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Summary

Food adulteration means that substances have been added to food that change its composition and reduce
its nutritional value. Food adulteration also includes giving a product a misleading name, providing false
information on its composition, date of production or expiry date, and any other incorrect labelling. Numerous
cases of food adulteration have been recorded in many countries, including Poland. This has led to the creation
of a new field of science, known as ‘green criminology’, to combat violations of food law. Over the years, new
techniques for identifying food adulterations have been developed. Originally, these were sensory techniques,
which proved unreliable. Later, physical analysis of the product was performed on the basis of information
on the label and microscopic examination. Later methods, based on identification of lipids and proteins,
were also unreliable due to biochemical changes during processing. These problems prompted scientists to
become interested in the potential of DNA testing. Due the stability of DNA and the universal applicability of
DNA-based methods to all cells, they are ideal for use in practice. Currently, the most reliable test for detecting
food adulteration is PCR, as it is a highly sensitive and specific technique.
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Food adulteration has been practiced for centuries,
but the issue has only recently come under closer
examination. This may be due to the fact that until
recently the scale of this phenomenon was relatively
insignificant. Such offences involve mainly the sale
and distribution of food products that are not in com-
pliance with the law. The products most susceptible
to adulteration are meat and meat products, milk and
dairy products, confectionery products, beverages
(including alcoholic beverages), fruits, vegetables, and
all types of organ meats (20), as well as oils, honey,
coffee and tea. The replacement of one meat species
with another in the meat processing industry is also
a serious offence (27).

An adulterated product is one to which substances
have been added that alter its composition or reduce
its nutritional value, or one in which an ingredient has
been omitted or reduced, causing a decrease in its nutri-
tional value or other valuable properties of the product.
Food adulteration may also involve the use of processes
or treatments that mask the actual composition of the

product or give it characteristics that falsely indicate
adequate quality. Food adulteration includes not only
operations on the product itself, but also giving the
product a misleading name, providing false informa-
tion on its composition, date or place of production, or
expiry date, and any other incorrect labelling. Food is
adulterated mainly to maximize the producer’s profit
by reducing the cost of production, to increase the
producer’s competitiveness with other producers of-
fering similar products at higher prices, and to conceal
the actual quality of the product, which deviates from
quality standards. A less common reason is to conceal
irregularities in technological processes (29).

Issues involving food adulteration are dealt with by
a branch of criminology known as ‘green criminol-
ogy’, which investigates the activities of international
food corporations and methods by which they deceive
their consumers. Green criminologists also examine
the negative impact of the illegal practices of these
corporations on human health and the natural environ-
ment (20).
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An example of a serious violation on an international
scale was a scandal in China in 2013, where a gang of
over 900 members distributed meat from rats, martens,
foxes and mink as lamb. The actual origin of the meat
was effectively concealed by adding gelatine and by
appropriate treatment. The abbreviation MSM (me-
chanically separated meat) is increasingly seen among
the ingredients listed on labels of various types of meat
products. MSM is a paste of meat and fat obtained
from animal elements. It contains much more fat than
actual meat and is also susceptible to oxidation, which
necessitates the use of antioxidants in the production
process. A frequent violation is the exceedance of the
permissible content of MSM in meat products (20).

It can be concluded from the above examples that
food adulteration is a common problem throughout the
world. Therefore, research on detecting such practices
should be supported and intensified to prevent the
spread of this phenomenon.

Development of techniques
for detecting food adulteration

The first methods of food identification were based
on morphological characteristics, such as taste, colour,
smell, appearance and shape. In ancient times, the most
important indicators were weight and volume. These
means of identifying adulterations in food were very
unreliable because they were based on physical inspec-
tion alone. For example, physical examination of the
quality and purity of honey was carried out by special-
ized honey inspectors. In the 19" century, inspection
methods were expanded to include identification with
analytical scales and microscopes (21). Germany and
other European countries still use this type of testing to
detect materials of plant and animal origin in food and
feed. However, microscopic methods are frequently
incapable of determining the species origin of food
or feed components. Therefore, many analytical tools
based on lipid, protein and nucleic acid biomarkers
have been developed. Lipid and protein biomarkers are
currently falling out of use, because protein biomarkers
are easily denatured and the amount of lipids is signifi-
cantly modified during technological processing (1).

Physical identification of food consists mainly in
checking the ingredients listed on the label and per-
forming microscopic analysis. The main disadvantage
of labels is that there is no scientific verification of
the composition given on the label, but only the word
of the manufacturer. Incorrect labels are not verified,
and labels may be lost during transport or storage.
Microscopic analysis entails the risk of incorrect
identification of the sample because of changes in the
product durlng processmg Samples can also be lost,
and microscopic analysis is costly, due to the need for
professional microscopes, as well as time-consuming
and difficult (2).

