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Abstract

Milk adulteration is a globally upcoming problem that concerns consumers, food industries and control authorities. Milk
authenticity testing of dairy products is necessary, to protect consumers from fraudulent products, mislabeling and health
risks and avoid unfair competition of food industries. Milk-based products produced by milk from specific animal origin
are considered as healthier dairy products compared to others, leading to widespread acceptance of the consumers and
food industries. This has made these animal-originated products extremely vulnerable to substitution with cheaper milk
for economic profit. In addition, milk derived from specific animals (e.g., bovine) has been accused for allergenicity issues
and other health problems, especially to sensitive human groups. Therefore, there is a great need for sensitive, accurate and

quantitative analytical methods for milk adulteration detection in raw and processed milk-based products.
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Introduction

Food adulteration has recently become a very important
emerging problem worldwide, due to the rapid increase of
food overconsumption, alongside with the market globaliza-
tion. This issue is attracting increasing interest by the con-
sumers who are eventually concerning about the food origin,
safety, authenticity and quality. For this reason, the proper
labeling of raw, as well as processed food products is of
major demand nowadays. A considerable number of food
products with a high added value are extremely vulnerable
to adulteration with related products with much lower cost
and nutritional value for economical profit [1-4]. In addition
to the lower nutritional benefits of the adulterated products,
safety issues are also a sincere concern because some adul-
terants may also be severely health hazards causing serious
allergenic events or induce atopy, intolerance and inflamma-
tory diseases [5—10]. This reinforces the criticalness of the
food adulteration problem and increases strongly the need
for new and sensitive analytical methods for food traceability
and authenticity tests.
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Dairy products are one of the seven more vulnerable
foods to fraudulent adulteration. The extent, though, of the
adulteration varies within the countries [1, 11]. Specific
milk-based products, such as the ones derived from donkey,
goat or sheep are reputed as healthier and of higher quality
and nutritional value particularly from bovine milk, leading
to a widespread acceptance of the consumers [12]. It has
been reported in many cases that in a variety of dairy prod-
ucts of various animal origin, the milk has been replaced
totally or partially with cheaper milk, e.g. bovine, to earn
more profit. Therefore, there is a great need for the detec-
tion of these substitutes or admixtures to protect the con-
sumers from fraud and misleading labeling, as well as from
health hazards. Moreover, milks from specific origin, such
as bovine milk, has been proved to be responsible for food
allergenicity caused mainly in children and other health
issues [13]. Cow milk proteins are among the most common
food allergens in IgE- and non-IgE-mediated food-allergic
disorders in children [14]. Thus, attempts should also be
contacted by national and local authorities to control the
quality of raw milk and commercially available milk prod-
ucts. Especially species-specific identification tools are of
great interest for authenticity controls in animal-derived food
products. Quantitative estimation, of course, of the adultera-
tion level is also required.

Many different analytical methods have been developed
for fraudulent adulteration detection of dairy products and
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animal-species identification. These methods are mainly
based either on the detection of animal species-specific
proteins or peptides, such as caseins and lactoglobulins, or
species-specific DNA sequences [15]. This review reports
the DNA-based analytical methods that have been devel-
oped for milk authenticity determination and detection of
adulteration of milk-based products, as DNA is considered
as the appropriate analyte for authenticity tests.

DNA-based techniques

DNA-based techniques have been successfully applied for
milk authenticity testing. DNA is often chosen as the most
appropriate analyte than proteins due to the higher stabil-
ity of DNA comparing to proteins, especially during food
processing [16], its conserved structure among all cells and
the high sensitivity, specificity and reproducibility of DNA-
based techniques [1, 17-19]. Polymerase chain reaction
(PCR) is the first and essential step, until now, in DNA-based
analytical methods, because the quantity of genomic DNA
that is isolated from food samples is very low. Thus, animal
species-specific DNA sequences are initially amplified by
PCR. PCR-based milk authenticity methods are particularly
focused on the analysis of mitochondrial DNA sequences,
because its sequence is highly conservative within differ-
ent animal species and gives high copy number in animal
cells, increasing the specificity and the detectability of the
method [20].

Several DNA-based techniques have been success-
fully applied to raw materials, heat-treated dairy products,
matured cheeses, yogurts, butter and milk-based sweets,
compared to protein-based techniques that could not always
be applied and have to be chosen carefully depending on
food matrix [6]. Quantitative determinations for food authen-
tication have also been approached. DNA-based methods
for milk authenticity testing are presented in Table 1 focus-
ing on the detection limit of each method and the primers’
sequences used for amplification of species-specific DNA
sequences.

