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Various methods, differing in their principle and detected target molecules, can be used for fish species identification and
adulteration detection. Parvalbumin detection has been preferred, but this is quite demanding compared to other food
allergens because of its high biochemical and immunological variability among fish species and differing thermostability.
This in itself sidelines the use of some types of methods, e.g., proteomic ones, and favors DNA-based methods, whose
target, DNA, is not destroyed by the processing. Using DNA analysis, for example, a common form of adulteration—
replacing the species (a more expensive one with a cheaper one)—can be detected. Additionally, DNA-based methods
have the potential to detect the consumer being misled about the fish’s origin, another common type of adulteration. This
is even more relevant, since genetically modified (GM) fish can be bought on the world market. Even though GM
organisms do not pose a threat to public health and their quality is no different, consumers should be informed about the
content of GM products, and because the public can be skeptical about GM products, sellers may want to hide this
information and deliberately deceive the consumer.
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| 1. Introduction

Food adulteration, the act of misleading customers for financial gain, is currently one of the most discussed topics in the
field of food analysis. It is a substantial concern that poses significant risks to public health and reduces food quality and
nutrition value . Fish and fish products are among the most commonly adulterated foods, which is driven by their
increasing consumption worldwide, and fish population decline due to overfishing, along with the subsequent commercial
consequences. Additionally, fish are among the most easily adulterated foods because of the morphological changes that
occur during processing, which make visual identification impossible [EI4IE],

Fish and fishery products are a highly valuable source of nutrients. Their muscle is rich in both macro- and micro-
nutrients, especially (i) proteins, (ii) vitamins, (iii) polyunsaturated omega-3 and omega-6 fatty acids important for the
human neural system, and (iv) minerals, such as calcium, iodine, zinc, iron, and selenium 161, Simultaneously, fish meat is
usually low in saturated fats, carbohydrates, and cholesterol, and low in purines compared to other types of meat. This all
makes fish an irreplaceable dietary component.

Despite all of the benefits of fish consumption, it is necessary to mention some of its risks. In addition to the concern about
eating small bones in meat, there is the major issue of food allergy. Fish-induced allergy is a severe worldwide problem,
as evidenced by an estimated prevalence of 7% in the pediatric population, often persisting into adulthood with serious
symptoms [E Fish allergy is a pathophysiological immune response to specific proteins mediated by IgE, commonly
manifesting as oral allergy syndrome, diarrhea, abdominal pain, rhinitis, angioedema, and several other symptoms, even
as life-threatening anaphylaxis . Allergenicity differs across fish species due to the content of specific proteins (main
allergens) 9L parvalbumins are the leading ones; enolases, aldolases and gelatin have also been identified as fish
allergens, although their role in fish allergenicity is still not clearly understood E22],

Parvalbumins are highly stable proteins with a low molecular weight (10-12 kDa) common in fish muscle 23! Fish
contains both a and B parvalbumins, with most allergens belonging to the B line 14, The expression of B parvalbumins
occurs mainly in the sarcoplasmic part of fish white muscle tissue. This is directly related to the allergenicity of individual
species; for example, carp, which is mainly composed of white tissue, contains an up to 100 times higher level of the
parvalbumins than tuna (Thunnus) or mackerel (Scomber), which primarily contain red tissue and therefore have a lower
allergenicity potential [2!. Furthermore, there are various known paralogs of parvalbumins which cause allergies differently
and play a physiological role in fish muscle adaptation to environmental influences. For example, salmon (Salmo) contains
only one allergenic parvalbumin isoform, parvalbumin p1 2. In addition, food processing may influence fish allergenicity
by parvalbumin degradation or oligomerization, which may change the IgE epitope number BIIEIT  Generally, two



conclusions can be drawn on the allergenicity of parvalbumins based on current knowledge: (i) parvalbumins from
different species can vary in allergenicity; and (ii) parvalbumin isoforms from the same species can vary [&. This all
encourages consumer demand for a verification of food identity, and food inspection authorities to implement reliable,
strict quality control mechanisms .

| 2. Identification of Fish Species

Traditional fish species identification has been based on the qualitative and quantitative analysis of morphological
features. Qualitative evaluation is usually focused on elementary characteristics such as fish body shape, fin placement,
color, or the position of the mouth and possibly whiskers; quantitative morphological features commonly include the length
of various body parts, number of scales, number of vertebrae or bones, etc. All of the above-mentioned characteristics are
specific for a certain group of fish, depending on the nature of the species’ environment and the trophic resource use of
the species (especially on the method it uses to obtain food). For this reason, it is still one of the methods used for the fast
determination of fish species. However, the application of these attributes is not possible for the majority of processed
products, in which fish meat is usually mixed with other ingredients and the morphological characteristics cannot be
evaluated. Additionally, it is not possible to determine the areas and/or geographical origin of fish in processed products.
This all emphasizes the need for the development of reliable analytical methods that enable fish species identification and
that can detect food adulteration and consumers being misled.

