3.0 2006 (214)
OFL, ORB ACN defat., Evap., Reconst.
Muscle ENR, CIP, DIF, DAN, ACN/ H,;PO, Extn, — RPLC-C8 MS esi+ 0.3-1.8 2006 (339)
MAR, SAR, OXA, FLU, ENV-+isolute SPE
NORS) MSMS esi+ <0.2
Muscle ENR, CIP, DIF, DAN, EtOH/ Acetic acid, HCI — RPLC-C18 MSMS esi+ 0.1-0.4 2007 (350)

DESCIP, SAR, OXA,
NLA, FLU, OFL, PIR,
NOR, ENO, CIN,
LOMS), PIP0S)

dilution, hexane defat.,
SCX SPE

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; MeOH: methanol; partition.: aqueous partitioning; RPLC: reverse phase
liquid chromatography; ENR: enrofloxacin; SAR: sarafloxacin; ACN: acetonitrile; EtOAc: ethyl acetate; PLRP-S: polymeric stationary phase;
OXA: oxolinic acid; NLA: nalidixic acid; FLU: flumequine; DAN: danofloxacin; CIP: ciprofloxacin; NOR: norfloxacin; ENO: enoxacin; LOM:
lomefloxacin; OFL: ofloxacin; SCX: strong cation exchange; SPE: solid-phase extraction; PBS: phosphate buffer solution; SAX: strong anion
exchange; Evap.: evaporation before reconstitution; defat.: defattening; UV: ultraviolet detection; DIF: difloxacin; DCM: dichlorometh-
ane; Neutral.: neutralization; CIN: cincophen; TCA: trichloroacetic acid; BSA: benzene sulfonic acid; HSA: heptane sulfonic acid; SDB:
styrenedivinylbenzene; RUF: rufoxacin; PIP: pipemidic acid; ASE: accelerated solvent extractor; MPA: metaphosphoric acid; HLB: hydro-
philic Lipophilic Balance; DAD: diode array detection; DESCIP: desethylciprofloxacin; ORB: orbifloxacin; MAX: medium anion exchange;
PIR: piromidic acid; LIF: laser-induced fluorescence; MSn: ion trap; esi+: electrospray source in positive mode; esi—: electrospray source
in negative mode; MS: single quadrupole; MSMS: triple quadrupole; Extn: extraction; EtOH: ethanol; CIN: cinoxacin; PIR: piromidic acid;

deprot.: deproteinisation; purif.: purification; Reconst. reconstitution prior to injection.

@ Not reported.

Snternal standard.
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10.4.8 Sulfonamide Antiinfectives

Sulfonamides are an important antiinfective family of drugs with bacteriostatic properties. Owing
to their broad-spectrum activity against a range of bacterial species, both gram-positive and gram-
negative, they are widely used in veterinary medicine with more than 12 licensed compounds.
Synthetically prepared from para-aminobenzenesulfonic acid, they act by competing with para-
aminobenzoic acid in the enzymatic synthesis of dihydrofolic acid, leading to a decreased availabil-
ity of the reduced folates that are essential molecules in the synthesis of nucleic acids. In practice,
they are usually combined with synthetic diaminopyrimidine, trimethoprime, to enhance syn-
ergistic action against bacterial DNA synthesis even though the synergy was never really dem-
onstrated. Most of the sulfonamide drugs are readily soluble in polar solvents such as ethanol,
ACN, and chloroform but relatively insoluble in nonpolar ones. They are considered as weak acids
but behave as amphoteric compounds due to the interaction between an acidic N-H link in the
vicinity of a sulfonyl group (pK, 4.6) and an alkaline character at the para-NH, group (pK, 11.5),
leading to a particular behavior in extraction and cleanup process in the 7-9 pH range. Sulfa-
methazine (also called sulfadimidine and sulfadimerazine) is probably the most widely used sulfa
drug. But, several other sulfonamides are also employed in food-producing animal treatments
such as sulfadiazine, sulfadoxine, sulfaquinoxaline, sulfapyridine, sulfapyridazine, sulfadimethox-
ine, sulfamerazine, sulfathiazole, sulfachloropyridazine, sulfamonomethoxine, and sulfamethoxa-
zole (Figure 10.10). Extensive and updated reviews of analytical methods for sulfonamide analysis
in food from animal origin have been published over the past 15 years [9,13-15,351].

Most of these reviews relate to chromatographic methods. Yet, several microbiological screen-
ing techniques have also been tentatively applied to these compounds even though sulfonamides do
not react with much sensitivity to bacteria such as B. subtilis [29,37,42,43,60,66,198], B. stearother-
maophilus [32,58,59,61], or even B. megaterium [39—40]. It is of great concern that they are not eas-
ily detected in food products (muscle, milk, egg, honey, etc.) in the 10-100 ppb range where they
are generally regulated even after enhanced sensitivity brought by the addition of trimethoprim.
Therefore, TLC technique is one alternative for screening sulfa drugs, which is sometimes pro-
posed in regulatory control achieving good sensitivity in the 100 ppb range [103,202,352]. TLC-
bioautography was employed in the 1990s [46] and ELISA kits have also been proposed especially
for sulfamethazine screening in urine and plasma with predictive concentration in porcine muscle
tissues [67,68]. More recently, biosensor-based immunochemical screening assays for the detection
at 10 ppb level of sulfamethazine and sulfadiazine in bile and in muscle extracts from pigs and in
chicken serum were developed [86,87,89]. High cross-reactivities (50-150%) in chicken serum
were found with several other sulfa drugs such as sulfamerazine, sulfathiazole, sulfachloropyrazine,
sulfachloropyridazine, and sulfisoxazole [90]. On the confirmatory quantitative stage of sulfa drug
strategy of control, many relevant chromatographic techniques have been developed (Table 10.8).
From GC with flame ionization detection in the early 1990s [107] to GC-MS [108] for sulfametha-
zine-specific detection, it is the LC methods that took the leadership in an even wider scale and not
only for sulfamethazine monitoring with multisulfa drug analysis by LC-UV or LC-PDA instru-
ments [206,287,353—363], and by LC-Fluo detections after derivatization of the sulfonamides
[206,354,364-366]. The investigation of LC-MS and LC-MSMS methods with a wide range of
sulfonamides started in the mid-1990s [367-369]; they were still improved with enhanced mass
detectors in the 2000s [195,214,262,370-375]. A representative overview of LC-UV, LC-Fluo,
and LC-MS methods used to monitor sulfa drugs in the early 2000s is presented in a recent paper
related to European proficiency testing studies on sulfonamide residue in muscle and milk [376].
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Figure 10.10 Structures of some sulfonamide drugs used in veterinary medicine.