Restriction fragment length polymorphism analysis
(RFLP)

Polymerase chain reaction (PCR) has been used for the first
time by Plath et al. [21] for species identification of bovine
milk in ovine or caprine milk and cheese samples obtained
by European producers and local market. The identifica-
tion was based on the amplification of f-casein gene using
isolated genomic DNA. After restriction fragment length
polymorphism analysis (RFLP) and polyacrylamide gel
electrophoresis, the authors revealed that a different restric-
tion site was present in ovine and caprine DNA, but is not
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contained in bovine’s DNA. The limit of detection of this
method was 0.5% of cow’s milk in ovine or caprine cheese.
This method is restricted though, to the identification of the
bovine species only [21].

The amplification of the conserved region of mitochon-
drial cytochrome b gene specific to mammals was used
later for species identification (Bos, Ovis, Capra, Bubalus)
in dairy products by PCR and restriction fragment length
polymorphism analysis (PCR-RFLP) using agarose gel elec-
trophoresis [22]. PCR-RFLP analysis was carried out again
for discrimination between cattle and buffalo milk, while
analysis of both genes encoding species-specific repeats
(SSR) and cytochrome-b was used for detecting the fraudu-
lent incorporation of cattle or buffalo milk in sheep’s milk
[23]. Home-made mozzarella cheese admixtures prepared by
Otaviano et al., 2008 with different concentrations of bovine
milk from the area of Brazil were tested by PCR-RLFP of
p-casein gene. The amplicons were detected by agarose or
polyacrylamide gel electrophoresis with ethidium bromide
staining, while the detection limit was assessed at 1% of
cow’s milk in buffalo-made cheese [24].

In conclusion, PCR-RLFP analysis combined with gel
electrophoresis showed high detection limit and very low
high-throughput potential.

Agarose gel electrophoresis with intercalating dye
staining

Agarose gel electrophoresis and visualization of the PCR
products by DNA intercalating dyes were further used for
detecting fraudulent substitution in milk-based products. The
methods offer better detectability than PCR-RFLP, whereas
their main disadvantage is that DNA electrophoresis pro-
vides information only about the size of the amplicons and
does not give any evidence about the sequence of the prod-
ucts, whereas the lack of high-throughput and multiplic-
ity potential. The efficiency of using different DNA target
sequences was also studied.

Maudet et al. [25] showed that mitochondrial (mt) DNA
may be more suitable than genomic DNA for species iden-
tification due to sequence variation and its higher number
of DNA copies per cell, which could enable the more effi-
cient amplification even of degraded DNA in low quanti-
ties. The method was based on the amplification of mtDNA
control (D-loop) region using species-specific primers and
subsequent analysis of PCR products with agarose gel elec-
trophoresis and ethidium bromide staining. The method
was applied first in home-made cheese samples with milk
obtained by French local farmers and could detect less
than 0.1% cow’s milk in goat cheese. The method was then
applied for the analysis of well-known French cheeses from
local markets such as Roquefort, Bleu d” Auvergne, Comté,
Beaufort, Camembert and Saint Marcellin [25]. De et al.
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[17] also exploited the mtDNA D-loop region of the devel-
opment of simplex and duplex PCR for the species-specific
identification of cattle and buffalo milk in milk (raw and
heated) and cheese samples obtained by the National Dairy
Research Institute in India. The detection limit was 0.1%
[17].

Bania et al. [26] had used species-specific primers tar-
geting the cytochrome b gene for the detection of the adul-
teration of goat with cow’s milk. The detection was based
on agarose gel electrophoresis and ethidium bromide stain-
ing and because of the use of specific primers did not need
the extra step of restriction enzyme analysis. As low as
0.1% of cow’s milk (from different commercial sources)
in goat’s milk (from local French farmers) was detected by
this method [26]. Rea et al., 2001 had also exploited the
sequence of cytochrome b gene in mitochondrion for the
development of a duplex PCR with subsequent agarose gel
analysis for the detection of bovine in water buffalo milk
and mozzarella home-made cheese with a sensitivity limit
of 1%. Non-marketed milk samples were obtained by a
Japanese market and an Italian cheese factory [27]. Simi-
larly, the amplification of the conserved region of the same
mitochondrial gene was used again later for the detection of
1% cow milk in goat and sheep-based cheeses by PCR and
agarose gel electrophoresis with ethidium bromide staining.
The cheese samples were prepared by 22 different producers
from five European countries and purchased from Czech and
Italian stores (Balkan cheeses, Greek Feta and cheeses from
Italy, France and The Netherlands) [28].