Identification of lipids and volatile organic com-
pounds is another method of detecting food adul-
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teration. For detection of lipids, lipid biomarkers are
used. Briefly, the analysis consists in identification of
the species based on analysis of the location of fatty
acids in triacylglycerol (TAG) and 2-monoacylglycerol
(2-MAG) molecules. Identification tools include
Fourier-transform infrared spectroscopy (FTIR), gas
chromatography-mass spectrometry (GC- MS) and
principal component analysis (PCA). The main dis-
advantage of these techniques is that the result is less
reliable if the lipid acids and the amount and type
of lipid are modified in the course of technological
treatments. Correct conclusions require a complicated
statistical analysis. This type of research is also expen-
sive due to the use of costly equipment and the need to
employ quahﬁed professwnals (23). Identification of
volatile organic compounds is based on the use of gas
chromatography, mass spectrometry and spectroscopy.

Proteins can be identified by HPLC (high perfor-
mance liquid chromatography), 2D electrophoresis,
isoelectric focusing, ELISA, and Western blotting.
HPLC is used to detect and quantify species-specific
protein biomarkers, such as histidine. This technique
cannot be used to determine the source of animal pro-
teins. Isoelectric focusing can provide information on
the habitat, age and health status of animals based on
the analysis of structural proteins, such as actin, myo-
sin or tropomyosin. 2D electrophoresis can be used to
analyse a mixture of one hundred proteins. Both tech-
niques are very costly and labour-intensive and require
specialist skills. Moreover, they cannot be performed
on very complex mixtures (25). The ELISA test, an
enzyme immunoassay, is used to detect species-specific
antibodies and antigens. It can identify both the source
of tissues and the type of animal proteins. A disadvan-
tage of this test is its high sensitivity and low specific-
ity, which means that the result requires confirmation
(16). The Western blotting technique can successfully
identify proteins and map proteins expressed in the cell
cycle. However, it also has a number of disadvantages,
such as the impossibility of quantitative analysis and
the need to use primary antibodies directed against
the protein of interest. It also requires qualified staff
to conduct the Western blotting (18).

Meat biosensors and biochips, such as DNA sensors
and DNA microarray chips, are also used to detect food
adulteration. DNA sensors are portable devices used to
detect specific hybridization through changes in optical
or electrochemical properties. They can also identify
short DNA molecules that have survived processing
under extreme conditions. However, it is not possible
to amplify copies, because this reduces the sensitivity
of DNA sensors. DNA microarray chips, like sensors,
are portable devices that can identify hundreds or
even thousands of objects through changes in optical
or electrochemical properties. Short DNA molecules
that have survived under extreme conditions can be
identified as well. The disadvantages of microarray
chips include the inability to amplify a number of
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copies, which would reduce sensitivity. Moreover, it
is impossible to obtain quantitative information (13).

Due to the numerous problems associated with the
use of techniques based on proteins and lipids, scien-
tists have become interested in the development of
techniques involving detection of nucleic acids (32).
Due to the high stability of DNA and universal applica-
tion to all cells, DNA-based methods are ideal for use
in practice. Polymerase chain reaction (PCR), DNA
barcoding, nucleic acid biosensors and chips have been
proposed for species identification of meat. PCR has
also become widely used in biomedicine, agriculture
and judicial systems to identify criminals, establish
paternity, or determine the origin of diseases or species
of meat. These numerous applications are possible be-
cause the method is so sensitive that even a single copy
of a gene can be amplified, even from a complicated
array. In the food industry, PCR is used to determine
the level of contamination of processed meat, which
has opened new perspectives for the food business (8).
Conventional PCR techniques using electrophoresis
have been replaced by automated real-time PCR, in
which reactions are performed using fluorescent dyes,
such as SYBR Green, EvaGreen and TagMan probes.
Multiplex PCR, capable of detecting many species in
a single reaction, is one of the newest techniques in
the PCR technology (10).