Table 10.8 Summary of Literature Methods for Determination of Sulfonamide Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Column Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Muscle SMM, SDM, SMT, TCA extn, ion exchange SPE Pyr, TMSA, GC FID 100 1992 (107)
SMX, SQX TMSI, TMCS
Muscle SMT CH,Cl,/acetone extn, silica methylation, GC MS 10-20 1996 (108)
SPE, SCX SPE, PBS/MTBE silylation
partition., evap., deriv.
Muscle SMT CHCl, extn, alkaline NaCl — RPLC-C18 UV: 265 nm 2 1994 (353)
partition., C18 SPE
SEPDZ(9
Kidney SMT,SQX, SDZ ACN extn, drying evap., — RPLC-C8 UV-DAD: 2-18 1995 (287)
buffer dilution, C18 SPE, 220-400 nm;
drying evap.,, DCM 246 nm (SQX),
dilution, silica SPE, drying 251 nm (SDZ),
evap., buffer reconst. 299 nm (SMT)
Muscle, liver, | SMT, N*-metabolites EtOAc/acetic acid /Na,WO,, — RPLC-C18 UV: 270 nm —a 1995 (354)
kidney NH,-SCX SPE, drying evap.,
HCl reconst.
Muscle, liver, | STZ, SMR, SCP, SMT, MSPD extn, partition.n 1 — RPLC-C18 UV:270 nm 1-66 1997 (206)
kidney SMPDZ, SMX, SQX, with CH,Cl, and partition.n
SDM 2 with EtOAc
Muscle SMT MAE — RPLC-C18 UV:450 nm —a 1998 (355)
Muscle SMT, SDZ, SPD, SMR, _a — RPLC-C18 | UV:270 nm _a 1998 (356)
SDX
Muscle, liver, | SDZ, STZ, SPD, SMR, | Saline extn, dialysis, C18 SPE — RPLC-C18 UV: 280 nm 40 1999 (357)

kidney

SMZ, SMT, SMPDZ

(continued)
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Table 10.8 (continued)

Summary of Literature Methods for Determination of Sulfonamide Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Column Range Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) | (Reference)
Muscle SMM, SDM, SQX MeOH/H,0O extn, IAC — RPLC-C18 UV:370 nm 1-2 2000 (358)
cleanup
Muscle, liver, SMT EtOH/H,O extn, — RPLC-C4 UV-DAD: 263 24-27 2001 (359)
kidney ultrafiltration nm
Shrimp flesh SDZ, STZ, SQX, SDM, | EtOAc extn, Drying evap., — RPLC- UV: 270 nm 10 2003 (360)
SMR SEC cleanup, Drying evap., phenyl
ACN/acetic acid reconst.
Muscle, liver, | SMT PCA ultrasonic extn — RPLC-C4 UV: 267 nm <90 2003 (361)
kidney
Muscle SDZ, STZ, SPD, SMR, EtOAc/Na,SO, extn, drying — RPLC-C8 UV-DAD: 270 30-70 2004 (362)
SMT, SMM, SCP, evap., EtOAc dilution, SCX nm
SMX, SQX, SDM SPE, drying evap., reconst.
acetate buffer
Muscle SDZ, STZ, SMT, SMR, | Acetone/CHCl, extn, SCX — RPLC-C18 UV-DAD: 270 2007 (363)
SDX, SMM, SCP, SPE, drying evap., MeOH nm
SMX, SQX, SMZ reconst.
Muscle, liver, | SMT, SMM, SMX, ACNdeprot. Extn, Evap., Fluoresc-amine | RPLC-C18 FLD: 0.1 1995 (364)
kidney, SDM H,O/ACN dilution, evap., Ex390 nm
serum TCA dilution, hexane defat. Em475 nm
SDZ(IS)
Muscle, liver, | SMT, N*-metabolites EtOAc/acetic acid /Na,WO,, Fluoresc-amine | RPLC-C18 FLD: —a 1995 (354)
kidney NH,-SCX SPE, drying evap., Ex405 nm
HCI reconst. Em495 nm
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Muscle, liver, STZ, SMR, SCP, SMT, MAE DMABA RPLC-C18 FLD: 2.5 1997 (206)
kidney SMPDZ, SMX, SQX, Ex405 nm
SDM Em495 nm
Muscle SCP, SDZ, SDM, SDX, | EtOAc extn, glycine/PBS/HCI | Fluoresc-amine | RPLC-C18 FLD: 15 2004 (365)
SMT, SQX, STZ purif., hexane defat., Ex405 nm
CH,CI,/Na,SO, purif., DEA Em495 nm
SPDUS) dilution, drying evap.,
reconst. PBS/ACN
Muscle SDZ, SMR, SMT, ACN extn, C18 MSPD, Fluoresc-amine | RPLC-C18 FLD: 1-5 2005 (366)
SMPDZ, SMX, SDM drying evap., reconst. Ex405 nm
acetate buffer Em495 nm
Kidney SMT, SMR, SDZ, SQX | Acidic EtOAc extn, NH, + — RPLC-C18 MS esi+ —a 1994 (367)
SCX SPE, drying evap., -
acetone storage, drying MSMS esi+
evap., reconst.
Muscle SMT, SDM, SEPDZ9 CHCl, extn, alkaline NaCl — RPLC-C18 UV: 265 nm <10 1995 (368)
partition., C18 SPE, drying
evap., reconst. MS TSP+
Muscle TMP CHCl,/acetone extn, drying — RPLC-C18 MS TSP+ 4 1997 (369)
evap., MeOH/H,O/acetic
acid dilution, hexane defat.
Kidney Sulfa drugs On-line extn, sample — RPLC-C18 MSMS esi+ —a 2000 (370)
cleanup
Muscle SDX MeOH extn, evap., water — RPLC-C18 MSMS esi+ —a 2003 (195)
dilution, C18 SPE, evap.,
reconst.
(continued)
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Table 10.8 (continued)

Summary of Literature Methods for Determination of Sulfonamide Residues in Tissues Using Gas or Liquid

Chromatography
LC Limit
Column Range Year

Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) | (Reference)
Muscle SDZ, STZ, SPD, SMR, MSPD with 80°C water extn — RPLC-C18 MS esi+ 3-15 2003 (371)

SMT, SMZ, SMPDZ,

SCP, SMX, SMM,

SDM, SQX, SME(S
Muscle SDZ, STZ, SMT, SMR, | ACN/Na,PO, extn, C18 SPE, — RPLC-C8 MS apci+ _a 2003 (372)

SDM drying evap., reconst. +

MS esi+
Raw meat, SIM, SDZ, SPD, SMR, | C18 ASE with 160°C/100 atm — RPLC-C18 MSMS esi+ 0.25 2004 (373)
infant food SMO, SMT, SMTZ, water extn

SMPDZ, SCP, SMM,

SMX, SQX, SDM
Fish muscle SDZ, SMT, SDM, ACN extn, hexane defat., — RPLC-C18 MSMSesi+/esi— 10 2005 (262)

TMP, OMP evap. H,O/ACN extn,

hexane defat.

Muscle SMT, SCP, SBZ, SDZ, ACN/MeOH extn, hexane/ — RPLC-C18 MSMS esi+ 0.1-0.6 2006 (214)

SMZ, SDX, SMR,
SMX, SMM, SMPDZ,
STZ, SPZ, SDM,
SQX, $SZ, SOZ,
TMP, SNT, SPD

ACN defat., evap., reconst.
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Muscle SMT, SDZ, SMM, Alumina MSPD extn, drying — RPLC-C4 MS apci+ <50 2007 (374)
SMX, SDM, SQX evap., reconst.