In general, various methods for the detection of fish adulteration have been developed over the last few decades. These
primarily include gas and liquid chromatography 1819201 ' mass spectrometry 21122 infrared spectroscopy 23], nuclear
magnetic resonance (NMR) 22125 immunochemical methods (e.g., Enzyme-Linked Immuno Sorbent Assay—ELISA) (28]
and electrophoresis L8127 Each of them is based on a different principle and thus provides certain possibilities for
detecting different means of food adulteration. For example, to determine a fish origin region, stable isotopes of calcified
structures can be analyzed [28. Furthermore, the analysis of 513C isotopes by NMR spectroscopy allows the
differentiation between wild and farmed fish 24, For instance, organically farmed and conventionally farmed salmonid fish
can be distinguished by the isotopes 515N and 513C [22. However, species substitution is one of the most common types
of fish adulteration, and thus analytical methods enabling fish species identification are of critical importance.

Currently, fish species identification is mostly performed by proteomic and/or genomic methods. Both approaches are
reliable for the analysis of fresh or thawed tissue, but also have their specifications and limitations. Protein-based methods
may fail to analyze heat-treated or dried samples due to the denaturation of proteins (occurring after the heating at 40-60
°C), causing the loss of their biological functions and changes in many of their properties. Physical and chemical
conditions can also damage DNA molecules, but unlike proteins, DNA fragments contain sufficient differences in their
sequence that allow species characterization BUBY, Fyrthermore, the nucleotide sequence enables the identification of
species from all cell types and is independent of the tissue source or sample damage. Other significant benefits of the
DNA-based methods include their specificity, sensitivity, and speed BB, This has all led to their frequent application
and predominance over all of the above-mentioned methods [231134135],

| 3. DNA-Based Methods

Various DNA-based methods are used for fish species identification. Although they are often based on different bases,
their implementation includes several similar preparatory steps, such as DNA isolation and in silico analysis using
available databases (e.g., designing specific primers). The general procedure is shown in Figure 1.
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Figure 1. Scheme of the general procedure using DNA-based methods.

Of the DNA-based methods which have been developed so far, the most significant for fish species identification are the
following (sorted alphabetically): Amplified Fragment Length Polymorphism (AFLP), DNA barcoding, Forensically
Informative Nucleotide Sequencing (FINS), High-Resolution Melting (HRM) analysis, Polymerase Chain Reaction (PCR),
Random Amplified Polymorphic DNA (RAPD), Restriction Fragment Length Polymorphism (RFLP), or Single-Stranded
Conformational Polymorphism (SSCP); some of them are already available for commercial applications BIISGIS7ISENS9]
Over the last few decades, the Loop-Mediated Isothermal Amplification (LAMP) method, commonly used for the detection
of a fish virus or seafood species Y94l has been also used for identifying fish species 42431[44]145]  geyeral
methodologies have been carried out using either nuclear DNA (nDNA) or mitochondrial DNA (mtDNA). Thus, complex
and regularly updated databases of genome sequences facilitating the selection of appropriate target molecules and
identification markers are crucial for most of the methods.

3.1. Nucleic Acid Databases

The field of DNA sequencing technology has a rich history. In the past, DNA barcoding and FINS were widely employed,
providing information mainly about mtDNA. This was followed by WGS, which together with mtDNA information was able
to provide the complete information regarding the organisms studied. The overwhelming production of DNA sequences
led to the necessary introduction of nucleic acid databases.

The Fish Barcode of Life Initiative (FISH-BOL), a global effort to coordinate and standardize a reference sequence library
for fish species, aimed to create a reliable, fast and cost-effective way to identify fish species based on DNA analysis. For
this purpose, a public database of standardized mtDNA reference sequences was created in 2005 81, Although it is not
complete, and the number of sequenced fish species is constantly growing B4 the FISH-BOL website is no longer
available today; the obtained sequenced data are available in the Barcode of Life database (BOLD).