The amplification of conserved regions of mitochondrial
12S and 16S rRNA genes among different animal species
was also tested for the detection of milk adulteration with
cow milk [29-37]. Bottero et al. [29] developed a triplex
PCR for identification of cow, goat and sheep milk in cheese
samples (purchased from Italian markets) based on agarose
gel electrophoresis with ethidium bromide staining. The sen-
sitivity of the method was 0.5% of bovine in caprine milk.
The authors used also PCR-RFLP analysis for the confirma-
tion of the results [29]. Lopez-Calleja et al. reported (a) a
method for the detection of cow milk in sheep’s and goat’s
milk, (b) a method for the detection of goat milk in sheep’s
milk and (c) a method for the detection of cow milk in water
buffalo milk and mozzarella cheese. Mozzarella cheese is
a typical Italian product marketed worldwide that is exclu-
sively made from water buffalo (Bubalus bubalus) milk.
Milk samples were collected from a local Spanish farm and
local markets. First, the authors amplified a conserved region
of 12S rRNA sequence using universal primers within differ-
ent animal species and after sequencing of the PCR products
for cow, sheep and goat species, they designed cow-specific
primers. The methods were based on agarose gel electro-
phoresis and staining with ethidium bromide and enabled
the specific detection of cow’s DNA in lab-prepared binary

@ Springer

mixtures of milk and cheese with a sensitivity threshold of
0.1% [30-32]. Diaz et al. [33] reported a similar PCR-based
method to detect as low as 1% of caprine milk in ovine
cheese purchased by a local industry and different markets
in Spain (Majorero goat’s milk cheese and Torta del Casar
sheep’s milk cheese) [33]. Mafra et al. [34], Rodriques et al.
[35] and Golinelli et al. [36] settled a duplex PCR with sub-
sequent detection in agarose gel with ethidium bromide or
GelRed staining for the detection of cow milk in goat milk
and cheese. The method was validated with prepared binary
mixtures of cheese. The detection limit of the three methods
was 0.1% cow’s milk in home-made goat’s cheese, 0.5%
cow’s milk in goat’s milk and 0.5% of cow’s milk in goat’s
cheese, respectively. Milk and cheese samples were obtained
by local farmers, industries and markets [34-36]. Moreover,
Tortorici et al. [37] developed a duplex PCR for the amplifi-
cation of cow, ewe and goat DNA sequences specific to 12S
rRNA gene. The amplicons were detected again by electro-
phoresis. As low as 0.1% of animal species were detected
in binary milk samples from local Italian farms and home-
made binary cheese samples by the proposed method [37].
Mozzarella cheese was also tested for substitution of buf-
falo with bovine milk by species identification of bovine-
specific mitochondrial cytochrome b gene and mitochondrial
cytochrome oxidase subunit I gene. The detection limit was
1.5 and 0.5%, respectively, of cow milk in prepared cheese
samples [38, 39]. Moreover, Kotowicz et al. [40] developed
a duplex PCR with agarose gel analysis of the PCR prod-
ucts for detection of 1% bovine in goat milk using primers
specific to bovine species. The milk samples were obtained
by Polish farmers and market [40]. Bai et al. [41], finally,
exploited the amplification of mitochondrial NDI gene by
means of PCR and agarose gel electrophoresis for the detec-
tion of 0.1% bovine in yak milk in prepared binary raw and
heat-treated milk samples from a local Chinese farm [41].