Muscle SMT, SAA, SGN, SNL, | ACN/H,O extn, hexane — RPLC-C18 MSMS esi+ 0.1-0.9 2007 (375)
SPD, SDZ, STZ, defat., CHCI, partition.,
SMR, SMX, SMO, drying evap. reconst.
SOZ, SMPDZ, SMM,
SDM, SQX, SCP

Muscle SMT, SDZ, SMM, ACN extn, hexane defat., — RPLC-C18 MSMS esi+ <2 2005 (376)
SMX, SDM, SQX, drying evap. reconst.
STZ, SGN, SMPDZ

Note: ppb: parts per billion equivalent to pg of residue/kg of tissue; SMM: sulfamonomethoxine; SDM: sulfadimethoxine; SMT: sulfamethazine

‘also called sulfadimidine or sulfadimerazine); SMX: sulfamethoxazole; SQX: sulfaquinoxaline; TCA: trichloroacetic acid; SPE: solid-phase
extraction; Pyr.: pyridine; TMSA: N,O-bis(trimethylsilyl)acetamide; TMSI: N-trimethylsilylimidazole; TMCS: trimethylchlorosilane; SCX:
strong cation exchange; PBS: phosphate buffer solution; MTBE: methyl-tert-butyl-ether; partition.: aqueous partitioning; Evap.: evapora-
tion before reconstitution; derivat.: derivatization; MS: single quadrupole; SEPDZ: sulfaethoxypyridazine; Extn: extraction; SDZ: sulfadia-
zine; ACN: acetonitrile; DCM: dichloromethane; RPLC: reverse phase liquid chromatography; UV: ultraviolet detection; DAD: diode array
detection; EtOAc: ethyl acetate; SMR: sulfamerazine; SMPDZ: sulfamethoxypyridazine; MSPD: matrix solid phase dispersion; MAE: micro-
wave assisted extraction; SDX: sulfadoxine; SMZ: sulfamethizol; MeOH: methanol; SEC: size-exclusion chromatography; PCA: perchloric
acid; defat. defattening; purif.: purification; DMABA: dimethylaminobenzaldehyde; DEA: diethylamine; esi+: electrospray source in posi-
tive mode; MSMS: triple quadrupole; TSP: thermospray; TMP: trimethoprim; SME: sulfameter; SIM: sulfisomidine; esi—: electrospray
source in negative mode; ASE: accelerated solvent extraction; SMO: sulfamoxole; SMTZ: sulfamethizole; OMP: ormethoprim; SBZ: sulfa-
benzamide; SPZ: sulfaphenazole; SSZ: sulfasalazine; SOZ: sulfisoxazol; SNT: sulfanitran; SAA: sulfacetamide; SGN: sulfaguanidine; SNL:
sulphanilamide; SCPZ: sulfachloropyridazine; Reconst: reconstitution prior to injection; PLRP-S: polymeric stationary phase; HSA: hep-
tane sulfonic acid; MSn: ion trap.

2 Not reported.

(91nternal standard.
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10.4.9 Tetracyclines

Tetracyclines are broad-spectrum bacteriostatic antibiotics, some of which are produced by bacte-
ria of the genus Strepromyces and others obtained as semisynthetic products. They act by inhibit-
ing protein biosynthesis through their binding to the 30S ribosome. Owing to their high degree
of activity against both gram-positive and gram-negative bacteria, they are commonly used in
veterinary medicine to treat respiratory diseases in cattle, sheep, pig, and chicken. They may be
employed prophylactically as additives in feed or in drinking water. Oxytetracycline, tetracycline,
and chlortetracycline are the three major compounds licensed in veterinary medicine. Doxycy-
cline is also, to some extent, a veterinary drug candidate to monitoring in tissues. Oxytetracycline
can be found after treatment of various bacterial diseases in fish farming. The basic structure
of tetracyclines is derived from the polycyclic naphthacenecarboxamide and contains four fused
rings (Figure 10.11). They are polar compounds due to the different functional groups attached
to the four fused rings. Particularly active are an acidic hydroxyl group in position 3 (pX, 3.3), a
dimethylamino group in position 4 (pK] 7.5), and a basic hydroxyl group in position 12 (pK; 9.4).
Tetracyclines are photosensitive, nonvolatile compounds, existing as bipolar ions in aqueous solu-
tion in the pH range 4-7, able to lose their dimethylamino group in the pH range 8-9, and capa-
ble of reversible epimerization in the pH range 2—6. This chemical behavior leads to difficulties in
extracting them from biological matrices where they can easily bind to proteins to form macro-
molecules. Acidic extraction is often utilized, but further purification by liquid-liquid partition-
ing and SPE cleanup through organic solvents remain a critical issue. Ion pairing and chelation
process are also used to achieve acceptable recoveries. The analysis of tetracyclines by reverse-phase
LC is also of concern. Silanol-encapped, metal-purified, alkyl-bonded silica stationary phases are

CHs),

R

a2

L] ==
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T

OH 0 OH o] 0

Tetracyclines R1 R2 R3 R4 MW

Minocycline N(CHs), H H H 457.48
Tetracycline H CH, OH H 444.43
Oxytetracycline H CH, OH OH 460.43
Demeclocycline cl H OH H 464.85
Chlortetracycline cl CH; OH H 478.88
Doxycycline H H CH, OH 462.45

Figure 10.11 Structures of tetracyclines used in veterinary medicine.
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required for their satisfactory separation and elution. Polymeric phases have also been success-
fully investigated. New mixed polymeric/alkyl-bonded silica stationary phases are now promising
separative instruments.

An extensive development over the past years has been dedicated to analytical methods for
monitoring tetracycline residues at the ppb level in meat products (MRL in muscle tissue is 100
ug/kg). Several reviews are reported on this subject [9,11,13—15]. On the part dealing with resi-
due screening methods, several papers describe microbiological bioassays using the inhibitory
properties regarding bacterial growth. Strains such as B. subtilis, B. stearothermophilus, Bacillus
cereus, and E. coli have been employed to attempt developing inhibitory plate tests capable of
detecting, with more or less success, the tetracyclines at the 100-500 ppb level in muscle or
kidney tissues [29,32,34,37,40,42,43,58,69,198,216,321]. In the consideration to find the best
strategy to screen in meat products antibiotic residues and thus tetracyclines as a part of it, some
comparative studies of the performance between inhibitory plate tests and rapid test kits such
as Tetrasensor have also been evaluated recently [59—-62,377]. TLC with or without bioautog-
raphy has also been an alternative to detect tetracycline residues in meat tissues but some 20
years ago [55,202].

Regarding the confirmatory methods (Table 10.9), GC was investigated in the previous years
but with a limited extent [107], and due to the polar nonvolatile chemical properties of tetracy-
clines, HPLC was largely preferred to GC. First applied with UV or DAD detection [378-391],
and also with fluorescence detection in regard to the high capacity of tetracycline to form fluo-
rophoric metal complexes [340,370, 392—401], it was more recently coupled to different mass
spectrometric detectors, with SQ detectors and now with TQ detectors (LC-MS/MS) or ion-trap
mass spectrometric detectors (LC-IT/MS or LC-MS") or even time-of-flight mass spectromet-
ric detectors (LC-TOF-MS) [195,223,262,402—405]. Capillary electrophoretic techniques have
also been tested for tetracyclines [388]. One of the challenges in modern analysis of tetracycline
residues in muscle or other food products is to separate and analyze simultaneously all the four
tetracyclines along with the existing 4-epimers and some possible degradation compounds

[223,382,384,387,390,396,402—405].