Currently, there are several databases of nucleic acid sequences. The most important ones are (i) the European
Molecular Biology Laboratory (EMBL), which was established in 1980 as the first nucleotide sequence database in the
United Kingdom, and which to this day is publicly available at the website of the European Bioinformatics Institute
(http://www.ebi.ac.uk, accessed on 20 October 2022); (ii) the DNA Data Bank of Japan (DDBJ), managed by the Center
for Information Biology (CIB), which mainly collects data from Japanese research (publicly available at
http://www.ddbj.nig.ac.jp, accessed on 20 October 2022); and (iii) the GenBank database, maintained by the National
Center for Biotechnology Information (NCBI), available at http://www.ncbi.nlm.nih.gov, accessed on 20 October 2022.

There are also databases that focus directly on fish nucleotide sequences, such as the European Union database
FishTrace (https://fishtrace.jrc.ec.europa.eu/, accessed on 20 October 2022), which is limited to European marine fish
species. Unlike FISH-BOL, which focused on COI sequences only, FishTrace includes sequences for both mitochondrial
(cytb) and nuclear (rhodopsin) gene. All of the databases contain the same set of information, including species names,
collection records or sample identifiers.

Knowledge of a fish genome sequence can significantly facilitate progress in the development of DNA-based identification
methods. The first sequenced fish genome was Fugu (Takifugu rubripes) in 2002 48l and the number of newly sequenced



species rose slowly over the next few years. A breakthrough came in 2020, when more than 300 fish genomes were
published 249, and this trend has continued to this day. In April 2022, the whole genome sequence (WGS) was available
for almost 900 fish species, mainly in the NCBI repository and to a lesser extent also in other repositories, e.g., GigaDB
and the ENA. Even though this is an impressive number, it represents less than 3% of the 32,000 total fish species on
record (B,

3.2. Mitochondrial and Nuclear Identification Markers

Identification markers are defined as parts of DNA sequences unique to a given species. These markers must meet the
basic requirements for analysis. First of all, they must have sufficient specificity for a particular species to be identified.
The choice of a suitable marker for a given purpose depends on the requirements, in particular, whether a qualitative or
quantitative analysis is being performed. Various mitochondrial and nuclear markers, with different advantages and
disadvantages, are currently used for this purpose.

For the identification of fish species, mitochondrial loci have been preferred to nuclear genes because of their features:
mitochondrial genes belong to a haploid genome, they are present in high copy numbers (particularly in fish muscle
tissues), which provides higher sensitivity of detection, and their mutation rate is greater than that of nuclear genes 52
53], This means that the coalescence of neutral genes will be positively correlated with the adequate population size of the
species 4. Thus, according to population genetics theory, mtDNA should evolve four times faster than the average
nuclear gene. Hence, mtDNA can be used to follow divergence in very closely related taxa and even within species. An
undeniable advantage of mtDNA is the ability to identify the geographical origin of the individual 21581,

The most common mitochondrial markers used for fish species identification are the following: (i) the gene for
cytochrome-c-oxidase subunit | (COIl; EC 7.1.1.9), whose 600-bp-long segment became the basis for taxonomic fish
differentiation via DNA barcoding BAE8] and (i) cytochrome b (cytb; EC 7.1.1.8) B26A61 pye to the presence of a high
copy number of mtDNA molecules in the cell (~1000x more than copies of nDNA), their occurrence is also expected in
highly processed products 22621 Fyrthermore, mtDNA is thought to be more thermally stable due to the greater internal
stability caused by its ring structure 621,

Another disadvantage of mitochondrial markers in comparison with nuclear ones is the impossibility of quantifying DNA,
because mtDNA concentrations vary depending on the type of tissue 261641,

The above-mentioned difficulties can be overcome by amplifying nuclear sequences instead, as they have the advantage
of possessing a known haploid genome size and quite a high level of uniqueness, even in orthologs of such markers in
closely related fish species BI85, This phenomenon, based on an absence of selection pressure on introns as they are
spliced out and are not reflected in the resulting protein, allows for a high level of mutations, and therefore early
diversification of their sequence after the split into new species 68!,

As for nuclear markers, the most frequently used ones for fish authentication are B-actin, which has also become an often-
used internal control for mRNA quantification [67](68][69]  ang parvalbumin (19 Besides these markers, novel nuclear
barcode regions have also been proposed for fish species identification 1. The length of these nDNA barcodes is
generally shorter than that of the mtDNA barcodes: this facilitates the amplification of the DNA even for highly processed
food products, as well as their compatibility with the current next-generation sequencing (NGS) technologies, which also
allow the identification of species in a mixture 52,