Capillary electrophoresis

Capillary electrophoresis (CE) was then introduced for the
rapid detection of milk adulteration, significantly lowering
the time of the analysis. A new method based on species-
specific single nucleotide polymorphism (SNP) detection
was settled by Reale et al. [42] for milk substitution determi-
nation with bovine milk. The method includes amplification
reaction of the conserved region of k-casein gene between
four different animal species using the same pair of prim-
ers for amplification and subsequent allele discrimination of
three SNPs, after cleaning of the PCR products from excess
of primers and dNTPs through exonuclease I and shrimp
alkaline phosphatase (Exo-SAP) treatment, with minise-
quencing (single nucleotide) primer extension reaction
using fluorescently labeled dideoxynucleotides (ddNTPs)
and the ABI Prism SNaPshot™ Multiplex System. The
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primer extension products were again purified with Exo-
SAP. The kind of nucleotide added during the reaction was
determined by capillary electrophoresis using Hi-Dye for-
mamide (Fig. 1). The authors could detect simultaneously
four animal species (cattle, goat, sheep and water buffalo)
in raw and pasteurized milk and mozzarella and caciotta
cheese products obtained by local Italian farmers, as well as
to detect as low as 0.1% proportion of adulteration of bovine
in buffalo milk by serial dilutions of isolated DNA of the
two species [42].

A quadruplex PCR reaction with subsequent capillary
electrophoresis using fluorescently labeled primers with
6-carboxyfluorescein has been developed by Gongalves et al.
[43] for the simultaneous detection of four animal species
(buffalo, cow, sheep and goat) based on the fragment size
comparison of the newly synthesized PCR products. The CE
separation was completed within 700 s. The method targeted
the mitochondrial-specific DNA sequences in commercial
dairy products by local Portuguese market: milk, powder
milk, cheese, cottage cheese, butter, cream and yogurt. A
conserved region between the four species was also ampli-
fied by a common pair of primers serving as an internal posi-
tive control of the reaction, thereby balancing the potential
fluctuations during the analysis. The detection limit of adul-
teration in binary home-made milk mixtures of the described
method was 1% [43].

Advanced methods for tracing milk
adulteration

Real-time PCR

Real-time PCR has subsequently been introduced in milk
authenticity analysis aiming to increase the multiplicity and
the high-throughput of the method, reducing also the time of
the analysis but with comparable LODs. Real-time PCR is
commonly used in routine analysis with numerous applica-
tions. The advantages of real-time PCR are: (a) there is no
need for post-PCR detection and identification of the PCR
products, reducing, therefore, the time of the analysis and
(b) using different fluorophores, up to six different DNA
sequences can be simultaneously analyzed. Both DNA-inter-
calating dyes and specific Tagman and simply fluorescent

Fig. 1 Minisequencing primer

extension reaction using fluo- /

rescently labeled ddNTPs and
capillary electrophoresis for the
detection of animal species-
specific single-nucleotide
polymorphisms. CE capillary
electrophoresis

£/

C CGTGCAGTGGGTGTGGGTGTAAT

Fluorescent-ddCTP

species-specific oligonucleotide probes have been used as
detection systems in real-time PCR for milk authenticity
testing. Quantitative real-time PCR has also been developed.
Real-time PCR has two main detection approaches: (a) using
DNA intercalating fluorescent dyes for the detection of the
newly synthesized double-stranded DNA sequences and (b)
using specific fluorescent DNA probes for the detection and
identification of the amplicons.

Real-time PCR with fluorescent DNA-intercalating
dyes

Liao et al. [44] presented a novel DNA extraction method for
qualitative and quantitative determination of milk powder
purchased by a local Chinese market. Milk powder samples
were first washed to separate milk fats and impurities. DNA
was then isolated using a usual extraction method with an
extra step of tris-phenol addition. The isolated DNA was
evaluated by UV absorption, while its integrity was con-
firmed by agarose gel electrophoresis. Both conventional and
real-time PCR were then carried out to detect adulteration
of goat milk powder with cow milk powder. The amplifica-
tion was based on mitochondrial cytochrome b gene. The
amplicons were detected by agarose gel electrophoresis for
conventional PCR and with fluorescent dye SYBR Green
for real-time PCR. The detection limit of conventional PCR
was 0.1%, while the quantification limit of real-time PCR
was found to be 0.5% with good accuracy [44].

Real-time PCR with Tagman or fluorescent probes

Lopez-Calleja et al. [45] settled a method for quantification
of goat’s milk in sheep’s milk based on real-time PCR of
goat species using goat-specific primers for 12S rRNA gene.
A parallel amplification of mammalian-specific sequence
was also conducted serving as an internal standard control.
The identification of the amplicons was accomplished by a
common goat- and mammalian-specific Tagman probe. The
method’s sensitivity was 0.6% of goat milk in raw and heat-
treated binary milk mixtures. Samples were collected by a
local Spanish farm and several local markets [45].