10.4.10 Polypeptidic Antibiotics

Polypeptide antibiotics include flavomycin (also named bambermycin or flavophospholipol), avo-
parcin, virginiamycin, and among polymyxin polypeptides, bacitracin and colistin (Figure 10.12).
They are all derived from fungi or bacteria (Streptomyces bambergiensis, Streptomyces candidus, Strep-
tomyces virginiae, Streptomyces orientalis, B. subtilis, Bacillus polymyxa) and exist as complexes of sev-
eral related macromolecules. Avilamycin, a polysaccharide antibiotic, obtained from Strepromyces
viridochromogenes can also be added to this group of substances. Most of these antibiotics were used
as growth promoters and efficient feed converters except for colistin. Formerly regulated under the
feed additive legislation in the EU by Directive 70/524/EC [406], they are now extensively pro-
posed to be prohibited. The risk that resistance to antibiotics might be transferred through them to
pathogenic bacteria was assessed at the end of the 1990s and beginning of the 2000s. It led to food
safety recommendations from the antimicrobial resistance research program [407]. Avoparcin in
1997, and bacitracin along with virginiamycin in 1999 were immediately banned as feed additives
in the EU by Directive 97/6/EC [408] and by Regulation 2821/98/EC [409]. Flavomycin is still
on the market but on its way to be banned too. Under Regulation 2562/99/EC, a period of 5-10
years is granted from 2004 to 2014 for reevaluation of the drug by the supporting pharmaceutical
stakeholders [410]. The polypeptidic antibiotics are macromolecular compounds. They often feature



Table 10.9 Summary of Literature Methods for Determination of Tetracycline Residues in Tissues Using Gas or Liquid

Chromatography
Limit
LC Column Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) (Reference)
Muscle TTC, OTC, CTC TCA extn, ion exchange | Pyr, TMSA, GC FID 50 1992 (107)
SPE TMSI, TMCS
Muscle CTC, isoCTC HCl/glycine extn, pH 12isoCTC | PLRP-S FLD: Ex:340 nm 20-50 1994 (377)
cyclohexyl SPE conversion Em:420 nm
Muscle TTC, OTC, CTC EDTAMIB extn, hexane/ — RPLC-C18 UV-DAD: 360 nm 50 1994 (379)
DCM purif., TCA
deprot., C18 SPE
Muscle TTC, OTC, CTC, | SEPSA extn, C8 SPE or — MCAC + UV: 350 nm 10-20 1996 (380)
DMCTC XAD2resin SPE, PLRP-S
Cu?*gel chelate purif.
Muscle TTC, OTC, CTC | Liquid-Liquid extn, C18 — RPLC-C18 UV: 360 nm 100 1996 (381)
SPE cleanup
Muscle OTC, 4-epiOTC, | Oxalic acid extn, C18 — RPLC-C18 UV-DAD —2 1996 (382)
alpha-apoOTC, SPE cleanup
beta-apoOTC
Kidney OTC Citrate buffer/ EtOAc — MCAC + UV: 350 nm —a 1998 (383)
extn, Na,SO, drying, PLRP-S
filtration
Muscle OTC, 4-epiOTC | LigLiq extn, C18 SPE — RPLC-C18 UV: 350 nm 5-10 1998 (384)
cleanup
Muscle, TTC, OTC, CTC Oxalic acid/ACN — PLRP-S UV: 360 nm 1040 1999 (385)
kidney extn-dechelation-

deprot., SDB SPE
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Muscle, TTC, OTC, CTC ACN/H,;PO, extn, - RPLC-C18 + UV:370 nm 50-100 2000 (386)
kidney hexane/DCM defat., ion pairing
limited evap., filtration DSA
Kidney TTC, OTC, CTC, | LigLiq extn, C18 SPE - RPLC-C18 UV: 350 nm 50-100 2001 (387)
DC cleanup
Muscle, OTC EDTAMIB extn, C18 or — RPLC-C8 + LC-UV: 350 nm 80-160 2001 (388)
kidney, liver HLB SPE CZE
CZE-UV: 365 nm
Muscle, milk TTC, OTC, CTC, | TCA/EDTAMIB extn, — RPLC-C18 UV-DAD: 365 nm 10-30 2003 (389)
DC HLB SPE
Kidney CTC+4-epiCTC Oxalic acid/TCA extn, — RPLC-C8 UV-DAD: 365 nm 70-90 2005 (390)
SDB SPE
Plasma OTC MeOH/EDTAMIB extn, — RPLC-C18 UV:360 nm 3.5-12 2006 (391)
C18 SPE
Muscle CTC, isoCTC HCI/Glycine extn, pH 12 isoCTC | PLRP-S FLD: Ex:340 nm 20-50 1989 (392)
cyclohexyl SPE conversion Em:420 nm
Muscle, liver, OTC, TTC® ASTED dialysis, online NaOH + PLRP-S + HSA | FLD: Ex:358 nm 34 1992 (393)
fish, milk, egg enrichment SDB irradiation ion-pairing + | Em:460 nm
cartridge 366 nm
Muscle, TTC, OTC, CTC HCl/glycine extn, AP+ postcol RPLC-C18 FLD: Ex:390 nm 20-230 1995 (394)
kidney, liver cyclohexyl SPE deriv Em:490 nm
Muscle, OTC ACN/EDTAMgIB extn, Mg?* deriv RPLC-C18 FLD: Ex:380 nm 40-50 1996 (395)
kidney hexane defat., Em:520 nm
ultrafiltration
(continued)

LLE W SJONPOIJ [BWIUY B]qIP] JO SINSSI] [OSNJA Ul SINPISSY d110IqIUY



Table 10.9 (continued)

Summary of Literature Methods for Determination of Tetracycline Residues in Tissues Using Gas or Liquid

alpha-apoOTC,
beta-apoOTC

Chromatography
Limit
LC Column Range Year
Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) (Reference)
Muscle, kidney, | CTC+4-epiCTC HCl/glycine extn, pH 12 isoCTC | PLRP-S FLD: Ex:340 nm 20-50 1998 (396)
liver fresh and cyclohexyl SPE conversion Em:420 nm
lyophilized
Muscle, liver DC+4-epiDC Succinate buffer extn, Postcol RPLC-C18 FLD: Ex:406 nm 1.0 1998 (397)
DMCTC! MeOH dilut.,, MCAC Zr*+deriv Em:515 nm
cleanup, SDBRPS SPE
cleanup
Muscle, liver DC+4-epiDC Succinate buffer extn, Postcol RPLC-C18 FLD: Ex:406 nm 1.0 2000 (398)
DMCTC" MeOH dilut.,, MCAC Zr**deriv Em:515 nm
cleanup, SDBRPS SPE
cleanup
Fish muscle TTC, OTC EDTAMIB extn, hexane — RPLC-C18 FLD: Ex:385 nm 50 2003 (399)
DMCTC" defat., TCA deprot., Em:500 nm
HLB SPE
Chicken TTC, OTC, CTC EDTAMIB extn, HLB Tris/Eu*/ — TRL: Ex:388 nm 3-20 2004 (400)
muscle SPE CTAC deriv Em:615 nm
Fish muscle OTC, 4-epiOTC, | EDTAMIB extn, C18 Tris/Mg2* RPLC-phenyl | FLD: Ex:378 nm 100 2005 (401)
anhydroOTC, SPE, NH, SPE deriv Em:500 nm
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Muscle TTC, OTC, CTC ACN/citrate buffer/ RPLC-phenyl | FLD: Ex375 nm 1.0-2.0 2007 (340)
MgCl, extn, evap., Em535 nm
reconst. in malonate/
MgCl,
Muscle, TTC, OTC, HCl/glycine extn, RPLC-C8 + MS 10-20 1997 (402)
kidney CTC+isomers cyclohexyl SPE ion pairing apci+ammoniac
HFBA/EDTA
Kidney TTC, OTC, CTC On-line extn, sample RPLC-C18 MSMS esi+ —a 2000 (370)
cleanup
Kidney OTC MeOH extn, Evap., RPLC-C18 MSn esi- —2 2003 (195)
water dilution, C18
SPE, evap., reconst.
Muscle, liver, OTC+ 4-epiOTC | Succinate buffer extn, PLRP-S MSn esi+ 1-48 2003 (403)
kidney TCA deprot., HLB SPE
DMCTC!
Muscle OTC+ —a PLRP-S MSMS esi+/esi— —a 2003 (223)
4-epiOTC,
selected
Fish muscle TTC, OTC, CTC, | ACN extn, hexane RPLC-C18 MSMS esi+/esi— 10-100 2005 (262)
DC defat., evap. H,O/ACN
extn, hexane defat.
(continued)
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Table 10.9 (continued) Summary of Literature Methods for Determination of Tetracycline Residues in Tissues Using Gas or Liquid