Another frequently used marker for species identification are microsatellites, also called STRs (short tandem repeats) 72
or SSR (simple sequence repeats) 2741 Microsatellites are short stretches of DNA composed of repeating specific motifs
of nucleotide sequences. These motifs are 1-10 nucleotides long. The majority of microsatellites in the genome (30—-60%)
are probably dinucleotide repeats; the most common motifs in the vertebrate genome are (AC)n or (AT)n [4],

Microsatellites are considered to be one of the most suitable genetic markers due to their extreme variability
(polymorphism), multiallelic nature and codominant inheritance (this makes it possible to distinguish heterozygotes).
Another advantage is their abundance across the genome, which requires a small amount of DNA to collect data [Z3I[Z3],

3.3. DNA-Based Methods
3.3.1. Polymerase Chain Reaction (PCR)

The PCR method is used for the selective amplification of a short region of nucleic acid. It has become very popular and,
therefore, has been constantly evolving and improving since its discovery in 1983 (28],



The method has gradually developed into several variants, hamely end-point PCR, quantitative PCR with fluorescence
detection in real time (QPCR), and digital PCR (dPCR) A8 The basic principle of the method remains the same for
all variants. In general, specific sequence amplification is based on in vitro enzymatic replication that is repeated cyclically.
The amplified region (amplicon) is defined by two short oligonucleotides—PCR primers. Each primer binds to single
strand of DNA and, subsequently, allows DNA polymerase to begin synthesizing a strand complementary to it. This
creates a double-stranded DNA, which is separated into two single-stranded molecules by following denaturation at high
temperature. The amplification process is exponential in nature. After the amplification, the detection of the PCR product
depends on the type of PCR used.

The end-point PCR requires post-PCR electrophoretic detection on an agarose gel, which allows identification of
amplicons by size. After gPCR, agarose electrophoresis is possible if needed, but not required. The gPCR, and also
dPCR, allow the detection and quantification of target DNA in the reaction through the detection of fluorescence signals,
which increases the sensitivity of the method. The fluorescence signal is produced by intercalating dye, such as SYBR
Green | or Eva Green, or by a fluorescent dye-labeled probe.

The result of each qPCR is an amplification curve showing the increase in fluorescence, and thus the amount of product,
in time. In the case of intercalating dye, the specificity can be lower because the dye binds to all double-strand products
present in the reaction 8. Therefore, post-PCR identification of fish species using High-Resolution Melting (HRM)
analysis of the amplified gene segment (amplicons) is widely used [BIBUEBI HRM relies on the different melting
temperatures (Tm) of amplicons that occur due to minor variations in nucleotide composition, especially on the number of
guanine and cytosine, and the length of the sequences. The dsDNA melts as the temperature increases. Thus, the DNA-
binding fluorescent intercalation dye is released, and the melting profiles can be recorded and systematically and
statistically processed using specific HRM software. Based on the different Tm values and/or the shape of the curve, it is
possible to distinguish between closely related species even when a single base variation is present between their dSSDNA
sequences [B2I83I84 HRM is an advanced method that provides a high level of confidence and accuracy, but it lacks the
determination of the precise nucleotide differences in the analyzed amplicons [EA[E11[841[85](86]

3.3.2. Sequencing Methods

Today, many sequencing technologies exist. Traditional Sanger sequencing, which is limited by its ability to sequence only
one DNA fragment at a time and lower sensitivity, has been overtaken by modern approaches using massive parallel
sequencing based on NGS. NGS platforms can be roughly divided into long-reading (about 1 kb and above), such as
MinlION, and short-reading (usually <300 bases/read) sequencing platforms, e.g., lllumina, lon Torrent, or
Pyrosequencing, that provide higher throughput and are most suitable for PCR amplicon sequencing [BZ881[89](90]

For fish species identification, Sanger sequencing and the lllumina platform are the most commonly used sequencing
techniques. Both sequencing techniques, the Sanger dideoxy method (also known as capillary electrophoresis
sequencing) and lllumina NGS, use the principle of amplification, in which DNA polymerase adds fluorescently labeled
nucleotides to the growing strand one after the other, and the inserted nucleotide is subsequently identified due to its
fluorescent label.