An infinite number of copies of a single DNA mol-
ecule can be created using the PCR technique, even
when the sample contains many different DNA mol-
ecules. It is used to amplify a specific DNA sequence
located between known regions (primers) in a double
strand of DNA. The polymerase chain reaction can
be used to amplify both double-stranded and single-
stranded DNA. Amplification of a DNA fragment, fol-
lowed by agarose gel electrophoresis to verify the size
of the fragment, is the simplest strategy for assessing
whether a given animal species is present in a meat
product (6). Additional confirmation of PCR products
can be obtained by the sequencing of DNA amplicons,
restriction fragment length polymorphism analysis
(PCR-RFLP), real-time PCR and single-strand con-
formation polymorphism analysis (PCR-SSCP). The
techniques used to obtain the product include ampli-
fied fragment length polymorphism analysis (AFLP),
analysis of inter-simple sequence repeat polymorphism
(ISSR), analysis of short-tandem repeat polymor-
phisms (SSR) and amplification of multiple templates
during a single PCR reaction (Multiplex PCR) (30).

RAPD was the first PCR-based technique, and it
is currently the simplest one. Randomly chosen short
primers (about 10 bp) are used to amplify DNA in the
genome. The final amplification product is generated
in the flanking region in the appropriate orientation.
RAPD products are usually visualized on agarose
gel with addition of ethidium bromide (15). This
method makes it possible to obtain a larger number
of products by reproducing unspecified fragments of
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template DNA. It does not require prior knowledge
of the individual’s genome. The main disadvantage of
this method is that it is difficult to obtain reproducible
results. The reaction conditions must be strictly defined
(temperature, number of cycles and concentration of
reagents). It is very important that the quality of the
initial DNA is high and that repeatable RAPD profiles
can be obtained. This technique is limited in the case
of finely minced cured meat, in which there is a large
amount of degraded nucleic acids. In addition, due to
the non-specific nature of the PCR reaction, the RAPD
method cannot be applied to cured meats with many
admixtures from different animal species. Thus, in the
case of species identification of animals, RAPD can
only be used for rapid qualitative analysis, and the
samples must be tested each time according to strictly
defined standards (6).

The sequencing of fragments amplified in PCR
provides the most information and does not require
the use of any enzymes. A wide range of plant and
animal species can be identified using one pair of
primers. Further analysis of PCR amplicons can be
used for interspecific and intraspecific identification
of DNA in finished products. This makes it possible
to distinguish even between closely related species.
The markers used most frequently to identify species
by sequencing are 12S and 16S rRNA, which is due
to their sufficient level of mutation and the high avail-
ability of mitochondrial cytochrome b gene sequences
in databases. Owing to rapid technological progress,
DNA sequencing is becoming cheaper and more reli-
able and uses increasingly integrated tools for species
identification (9).

RFLP (Restriction Fragment Length Polymorphism)
is of particular importance in identifying the origin of
meat. The technique uses sequence changes occurring
in specific regions of DNA, and it can distinguish even
between closely related species. This is possible due to
the digestion of selected DNA fragments with appropri-
ate restriction enzymes (6). The main advantages of
PCR-RFLP are its low cost and simplicity, so it can be
used for large-scale routine testing. PCR-RFLP cannot
be used with meat that has been subjected to treatment
that destroys DNA, because the amplification of large
DNA fragments, which are generally required when
using restriction enzymes, is limited by thermal degra-
dation of DNA. PCR-RFLP is not suitable for analysing
meats with many admixtures of different animal spe-
cies, as the results may show a combination of diverse
samples representing all possible species contained in
the sample. For analysis of highly degraded or mixed
species in a meat product, a good solution is to use
primers specific for each species (26).

Real-time PCR can detect even trace amounts of
various plant and animal species in products of com-
plex composition. This technique is considered the
most promising molecular tool for identifying different
species in food products (11). Real-time PCR 1is a pro-
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cess in which the formation of amplification products is
directly monitored during each amplification cycle, and
the products can be directly measured when the PCR
reaction is in the exponential phase and none of the
reaction components is limited. Quantitative analysis
is possible at an early stage of the reaction, which is
more accurate than the final analysis on an agarose or
polyacrylamide gel after electrophoresis. Real-time
data is collected using fluorescent molecules whose
fluorescence intensity is strongly correlated with the
content of PCR products. The main advantages of
real-time PCR include the possibility of quantitative
measurements at an early stage of the PCR process
and identification of the origin of DNA. There is also
no need for electrophoresis, because the data are read
owing to fluorescence. It is very fast, and many samples
can be analysed within a short time. However, the use
of this technique may be limited by the cost of specific
fluorescent probes (5).

PCR-SSCP (single-strand conformation polymor-
phism) is a sensitive method for detecting point chang-
es in an amplified DNA fragment, from one hundred
to several hundred nucleotides in length. It is based on
the fact that a DNA fragment with a mutation deviates
in its conformation from a fragment without this muta-
tion, and therefore it migrates differently during poly-
acrylamide gel electrophoresis (28). Results obtained
by Bania et al. (2001) showed that the method can be
used to analyse adulterations of dairy products (3).