Chromatography
Limit
LC Column Range Year

Tissue Analytes Sample Treatment Derivatization Technique Detection (ppb) (Reference)
Muscle TTC, OTC, CTC, EDTAMIB extn, HLB — RPLC-C18 MSMS esi+ 10 2006 (404)

DC + SPE

4-epimers,

DMCTC!®
Muscle TTC, OTC, CTC, | EDTA/SW extn — RPLC-C8 MSMS esi+ 1-10 2006 (405)

DC, 4-epiOTC,

4-epiTTC,

4-epiCTC,

DMCTC!S

Note: TTC: tetracycline; OTC: oxytetracycline; CTC: chlortetracycline; TCA: trichloroacetic acid; SPE: solid-phase extraction; PLRP-S: polymeric

stationary phase; EDTAMIB: Ethylenediaminetetraacetic acid and Mcllvaine Buffer pH 4; DCM: dichloromethane; RPLC: reverse phase
liquid chromatography; UV: ultraviolet detection; DAD: diode array detection; DMCTC: minocycline, demeclocycline or demethylchlor-
tetracycline; SEPSA: succinate/EDTA/pentane sulfonic acid buffer; MCAC: metal-chelate affinity chromatographic precolumn; EtOAc:
ethyl acetate; ACN: acetonitrile; SDB: styrene divylnilbenzene cartridge; DSA: decane sulfonic acid; DC: doxycycline; Extn: extraction;
HLB: hydrophilic Lipophilic Balance; MeOH: methanol; HSA: heptane sulfonic acid; EDTAMgIB: Ethylenediaminetetraacetic acid and
Mg?* in imidazole buffer pH 7.2; 4-epiDC: 4-epimer of doxycycline; SDBRPS: polystyrene-divinylbenzene-reverse phase sulfonated car-
tridge; CTAC: cetyltrimethylammonium chloride; HFBA: heptafluorobutyric acid; EDTA: Ethylenediaminetetraacetic acid; MSMS: triple
quadrupole; Evap.: evaporation before reconstitution; Reconst: reconstitution prior to injection; MSn: ion trap; esi+: electrospray source
in positive mode; esi—: electrospray source in negative mode; SW: subcritical water; 4-epiOTC: 4-epimer of oxytetracylcine; 4-epiCTC:
4-epimer of chlortetracycline; deprot.: deproteinisation; defat. defattening; purif.: purification; Dilut.: dilution; PBS: phosphate buffer
solution; Tris: tris(hydroxymethyl)-aminomethane pH 9; PLRP-S: polymeric stationary phase; TRL: time resolved luminescene; MS: single
quadrupole; ppb: parts per billion equivalent to pg of residue/kg of tissue.

2 Not reported.
(S1nternal standard.

uISLO Jewiuy Jo SPOO4 JO SisAjeuy A19Jes m  bLE



Antibiotic Residues in Muscle Tissues of Edible Animal Products m 315

HO-5-OH
HO i
o N \/\/(l)k H NH, 0 NH
I N
HO-3-OH O NH H P oH 9 cH
o "o Ny N Ny HOW %
H o o H o H

HO
HO
Hic\
NH CH,
HO Oo OH
H (0]
NH OH
o HN-N0 H,C™

N 0
NH, o NH H NH, HO” Y0
Il OH OH
HO-$-OH
0 alpha-Avoparcin
Colistin sulfate or polymyxin E u
CH
SN
N H
z 0y o .
o} NN N7 YN
N N/ ° HN 0. OH
~ 0 3
OH o y 0 y CH,
A I
° N/¢N b N e
OH H o 20 H © H o NH,
H5C :
3 H NH CH, CH,
W
H5C H Bacitracin A
N CH,
H3C

Virginiamycin M1 (streptomgramin A)

H,C
H,Ca OO 0
H.C j/\g: OO CH
~ HO 5
OV o P ofHo :
Hs:;gojo H,C fo O\_O OH
H 0
Q" ey 7 en, Hy
. CHy 0—XO0 3
CH,C H,C
HO Q
o O OH
a o
H,C  HO

Avilamycin A

nMe;
o™ CHs o]
N
N H NH
N
© \(([L\O/MO
3
O Pph HN. o
HO

NS

Virginiamycin S1(streptogramin B)

Figure 10.12 Structures of some polypeptidic antibiotics.



316 m  Safety Analysis of Foods of Animal Origin

a mixture of several molecules, for example, factor M1 and factor S1 principal components for vir-
giniamycin or compound A and compound F principal components for bacitracin or even alpha
and beta major components for avoparcin. The macromolecular structure makes them difficult to
selectively be extracted among and purified from the naturally occurring polypeptidic molecules
found in food products from animal origin. Few attempts have been undertaken during the past 10
years for developing selective analytical methods aimed at monitoring polypeptides in meat (muscle
and kidney tissues) in the ppb range in line with their illegal use. Table 10.10 displays some of these
methods for the glycopeptidic antibiotic avoparcin [411], for the streptograminic antibiotic virginia-
mycin [206,214,412—415], for the polypeptidic antibiotic bacitracin, and for the cyclic polypeptidic
antibiotic colistin [280,416]. In line with their use in feedingstuffs, most of the methods developed
for their monitoring analyze polypeptides as additives in the feedingstuff matrices instead of residues
in meat tissues. Two examples are presented in Table 10.10, one for colistin [190] and one for baci-
tracin and virginiamycin [280]. Polypeptidic antibiotics are still a challenge in drug residue analysis
from biological matrix.