The advantage of Sanger sequencing is its speed and the ability to sequence relatively long fragments (up to 1000 bp). It
is also cost effective for low numbers (1-20) of samples. However, it has a lower throughput, detection limit (15-20%) and
ability to identify novel variants (so-called discovery power) compared to NGS. Thus, the Sanger method is an effective
approach for variant screening studies when the total number of samples is low 2122

lllumina has higher mutation resolution, from large chromosomal rearrangements to single nucleotide variants, and better
discovery power. This is due to the higher sequencing depth, i.e., the number of times that a given nucleotide in the
genome has been read, which provides the higher sensitivity (up to 1%) of the technique. The disadvantages of NGS
include the need to analyze multiple samples at once to make the method less time consuming and expensive and the
provision of shorter fragments (usually 150-300 bp, depending on the sequencing platform used) BUE3] Therefore, NGS
is a suitable technique for analysis where the massive sequencing of fragments per run or the performance of deeper
sequencing to detect novel or rare variants is required.

Other NGS platforms that is possible use for fish species identification include lon Torrent 2495 and pyrosequencing 2!
o7

3.3.3. DNA Hybridization



Nucleic acid hybridization is based on the specific association (hybridization or renaturation) of complementary nucleotide
sequences derived from different molecules of DNA. The basis of hybridization is usually a fluorescently or radioactively
(e.g., 32P) labeled probe with a known nucleotide sequence that allows the detection of a complementary sequence.
Hybridization is most often performed on carriers (Southern blotting), but hybridization to nucleic acid in intact cells (“in
situ” hybridization) is also possible 281291,

DNA-DNA hybridization is still an important method used in the analysis of evolutionary relationships between organisms.
The method uses the reassociation of ssDNA fragments, where heteroduplexes can be formed in a mixture of DNA of
different species. Reassociation conditions (e.g., salt concentration, temperature, viscosity, fragment size) affect the
possibility of hybrid molecules formation. Under strict conditions (low salt concentration, high temperature), only very
similar sequences can be joined; as the conditions are gradually relaxed, more distinct sequences can pair. The greater
evolutionary distance between species leads to more differences in the sequences of their DNA.

3.3.4. Methods Using Restriction Enzyme Cleavage
Restriction Fragment Length Polymorphism (RFLP)

RFLP is one way to study species diversity. It refers to variations in their DNA sequences at sites recognized by restriction
enzymes. Such variation results in unique patterns of DNA fragments caused by their different lengths between restriction
sites. DNA fragments are separated electrophoretically on the basis of length, size or molecular weight, and then
transferred to a membrane by Southern blotting. DNA fragments on the membrane hybridize with a labeled DNA probe,
allowing visualization of DNA profiles. In the absence of restriction sites, no DNA cleavage occurs. RFLP thus makes it
possible to detect both the absence and the presence of such sites.

With PCR expansion, the development of methods combining PCR and restriction digestion (PCR-RFLP) began. The first
step in the PCR-RFLP method is to amplify the fragment containing the variation. This is followed by treatment of the PCR
products with the appropriate restriction enzyme. Depending on the presence or absence of a restriction site, restriction
fragments of different sizes form. Nested PCR can be used to amplify the target region to avoid false-negative results.
Thanks to the use of external and nested primers in two consecutive PCRs, this method has higher specificity, and high

sensitivity and efficiency. This also allows amplification of the required fragments even at low DNA concentrations 2611001
101

Amplified Fragment Length Polymorphism (AFLP)

AFLP is a highly sensitive PCR-based method suitable for population studies and for finding genetic variation between
closely related species. It is based on four steps: (i) restriction (specific cleavage of total DNA by two restriction
endonucleases, most often Msel and EcoRl); (ii) ligation (adapters are attached to all fragments by T4 ligase); (iii)
amplification (pre-selective and selective amplification to reduce the number of fragments); and (iv) fragment visualization.
AFLP requires initial screening to find the optimal primer combination; specific primers are complementary to the adapters
and have an overhang of one to three bases within the studied fragment. Obtained fragments can be separated by
electrophoresis on a polyacrylamide gel and visualized autoradiographically. The final visualization can also be performed
in an automatic sequencer if fluorescently labeled EcoRI primers are used.