Zhang et al. [46] used real-time PCR and Tagman-
specific probe for the detection of cow’s milk in milk
and cheese samples (obtained by local UK retailers and

Point of mutation

AGCCACCT@CACGTCACCCACACCCACATTATCATTTA CE C

/\
PEXT primer ! !

30 40
Time (s)

@ Springer
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producers) based on the amplification of bovine-specific
DNA sequence of cytochrome b gene. The detection
limit of the method was 35 pg of bovine DNA that was
determined by a calibration curve with serial dilutions of
bovine DNA [46].

The amplification of the conserved region of mitochon-
drial cytochrome b was also exploited for simultaneous
amplification of DNA derived from cow and buffalo milk
or cheese from Asian milk collection centers located in
China, India and Pakistan or local markets or cheese man-
ufacturers in Italy. The identification was based on spe-
cies-specific Tagman or fluorescent probes, whereas the
authors were able to detect down to 1 or 2% of cow milk in
buffalo milk, respectively and 0.1% of cow milk in buffalo
home-made and commercial mozzarella cheese obtained
by a local Italian farm and local markets [47-49]. The last
authors compared their results with SYBR Green I-based
real-time PCR. A method was also settled by Drummond
et al. [50] by means of real-time PCR to quantify bovine
contamination in buffalo commercial products from local
Brazil market using Tagman-specific probes or SYBR
Green 1. As low as 1% of bovine cheese in binary cheese
mixtures was detected by this method [50].

A quadruplex real-time PCR using Tagman probes was
developed by Rentsch et al. [13] for simultaneous determi-
nation of cow, sheep, goat and buffalo milk in milk, cheese
and yogurt samples from local Swiss suppliers, as well
as in home-made French cheese samples. The sensitivity
of the method was 0.2% of cow milk [13]. A quantita-
tive method based on competitive real-time PCR using
Tagman probes and an internal amplification control was
set by Domenico et al. [51] for animal-species identifica-
tion and fraud detection of dairy products. Milk samples
were directly obtained by local Italian farms, while com-
mercial cheeses from local retailers were also analyzed:
Parmigiano, caciotta, pecorino, buffalo mozzarella and
goat fresh and ripened cheese. The species analyzed were
bovine, buffalo, ovine and caprine and was based on the
amplification of DNA sequences specific to mitochondrial
12S rRNA and cytochrome b gene, providing with a detec-
tion limit lower than 1% that was determined by serial
dilution of isolated DNA from all species. The internal
controls used in this study were constructed and designed
as a nontarget chimeric DNA sequence containing a por-
tion of the acetyl-coenzyme A carboxylase gene (ACC)
and a portion of cytB or 12S rRNA mtDNA sequence com-
plementary to the primers. In each reaction tube, the DNA
internal control was co-amplified with the target DNA
using the same primer pair to balance variances during
DNA isolation procedure and the amplification reaction.
In that way, the more accurate determination of the ini-
tial DNA amount present in the sample was accomplished
[51].

@ Springer

Real-time PCR and high-resolution melting analysis
(HRM)

Ganopoulos et al. [16] presented a method that included
amplification of bovine species by real-time PCR with fluo-
rescent Syto9 dye and subsequent high-resolution melting
analysis (HRM) for confirmation of the synthesis of the
desired amplified products providing a detection limit of
0.1%. In parallel, they have set a duplex real-time PCR and
HRM analysis for goat and sheep species identification in
Greek Feta cheese (home-made or obtained by local markets
or manufacturers) with a limit of detection of 1% [16]. Saka-
ridis et al. [53] were also used the same techniques exploit-
ing short DNA sequences (barcodes, Bar-HRM) for quan-
titative detection of bovine milk in buffalo dairy products
(containing mozzarella di bufala campana, burro di bufala,
buffalo butter, buffalo cream, buffalo yoghurt, buffalo rice
pudding, kazan dipi, a traditional sweet made entirely from
buffalo milk, buffalo milk and buffalo ariani yoghurt) from
Greek markets achieving a quantitation limit of 1% [52].

A quadruplex (cow, goat, sheep and buffalo) real-time
PCR based on DNA intercalating fluorescent dye (SYBR
GreenER) and HRM analysis has been also developed by
Agrimonti et al. [54] offering a detection limit of 0.1% for
cow species in home-made cheese mixtures. Their results
from the analysis of commercially available Italian dairy
products, such as mozzarella, ricotta, scamorza, parmesan
and feta cheese, cream and yogurt samples, indicated the
applicability of the method [53].