10.4.11 Polyether Antibiotics

The ionophores are polyether antibiotics obtained mostly by fermentation of several Streptomyces.
They hold the specificity to be licensed essentially for use against protozoal coccidial infections in
poultry instead of being directed against bacteria. They are, therefore, more generally considered
as anticoccidials or coccidiostats even though formerly employed as feed additives for promoting
growth in cattle and sheep. They are regulated as feed additives and growth-promoting agents under
the feed additive legislation in the EU by Directive 70/524/EC [406]. As for the polypeptidic anti-
biotics, under regulation 2562/99/EC, a period of 5-10 years is granted from 2004 to 2014 for
reevaluation of these drugs by the supporting pharmaceutical stakeholders [410]. Their principal
compounds are lasalocid, maduramicin, monensin, narasin, salinomycin, and semduramicin. In
terms of chemistry, the basis of their structure is a sequence of tetrahydrofuran and tetrahydropyran
units linked together in the form of spiroketal moieties (Figure 10.13). In spite of hydroxylic and
carboxylic functions at both ends of these macromolecules, they are rather poor soluble antibiotics
in aqueous solutions due to their macrocyclic conformation with polar groups oriented inward and
nonpolar groups oriented outward. As a consequence, organic solvent extraction is the preferred one.
But, on the counterbalance, purification by liquid-liquid partitioning is difficult to achieve due to
similar solubility properties of the ionophores in their free acid and salt forms and due to instability
in acidic media. The term “ionophore” is attributed to these macromolecules in relation to their abil-
ity to stabilize by complexing with such alkaline cations as Ca?* or Mg?*. Four interesting reviews
were published on ionophore polyethers: one by Weiss and MacDonald in 1985 essentially dedicated
to their chemistry [417] and three other more recent ones by Asukabe and Harada in 1995 [418], by
Botsoglou and Kufidis in 1996 [11], and by Elliott et al. in 1998 [419] and dedicated to their chemi-
cal analysis in food products from animal origin. Since then, the analysis of polyether ionophores in
muscle tissues relied essentially on the confirmatory LC-MS technique as described in Table 10.11
[214,420-425]. Only few attempts are reported of the screening with fluoroimmunoassays [426].

10.4.12 Other Antibiotics (Novobiocin, Tiamulin)

Novobiocin is an antibiotic produced by Streptomyces spheroides and Streptomyces niveus with a nar-
row-spectrum activity against some gram-positive bacteria. It is soluble in polar organic solvents
such as alcohols, acetone, and EtOAc but rather insoluble in aqueous solution below pH 7.5 and



Table 10.10 Summary of Literature Methods for Determination of Polypeptidic Antibiotic Residues in Tissues Using Liquid

Chromatography
Derivati- LC Column Limit Year
Tissue Analytes Sample Treatment zation Technique Detection (ppb) (Reference)
Muscle Virginiamycin M1 ACN extn, Evap., MeOH dilution, — RPLC-C18 FLD: Ex311 nm 100, 10 1987 (412)
Virginiamycin S1 CHCI, partition., H,O purif,, Em427 nm

drying evap.

Muscle, kidney, | Virginiamycin M1 PBS/MeOH extn, PE defat. — RPLC-C18 UV: 254 nm 10 1988 (413)

liver, serum

Muscle Virginiamycin M1 MeOH/PTA extn, CHCI, partition., — RPLC-C18 UV: 235 nm 50 1989 (414)
silica SPE

Muscle Virginiamycin M1 C18 MSPD, EtOAc extn, evap. — RPLC-C18 UV-DAD: 254 2-7 1997 (206)

nm
Feed Colistin A, Colistin B HCI extn Postcol. RPLC-C18 FLD: Ex355 nm 100 1998 (190)
OPA Em415 nm

Kidney Avoparcin Hot water/EtOH ASE, XAD-7 — HILIC-LC UV: 225 nm 500 2002 (411)
MSPD, HILIC SPE

Feed Virginiamycin M1, MeOH/Water extn, HLB SPE — RPLC-C18 MSMS esi+ 200-600 2003 (280)

bacitracin A

Standards Polymyxins, Bacitracin A — — RPLC-C18 MSn —a 2003 (415)

Muscle Virginiamycin ACN/MeOH extn, hexane/ACN — RPLC-C18 MSMS esi+ 2-8 2006 (214)
defat., evap., reconst.

Muscle Bacitracin A, Colistin A, Acid extn, strata-X SPE — RPLC-C18 MSMS esi+ 1447 2006 (416)

Colistin B

Note: ACN: acetonitrile; Evap.: evaporation of volatile solvent; MeOH: methanol; RPLC: reverse phase liquid chromatography; PBS: phosphate
buffer solution; PE: petroleum ether; UV: ultraviolet detection; PTA: phosphotungstic acid; SPE: solid-phase extraction; MSPD: matrix solid
pagse dispersion; EtOAc: ethyl acetate; OPA: ortho-phthalaldehyde; EtOH: ethanol; ASE: accelerated solvent extractor; XAD-7 HP: acrylic
polymer resin; HILIC: hydrophilic interaction chromatography; HLB: hydrophilic Lipophilic Balance; MSMS: triple quadrupole; esi+: elec-
trospray source in positive mode; MS™ ion trap; Extn: extraction; defat. defattening; purif.: purification; partition.: aqueous partitioning;

DCM: dichloromethane; ppb: parts per billion equivalent to pg of residue/kg of tissue.

2 Not reported.

U9Internal standard.
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Table 10.11

Summary of Literature Methods for Determination of Polyether Antibiotic Residues in Tissues Using Liquid

Chromatography
Derivati- | LC Column Limit Year
Tissue Analytes Sample Treatment zation Technique | Detection (ppb) (Reference)
Standards | Lasalocid, salinomycin, narasin, - — RPLC-C18 | MS esi+ —a 1998 (420)
monensin
Standards | Salinomycin, narasin, lasalocid — — RPLC-C18 | MSMS esi+ —2 1999 (421)
Muscle Lasalocid — — RPLC-C18 | MS esi+ —a 2002 (422)
Liver, eggs | Narasin, monensin, salinomycin, | MeOH extn — RPLC-C18 | MSMS esi+ 0.5 2002 (423)
lasalocid
Muscle, Narasin, monensin, salinomycin, | ACN extn, silica SPE — RPLC-C18 | MSMS esi+ | 0.1-0.5 2004 (424)
eggs lasalocid, maduramycin,
nigericin{s
Eggs Lasalocid, salinomycin, narasin, | Organic extn — RPLC-C18 | MSMS esi+ 1 2005 (425)
monensin, nigericin‘)
Muscle Lasalocid, salinomycin, narasin, ACN/MeOH extn, — RPLC-C18 | MSMS esi+ 0.6-2 2006 (214)

monensin

hexane/ACN defat.,
evap., reconst.

Note: RPLC: reverse phase liquid chromatography; MS: single quadrupole; esi+: electrospray source in positive mode; MSMS: triple quad-
rupole; MeOH: methanol; ACN: acetonitrile; SPE: solid-phase extraction; Extn: extraction; defat.: defattening; Evap.: evaporation
before reconstitution; Reconst: reconstitution prior to injection; purif.. purification; EtOAc: ethyl acetate; SDB: styrene
divinylbenzene; HLB: hydrophilic Lipophilic Balance; PLRP-S: polymeric stationary phase; UV: ultraviolet detection; DAD: diode array
detection; LIF: laser-induced fluorescence; MS™ ion trap; esi™: electrospray source in negative mode; ppb: parts per billion equivalent

to ug of residue/kg of tissue.

2 Not reported.
SInternal standard.
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Figure 10.14 Structures of novobiocin and tiamulin.

in chloroform. It bears both an enolic (pK] 4.3) and a phenolic (pK, 9.2) character (Figure 10.14),
leading to a weak dibasic acid behavior. As a consequence, liquid—liquid partitioning is not an
efficient process for extraction-purification from biological matrices. Veterinary treatments for lac-
tating cows may lead to novobiocin residues in milk, and feed additive practice in poultry may give
novobiocin residues in chicken muscle. Microbiological methods have been tentatively applied to
novobiocin residue detection in meat [29]. TLC-bioautography was a formerly screening method
applied to novobiocin [55]. Although very few LC methods for monitoring novobiocin in meat
are reported [427], recent articles relate to residues in egg [428] or in milk [429] as displayed in
Table 10.12.