3.3.5. Polymerase Chain Reaction-Single-Strand Conformation Polymorphism (PCR-SSCP)

In PCR-SSCP analysis, the target sequence is amplified and radiolabeled with primers or nucleotides. Subsequently, the
amplified fragments are denatured and subjected to polyacrylamide gel electrophoretic analysis under non-denaturing
conditions. Alternatively, the products are visualized on a gel using silver staining. Single-stranded DNA (ssDNA) tends to
collapse into a spatial structure due to internal complementarity. Even a very small change in sequence can cause a
different structural arrangement. Depending on the conformation of the ssDNA molecule, it migrates through the gel at
different speeds during electrophoresis. The efficiency of SSCP decreases with increasing length of the analyzed
fragment; the highest efficiency of the method is for up to 200 bp [381(102]

3.3.6. Random Amplification of Polymorphic DNA (RAPD)

As the name of the method suggests, RAPD amplifies random sections of DNA. This is a significant difference compared
to classical PCR, where a predetermined target fragment is amplified. Another difference is that the RAPD method uses
only one short primer prier for amplification, usually 10 nucleotides long. This arbitrary primer often serves as both a
forward and reverse primer, and during PCR amplification anneals at random sites in DNA. Variations in the genetic code
give rise to unique patterns of DNA fragments in individual species. The obtained amplicons are analyzed by gel



electrophoresis. The profile of the unknown sample is then compared with the profiles of species-specific bands, the so-
called DNA fingerprints of the species, obtained with the same primer.

3.3.7. Loop-Mediated Isothermal Amplification (LAMP)

LAMP is a gene amplification method that combines speed, high specificity, and simplicity. Due to the constant
temperature amplification, the LAMP method, unlike other methods, does not require expensive laboratory equipment.
The use of LAMP can thus greatly simplify routine analysis, although primer design is more complex than for PCR. The
method uses a combination of two or three primer pairs (outer F3, B3; inner FIP, BIP; loop primers), which allows the
reaction to possess high specificity. Both outer and inner primer pairs are necessary for the initial amplification, but only
inner primers are important for the cyclic amplification and elongation of emerging DNA. The amount of the target
sequence is thus tripled during each half of the cycle. The result of the reaction in the presence of target DNA are
lamplicons of various lengths. Loop primers are not necessary for the reaction to work properly, but they increase the rate
of exponential amplification, thus reducing the time required for analysis by up to half (approximately 30 min). Unlike the
PCR method, which uses a wide range of polymerases, the LAMP method generally recommends Bst polymerase, which
has a higher tolerance to inhibitors.

3.3.8. Multi-Analyte Profiling (xMAP)

XMAP technology can be used for high-throughput multiplexing and the simultaneous detection and quantification of a
large number of different analytes in a single reaction. Various biomarkers, such as proteins, nucleic acids, and
polysaccharides, can be analyzed, as indicated by the “x” in the method name. XMAP is based on the same principles as
PCR, ELISA, and flow cytometry. The fluorescence of molecules bound to polystyrene or magnetic microspheres labeled
with up to five hundred different fluorescent dyes (so-called spectral code) is measured. A target molecule is bound to
each type of microsphere, which can be, inter alia, a DNA probe or an antibody. The beads are read individually using an
XMAP instrument. In each of them, the fluorescence is measured after excitation with two lasers in a silica glass cuvette.
The first laser excites the red fluorochrome in the bead at 635 nm, thus determining the spectral code, i.e., the type of
analyte. The second laser excites the fluorochrome phycoerythrin at 532 nm; the fluorescence intensity is measured, and
the amount of analyte can be determined [203],

3.4. Data Analysis

A combination of PCR with subsequent sequencing of the products is often used to identify species. Using this procedure,
primer annealing in the expected gene region can be verified, and other nucleotide sequence analyses can be performed,
e.g., the detection of nucleotide variations. Methods using this principle include forensic informative nucleotide sequencing
and DNA barcoding [BIE71104] A significant advantage of these methods is that only one universal pair of primers, specific
for a selected marker, can be used for multiple animal species. Among the suitable markers, the mitochondrial genes cytb
and COl are widely used for fish species identification 293I1961: thys, their sequences are well known, and primer design is
relatively fast. On the other hand, complex databases of reference sequences and the amplification of relatively long
stretches of DNA (compared to gPCR, for example) are needed for the identification of species in processed products.

3.4.1. DNA Barcoding

Within the sphere of DNA-based fish species identification approaches, a great deal of attention has been devoted to DNA
barcoding, which relies on sequence variations within a short and standardized region of the genome. This selected
region, designated a “DNA barcode”, is amplified by PCR and then sequenced.