Hybridization assays

Hybridization assays on different solid supports have been
developed for milk authentication, providing the advantages
of a rapid, specific and sensitive species detection and con-
temporaneous identification along with the increased num-
ber of the different animal-specific DNA sequences that can
be simultaneously analyzed.

Kounelli et al. [55] developed a hybridization assay on
spectrally distinct fluorescent microspheres for milk authen-
tication. The authors achieved a lower detection limit of
0.01% of cow species in goat’s yogurt and 0.05% in sheep’s
yogurt by this method. Yogurt samples were purchased by
Greek local markets. The method included (a) DNA extrac-
tion from mono-species or binary mixtures of yogurt sam-
ples, (b) PCR amplification using primers specific for each
target and (c) identification of the amplicons by hybridiza-
tion assay on spectrally encoded fluorescent microspheres
that are coupled with animal species-specific DNA probes.
These microspheres contain two fluorescent dyes in differ-
ent ratios producing up to 100 distinct groups. The ampli-
cons were biotinylated at one end, while the hybrids on the
microspheres were detected by streptavidin—phycoerythrin
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(fluorophore) conjugate (Fig. 2). The microspheres were
finally analyzed one by one with a flow cytometer. Apart
from the detection limit, this method gives a multiplexing
potential and the possibility for simultaneous analysis of
different analytes such as proteins, nucleic acids and small
molecules (e.g., antibiotics) [54].

A biochip was developed by Beltramo et al. [56] for cat-
tle, goat and buffalo species identification in milk admix-
tures with a sensitivity level of 0.1%, increasing the multi-
plicity of the analysis. All samples were from local Italian
markets. The principle of the method is presented in Fig. 3.
Biotinylated amplicons specific to cytochrome b oxidase
gene of all three species are hybridized to specific probes
that are immobilized onto the biochip surface (LCD Array
kit for species identification on food, Chipron). The hybrids
were detected by streptavidin-peroxide (HRP) conjugate,
HRP chromogenic substrate and a LCD Array scanner. With

PE

Shee
P PE

Goat

Fig.2 Simultaneous identification of animal-specific DNA sequences
using different fluorescent microspheres coupled to species-specific
probes. The biotinylated (B) hybrids were detected by a streptavi-
din—phycoerythrin (SA-PE) molecule, where PE served as a reporter
fluorophore, and flow cytometric analysis. Up to 100 different DNA
sequences can be detected by this method

substrate

@/HRP( dark precipitate

cytochrome b
oxidase gene

Fig.3 A biochip for animal species identification. The hybrids
formed between biotinylated amplicons and species-specific probes
immobilized on the biochip were detected by streptavidin-peroxide
(HRP) conjugate, HRP chromogenic substrate and a LCD array scan-
ner. With this biochip, 25 different animal species could be simulta-
neously detected

this biochip, 25 different animal species could be detected
simultaneously [55].

Future perspectives

Other advanced DNA-based methods widely used in food
authentication has to be also applied for milk authenticity
controls. DNA barcoding, next-generation sequence (NGS),
DNA microarrays, as well as isothermal amplification and
digital PCR of species-specific DNA sequences are well-
established techniques that have been applied, alone or in
combination, for species identification and food adultera-
tion detection. Thus, it is worth to be further applied for the
detection of milk adulteration in dairy products. The valida-
tion of the experimental performance of these techniques
remains still a challenge, especially when a complex matrix,
such as food, is used [56].

DNA barcoding

In the last decades, the identification of short DNA
sequences, called DNA barcodes, have been widely
exploited for species discrimination. DNA barcodes are
small fragments and usually species-specific. The most
common DNA fragments used are located at the mitochon-
drial region of cytochrome c oxidase (COI) for animal spe-
cies or at the RuBisCo large subunit (rbcL) and maturase
K (matK) genes for plants [56, 57]. Applications include
discrimination between plant species such as hippophae, saf-
fron and other herbs [58-61], as well as species identifica-
tion in fish-samples [62, 63]. The experimental part involves
amplification of these short DNA sequence and evaluation
with reference barcodes. The use of DNA barcoding as an
identification tool has proven to be very useful for the detec-
tion of the accidental or intentional substitutions of animal
or plant species, as mislabeling and adulteration has found
to be widespread among various processed food products.