Tiamulin is a diterpene antibiotic with a pleuromutilin chemical structure similar to that of
valnemulin with an eight-membered carbocyclic ring at the center of the structure. Pleuromuti-
lines are biosynthetically produced by Pleurotus mutilus. Tiamulin’s activity is largely confined
to gram-positive microorganisms. This antibiotic acts by inhibiting bacterial protein synthesis
at the ribosomal level. Its usage in veterinary medicine applies for treatment and prophylaxis of
dysentery, pneumonia, and mycoplasmal infections in pigs and poultry. The principal residue
to be monitored in muscle and in other meat tissues is the metabolite 8-alpha-hydroxymutilin.
A bioscreening assay was reported in 2000 to monitor tiamulin activity [430]. Two LC methods
(Table 10.12) are reported for tiamulin with one in meat by UV detection [431] and one in honey
by MS detection [432].



Table 10.12 Summary of Literature Methods for Determination of Several Antibiotic Residues of Lower Interest in Tissues
Using Gas or Liquid Chromatography

LC Column Year

Tissue Analytes Sample Treatment Derivatization | Technique Detection | Limit (ppb) | (Reference)

Muscle, milk | Novobiocin | MeOH extn deprot., — RPLC-C18 | UV:340 nm 50 1988 (427)
filtering, online SPE

Eggs Novobiocin | MeOH extn, silica SPE, — RPLC-C18 | MS" esi+ 3 2004 (428)
hexane defat.

Milk Novobiocin | Buffer dilution, MeOH — RPLC-C18 | UV:340 nm 50 2005 (429)
deprot,, filtering

Muscle Tiamulin ACN extn, Evap., — RPLC-C18 UV: 210 nm 25 2006 (431)
hexane purif., C18 SPE

Honey Tiamulin Organic extn, SDB SPE — RPLC-C18 | MS esi+ 0.5-1.2 2006 (432)

Note: MeOH: methanol; SPE: solid-phase extraction; RPLC: reverse phase liquid chromatography; UV: ultraviolet detection; MS™: ion
trap; esi+: electrospray source in positive mode; ACN: acetonitrile; Extn: extraction; Purif.: purification; deprot.: deproteinisa-
tion; defat. defattening; DAD: diode array detection; MS: single quadrupole; MSMS: triple quadrupole; ppb: parts per billion
equivalent to ug of residue/kg of tissue.

2 Not reported.

(S9]nternal standard.
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Figure 10.15 Structures of 3 N,N’-di-N-oxide quinoxalines and their major metabolites—QCA,
MQCA, and 1,4-bisdesoxycyadox.

10.4.13 Other Antibacterials (Carbadox and Olaquindox)

Carbadox and olaquindox are two widely available antibacterial synthetic V,N’-di-N-oxide qui-
noxaline compounds used as growth promoters (Figure 10.15). Possible mutagenicity and carcino-
genicity have been demonstrated for these active molecules, leading to their ban in many countries
including EU under regulation 2788/98/EC [433]. As metabolism studies have shown the rapid
conversion of these compounds into their monooxy- and desoxy-metabolites which are also pos-
sible mutagenic and carcinogenic entities, it was important to monitor either the intermediate
desoxycarbadox or final metabolite quinoxaline-2-carboxylic acid (QCA) as residual targets in
muscle or liver tissues and also the methyl-3-quinoxaline-2-carboxylic acid (MQCA) as the stable
metabolite for olaquindox. As described in Table 10.13, several LC-UV and LC-MS methods were
proposed recently to cover the control of the ban of these two quinoxaline compounds [434—441].
Another quinoxaline 1,4-dioxide with antimicrobial properties, the cyadox (CYX), might be of
interest for monitoring as it is possibly used as a growth promoter. It metabolizes as carbadox and
olaquindox in animal tissues to give, among other intermediate compounds, the 1,4-bisdesoxy-
cyadox (BDCYX). A paper related to the analysis of its major metabolites by LC-UV in chicken
muscle tissues is reported in the literature [442].

10.5 Conclusion

Antimicrobials are one of the largest families of pharmaceuticals used in veterinary medicine
either to treat animal diseases or to prophylactically prevent their occurrence. Also used to pro-
mote the growth of food-producing animals, this practice is prone to drastic reduction in the
near future. The control of veterinary drug residues in meat and other food from animal origin
is one of the concerns for food safety regulation. It is important to prevent risks for human
health. Farmers, veterinarians, feed manufacturers, food industry, and regulatory agencies
together have to create the conditions of the food safety for the consumers. The control of anti-
microbial resistance of certain bacteria is also another challenge for human health. Regulating



Table 10.13 Summary of Literature Methods for Determination of Carbadox and Olaquindox Residues in Tissues Using

Gas or Liquid Chromatography

LC
Column Limit Year
Tissue Analytes Sample Treatment Derivatization | Technique Detection (ppb) (Reference)
Liver QCA Tris buffer/Subtilisin A enzymat. H2S504/ GC MS 10 1990 (434)
digestion heat extn; acetic acid neutral.; | propanol
DEE LLE; EtOAc LLE; HCI dilution; EtOAc | esterification
extn; evap.; H25O4/propanol
esterification; hexane defat.; evap.
reconst.; HPLC fraction purif.; Evap.;
hexane extn; evap.; EtOH reconst
Liver, QCA Alkaline hydrolysis, neutral., EEOAc LLE, | Methylation RPLC-C18 | UV:320 nm 3-5 1996 (435)
muscle citric acid dilution, SCX SPE for GC GC MS nci
Liver QCA, Alkaline hydrolysis, neutral., LLE — RPLC-C18 MSMS esi+ 0.2 2002 (436)
QCA-d4(IS)
Muscle, | QCA, MQCA, | Alkaline hydrolysis, HCI acidif., SCX SPE, — RPLC-C18 MSMS esi+ 1-4 2005 (437)
liver QCA-d4(1S), HCl acidif., EtOAc LLE, evap., reconst.
MQCA-d4(IS)
Feeds Carbadox, ACN/CHCI3 extn, evap., reconst. — RPLC-C18 MSMS esi+ 500 2005 (438)
olaquindox
Liver QCA, MQCA Protease digestion, LLE, SPE cleanup, LLE — RPLC-C18 MSMS esi+ 1-3 2005 (439)
Liver QCA, MPA/MeOH deprot., PBS/EtOAC extn, MTBSTFA, or GC MS nci 0.7 2007 (440)
QCA-d4(IS) MAX SPE TMSDM
Liver, QCA, MQCA Acid hydrolysis, LLE, MAX SPE - RPLC-C18 uv 1-5 2007 (441)
muscle
(continued)
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Table 10.13 (continued) Summary of Literature Methods for Determination of Carbadox and Olaquindox Residues in Tissues Using
Gas or Liquid Chromatography

LC
Column Limit Year
Tissue Analytes Sample Treatment Derivatization | Technique | Detection | (ppb) | (Reference)
Muscle QCA, BDCYX QCA: alkaline hydrolysis, neutral., EtOAc | — RPLC-C18 uv 20-25 2005 (442)

LLE, citric acid dilution, IEC purif., HCI/
CHCl, partition., evap., MeOH

BDCYX: ACN extn, evap., ACN/hexane
defat., evap., MeOH reconst.