The barcoding method takes advantage of the high rate of mutations in mtDNA, which leads to a divergence of mtDNA
between species and at the same time small differences in DNA within one species B89 Cyrrently, the mitochondrial
genes coding COI and cytb are the most commonly used because they are considered reliable DNA barcodes for the
discrimination of animal species [RAIB3IIO7I108I109]  Additionally, the Consortium for the Barcode of Life (BOL;
www.ibol.org, accessed on 20 October 2022) is focused on COIl gene sequencing to create a barcode database for all
eukaryotic species to standardize the species identification process; the selected reference sequence is about 650 bp in
length for most species group BZL7],

The functionality of DNA barcoding for fish species identification has been verified in many studies [28IBSI[LI0[L11][112]
However, this method also has certain limitations. The most serious disadvantage is that it cannot be used for the
identification of fish in mixed samples and, further, as with all mitochondrial markers, the inability to quantify the fish DNA
content in the sample. When using markers with a longer sequence (>600 bp), identification in processed products can
also be problematic due to DNA degradation. Sequencing reliability is also still being discussed €2, On the other hand, it
is a dependable, fast, and cost-effective way to identify fish based on DNA analysis. For the field of ichthyology, FISH-BOL



is a powerful tool for a better understanding of the natural history and ecological interactions of different fish species 113

114][115

3.4.2. Forensically Informative Nucleotide Sequencing (FINS)

The FINS technique, which combines DNA sequencing and phylogenetic analysis, uses a similar principle to that of DNA
barcoding. The amplified specific DNA fragment is sequenced, and this informative nucleotide sequence is subsequently
identified by phylogenetic analysis using a database of reference sequences which should be obtained from properly
identified fresh samples or authentic preserved samples 118, The results of the analysis are displayed as a phylogenetic
tree, where sequences of the same species are grouped into clades. Based on the calculated distances from the
reference sequences of known species, unknown species are also included in the phylogenetic tree. This method thus
allows the detection of new unexplored species 217, To achieve high-resolution results, DNA regions with high inter-
specific, but low intra-specific, variation are essential. Thus, rapidly evolving regions with many informative sites in DNA
sequences, for example, cytb, COI, or 16S rRNA, are usually used as genetic targets 1161118],

3.5. Advantages and Limitations

The methods using restriction cleavage (RFLP, AFLP) benefit from their simplicity, reliability and robustness. However, the
high risk of incorrect identification needs to be taken into account due to the insufficient study of related species, which
may form the same restriction profile or polymorphism in the analyzed DNA, leading to a change in the restriction site and
thus incorrect evaluation of the analysis. As a result, some authors tend to recommend the use of sequencing and
phylogenetic analysis techniques €219 such as DNA barcoding or FINS. These methods provide a high power of
diagnosis, which minimizes the risk of misidentification of the species. When analyzing a species that has not been
studied yet, it will be included in the appropriate node in the phylogenetic tree based on its nucleotide sequence. The
phylogenetic tree also contains reference sequences of several species; the assignment to a node corresponding to a
certain species thus allows the identification of blank samples 7. However, sequencing-based methods run into
limitations in the analysis of processed and/or pooled samples. In this case, species-specific PCR or LAMP seems
appropriate. The advantages of the LAMP method compared to PCR are the lower demand for lab equipment and the
possibility of shortening the amplification time by up to a third 129, but PCR is a more robust method. PCR and FINS also
have high potential for building nucleotide databases. However, the above-mentioned methods (PCR, LAMP, FINS, RFLP)
require prior knowledge of the DNA sequence of the analyzed species for the analysis itself, unlike RAPD and AFLP, for
example. Next, RAPD and AFLP can be used for the analysis of multiple loci at once. AFLP markers also exhibit much
higher variability than, for example, isozymes. However, neither method is very robust against DNA degradation, and they
both have low potential for interlaboratory reproducibility. Compared to AFLP and RFLP, RAPD is considered the most
reliable method for species identification when the genome sequence is unknown 63121 However, for both RAPD and
RFLP, intraspecific variation can be problematic, in contrast to the SSCP method, for example. On the other hand, SSCP
is more demanding and always requires the presence of a reference sample on the gel together with the analyzed
samples. Despite the high sensitivity of SSCP or PCR-SSCP and its capability of intraspecific differentiation, the amount
of information obtained from these methods is much lower than with sequencing B[L22[123][124]

3.6. Evidence of Adulteration in Fish by DNA Analysis

The proper labeling of food and food products is important not only for fair trading, but above all for consumer protection.
Nevertheless, adulterated products continue to spread in today’s markets. Fish and seafood are some of the products that
are widely tampered with to bring down the high price of the raw material. With fish, species replacement, the undeclared
addition of water to muscle, or declaring thawed fish to be fresh are the main forms of adulteration found [1181[125][126]