@ Springer
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Well-defined reference libraries have been developed to
enable DNA barcoding application. Barcode of Life Data
Systems, commonly known as BOLD, is widely used by
researches, as it is a sequence database specifically devoted
to DNA barcoding. It also provides an online platform for
analyzing DNA sequences. However, many criticisms due to
specific limitations, such as the universality of the method,
have been faced by this technique [64, 65].

Next-generation sequence (NGS) and DNA
microarrays

Next-generation sequencing and DNA microarrays (chips)
have also emerged as promising tools in authenticating
issues. Both techniques, along with DNA barcoding, utilize
short DNA sequences (molecular markers) to identify an
organism. DNA microarrays are constructed by the immo-
bilization or direct synthesis of DNA detection probes on
the surface of a solid support, usually a glass or plastic chip.
Fluorescence or chemiluminescence is used to detect the
hybrids formed on the surface of the chip. Microarrays allow
the simultaneous detection of hundreds or thousands of dif-
ferent DNA sequences in a sample, reducing the analysis
time and the sample volume, while they have increased dra-
matically the high-throughput of DNA-based methods with
various applications [65]. However, their application in food
authentication is poorly documented.

During last years, there has been a significant progress
in DNA sequencing technologies. Next generation sequenc-
ing systems provide fast and simultaneous sequencing of
hundreds or thousands of different molecules. Thus, a large
number of sequencing data are collected rapidly. With this
technology, the DNA target is fragmented and immobi-
lized on a solid support, where the fragments are ampli-
fied and sequenced [65]. This technique has limited number
of reports in food authenticity testing. It has been applied
for the discrimination of herbs and plants and identifica-
tion of mammal, meat and fish species [66—70]. The main
disadvantage of these techniques still remains the high cost
of the analysis and the complex workflow [66]. Although
NGS is a very powerful tool for species identification, it may
lead to uncertain results in the presence of multiple differ-
ent species-specific DNA sequences in the same sample. A
combination of DNA barcoding with microarrays or NGS is
now the guideline for most researchers.

Isothermal amplification

Isothermal amplification technologies have dealt with
some of the limitations of conventional PCR such as PCR
inhibitors, as they do not depend on complex thermal
cycling parameters and only one step at constant tempera-
ture is needed. During last years, many types of isothermal
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amplification strategies have been developed exhibiting
higher amplification efficiency than simple PCR. They have
also provided us with reduced amplification time, simplic-
ity, no special equipment is required, while their capability
in portability and integration onto microfluidic devices has
earned the interest of researches for their application into
the food safety area, such as animal species identification in
plants, herbs and meat food samples [66, 71-75].

Digital PCR

Digital PCR facilitates the real-time PCR technology, as no
reference calibration curve is needed, and enables single-
molecule detection. It also gives more precise and reproduc-
ible results than conventional PCR, because it overcomes the
variations due to variable matrix effects in calibrators and
test samples. No calibrators are required in this technology,
while the analysis is based on the separation of the sample,
after dilution, into a large number of partitions (droplets),
which are separately analyzed. This technology has been
applied to food authentication for the identification of meat-
specific DNA sequences [66, 76, 77].

Conclusions

A review for DNA-based analytical techniques for milk
authenticity testing is here reported. New analytical meth-
ods for adulteration detection of dairy products that offer
high multiplicity and high-throughput are of great demand
because of the increased incidents of substitution of milk
in milk-based products with milk of lower nutrition value
and quality to gain more profit. Apart from the protection
of the consumers from fraud, many health risks are also
of significant concern (e.g., allergies). This review reports
the analytical methods that have been developed and based
on the analysis of animal-specific DNA sequences. DNA is
the most appropriate analyte compared to proteins mainly
due to its thermal stability in processed food products. The
techniques that involve hybridization assays with species-
specific oligonucleotide probes present the most advan-
tages such as the identification of the PCR-amplified DNA
sequences and the lower detection limits. Hybridization
assays on solid supports have also been tested giving the
potential of increased multiplicity and applicability of the
method that means increasing the number of different ani-
mal-species that can be simultaneously identified. Finally,
the detectability and specificity of PCR-based methods was
depended, apart from the applied technique, on the DNA
sequence that was chosen to serve as DNA target, with mito-
chondrial DNA to be a more efficient target than genomic
DNA, as well as the sequence of the specific primers that
were used for DNA amplification.
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