Note: QCA: quinoxaline-2-carboxylic acid; EtOAc: ethyl acetate; Evap.: evaporation before reconstitution; MS: single quadrupole; LLE: liquid-
liquid extraction/partitioning; RPLC: reverse phase liquid chromatography; UV: ultraviolet detection; SCX: strong cation exchange; SPE:
solid-phase extraction; MSMS: triple quadrupole; esi+: electrospray source in positive mode; MQCA: methyl-3-quinoxaline-2-carboxylic
acid; ACN: acetonitrile; Reconst: reconstitution prior to injection; MPA: metaphosphoric acid; MeOH: methanol; PBS: phosphate buffer
solution; MAX: medium anion exchange; MTBSTFA: N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide; TMSDM: , trimethylsilyldiazo-
methane; BDCYX: 1,4-bisdesoxycyadox; IEC: ion exchange cartridge; Extn: extraction; DEE: diethyl ether; HLB: hydrophilic Lipophilic Bal-
ance; PLRP-S: polymeric stationary phase; MS": ion trap; esi-: electrospray source in negative mode; nci: negative chemical ionization;
ppb: parts per billion equivalent to pg of residue/kg of tissue.
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2 Not reported.
(S1nternal standard.
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antibacterials in animal husbandry is the first step to contain bacterial resistance and control
human diseases and their potential cure.

Analytical methods developed for monitoring antimicrobial residues in meat and in other
food products from animal origin can be ranged in two different stages. At first stage, there is
the strategy of screening to be adapted for evaluating in a reduced period of time the presence or
absence of antimicrobials. The screening should generally be as large as possible in terms of the
residues tested. This is the concept applied in the microbiological inhibitory methods (plate tests,
swab tests, or receptor tests). But, screening methods reduced to one family or even one compound
(immunological tests) can also be proposed in some specific cases, for specific antimicrobial moni-
toring, or with particular food products. At the second stage, there is an increasing interest in the
strategy of confirmation of the residues with unequivocal identification of the analyte(s). During
the past 15 years, physicochemical technologies have been developed and implemented for that
specific purpose. From TLC to HPLC, from HPLC to LC-MS, and from LC-MS to LC-MSMS
or LC-MS" systems, it is obvious that nowadays it is the innovative mass spectrometric technology
that is in application at the confirmatory step. One methodology that has been increasingly disre-
garded because of the use of innovative mass spectrometric technologies is the chemical extraction/
purification process. However, this is often a bad consideration because optimizing the extraction
is still of great importance in antimicrobial residue testing. Following the same idea, a thorough
purification before injecting into the analytical instruments, including the LC-MS ones, can be
of great help to improve the reliability of the analysis. In fact, chemical diversity of antimicrobi-
als always requires the setting up of different approaches for their extraction from food matrices.
Extraction methods have considerably changed in the past 20 years. LLE has been miniaturized
or largely replaced by solid-phase extraction. Matrix solid-phase extraction (MSPD) and acceler-
ated solvent extraction (ASE) are also emerging techniques. Extracting and purifying residues of
antimicrobials from meat and other food matrices still need to be satisfactorily undertaken for
quality and reliability of the analyses. On the instrumental part, a chromatographic separation is
always necessary to optimize the selective control of an analyte with regard to the others and to the
interfering substances in the purified extract. At the detection level of the analytical instrument,
the mass spectrometer is now considered the optimal detector for controlling reliable identifica-
tion and sufficient quantification of antibiotic residues in the ppb (Lg/kg) range of concentrations.
Several food safety legislations including the EU one have now enforced this concept, in particular
for the prohibited substances [4].

Abbreviations

6-APA 6-aminopenicillenic acid

7-ACA 7-aminocephalosporanic acid

ACN acetonitrile

ADC azodicarbonamide

AHD l-aminohydantoin

AMOZ 3-amino-5-morpholinomethyl-2-oxazolidinone
AOZ 3-amino-2-oxazolidinone

APCI atmospheric pressure chemical ionization source
API atmospheric pressure ionization source

APPI atmospheric pressure photochemical ionization source
ASE accelerated solvent extraction

BDCYX 1,4-bisdesoxycyadox
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C8

C18

CEC
CE-MS
CYX
CZE or CE
DAD
DCM
DNA
DNC
DNSH
DTE
ECD
ELISA
ESI
EtOAc
EU

FID

FLD

Fluo
FPIA

GC
GC-MS
HCI
HILIC
HLB
HMMNI
HPLC
HPLC-UV
IT

LC
LC-MS
LC-MSMS

LC-MS»
LC-tandemMS
LIF

LLE
MAX
MCX
MEKC
MeOH
MQCA
MRL
MRPL
NPD
NRMP

8-carbon alkyl-bonded silica stationary phase

18-carbon alkyl-bonded silica stationary phase
electrochromatography

capillary zone electrophoresis coupled to mass spectrometry
cyadox

capillary zone electrophoresis

diode array detector

dichloromethane

desoxyribonucleic acid

dinitrocarbanilamide

3,5-dinitrosalicylic acid hydrazide

dithioerythreitol

electron capture detector

enzyme-linked immunosorbent assay

electrospray source of ionization

ethyl acetate

European Union

flame ionization detector

fluorescence detector

fluorescence detector

fluorescence polarization immunoassay test

gas chromatography

gas chromatography coupled to mass spectrometry
hydrochloric acid

hydrophilic liquid chromatography

mixed hydrophilic-lipophilic balanced cartridge
2-hydroxymethyl-1-methyl-5-nitroimidazole
high-performance liquid chromatography

high performance liquid chromatography connected to UV detector
ion trap

liquid chromatography

liquid chromatography coupled to mass spectrometry
liquid chromatography coupled to a tandem mass spectrometer also called triple
quadrupolar mass spectrometer

liquid chromatography coupled to a ion trap mass spectrometer
liquid chromatography coupled to a tandem mass spectrometer
laser-induced fluorescence detection

liquid-liquid extraction

medium anion exchange cartridge

medium cation exchange cartridge

micellar electrokinetic capillary chromatography

methanol

methyl-3-quinoxaline-2-carboxylic acid

maximum residue limit

minimum required performance limit

nitrogen-phosphorus detector

national residue monitoring program (or plan)
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MSPD matrix solid-phase extraction
PB particle beam source of ionization
PBS phosphate buffer solution
PCA pyridonecarboxylic acid
PDA photodiode array
PLRP-S polymeric reverse stationary phase
ppb parts per billion equivalent to g of residue/kg of tissue
ppm parts per million equivalent to g of residue/kg of tissue
QCA quinoxaline-2-carboxylic acid
RPLC reverse-phase liquid chromatography
RSD relative standard deviation
SAX strong anion exchange cartridge
SCX strong cation exchange cartridge
SEM semicarbazide
SEC supercritical fluid chromatography
SPE solid-phase extraction
SPFIA solid-phase fluorescence immunoassay
SPR-BIA surface plasmon resonance-based biosensor immunoassay
SQ single quadrupole
TCA trichloroacetic acid
TLC thin layer chromatography
ToF time-of-flight
TQ triple quadrupole
TRIS tris(hydroxymethyl)-aminomethane
TSP thermospray source of ionization
uv ultra-vio