Molecular methods for identifying fish species are based on the detection of DNA polymorphism. Therefore, it is
necessary to select a segment of DNA that can be detected even in highly processed food products. The amplification of
such target DNA sequences by PCR has become popular. PCR is used to determine the DNA present in fresh or frozen
meat, but also in processed and multispecies products [B31[470127]

PCR-RFLP has also been successfully used to identify members of the Cyprinidae family. Chen, Hsieh and Hwang 1128
found nearly 38% of processed Cyprinidae commercial samples to be adulterated; using the FINS method, it was
confirmed that Oreochromis spp. were used as substitutes.

3.7. Detection of Genetic Modifications in Fish

With the development of modern biotechnology, progress is also being made in the preparation of transgenic (with an
altered genome containing foreign DNA) and gene-edited (with altered genome without foreign DNA introduction) fish.



Fish is an excellent animal model for genetic research because of their characteristics—mainly fast growth rate, high
fecundity, and in vitro fertilization (122,

The first transgenic fish, rainbow trout (Oncorhynchus mykiss), was produced in 1984 by Maclean and Talwar 229, Since
then, various fish species have been genetically modified (GM). The GloFish®, an aquarium fish prepared by inserting a
plasmid with a gene for a fluorescent protein of different colors (GFP—green; RFP—red; YFP—yellow) with a strong
muscle-specific promoter, is probably the best-known example of transgenic fish. It is not an organism intended for human

consumption and was not subject to restrictions on the breeding of GM fish by the Food and Drug Administration (FDA)
[131][132]

The first transgenic animal approved for human consumption was the AquAdvantage Salmon® (in 2015, USA) [1331[134]
GM salmon, like some other GM fish (tilapia, trout, carp, bream), can grow to market size much faster than ordinary
species. This is usually achieved by inserting a transgene cassette containing, e.g., the promoter from fish antifreeze
protein gene (AFP), together with cDNA coding the fish growth hormone (GH). Debode et al. 233 published two detection
methods using qPCR for food-important fish species, one for AquAdvantage® Atlantic salmon and the second for GM
coho salmon (Oncorhynchus kisutch; for research purposes developed by Fisheries and Oceans Canada) 223, For
species-specific amplification, primers complementary to exon 5 of GH (nuclear) specific for salmonid species were used.
The sequence of the growth hormone genes has also been used in other studies detecting GM fish 1381371 |n 3 study by
Masri, Rast, Ripley, James, Green, Jia and Devlin 136 the DNA was not only isolated from the fish muscle of transgenic
Pacific Coho Salmon (Oncorhynchus kisutch), which is a primary source of DNA in a majority of analyses, but DNA from
fins, scales, bones, eggs, skin, slime, and blood was also been successfully amplified.

Nowadays, advanced molecular biological techniques such as TALEN or CRISPR are used for fish DNA editing. Thus,
various GM fish species are beginning to appear in the world. GM red sea bream (Pagrus major), known under the
Japanese name “Madai”, was launched in Japan in 2021 and is very popular in the area. The CRISPR method was used
for a knockout of the myostatin protein. This resulted in a significant increase in consumable muscle in GM red sea bream
compared to conventional types. Its breeding could thus be part of strategies to ensure sufficient food for the world’s
growing population 138 Furthermore, gene-edited tilapia, labeled as FLT-01, was developed by Intrexon (subsidiary
AquaBounty Technologies). This tilapia has a 26-bp deletion in its myostatin gene, which leads to an improvement in feed
conversion ratio and an increase in growth (1391,

| 4. Conclusions

Given the current worrying food situation, in particular the lack of food and the economic situation, the adulteration of food
can be expected to become more frequent in the near future, including fish meat and fish products, as they comprise one
of the most important commodities. At the same time, fish is one of the main sources of allergens, whose content differs
among species. Therefore, fast and reliable methods of fish species identification are being sought. The selection of an
appropriate method, target molecules, and identification markers are crucial for a successful analysis. Currently DNA-
based methods are preferred, since both qualitative and quantitative analyses of fish meat and processed fish products
can be performed with their use, and they have very high levels of specificity and sensitivity. However, the methods used
can still be improved in terms of their capacity, speed, price per reaction, and laboratory availability worldwide. In addition
to the established PCR method and its variants and the PCR associated with the sequencing of the amplified section
(barcoding), the LAMP and xMAP methods are promising tools for fish authentication.
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