AFLP is a technique used to detect polymorphisms
and to analyse the genetic diversity of species, es-
pecially in combination with devices for fluorescent
DNA sequencing. It is commonly used for assessment
of genetic diversity and for phylogenetic analysis in
poultry (14).

The ISSR technique (inter-simple sequence repeats)
involves the amplification of regions between adjacent
microsatellites with opposite orientation. ISSR does
not require prior knowledge of DNA sequences. ISSR
technology is cheaper, simpler and faster than other
methods and can give different genetic profiles when
one primer is used for genome analysis. In recent
years, this technique has been used to test some types
of seafood, and the results have shown that ISSR am-
plification can be used to examine intra-species and in-
terspecies variability in marine fauna populations (31).

One of the uses of SSR (analysis of short-tandem re-
peat polymorphisms) is to study relationships between
genotypes at the intraspecific level. These are repeats of
short nucleotide sequences, usually of six nucleotides
or fewer, known as microsatellites. Their distribution
in the eukaryotic genome is random. Polymorphisms
can be easily detected, e.g. with sequencing gels. These
polymorphisms are the result of polymerase slippage
during DNA replication or unequal crossing-over. The
advantages of SSR include the fact that microsatellites
make it possible to identify multiple alleles in a single
locus. They are also evenly distributed throughout
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the genome and provide a more detailed insight into
mitochondrial DNA, inherited from the mother, owing
to the high rate of mutation. SSR is highly specific,
repeatable and inexpensive. It requires only a small
amount of DNA, which can be of medium quality, and
the analysis can be automated. With the rapid devel-
opment of DNA isolation technology, it has become
possible to identify loci in highly degraded, ancient
DNA, for which traditional procedures are ineffective
(15). The method has been used, for example, to detect
adulterations in wines and musts (22).

In classical PCR, a species-specific primer pair is
used to amplify DNA fragments that are subsequently
detected on agarose gel. The sequence can be further
confirmed by amplicon sequencing, restriction diges-
tion and RAPD analysis. Then, the DNA of one species
is amplified by PCR. Several PCR reactions are needed
to detect several species, which is time-consuming
and costly (12). The multiplex PCR method makes it
p0551ble to carry out DNA amplification of different
species in one reaction. The multiplex reaction was
developed in 1988 in order to analyse gene deletion in
Duchenne muscular dystrophy. Since then, multiplex
PCR has attracted the attention of many scientists as an
outstanding technique for detection of multiple objects
in a single analysis. The success of the multiplex PCR
reaction depends on whether the primers chosen for the
reaction can selectively attach to the right DNA strands
in a single reaction under specific reaction conditions
and with a specific sample volume. Thus, the reaction
requires a complicated construction of primers spe-
cific to different species and rigorous conditions for
optimizing the reaction. In fact, primer design is the
most important and critical stage in the development
of the multiplex PCR system. This is due to numerous
difficulties in optimizing the melting, annealing, and
primer extension temperatures, as well as in preventing
the formation of secondary structures and dimers. The
effectiveness of PCR may be reduced by even a small
deviation in the primer melting point. Even a 1% base
mismatch in the primer-binding regions reduces the
primer melting point by 1-1.5°C (1). Interspecific hy-
pervariable and intraspecific conserved DNA regions
are typically selected for primer design (2).

Multiplex end-point PCR is very similar to the
archetypal version. Multiple primer pairs are used to
amplify multiple oligonucleotides in a single reaction,
and the products are identified on agarose gel on the
basis of differences in amplicon length. Before starting
the reaction, the specificity of the primers and samples
should be tested using conventional PCR and PCR-
RFLP. In addition, species specificity is verified using
in silico and in vitro tests.

Multiplex PCR has been recognized as a reliable,
relatively inexpensive and sensitive method for iden-
tifying meat species. In 1999, Matsunaga’s research
team became the first to begin developing detection
of meat species by this method. They used a common
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forward primer but different reverse primers for the
mitochondrial cytochrome b gene. Thus they were able
to identify five species of meat: goat, cattle, sheep,
pig and horse. This technique has also achieved very
good results in testing industrially processed meat.
The most commonly used genes are mitochondrial
cytochrome b, ribosomal 12S RNA, 16S RNA, D-loop,
tRNA, and ATPase6/ATPase8. In addition, 18S rRNA,
SINEs (short interspersed nuclear elements) and LINEs
(long interspersed nuclear elements) are quite widely
used (1).

Because of the inadequate efficiency of multiplex
end-point PCR in terms of quantitative information
about the genetic material, scientists have developed
multiplex real-time PCR (7). This technique effec-
tively eliminates the limitations of end-point PCR
through direct monitoring of individual amplification
cycles. The final result is a quantitative result based
on measurement of the fluorescence intensity of a non-
specific fluorescent dye, such as SYBR Green (24) or
sequence-specific DNA probes called TagMan. Real-
time PCR has some limitations: for example, the cost
of this method is much higher than that of end-point
PCR, and ready kits and standardized methods are not
available for all types of genes (4). Both simplex and
multiplex real-time PCR have been used to identify
meat species.

The most important parameters in the real-time PCR
system are the threshold cycle (Ct) and the quantifica-
tion cycle (Cq), which is defined as the cycle in which
fluorescence is detected at a statistically significant
level above the baseline signal or the background
signal. The Ct value is inversely correlated with the
logarithmic value of the initial number of copies and
is above the baseline in the exponential phase. When
optimizing the PCR reaction, it is necessary to find
the lowest Ct value and the highest final fluorescence
intensity, which can be obtained using appropriate
concentrations of the primers and probes (8). Early
detection indicates a high level of occurrence of target
copies of template DNA in the sample. The detection
limits of real-time PCR are variable, but sufficient to
identify adulterations in the test material (17).

As already mentioned, fluorescent dyes, such as
CYBR Green and TagMan, are widely used for de-
tection in real-time PCR. CYBR Green binds non-
specifically to the minor groove of the double helix of
DNA found in the reaction mixture. The fluorescence
intensity increases with the synthesis of double-
stranded amplicons (7). This makes SYBR Green dye
simple and cost-effective. It is not dependent on the
complex structure of the probe, but requires a thorough
analysis of the melting curve (5). The simplicity and
cost-effectiveness of using this pigment prompted
scientists to utilize SYBR Green in real-time PCR to
detect cattle, horses, deer, pork, chickens, ostriches
and various species of tuna (1). The sensitivity of the
reaction when this dye is used is very high, sufficient
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to detect even trace amounts of impurities in test ma-
terial, at a level of 0.000004 ng DNA (5). Despite its
advantages, SYBR Green dye has certain limitations in
species identification. At high concentrations, it inhibits
the course of PCR. To avoid this limitation, scientists
have proposed the use of EvaGreen, an alternative
intercalating dye that does not inhibit PCR amplifica-
tion and can be used at higher concentrations, so that
a stronger signal for melting curve analysis is obtained.
In addition, it is more stable than SYBR Green and bet-
ter withstands unfavourable conditions, while increas-
ing the sensitivity of the reaction. EvaGreen has been
successfully used for simplex and multiplex real-time
PCR to test hare meat and to detect beef and soy in
processed sausages. The TagMan probe, which binds
to the complementary sequence between the primers
and is cleaved by the 5’ exonuclease activity of Taq
DNA polymerase, is a better choice than SYBR Green
or EvaGreen (17). Nearly all meat products of impor-
tance for industry can be identified using real-time PCR
with the TagMan probe. Real-time PCR based on the
TagMan probe for identification of meat species can be
designed in several ways: a single probe for detecting
a single species, multiple probes with one quencher
and reporter pair for detection of multiple species, or
multiple probes with different quencher and reporter
combinations for each species.

There have already been reports of family-specific
real-time PCR using the TagMan probe to detect sev-
eral species of a given family, for example, of mam-
mals, birds or fish. However, family-specific probe
design requires some base modifications in order to
be specific to different species from the same family.
Although the TagMan probe is highly specific and
emits a strong signal in relation to the background
noise, probe design is quite difficult. The protocol is
highly restrictive and requires continuous monitoring
of the melting temperature and the content of GC pairs
and secondary structures, and especially monitoring
for hairpin structure and the primer dimer problem (4).
The melting temperature for the probe must be 8-10°C
higher than the melting point of the primers (10). In ad-
dition to the TagMan probe, there are several molecular
probes that provide higher specificity. These probes
are based on molecular markers and scorpion probes.
The sensitivity of the former may play a major role
in species identification in the future. The role of the
scorpion probe in species identification has not yet been
described, most likely due to its complex structure (7).

The problem of food adulteration is common and it
affects the entire world. There is a need for restrictive
regulations that businesses will have to adhere to and
for enforcement of ethical behaviour in food produc-
tion. There are many techniques that can be used for
detecting food adulterations, with particular emphasis
on meat products. Among the techniques based on
DNA analysis, it is possible to select methods that
meet all the requirements for use in industrial practice.
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